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PREFACE

This manual has been prepared as a gui{le to field personnel in the
more practical aspects and commonly enc:ountered problems of
ground-water investigations, development, and management.

Information is presented concerning such aspects as ground-water
occurrence and movement, well-aquifer relationships, ground-water
investigations, aquifer test analyses, estiJrnating aquifer yield, data
collection, and geophysical investigations. In addition,
permeability tests, well design, dewatering systems, well
specification:~ and drilling, well sterilizatjon, pumps, and other
aspects have been discussed. An extensi"e bibliography has also
been included.

The manual has been developed over a period of years, and its
many contributors have diversified techn:ical backgrounds.
Contributors include personnel from the JBureau of Reclamation
Engineering and Research Center (now Technical Service Center)
and field offices, other agencies, foreign governments, and many
individual scientists and engineers.

Principal Bureau of Reclamation contribu:tors include W.T. Moody,
R.E. Glover, R.W. Ribbens, D. Jarvis, c.!'ir. Zangar, H.H. Ham,
W.A. Pennington, T.P. Ahrens, D. Wantlalnd, H.R. McDonald,
L.A. Johnsonl, A.C. Barlow, W.N. Tapp, C.R. Maierhofer,
R.J. Winter, Jr., W.E. Foote, and R.D. Mohr. All references to
their works are included in the bibliographies. The works of
non-Bureau of Reclamation authors inclu,ding C.V. Theis,
M.I. RorabalLgh, W.C. Walton, C.E. Jacob, R.W. Stallman,
M.S. Hantush, S.W. Lohman, F.G. Driscoll, and other scientists
and engineers have also been cited.

The second edition of the Ground Water ~danual has been re-
organized with the objective to make the material more accessible
to the occasional user. No material has been removed unless it
was obviousl:'{ obsolete. New material ha:3 been added to stay
abreast with modern technology. Also, metric units have been
added except where: (1) actual field data is reproduced, (2) units
given in exartlples are incidental to the concept, and (3) exact
dimensions are critical to the user and industry has not retooled to
metric. In SllCh cases, nominal metric units may be given in
parentheses. Approximate dimensions are converted using the
approximate coflversion table located in tJ:le appendix.
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Principal contributors to the second edition include L. V. Block,
R.P. Burnett A.J. Cunningham, K.D. Didricksen, J.L. Hamilton,
J.E. Lacey, P.J. Matuska, N.W. Prince, T.D. Pruitt, R.A. Rappmund,
C.R. Reeves, G.D. Sanders, S.J. Shadix, R. Bianchi, W.R. Talbot,
and D.E. Watt.

There are occasional references to proprietary materials or
products in this publication. These must not be construed in any
way as an endorsement, as the Bureau of Reclamation cannot
endorse proprietary products or processes of manufacturers or the
services of commercial firms for advertising, publicity, sales, or
other purposes.
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GLOSSARY

Alluvial
Pertaining to or composed of alluvium or deposited by a stream
or running water.

Aquiclude
A term for a saturated, but poorly permeable bed, formation, or
group of formations that does not yield water freely to a well or
spring.

Aquifer
A formation, group of formations, or part of a formation that
contains sufficient saturated permeable material to yield
economical quantities of water to wells or springs.

Aquifuge
A material or rock which contains no interconnected openings or
interstices and therefore neither absorbs nor transmits fluids.

Aquitard
A term for a geologic bed, formation, group of formations, or part
of a formation with relatively very low permeabilities through
which virtually no water moves. Commonly referred to as a
confining unit.

Coefficient
A number, constant for a given substance, used as a multiplier
in measuring the change in some property of the substance
under given conditions.

Collector pipe
A pipe or system of piping used to intercept and redirect surface
or subsurface flows.

Confined aquifer
An aquifer bounded above and below by impermeable or
distinctly lower permeability beds.

Conjunctive
Connected or joined together; serving to connect or join together.

Consolidated material
Firm coherent rock.
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Drilling mud
Any substance mixed with drilling water to increase the viscosity
of the water .

Exponential
Of or relating to an exponent; involving a variable or unknown
quantity as an exponent.

Gravel pack
Also called a filter pack; smooth, clean, uniform, well-rounded,
siliceous sand or gravel that is placed in the annulus of a well
between the borehole wall and the well screen to prevent
formation material from entering the screen.

Infiltration gallery
One or more horizontal screens placed adjacent to or beneath a
water body in permeable alluvial materials.

Invert
The elevation of the flow line {lowest point on the inside) of a
pipe.

Leakance
The rate of flow across a unit (horizontal) area of a semipervious
layer into (or out of) an aquifer under one unit of head difference
across this layer. The leakance equals the vertical hydraulic
conductivity divided by the thickness of the semipervious layer .

Lens
A body of material that is thick in the middle and thin at the
edges.

In

Log to base e

Perched aquifer
Unconfined ground water separated from an underlying main
body of ground water by an unsaturated zone.

Perennial stream
A stream that flows year round and from the source to the
mouth.

Permeable materials
A material with the property or capacity for transmitting a fluid.



xxxiGLOSSARY

Screen
Also called a well screen; a filtering device used as the intake
section of a water well to keep sediment from entering a water
well. Usually constructed of casing with :;lots cut into it, or of
specially constructed, continuous slot, wire-wrapped screens.

Sediment-colloid
Extremely small solid particles, 0.0001 to 1 micron in size, which
will not settle out of a solution; intermediate between a true
dissolved particle and a suspended particle which will settle out
of solution.

Sink
An area where ground water evaporates or is otherwise removed
from the hydrologic system.

Stickup
The height of the measuring point of a well above natural
ground, usually the top of the casing.

Subsurface
Underground; zone below the surface whose geologic features are
interpreted on the basis of drill records arld various kinds of
geophysical evidence.

Subsurface drain
A drain installed to enhance subsurface drainage for the removal
or control of ground water and the remov~u or control of soil
salts.

Sump
A hole or pit which serves for the collection of fluids.

Storativity
Also called the coefficient of storage; a measure of the volume of
water an aquifer releases from or takes into storage per unit
surface area of the aquifer per unit change in head.

Time yield curve
A curve showing the change in yield of a well over time.

Unconfined aquifer
Also free aquifer; an aquifer having a water-table which is at
atmospheric pressure at the water surface.
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Unconsolidated material
Earth materials which are not firm coherent rock.

Winters Doctrine
A 1908 court decision concerning Native American reserved
water rights.

Yield
The measured or estimated volume of water discharged from a
well or released from an aquifer .



GROUND-WA TER OCCURRENCE, PROPERTIES,
AND CONTROLS

1-1. Introduction.-Ground-water engineering is 1Ghe art and
science of investigating, developing, and managing ground water
for the benefit of man. The technology involves specialized fields of
oil science, hydraulics, hydrology, drainage, geophysics, geology,
mathematics, agronomy, metallurgy, bacteriology, ancl electrical,
mechanical, and chemical engineering. The ever-increasing
demand for water will make ground-water engineerinl~ increasingly
important.

In addition to the solution of ground-water recovery problems for
water supply, ground-water engineering is important in problems
concerning seepage from surface reservoirs and canalEI, the effects
of bank storage, stability of slopes, recharging of grou.nd-water
reservoirs, controlling of saltwater intrusion, dewatering of excava-
tions, subsurface drainage, and construction, land subsidence,
waste disposal, and contamination control.

Ground-water engineering involves the determination of aquifer
properties and characteristics and the application of hydraulic
principles to ground-water behavior for the solution of engineering
problems. Determination of aquifer characteristics and the
application of those data by appropriate mathematical and other
methods are essential to the solution of complex problems in which
ground water is a factor. The extent to which the determination of
aquifer properties and characteristics must be made depends upon
the complexity of the problem involved. The required investigation
may range from cursory to detailed. It may entail study or
consideration of all or only one or two aquifer properties and
hydraulic principles. Conditions often may be so complex as to
preclude the determination of finite values and the application of
available theory to the solution of some problems. Sul::h
circumstances require an understanding of the hydrologic cycle
developed in the latter part of the 17th century. During the 18th
century, fundamentals in geology were established that provided a
basis for understanding the occurrence and movement of ground
water (Todd). The French engineer Henry Darcy (1803-58) studied
the movement of water through sand and developed the
fundamental law of ground-water flow which was largely
subjective. The reliability of these principles depends upon the
experience and judgment of the ground-water technicall specialist.
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1-2. History of Use.-The first use of ground water as a source
of supply is lost in antiquity. Ancient man obtained water from
springs, but hand-dug wells were widely used in the earliest of
Biblical times, and the ancient Chinese are generally regarded as
the inventors of drilled and cased wells (McWhorter and Sunada,
1984). For centuries (Tolman, 1957; U.S. Department of
Agriculture, 1956) ground-water use was limited by developmental
difficulties and by the absence of a clear understanding of its origin
and occurrence.

Shallow, hand-dug wells and crude water-lifting devices marked
the early exploitation of ground water. The introduction of well-
drilling machinery and motor-driven pumps allowed the recovery of
ground water at increased depths. Expanded knowledge of ground-
water hydrology and other sciences added to man's ability to
understand and use this resource.

As technology has improved, the benefits of ground-water
development have become increasingly important. The use of
water for domestic purposes (human and animal consumption)
usually has the highest priority, followed by individual
requirements and then agricultural usage (irrigation).
Development of the ground-water resources of the United States
has been increasing in recent years as development of surface-
water sources approaches the point of full potential.

1-3. Origin.-

(a) The Hydrologic Cycle.-Precipitation, storage, runoff, and
evaporation of the earth's water follow an unending sequence
known as the hydrologic cycle (Meinzer, 1949; Todd, 1980;
U .8. Department of Agriculture, 1956). During this cycle, the total
amount of water in the atmosphere and in or on the earth remains
the same; however, its form may change. Although minor
quantities of magmatic water or water from other deep-seated
sources may find its way to the surface, all water is assumed to be
part of the hydrologic cycle.

The movement of water within the hydrologic cycle is shown on
figure 1-1. Water vapor in the atmosphere is condensed into ice
crystals or water droplets that fall to the earth as rain or snow. A
portion evaporates and returns to the atmosphere. Another portion
flows across the ground surface until it reaches a stream and then
flows to the ocean. The remaining portion infiltrates directly into
the ground and seeps downward. Some of this portion may be
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transpired by the roots of plants or moved back to the ground
surface by capillarity and evaporated. The remainder seeps
downward to join the ground-water body.

Ground water returns to the ground surface through springs and
seepage to streams where it is subject to evapora1;ion or is directly
evaporated from the ground surface or transpired by vegetation.
The water vapor rises into the atmospher(! and the cycle continues.

The elements of the hydrologic cycle for any arE:a can be
quantified in an equation. For ground-water invE~stigations, the
equation can be expressed in terms of ground-water components.
However, it may be necessary to evaluate the broad hydrologic
picture to quantify the ground-water components. Determination
of components in the ground-water equation is tedious and time
consuming, and the results, at best, are only approximate.
Therefore, an analysis should be made to determine that such an
evaluation is necessary and justified before it is undertaken.

(b) Ground- Water Equation.-A basic ground-water equation
(Meinzer, 1949; Todd, 1980), which will permit an approach to a
quantitative estimate of ground-water availability, can be
established for an area to account for those factors of the
hydrologic cycle that directly affect flow aJld storage of ground
water. The equation can be stated as:

I-IASgw = recharge-discharge

where fj.Sgw is the change in ground-water storage during the
period of study. Theoretically, under natural conditions and over a
long period of time, which includes both wet and dry cycles, fj.S
will be zero and inflow (recharge) will equal outflow (discharge)~
However, man's activities can significantly affect the equation,
resulting in long-term increases or decreases in ground-water
storage.

The natural recharge to the ground-water body includes deep
percolation from precipitation, seepage from streams and lakes,
and subsurface underflow. Artificial recharge includes deep
percolation from irrigation and water spreading, seepage from
canals and reservoirs, and recharge from recharge wells. The
natural discharge or outflow from the ground-wat;er body consists
of seepage to streams, flow from springs, subsurface underflow,
transpiration, and evaporation. Artificial discharge occurs by wells
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or drains. If ground-water storage in an area is less at the end of
the selected period of time than at the beginning, discharge is
indicated as having exceeded recharge. Conversely, recharge may
exceed discharge.

(c) Recharge to and Discharge from Aquifers.-Recharge from
natural sources includes the following:

.Deep percolation from precipitation.-Deep percolation of
precipitation is one of the most important sources of
ground-water recharge. The amount of recharge in a
particular area is influenced by vegetative cover ,
topography, nature of soils, as well as the type, intensity,
and frequency of precipitation.

.Seepage from streams and lakes.-Seepage from streams,
lakes, and other water bodies is another important source of
recharge. In humid and subhumid areas where ground-
water levels may be high, the influence of seepage may be
limited in extent and may be seasonal. However, in regions
where the entire flow of streams may be lost to an aquifer ,
seepage may be of major significance.

.Underflow from another aquifer .-An aquifer may be
recharged by underflow from a nearby, hydraulically
connected aquifer. The amount of this recharge depends on
the head differential, the nature of the connection, and the
hydraulic properties of aquifers.

.Artificial recharge.-Artificial recharge to the ground water
may be achieved through planned systems, or may be
unforeseen or unintentional. Planned major contributions
to the ground-water reservoir may be made through
spreading grounds, infiltration ponds, and recharge wells.
Irrigation applications, sewage effluent spreading grounds,
septic tank seepage fields, and other activities have a
similar, but usually unintentional effect. Seepage from
reservoirs, canals, drainage ditches, ponds, and similar
water impounding and conveyance structures may serve as
local sources of major ground-water recharge. Recharge
from such sources can completely change the ground-water
regimen over a considerable area.



6 GROUND WATER MANlJAL

(d) Ground- Water Discharge.-Losses from the ground-water
reservoir occur in the following four ways:

.Seepage to streams.-In certain reaches of streams and in
certain seasons of the year , ground water may discharge
into streams and maintain their baseflows. This condition
is more prevalent in humid areas than in semiarid areas.

.Flow from springs and seeps.-Springs and seeps exist
where the water table intersects the land surface or a
confined aquifer outlets to the surface.

.Evaporation and transpiration.-Ground ,~ater may be lost
by evaporation if the water table is near enough to the land
surface to maintain flow by capillary rise. Also, plants may
transpire ground water from the capillary fringe or the
saturated zone.

.Artificial discharge.-Wells and drains are imposed artifi-
cial withdrawals on ground-water storage and in some
areas are responsible for the major depletion.

Ground water moves in response to a hydraulit:: gradient in the
same manner as water flowing in an open channel or pipe.
However, the flow of ground water is appreciably restricted by
friction with the porous medium through which it flows. This
friction results in low velocities and high head losses compared to
open channel or pipe flow.

1-4. Occurrence of Ground Water.--

(a) General.-Webster defines an aquifer as "a water-bearing bed
or stratum of earth, gravel, or porous stone." Some strata are good
aquifers, whereas others are poor. The most important
requirement is that the stratum must have interconnected
openings or pores through which water can move. The nature of
each aquifer depends on the material of,'lhich it is composed, its
origin, the relationship of the constituent grains or particles and
associated surface, its exposure to a recharge source, and other
factors.

Ground water occurs in almost all types of unconsolidated and
consolidated section 1-2 sedimentary material and, to a lesser
extent, in fractured igneous and metamorphic rocks. The potential
of aquifers depends not only on lithology, but also on stratigraphy
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and geologic structure. In general, coarse-grained sediments,
whether unconsolidated or consolidated, are the best aquifers

(b) Sedimentary Material and Rocks.-In general, the best
aquifers are the coarse-grained, saturated portions of the
unconsolidated, granular sedimentary material (Hen, 1959) which
covers the consolidated rocks over much of the surface of the earth.
Widespread presence of unconsolidated sediments is more common
at lower elevations in proximity to streams. These sediments
consist of stream alluvium, glacial outwash, wind-deposited sand,
alluvial fans, and similar water- or wind-deposited, coarse-grained,
granular materials. In addition, some residual materials resulting
from the in-place weathering of consolidated rock are good

aquifers.

The coarser-grained, consolidated sedimentary rocks, such as
conglomerates and sandstones, are often good aquifers, but
consolidated sedimentary rocks are usually found below the
granular sedimentary deposits. Their value as aquifers depends to
a large extent on the degree of cementation and fracturing to
which they have been subjected. Sandstones may have both
primary (between grain) and secondary (fracture) permeability. In
many cases, particularly where the sandstones are well indurated,
secondary permeability contributes the majority of the yield. Some
massive sedimentary rocks such as limestone, dolomite, and
gypsum may also be good aquifers. These rocks are relatively
soluble and, over the years, solution along fractures or partings
may form voids which range in size from several millimeters to
several hundred meters (a fraction of an inch to several hundred
feet). Some of the best known and most productive aquifers are
cavernous limestones.

(c) Igneous and Metamorphic Rocks.-The value of igneous and
metamorphic rocks as aquifers depends greatly on the amount of
stress and weathering to which they have been subjected after
their initial formation. In general, the igneous rocks are very poor
aquifers if they remain undisturbed. However, mechanical and
other stresses cause fractures and faults in these rocks in which
ground water may occur. Such openings may range from hairline
cracks to voids several centimeters wide. In general, these
openings disappear with depth and do not yield significant
quantities of water below depths of about 300 meters (1,000 feet).
Also, although initial flows from fractures may be quite high, such
high yields generally decrease with time.
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In coarse-grained igneous rocks, where in-place weathering has
occurred, a thin permeable zone may be found in the transition
zone between the unweathered rock and the thoroughly weathered.
Some lavas, especially those of viscous basaltic composition, may
contain good to excellent aquifers in the zones between successive
flows. The scoriaceous upper and lower surfaces of flows are
usually porous and permeable, and cooling fractures may be
present in a zone extending into the flow from the upper and lower
surfaces. Furthermore, coarse-grained sedimentary material may
also be present between flows.

(1) Unconfined Aquifers.-An unconfined aquifer (figure 1-2)
does not have an overlying confining layer. It is often referred to
as a free or "water table" aquifer or as being under "water-table"
conditions. Water infiltrating into the ground surface percolates
downward through air-filled interstices of the material above the
saturated zone and joins the ground-water body. The water table,
or upper surface of the saturated ground-water body, is in direct
contact with the atmosphere through the open pores of the
material above and is in balance with atmospheric pressure at all
points. Movement of the ground water is in dire,ct response to

gravity.

(2) Confined Aquifers.-A confined or artesian aquifer
(figure 1-2) has an overlying, confining layer of lower permeability
than the aquifer and has only an indirect or distant connection
with the atmosphere. Water in an artesian aquifer is under
pressure and when the aquifer is penetrated by a tightly cased well
or piezometer, the water will rise above the bottom of the confining
bed to an elevation at which it is in balance with the atmospheric
pressure and that reflects the pressure in the aquifer at the point
of penetration. If this elevation is greater than 1;hat of the land
surface at the well, water will flow from the well. The imaginary
surface, conforming to the elevations to which w:ater will rise in
wells penetrating an artesian aquifer, is known :as the
potentiometric or piezometric surface. The confi-ning bed may be
almost completely impermeable, or it may permit some flow.
Types of confining beds include:

.Aquiclude.-A saturated but relatively impermeable
material that does not yield appreciable quantities of water
to wells; clay is an example.

.Aquifuge.-A relatively impermeable forl1[lation that neither
contains nor transmits water; solid grani1te is an example.
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.Acquitard.-A saturated but poorly permea.ble stratum that
impedes ground-water movement and does not yield water
freely to wells but that may transmit appreciable water to
or from adjacent aquifers and, if sufficiently thick, may
serve as an important ground-water storage zone; sandy
clay is an example (Todd, 1980).

(3) Perched Aquifers.-Beds of clay or silt, unfractured
consolidated rock, or other material with relatively lower
permeability than the surrounding materials may be present in
some areas above the regional water table" Downward percolating
water may be intercepted and a saturated zone of limited areal
extent may be formed. This process results in a perched aquifer
with a perched water table (Meinzer, 1949). An unsaturated zone
is present between the bottom of the perching bed and the regional
water table. A perched aquifer is a special case of an unconfined
aquifer. Depending on climatic conditions or overlying land use, a
perched water table may be a permanent phenomenon or may be
seasonally intermittent (figure 1-2).

(d) Zones of Moisture.-Water may occur in several recognizable
subsurface zones under different conditions, as shown in table 1-1,
which was adapted from Meinzer (1949).

Table l-l.-Status of water in various soil zones

Aeration (above
water table}

Saturation (below Unconfined
water table) ground water

Under pressure
but upper surface at
atmospheric pressure

Under pressure
but upper surface
above atmospheric

SaturatedConfmed or
artisan ground
water

The thickness of each zone above the zone of rock flowage varies
according to the area and with time. During a period of recharge,
the zone of saturation thickens at the expense of the zone of
aeration. When discharge exceeds recharge, the zone of saturation
thins and the zone of aeration thickens. During periods of
recharge, a temporary downward migrating saturated lens may
move through the zone of aeration.
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The foregoing comments refer to ground water in temperate and
tropical areas. However, in the colder areas of the northern and
southern hemispheres, permafrost or permanently frozen ground
may extend to considerable depths and influence ground-water
conditions. The engineering problems associated with such
conditions may be unusual and are not considered in this manual.

1-5. Ground-Water Quality.-

(a) General.-Precipitation usually contains minute amounts of
silica and other minerals, and dissolved gases such as carbon
dioxide, sulphur dioxide, nitrogen, and oxygen, which are present
in the air and become entrained as droplets, form and fall. As a
result, the pH value of most precipitation is below 7.0 {acidic) and
the water is slightly corrosive. Upon reaching the earth's surface,
the rainfall may pick up organic acids from humus and similar
materials which increase its corrosive characteristics. While the
acidic water is percolating through soil and rock, minerals may be
attacked and dissolved, forming salts which are taken into
solution. The relative concentrations and variety of the salts
depend upon the initial chemical composition of the water; the
mineralogy exposed and the weathered state of the rock and soil
encountered; and the temperature, pressure, and duration of
contact.

Nearly all elements may be present in ground water, and its
mineral content varies from aquifer to aquifer and from place to
place within an aquifer. The most commonly encountered elements
and compounds are listed in table 1-2.

Table 1-2.-Chemical constituents
commonly found in ground water

Cations Anions

Calcium, Ca Bicarbonate, HCO3

Magnesium, Mg Sulphate, SO4

Sodium, Na Chloride, Cl

Potassium, K Nitrate, NO2

Iron, Fe Fluoride, F

Silica, SiO2 -
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Less commonly encountered constituents which are nevertheless
important because of their known beneficial or detrimental effects
on the use of water are: arsenic (As), barium (Ha)" boron (H),
cadmium (Cd), carbon dioxide (CO2), copper (Cu), hydrogen sulfide
(H2S), lead (Pb), manganese (Mn), mercury (Hg), methane (CH4),
oxygen (02), selenium (Se), trihalomethanes (THM), various
radionuclides, volatile organic compounds (VOC's), and
polychlorinated biphenyls (PCH's), Many of these latter
contaminants are manmade recent additions to ground water ,

(b) Acceptable Limits for Chemical Constituents in Water.-
Standards for ground water are currently determined by water use
or aquifer classification. The Environmental Protection Agency
(EPA) currently designates aquifers (450 CFR Part 149) as sole
source aquifers (SSA), which carry special project review criteria
for Federal actions possibly affecting designated al:Juifers. Ground
water withdrawn for public drinking water supplies currently falls
under the Safe Drinking Water Act (SDWA) (Public Law 93-523)
regulations, as amended and reauthorized (1974). Current (July
1993) maximum contaminant levels (MCL's), or National Primary
Drinking Water Standards, which are human heaJlth based, and
Secondary Standards, governing aesthetic qualities, are shown in
tables 1-3a and 1-3b. Note that the number of rebrulated
constituents and their respective MCL's are frequently updated.
Also note that standards for aquatic plant and anilmallife may be
considerably more stringent. Obtain a current copy of the
regulations (40 CFR Part 141), which includes monitoring
requirements, or call the Safe Drinking Water Ho'tline (1-800-426-
4791) for current MCL's. Noncompliance is covered in 40 CFR 142,
"National primary drinking water regulations implementation."

Water discharged by municipalities, corporations and other
entities identified as point sources, and certain other nonpoint
sources, which may well become ground water, is regulated by the
Clean Water Act (Public Law 95-217) (U.S. GeolobJ-jcal Survey
[USGS] , 1977) as amended. Section 402 of the Ac:t deals with the
National Pollution Discharge Elimination System (NPDES)
permitting program; Section 404 deals with dredg'e and fill
permits; S?ction 319 covers nonpoint sour<:e pollu'tion; and
Section 320 concerns the National Estuary Progr~lm. Regulations
promulgated under the Act, including the NPDES permits and oil
spill criteria, are found in 40 CFR 109, 110, 112, 113, 114, 121,
122, 125, 129, 130, 131, and 133. The Coastal Zone Act
Re.a\lthoTization Amendments (CZARA) of 1990, E;ection 6217, fill
the gaps and compl~m~nt existing nonDoillt source pollution
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Table 1-3a.-Safe Drinking Water Act Standards (July 1993)

Primary MCLl
(milligrams per liter Secondary MCL2

[mg/L] , unless otherwise (mg/L, unless
Parameter noted) otherwise noted)

Inorganics/Esthetics
0.05 to 0.2

0.05
0.006

7MF/L >10pm
2

0.004
0.005

0.1
15 color units

1.0
noncorrosive

1.3 AL3

0.2
4.0 2.0

0.5
0.3

0.015 AL

0.05
0.002

0.1

10

1

10

3 threshold odor Nos.

6.5- 8.5

0.05

Aluminum
Arsenic
Antimony
Asbestos
Barium
Beryllium
Cadmium
Chloride
Chromium
Color
Copper
Corrosivity
Cyanide
Fluoride
Foaming agents
Iron
Lead
Manganese
Mercury
Nickel
Nitrate as N
Nitrite as N
Nitrate+Nitrite as N
Odor
pH
Selenium
Silver
Sulphate
Thallium
TDS
Turbidity
Zinc

0.1
250

0.002

0.5 -1.0 NTU
5

1 See 40 CFR 141 G for applicable water-supply systems.
2 See 40 CFR 143 for applicable water-supply systems.
3 AL = action level.
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Table 1-3b.-Safe Drinking Water Act Standards (July 1993)-

MCL in mg/L
Parameter (unless otherwise noted)

Organics -Pesticides, PCB's, Herbici,des

Adipates {diethylhexyl) -synthetic 0.5
Alachlor 0.002
Aldicarb 0.003
Aldicarb sulfone 0.002
Aldicarb sulfoxide 0.004
Atrazine 0.003
Carbofuran 0.04
Chlordane 0.002
2,4-D 0.07
Dalapon 0.2
Di[2-ethylhexylJadipate -synthetic 0.4
Dibromochloropropane {DBCP) 0.0002
Dinoseb 0.007
Diquat 0.02
Endothall 0.1
Endrin 0.002
Ethylene dibromide {EDB) 0.00005
Glyphosate 0.7
Heptachlor 0.0004
Heptachlor epoxide 0.0002
Lindane 0.0002
Methoxychlor 0.04
Oxamyl {Vydate) 0.2
Pentachlorophenol 0.001
Picloram 0.5
Polychlorinated biphenyls {PCB) -synthetic 0.0005
Simazine 0.004
2,3,7 ,8-TCDD {Dioxin) -synthetic 0.00000003
Toxaphene 0.003
2,4,5-TP {Silvex) 0.05



GROUND-WATER OCCURRENCE, PROPERTIES, AND CONTROLS

Table 1-3b.-Safe Drinking Water Act Standards (July 1993) -continued

Organics -Volatile (VOC's)

Benz(a)anthracene (PAH) 0.0001
Benzene 0.005
Benzo(a)pyrene (PAH) 0.0002
Benzo(b)fluoranthene (PAH) 0.0002
Benzo(k)fluoranthene (PAH) 0.0002
Butyl benzyl phthalate (PAE) 0.1
Carbon tetrachloride 0.005
Chrysene (PAH) 0.0002
Dibenz(a,h)anthracene (PAH) 0.0003
Dichlorobenzene 0- 0.6
Dichlorobenzene m- 0.6
Dichlorobenzene p- 0.075
Dichloroethane (1,2-) 0.005
Dichloroethylene (1,1-) 0.007
Dichloroethylene (cis-1,2-) 0.07
Dichloroethylene (trans-1,2-) 0.1
Dichloromethane 0.005
Dichloropropane (1,2-) 0.005
Diethylhexyl phthalate (PAE) 0.006
Ethylbenzene 0.7
Hexachlorobenzene -synthetic 0.001
Hexachlorocyclopentadiene (HEX) -synthetic 0.05
Monochlorobenzene 0.1
Styrene 0.1
Tetrachloroethylene (PCE) 0.005
Toluene 1.0
Trichlorobenzene (1,2,4-) 0.07
Trichloroethane (1,1,1-) 0.2
Trichloroethane (1,1,2-) 0.005
Trichloroethylene (TCE) 0.005
Vinyl chloride 0.002
Xylenes 10.0

Organics -Chlorination Disinfection Byproducts (THM's)

Bromodichloromethane 0.1
Bromoform 0.1
Chlorodibromomethane 0.1
Chloroform 0.1

MCL in mg/L
Parameter (unless otherwise noted)
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Table 1-3b.-Safe Drinking Water Act Standards (July 1993) -continued

MicJrobiology

Trl
Tr
Tr
(2)

Tr

Giardia lamblia
Legionella
Standard plate count
Total coliforms
Viruses

Radionuclides

4 mremly3
15 pCi/L3
20 pCi/L3
20 pCi/L3

300 pCi/L3
20 pg/L3

Beta particle and photon activity
Gross alpha particle activity
Radium 226
Radium 228
Radon
Uranium

1 Tr = treatment technique. Disinfection or filtration is required to deactivate

or remove.
2 ~1 positive sample per month for systems collecting less than 40 samples per

month, ~5 percent positive for systems collecting over 40 samples per month.
3 Proposed.

regulations for coastal States in five major source categories:
(1) urban, construction, highways, airports/bridge;s, and septic
systems; (2) agriculture; (3) forestry; (4) marinas and recreational
boating; and (5) hydromodification and wetlands.

Chemical constituents in drinking and wastewa.ter are to be
determined according to standard test methods. Those methods
are specified in 4 CFR 141 C for drinking water slnd 40 CFR 136
for wastewater .

The following chemicals have been listed for ac1;ion, but no
primary MCL has been set: aluminum, boron, chlorate, chlorite,
manganese, molybdenum, strontium, vanadium, ~:inc, and zinc
chloride (as of December 1994).

The following chemical and organisms are listed, but primary
MCL's have not been set: bromacil, bromobenzel1le,
bromochloroacetonitrile, chloroethane, chloromethane, chloropicrin,
chlorotoluene 0-, chloroto1uenep-, cyanogen chloride, DCPA
(Dacthal), dibromoacetonitrile, dibromomethane, dicamba,

II1CL in mg/L
Parameter (unless otherwise noted)
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dichloroacetald ehyde, di chI oroacetoni trile, dichlorodifl uoromethane ,
dichloroethane (1-1-), dichloropropane (1,3-) and (2,2-),
dichloropropene (1,1-), dinitrotoluene (2,4-) and (2,6-), ETU,
fluorotrichloromethane, hexachloroethane, isophorone, methomyl,
methyl tert butyl ether, metolachlor, metribuzin, monochloroacetic
acid, prometon, 2,4,5-T, tetrachloroethane (1,1,1,2-) and (1,1,2,2-),
trichloroacetonitrile, trichloroethanol (2,2,2- ), trichlorophenol
(2,4,6- ), trichloropropane (1,2,3- ), trifluralin, and cryptosporidium
(as of December 1994).

The determination of required water quality for irrigation
purposes is a complex process. Many factors, such as soil,
drainage, climate, and crop, must be considered. The U .8.
Department of Agriculture Handbook No.60 (1954) has been the
standard guide on the acceptability of certain waters for irrigation
and on the relationship of the chemicals in water to soils. This
handbook also contains laboratory procedures for the analysis of
irrigation water. More recent references include Water Quality for
Agriculture (Ayers and Westcot, 1985) and Irrigation Induced
Water Quality Problems (National Research Council, 1989) also
published by the U .8. Department of Agriculture.

Water quality is also important because of its influence on the
operating efficiency and life of equipment and materials, including
pumps, well screens, and piping. Acidic water is usually corrosive,
whereas alkaline water (pH >7) forms deposits more readily. Hard
(alkaline) water may form deposits if it contains large amounts of
sulphate, bicarbonate, and chloride radicals. Entrained gases, such
as hydrogen sulfide, carbon dioxide, methane, nitrogen, and oxygen
may cause corrosion and cavitation damage. Care should be taken
to specify materials compatible with water quality for minimum
operation and maintenance costs.

(c) Contamination and Pollution.-Contaminated or polluted
water contains organisms and/or substances which make it unfit
for an intended purpose. Ground water may become contaminated
from traditional sources like septic tanks or their associated leach
fields, garbage dumps or landfills, or improper manufacturing
waste disposal activities (all of which are on the decline) or
through natural processes. Other sources of pollution include
improperly sealed wells, mining activities (including radioactive
ores), aviation and military activities, oil field brine injection wells,
and unlined or leaking industrial waste evaporation ponds. On the
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increase are potential ground-water contaminatiol1l activities
involving illegal dumping of regulated hazardous ,vastes and
illegal disposal of wastes down constructed or abwldoned wells.

The horizontal and vertical djstance from the source a
contaminant may migrate depends upon the contaminant, its
introductory path, the local and regional soil and ~~eological
character and structure, and the local and regional hydrology .
Microbiological organisms and disinfectant byproducts, i.e.,
trihalomethanes (THM's), do not appear to have much subsurface
viability or mobility. Other organic and inorganic constituents
may be very persistent and highly mobile under favorable
conditions. Two newly recognized classes of chem:icals, dense
nonaqueous phase liquids (DNAPL's) and light noJtlaqueous phase
liquids (LNAPL's) are proving to be persistent ancl difficult to
detect and remove once introduced into the subsu]face hydrology .
Accordingly, no ground water should be assumed f)uitable for an
intended use without chemical analysis verification.

(d) Other Uses of Water Quality Data.-A study of the difference
and changes in the chemical content of water may be useful in
determining the source or sources of recharge, dirl~ction of flow,
and presence of boundaries (Hem, 1959; Todd, 1980). The age of
water determined by tritium content, carbon dating, and similar
analyses may be useful in estimating time in the I~ound, recharge
conditions, or paleohydrology .Current uses of ground-water
quality data include determining proposed inject water
compatibility, contaminant plume vector, THM fa1;e and transport,
and differentiating native ground water from inje(~t water for water

banking accounting.

1-6. Ground- and Surface-Water Relationships.

(a) Humid Area Relationships.-Ground water in humid areas
maintains the baseflow of streams by seepage into stream
channels. However, the headwater reaches of sonle streams may
be above the water table, and therefore are dry during seasons of
low precipitation. In such reaches, seepage from 1the streambed
may charge an underlying aquifer. Consequently:, some reaches of
a stream may be replenished b:y ground water and others may lose
water to the ground-water reservoir .

(b) Arid Area Relationships.-In many arid drainage basins, the
perennial master streams receive seepage from the ground-water
reservoir; whereas other streams may be above the water table and
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streamflow occurs only during periods of high surface runoff.
Where the water table is below the streambed, practically all the
streamflow may be lost by seepage to the ground-water reservoir .
Beneath many streambeds, considerable underflow may be present
in the channel fill although the channel is dry.

In semiarid to arid areas, where irrigation is usually practiced,
water losses from canals and deep percolation from irrigation
applications frequently alter natural ground-water conditions.
Such alterations include water-table rise and waterlogging and
salination of soils. Artificial drainage by open or buried pipe
drains, wells, or other means is often required to lower the water
table, maintain a salt balance, and permit the continued
production of crops.

(c) Artificial Ground- Water Recharge.-In recent years, much
interest has developed in recharging ground-water reservoirs with
excess surface water (Rima et al., 1971; Signor et al., 1970). The
purposes for artificial recharge include: (1) ground-water (well
field) management, (2) reduction of land subsidence, (3) renovation
of wastewater, ( 4) improvement of ground-water quality,
(5) storage of stream water during periods of high or excessive
flow, (6) reduction of floodflows, (7) well yield increase, (8) decrease
the size of the areas needed for water-supply systems, (9) reduction
of saltwater intrusion or leakage of mineralized water ,
(10) increase streamflow, (11) store fresh water derived from rain
and snowmelt, and (12) secondary recovery of oil (Pettyjohn, 1981).
In addition, pollutants such as oil field brines and toxic and
radioactive industrial wastes are often disposed of by storing them
in deep, isolated, nonpotable aquifers; however, the injection wells
are generally referred to as disposal wells rather than artificial
recharge wells.

Artificial recharge can be accomplished by surface spreading or
by injection well. The choice of a particular method is governed by
the local topographic, geologic, and soil conditions; the quality of
the water to be recharged, water use, land value, water quality,
and climate (Todd, 1980). In general, recharge water must be
potable to prevent potential bacterial or chemical contamination of
the aquifer. Although recharge generally uses excess surface
water, increasing use is being made of tertiary-treated sewage
effluent. This usage is particularly the case where sewage effluent
would otherwise be transported to the ocean for final disposal.
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(1) Surface Spreading .-Surface spreading facilities can be
constructed by excavating or installing low dams or berms. Initial
construction costs for surface spreading facilities are generally less
expensive than for wells, but maintenance costs I::an be high. In
addition, land costs can be excessive in developed areas. High land
costs can sometimes be overcome by installation of facilities in the
riverbed where flooding potential precludes other development.
Inflatable rubber dams can be used to retain floc Id or other flows.
These dams can be deflated to permit passage of initial debris-
laden floodwaters and then reinflated to retain t:he later flow.

If water used for spreading contains fines, frequent scraping of
the sides and bottom of the spreading grounds may be required to
maintain permeability. Also, deposition of iron or other materials
may reduce infiltration. Composition of the proposed infiltration
water, as well as hydrogeologic conditions at the site, should be
carefully evaluated prior to initial design of surf11ce spreading
facilities.

(2) Injection Wells.-Design and construction of injection wells
is generally more complicated than design of production wells
because of clogging potential. Injected water must be clear and
free of fines. Also, compatibility of injected watE!r with ambient
water must be evaluated to ensure that adverse chemical reactions
which could cause clogging of the well screen or filter pack will not
occur.

In cases where injection and production occur in alternating
sequence, "bulbs" of injection water may be created, with little
mixing with the aquifer water. This procedure (:an permit
temporary storage of fresh water even in saline aquifers.

(d) Ground- Water Reservoirs.-Suitable surface water reservoir
sites are becoming scarce. Consequently, intere:3t has increased in
the underground storage of water. While underground reservoirs
are not as obvious or as readily delineated as surface reservoirs,
they offer a possible alternative in many areas ,v here conventional
storage would be costly or otherwise undesirable. As is true of all
alternative solutions, each type of reservoir offers advantages and
disadvantages. To assist in the evaluation of the alternatives,
table 1-4 lists the major advantages of each type of reservoir .
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Table 1-4.-Advantage of surface versus subsurface reservoirs

Subsurface reservoirs Surface reservoirs

Many large capacity sites available

Slight to no evaporation loss

Require little land area

Slight to no danger of catastrophic
structure failure

Uniform water temperature

High biological purity

Safe from Immediate radioactive
fallout

Reservoir serves as conveyance
system -canals or pipeline across
lands of others unnecessary

Water must be pumped

Few new sites available

High evaporation loss even in humid
climate

Require large land area

Ever-present danger of catastrophic
failure

Fluctuating water temperature

Easily contaminated

Easily contaminated by radioactive
material

Water must be conveyed

Storage and conveyance use only

Water may be mineralized

Minor flood control value

Limited flow at any point

Power head usually not available

Difficult and costly to investigate,
evaluate, and manage

Recharge opportunity usually depends
on surplus surface flows

Recharge water may require expensive
treatment

Continuous, expensive treatment of
recharge areas or wells

1-7. Ground-Water Rights.-

(a) General.-In the United States, doctrines of law and statutes
relating to the ownership and use of water ,Thomas, 1953) are the
responsibility of the courts and legislative bodies of the States. No

Water may be available by gravity
flow

Multiple use

Water generally of relatively low
mineral content

Maximum flood control value

Large flows

Power head available

Relatively easy to evaluate,
investigate, and manage

Recharge depends on annual
precipitation

No treatment required

Little treatment required
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Federal statutes exist under which a water right can be acquired;
that is, a right granted by law to use or take possession of water in
a natural source and put it to a beneficial use. H"owever, Indian
water rights granted by treaty may take precedence over State
water laws. In the past, both surface- and ground-water rights for
Reclamation projects were obtained in conformance with the laws
of the States in which the project was located. This procedure is
still followed except where Indian water rights pre-empting State
water rights are involved.

Two entirely different systems for acquiring water rights are
followed in the contiguous 48 States. These systems are the
doctrine of riparian rights, recognized in the 31 predominantly
Eastern States, and the doctrine of prior appropriation, recognized
in the 17 Western States (figure 1-3). Indian water rights
generally are determined based on the Winters Doctrine, which is
summarized below.

(b) Doctrine of Riparian Rights.-The doctrine I()friparian rights
is based on the common law of England and stems from ownership
of land contiguous to a natural water source SUCl:l as a stream or
lake. For ground water, ownership of land overl~ring an aquifer is
sufficient to establish a ground-water right. Thi~; doctrine is often
referred to as the English rule of unlimited use.

(c) Doctrine of Prior Appropriation.-Under this doctrine, owner-
ship of water is vested in the State (i.e., the common property of
the people). An appropriator who is first in time to beneficially use
a certain water source has a prior right to its use. However, water
for domestic use usually is not subject to the need for

appropriation.

(d) Prescriptive Rights.-In some States where the doctrine of
prior appropriation is followed, a prescriptive water right can be
acquired by taking and putting to beneficial use, for some number
of consecutive years, water to which other landowners or prior
appropriators have rights.

(e) Indian Water Rights.-Indian water rights ,established for
reservations have been determined to be based on potential need
rather than present use, and in many cases have not been
quantified. The Winters Doctrine {Winters v. U11~ited States,
207 US 564) established in 1908 that the Federal Govemment's
reservation of land for the Indians implicitly carried with it a
reservation of water needed to make the land "adequate and
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valuable" for the inhabitants. Also, it established that the rights of
Indians to such waters could not be diminished b:'f the application
of State law (Price and Weatherford, 1976). This decision
recognized a power in the Federal Government to reserve and
exempt water from appropriation under State la~T, and
implicitlyreserved from appropriation under State law an amount
of water sufficient for irrigation purposes, its appropriation in this
case relating back to the treaty date (Nelson, 1977). The quantity
of water is measured by the amount necessary to fulfill the
purposes of the reservation.

The Winters Doctrine has been clarified and expanded over the
years in numerous court cases. It has generally been held that the
Winters Doctrine applies to ground water as well as surface water
(Nelson, 1977).

(f) Ground- Water Regulations.-In addition to those providing for
water rights, other statutes and rules relating to the adminis-
tration and control of ground water have been es1~ablished in some
States to protect the public interest and to providle for orderly
development of this resource. Some of the more c;ommon
regulations provide for licensing and bonding of vvell drillers,
obtaining permits to drill new wells or to rehabilitate existing
wells, filing of geologic logs of new wells, and following
construction practices that ensure against contamination. Also,
some States have regulations restricting the subE:urface disposal of
pollutants, such as brines and industrial wastes 1;hat might
contaminate the public ground-water supplies.

(g) Conjunctive Use of Surface and Ground Waj'er.-Conjunctive
use is any scheme that capitalizes on the flexibility and efficiency
that can be gained through integrated management of surface- and
ground-water supplies. Conjunctive use involves the coordinated
and planned operation of surface-water and groulld-water
resources to meet water demands. It particularl~, applies to ground
water in alluvium, which may either deplete or recharge the
adjacent stream. Particularly, in the Western UJ:lited States,
streams may go dry during the summer months 'iVhile considerable
water still flows in the alluvium. In some States, holders of
surface water rights can alluvial ground water a1; such times.

On a larger scale, conjunctive use involves river basin planning,
reservoir storage and operation, and ground-water recharge.
Ideally, from a water-supply standpoint, surface-water reservoirs
would be operated to maximize ground-water recharge. However ,
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other factors generally are included in reservoir operation which
may restrict or make infeasible such operation. Also, less than full
conjunctive use may be subject to legal restrictions. Planning for
conjunctive use requires evaluation of physical (geologic,
topographic, and hydrologic) conditions, legal aspects, and public
acceptance.

1-8. Application of Ground-Water Engineering.-

(a) Water Supply.-The major application of ground-water
engineering has been, and probably always will be, the provision of
a water supply by means of wells and infiltration galleries.
Facilities range from isolated individual small wells yielding a few
liters per minute for domestic and stock purposes to well fields
consisting of a number of irrigation, municipal, or industrial water-
supply wells with individual discharges in excess of 20,000 liters
per minute. The small individual well seldom presents a problem
if it is designed according to good engineering practice. The larger
installations, particularly those with numerous wells, require
evaluation of the aquifer characteristics, estimates of well spacing,
drawdowns, quality of water, and possibly recharge-discharge
relationships. Wells must be designed and pumps selected for
economical, long, and trouble-free operation within the capabilities
of the aquifer, with the consideration of any possible corrosion and
encrustation problems which may be present.

Proposed development may be further complicated by restrictions
imposed by overlying or underlying saline aquifers, salt-water
intrusion, influences on the discharge of adjacent surface water
streams, and land subsidence.

Some aquifers have little measurable recharge or discharge but
contain large quantities of water in storage which have
accumulated over long periods. Estimates can be made of the
desirability of mining the water and the probable economic life of
such aquifers under various degrees of development.

(b) Ground-Water Reservoirs and Artificial Recharge.-The
storage of surface waters in underground reservoirs and the
recharge of depleted ground-water reservoirs are other aspects of
ground-water engineering of growing importance and interest.
Recharge wells, basins, channels, and waste disposal facilities
present special problems of aquifer plugging caused by chemical,
biological, and physical factors, and of contamination of overlying
or adjacent potable aquifers.
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The maintenance of minimum streamflows by supplementing
surface water with pumped ground water during low flow periods
and recharging the ground-water reservoir during: high runoff is
also of growing interest.

(c) Drainage.-Drainage may involve the lowering of ground-
water levels beneath irrigated lands to permit cr(]lp growth, the
lowering of water levels or prevention of boils in limited areas to
permit excavation and construction activities in tJ:le dry , reduction
of pressures to maintain stability of slopes, and the reduction of
pressures and exit velocities to ensure stability of dams and
similar structures incident to reservoir and dam <:onstruction.
Applications of ground-water hydraulics and engineering are
involved in all such problems.

(d) Contamination Problems,-In recent years, :ground-water
engineering has become increasingly important ill investigation,
evaluation, and mitigation of subsurface contamination. Ground-
water modeling is usually a major aspect of predicting direction
and rate of contamination potential and mitigati(JIn. Situations
involving contamination are generally much more complex than
those involving water supply or drainage because of complex
chemical and biological interactions. In addition, flow of
contaminants may not coincide with direction and rate of ground-
water flow. The ground-water engineer involved in these projects
must work closely with chemists, biochemists, and geologists, in
evaluating conditions.

1-9. Bibliography ,-

American Society of Civil Engineers, 1961, "Ground Water Basin
Management," ASCE Manual of Engineering P;ractice No.40.

Ayers, R.S., and D.W. Westcot, 1985, Water Quality for
Agriculture: Food and Agriculture Organization of the United
Nations, FAO Irrigation and Drainage Paper 2!:}, Rome, Italy.

Hem, J.D., 1959, "Study and Interpretation ofthl~ Chemical
Characteristics of Natural Water," U.S. GeologJical Survey Water-
Supply Paper 1473.

Meinzer, O.E. (editor), 1949, "Physics of the Earth-IX,
Hydrology," Dover Publications, New York, Ne1N York.



GROUND-WATER OCCURRENCE, PROPERTIES, AND CONTROLS 27

National Research Council (U.S.), 1989, "Irrigation-Induced Water
Quality Problems," Committee on Irrigation-Induced Water
Quality Problems, National Academy of Sciences, National
Academy Press, Washington, DC.

Nelson, Michael C., 1977, "The Winters Doctrine: Seventy Years of
Application of Reserved Water Rights to Indian Reservations,"
University of Arizona, Office of Arid Lands Studies, Tucson,
Arizona.

Price, Monroe E., and Gary D. Weatherford, 1976, "Indian Water
Rights in Theory and Practice: Navajo Experience in the
Colorado River Basin," In: Law and Contemporary Problems,
vol. 40, No.1, Quarterly Journal, Duke University School,
pp. 97-131.

pyne, R. David G., 1995, "Groundwater Recharge and Wells: A
Guide to Aquifer Storage and Recovery."

Rima, D.R., E.B. Chase, and B.M. Myers, 1971, Subsurface
Disposal by Means of Wells-A Selected Annotated
Bibliography," U.S. Geological Survey Water-Supply Paper 2020.

Signor, D.C., D.J. Growitz, and W. Kam, 1990, "Annotated
Bibliography on Artificial Recharge of Ground Water, 1955-67,"
U.S. Geological Survey Water-Supply Paper.

Thomas, H.E., 1953, "Ground Water Law," Transcript of Lecture
Presented at Ground Water Short Course, U.S. Geological Survey
and Bureau of Reclamation, Fort Collins, Colorado.

Todd, D.K., 1980, "Ground Water Hydrology," John Wiley & Sons,
New York, New York.

Tolman, C.F., 1957, "Ground Water," McGraw-Hill, New York,
New York.

u .S. Department of Agriculture, 1954, "Diagnosis and
Improvement of Saline and Alkaline Soils," Handbook No.60.

u.s. Department of Agriculture, 1956, "Water" Agricultural Year
Book for 1955.



GROUND WATER MANUAL28

u .S. Geological Survey, 1985, "Study and Interpretation of the
Chemical Characteristics of Natural Water , 3d ,edition, Water-

Supply Paper 2254, p. 263.

u.s. Government, 1993, Safe Drinking Water Act: 42 USC 300f
et seq.

u .8. Government, 1977, Clean Water Act Amendments.



« Chapter II

PLANNING GROUND-WATER INVESTIGATIONS AND

PRESENT A TION OF RESUL TS

2-1. Introduction.-In ground-water investigations, each study
is unique in the problems presented and the solutions available.
Guidelines are available, but no single step-by-step approach will
be very successful over the range of investigations encountered by
ground-water professionals. Most ground-water investigations
proceed in four stages:

.Planning

.Data collection and field work

.Data analysis

.Report preparation

Planning a ground-water investigation or project requires a
thorough appreciation of the purpose, the scope of the work
required, the areal extent and geologic complexity of the area
involved, and the limitations imposed by available financing and
allotted time. Ground-water hydrology is a dynamic and inexact
science. The accuracy and reliability of acquired data usually
increase with the time available for observation and interpretation,
and much of the success and value of such an investigation
depends on the imagination, experience, and judgment of the
ground-water technical specialists involved. Ground-water
investigations generally are costly because of the time factor and
the need for extensive subsurface and data collection.

Some typical purposes of a ground-water investigation include:

.Locating a small domestic or stock water well

.Designing a large well field to furnish irrigation, industrial,
or municipal water

.Lowering the water table where drainage is required

.Locating and designing ground-water recharge facilities

.Estimating the safety and economic aspects of water loss
and effect on adjacent lands of seepage from a reservoir or
canal
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.Estimating the average annual volume of ".ater recoverable
and the storage space available in a ground-water reservoir

.Dewatering an excavation for construction purposes

.Planning conjunctive surface- and ground-water uses

.Investigating the nature and extent of contaminated or poor
quality ground water to identify the source (natural or man-
made) of the ground-water degradation

.Defining the hydraulic properties of wetland complexes

.Design water treatment facility

Each purpose may present unique problems and require different
concepts, data, approaches, funding, and time. The location of a
single small well may require only a cursory reconnaissance of an
area and an examination of a few existing wells, all of which may
be accomplished in a day or two. Investigations leading to
dewatering of an excavation of limited size may require one or
more test wells and a pumping test, which usually can be
completed in several weeks to several months. In other instances,
where conditions are complex and cover a large area, the work may
entail many months or even years of study, inveE;tigations, and
modeling. Layout of sizeable well fields for any purpose may
require a comprehensive ground-water inventory to determine the

relationships between climate, long-time, ground-water
fluctuations, ground- and surface-water interaction, spatial
variation in aquifer characteristics, recharge and. discharge,
contaminant distribution, and other similar factors.

Ground-water data based on short-term investigations may be
more indicative than substantive. When reliable! quantitative
information is required, provision should be made for refinement of
data by continued observation and data collectioJ[l.

In the planning of an investigation, a review of previous work
provides a basis for planning additional work, and reconnaissance
field surveys provide the information needed to determine field
conditions, obstacles, limits, and possible alternative methods for
completing any additional work contemplated.

When the required field work has been tentatively determined,
the minimum number and tYJ)e of field personnE:l, cooperative
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arrangements with other offices, necessary equipment, and the
time and fund requirements can be estimated. Adjustments can
then be made to conform to the requirements of the overall project.
The program and plan should be kept flexible, allowing for
curtailment or expansion as determined from information acquired
as the investigation progresses.

Upon completion of the field investigations. and data collection, a
final review of the data should be conducted and a written
summary of the field investigations should be prepared. The final
report, which presents the results of the investigation, should
contain a compilation of the data, the results of the analysis of the
data, and the supporting maps, figures, and tables.

2-2. Ground-Water Modeling.-The following briefintroduc-
tion to the basic concepts of ground-water modeling, which focuses
primarily on deterministic numerical ground-water models, is a
reprint with slight revision from Mercer and Faust (1986).1

Numerical models have been extensively used for ground-water
analysis since the mid-1960's, yet confusion and misunderstanding
over their application still exists. As a result, some hydrologists
have become disillusioned and have overreacted, concluding that
models are worthless. At the other extreme are those who have
been willing to accept any model results, regardless of whether or
not they make hydrologic sense.

(a) Modeling Approaches.-Simulation of a ground-water system
refers to the construction and operation of a model whose behavior
assumes the appearance of the actual aquifer behavior. The model
can be physical (for example, a laboratory sand tank or Hele-Shaw
model), electrical analog, or mathematical. Other model divisions
may be found in Karplus (1976) and Thomas (1973). A mathemat-
ical model is simply a set of equations which, subject to certain
assumptions, describes the physical processes active in the aquifer .
Although the model itself obviously lacks the detailed reality of the
real ground-water system, the behavior of a valid model approxi-
mates that of the aquifer. Mathematical models may be deter-

1 The book Ground- Water Modeling can be purchased from the National Ground

Water Association, 6375 Riverside Drive, Dublin, Ohio, 43017. The material
presented here is reprinted with minor revision from "Chapter 1 -Ground-Water
Modeling: An Overview" with the authors' permission.
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ministic, statistical, or some combination of the two. This section
is restricted to deterministic models (i.e., those tha.t define cause
and effect relationships based on an understandinl~ of the physical

system).

The procedure for developing a deterministic, m~lthematical
model of any physical system can be generalized a~ shown on
figure 2-1. The first step is to understand the physical behavior of
the system. Cause-effect relationships are determ"ined and a
conceptual model of how the system operates is formulated. For
ground-water flow, these relationships are generally well known
and are expressed using concepts such as hydraulic gradient to
indicate flow direction. For the movement of hazardous wastes,
these relationships, especially those involving phy!;ical-chemical
behavior, are only partially understood.

The next step is to translate the physics into mathematical terms
(i.e., make appropriate simplifying assumptions and develop the
governing equations). This process constitutes the mathematical
model. The mathematical model for ground-water flow consists of
a partial differential equation together with appropriate boundary
and initial conditions that express conservation of mass and that
describe continuous variables (for example, hydraulic head) over
the region of interest. In addition, the mathematical model entails

Figure 2-1.-Logic diagram for developing a mathematical model.
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various phenomenological "laws" describing the rate processes
active in the aquifer. An example is Darcy's law for fluid flow
through porous media; this law is generally used to express
conservation of momentum. Finally, various assumptions may be
invoked such as those of one- or two-dimensional flow and artesian
or water-table conditions.

For solute (e.g., hazardous wastes) and heat transport, additional
partial differential equations with appropriate boundary and initial
conditions are required to express conservation of mass for the
chemical species considered and conservation of energy ,
respectively. Examples of corresponding phenomenological
relationships are Fick's law for chemical diffusion and Fourier's
law for heat conduction.

Once the mathematical model is formulated, the next step is to
obtain a solution using one of two general approaches. The
ground-water flow equation can be simplified further (e.g.,
assuming radial flow and infinite aquifer extent, to form a subset
of the general equation that is amenable to analytical solution).
The equations and solutions of this subset are referred to as
analytical models. The familiar Theis-type curve represents the
solution of one such analytical model.

Alternatively, for problems where the simplified analytical
models no longer describe the physics of the situation, the partial
differential equations can be approximated numerically (e.g., with
finite-difference techniques or with the finite-element method). In
so doing, one replaces continuous variables with discrete variables
that are defined as grid blocks (or nodes). Thus, the continuous
differential equation, defining hydraulic head everywhere in an
aquifer, is replaced by a finite number of algebraic equations that
define hydraulic head at specific points. This system of algebraic
equations is generally solved using matrix techniques. This
approach constitutes a numerical model and, generally, a computer
program to solve the equations on a digital computer .

Probably the most frequent application of ground-water models is
that of history matching and prediction of site-specific aquifer
behavior. Of the various types of models discussed, the numerical
model offers the most general tool for simulating aquifer behavior .
Physical models usually offer the most intuitive insight into
a<luife-r be-havior but are limited in application (once constructed)
and have the difficulty of scaling results to field level.
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Electric analog models can be applied to field problems but are
usually site specific and expensive to construct. Deterministic
mathematical models (both analytical and numeri,c:al) retain a good
measure of physical insight while permitting a larger class of
problems to be considered with the same model. j~alytical
methods, such as type curve analysis, are relative:ly easy to use.
Numerical models, although more difficult to appl:y, are not limited
by many of the simplifying assumptions necessary for the
analytical methods. Finally, purely statistical melthods are useful
in classifying data and describing poorly understolJd systems but
generally offer little physical insight.

Each type of model has advantages and disadvantages. Conse-
quently, no single approach should be considered i~uperior to others
for all applications. The selection of a particular approach should
be based on the specific aquifer problem addressed. Whichever
approach is taken, the final step in modeling a ground-water flow
system is to translate the mathematical results back to their
physical meanings. In addition, these results must be interpreted
in terms of both their agreement with reality and their effective-
ness in answering the hydrologic questions that motivated the
model study.

(b) Types of Ground-Water Models.-Four gener;al types of
ground-water models are listed on figure 2-2. The problem of
water supply is normally described by one equation, usually in
terms of hydraulic head. The resulting model providing a solution
for this equation is referred to as a ground-water ,flow model. If
the problem involves water quality, then an additional equation(s)
in the ground-water flow equation must be solved for concen-
tration(s) of the chemical species. Such a model i:3 referred to as a
solute transport model. Problems involving heat ~Llso require an
equation in addition to the ground-water flow equation, similar to
the solute transport equation, but in terms of temperature. This
model is referred to as a heat transport model. Finally, a
deformation model combines a ground-water flow model with a set
of equations that describe aquifer deformation.

Ground-water flow models h~lve been most exte]llsively used for
such problems as regional aquifer studies, ground-water basin
analysis, and near-well performance. More recently, solute
transport models have been used to aid in understanding and
predicting the effects of problems involving hazardous wastes.
Some of the applications include: seawater intruf;ion, underground
storage of radioactive wastes, movement of leachalte from sanitary
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Figure 2-2.-Types of ground-water models and typical applications.

landfills, ground-water contamination from holding ponds, and
waste injection through deep wells. Heat transport models have
been applied to problems concerning geothermal energy , heat
storage in aquifers, and thermal problems associated with
high-level radioactive waste storage. Deformation models have
been used to examine field problems where fluid withdrawal has
decreased pressures and caused consolidation. This compaction of
sediments results in subsidence at the land surface.

This classification of ground-water models is by no means
complete. All of the above models can be further subdivided into
those describing porous media and those describing fractured
media. Ground-water models can be combined with statistical
techniques in an effort to characterize uncertainty in model
parameters. These models can also be used to estimate aquifer
parameters. In addition, other models deal with multifluid flow
(e.g., oil and water) and multiphase flow (e.g., unsaturated zone
problems). Some resource management models combine flow
models and linear programs, which are used to optimize certain
decision parameters, like pumping rates. Other models combine
some or all of the models on figure 2-2 (e.g., a thermal loading
problem may require that a heat transport model be combined with
a deformation model), The type of model used will obviously
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depend on the application. For further information on the various
models and their availability, the interested reader is referred to
Bachmat et al. (1978) and Appel and Bredehoeft (L976).

A numerical model is most appropriate for general problems
involving aquifers having irregular boundaries, hl~terogeneities, or
highly variable pumping and recharge rates. The remaining
sections are therefore generally concerned with numerical ground-
water models giving the most emphasis to ground..water flow
models and the least emphasis to deformation models.

(c) Model Use.-Because the number of ground-,vater models
available today is large, when beginning a study, 1;he first question
that may cotne to mind is, "Which one should I use?" Actually, the
first question should be, "Do I need a numerical mlodel study for
this problem?" The answers to both of these ques1;ions can be
determined by first considering the following: ( 1) What are the
study objectives? (2) How much is known about the aquifer system
(i.e., what data are available)? (3) Does the study include plans to
obtain additional data?

The study objectives may be such that a numerical model is
unnecessary .Or, if necessary, objectives may require only a very
simple model. Additionally, lack of data may not :justify a
sophisticated model; however, if a field study is in its initial stages,
the ideal approach is to integrate the data collection and analysis
with a model. Once it is decided that a model is I1leCessary, the one
used will, in part, depend on the study objectives (e.g., if the
drawdowns near a well are of interest, then a regional model,
where the local effects are lost because of the large spacing
between nodes, should not be used). Instead, perhaps a radial flow
model with small grid spacing would be sufficient.

The application of a ground-water model to an aquifer involves
several areas of effort. These areas are shown on figure 2-3 and
include: data collection, data preparation for the model, history
matching, and predictive simulation. These tasks should not be
considered separate steps of a chronological procedure; rather, they
should be considered as a feedback approach. Th€! model is best
used not only as a predictive tool, but also as an aid in
conceptualizing the aquifer behavior. For example, a model used
in the early stages of a field study can help in determining which
and how much data should be collected.
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Figure 2-3.-Diagram showing model use,

Data preparation for the ground-water model first involves
determining the boundaries of the region to be modeled. The
boundaries may be physical (impermeable or no flow, recharge or
specified flux, and constant head) or merely convenient (small
subregion of a large aquifer). Once the boundaries of the aquifer
are determined, the region must be discretized (i.e., subdivided into
a grid), Depending on the numerical procedure used, the grid may
have rectangular or irregular polygonal subdivisions. Figure 2-4
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shows a hypothetical aquifer with a well field development.
Figures 2-4a, 4b, and 4c show typical two-dimensi.onal grid
patterns for both the finite-difference and finite-eJlement methods.

Figure 2-4a.-Map view of aquifer showing well fi~~ld and boundaries.
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Figure 2-4c.-Finite-element configuration for aquifer model,
where b is the aquifer thickness.

Once the grid is designed, aquifer parameters and initial data
must be specified for the grid. For descriptive purposes, the
following discussion refers to the finite-difference method, using a
rectangular grid. Required program input data include aquifer
properties for each grid block, such as storage coefficients and
transmissivities (see table 2-1). For solute transport (i.e., programs
used for tracking hazardous wastes) and heat transport, additional
data are required, such as hydrodynamic dispersion properties and
thermal conductivity, respectively. Computed results generally
consist of hydraulic heads at each of the grid blocks throughout the
aquifer. These spatial distributions of hydraulic head are
determined at each of a sequence of time levels covering the period
of interest. For transport problems, computed results might also
include concentrations and temperatures at each of the grid blocks.

Initial estimates of aquifer parameters constitute the first step in
a trial-and-error procedure known as history matching. The
matching procedure (often referred to as model calibration) is used
to refine initial estimates of aquifer properties and to determine
boundaries (i.e., the areal and vertical extent of the aquifer) and
the flow conditions at the boundaries (boundary conditions);
aquifer tests generally provide the initial estimates for storage
coefficients and transmissivities. For certain ground-water
problems, steady-state (or equilibrium) heads must also be
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determined and used as initial or beginning condii:;ions. Simulated
wells in the aquifer grid system are then allowed 'to pump at the
observed rates, and computed (simulated) drawdo1Nns are
compared with observed drawdowns.

Assuming that the model is correct, comparison between these
two indicates the accuracy of the initial estimates of input data.
Some of the input data may require modification lrntil observed
and calculated data compare sufficiently well. In the past, this
procedure has been done by trial and error; more recently, the
amount of work in matching has been reduced by using parameter
estimation methods that modify initial estimates of input data in a
more objective fashion.

No hard and fast rules exist to indicate when a satisfactory
match is obtained. The number of "runs" required to produce a
satisfactory match depends on the objectives of the analysis, the
complexity of the flow system and length of obse~,ed history, as
well as the patience of the hydrologist. Once completed, the model
can be used to predict the future behavior of the aquifer. Of
course, confidence in any predictive results must be based on (I) a
thorough understanding of model limitations, (2) 1;he accuracy of
the match with observed historical behavior, and {3) knowledge of
data reliability and aquifer characteristics.

The main purpose of prediction is estimation of aquifer
performance under a variety of development schemes. Although
the aquifer can be developed only once at considerable expense, a
model can be run many times at low expense over a short period of
time. Observation of model performance under differing
development schemes then aids in selecting an optimum set of
operating conditions for using the ground-water resource. More
specifically, ground-water modeling allows estimates of:
(1) recharge (both natural and induced) caused by leakage from
confining beds, (2) effects of boundaries and boundary conditions,
(3) effects of well locations and spacing, and (4) effects of various
withdrawal (or injection) rates.

Other purposes for prediction include estimating the rates of
movement of hazardous wastes from sanitary laruifills and other
containment areas. Models are used to predict the encroachment
rate of saltwater in coastal regions caused by fresh-water
withdrawal. They are also used to help determine what, if any,
remedial action is best to take in a contaminatiolJ situation.
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Table 2-1.-Data requirements to be considered for a
predictive model (after Moore, 1979)

I Physical Framework II Stresses on System
A. Ground-Water Flow A. Ground-Water Flow

1. Hydrogeologic map showing 1. Type and extent of recharge
areal extent, boundaries, and areas (irrigated areas,
boundary conditions of all recharge basins, recharge
aquifers. wells, etc.).

2. Topographic map showing 2. Surface-water diversions.
surface-water bodies. 3. Ground-water pumpage

3. Water-table, bedrock- (distributed in time and
configuration, and saturated -space).
thickness maps. 4. Streamflow (distributed in

4. Transmissivity map showing time and space).
aquifer and boundaries. 5. Precipitation.

5. Transmissivity and specific B. Solute Transport (in addition to
storage map of confming bed. above)

6. Map showing variation in 6. Areal and temporal
storage coefficient of aquifer. distribution of water

7. Relation of saturated thickness quality in aquifer .
to transmissivity. 7. Streamflow quality

8. Relation of stream and aquifer (distribution in time and
(hydraulic connection). space).

B. Solute Transport (in addition to 8. Sources and strengths of
above) pollution.

C. Heat Transport (in addition to
above)

9. Areal and temporal
distribution of temperature
in aquifer.

10. Strengths of heat sources

III Other Factors
A. Ground-Water Flow and Transport

1. Economic information of
water supply.

2. Legal and administrative
rules.

3. Environmental factors.
4. Planned changes in water

and land use.

9. Estimates of the parameters
that comprise hydrodynamic

dispersion.
10. Effective porosity distribution.
11. Background information on

natural concentration
distribution (water quality) in
aquifer.

12. Estimates of fluid density
variations and relationship of
density to concentration,

13. Hydraulic head distributions
(used to determine
ground-water velocities),

14, Boundary conditions for
concentrations.

C. Heat Transport (in addition to above)
15. Estimates of thermal

conductivities and specific
heats of rock and water.

16. Background information on
natural temperature
distribution in aquifer,
including heat flow
measurements.

17. Estimates of fluid density
variations and relationships of
density and viscosity to

temperature.
18. Boundary conditions for
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Finally; heat transport models are used to help predict the
behavior of geothermal reservoirs and aquifers used for thermal
storage.

In addition to these site-specific applications, models are also
used to examine general problems. Hypothetical (but typical)
aquifer problems may be designed to study various types of flow
behavior, such as ground-water and surface-water interactions or
flow around a deep radioactive waste repository. The feasibility of
certain proposed mechanisms for observed behavior can be tested.
Parameters may be changed to learn what effect they may have on
the overall process. This process is sometimes referred to as a
sensitivity analysis because results from these runs will indicate
what parameters the computed hydraulic heads are most sensitive
to. Sensitivity analysis is also useful for site-specific applications
to indicate what additional data need to be deterrllined and areas
where additional data are needed.

(d) Model Misuse.-Models can be misused in a variety of ways
(Prickett, 1979). Three common and related misuses are: overkill,
inappropriate prediction, and misinterpretation. The temptation to
apply the most sophisticated computational tool tI) a problem is
difficult to resist. A question often arises regarding under what
circumstances should simulation be three-dimensional as opposed
to two- or even one-dimensional. Inclusion of flovv in the third
(nearly vertical) direction is often recommended only if aquifer
thickness is "large" in relation to areal extent or if pronounced
heterogeneity exists in the vertical direction (e.g., high
stratification). Another type of overkill involves 11sing grid sizes
that are finer (smaller) than necessary consideriD.g available
information about aquifer properties; this error results in
additional work and expense.

In some applications, complex models are used too early in the
study. For example, one generally should not bel.{in the study of a
hazardous waste problem with a solute transport model. Rather ,
the first step is to be sure the ground-water hydrology (velocity in
particular) can be characterized satisfactorily; therefore, one begins
by modeling ground-water flow alone. Once this modeling is done
to satisfaction, then solute transport can be included. One must
assess the complexities of the problem, the quan1;ity of data that
are available, and the objectives of the analysis, and then
determine the best approach for the particular situation. A



PLANNING GROUND-WATER INVESTIGATIONS AND

PRESENTATION OF RESULTS 43

general rule might be to start with the simplest model and a
coarse aquifer description and refine the model and data until the
desired estimation of aquifer performance is obtained.

One must always be aware that the history match portion of the
simulation occurred under a given set of field conditions, and that
these conditions are subject to change during the prediction portion
(e.g., during the history match portion, the aquifer may be confined
but may also be on the verge of becoming desaturated). Using a
confined model for prediction will give erroneous results because
the saturated thickness and storage coefficient will be incorrect.
Because ground-water models deal with the subsurface, unknown
factors always exist that could affect results. In general, one
should not predict more than about twice the period used for
matching, and only then, under similar pumping schemes.

Perhaps the worst possible misuse of a model is blind faith in
model results. Calculations that contradict normal hydrologic
intuition almost always are the result of some data entry mistake,
a "bug" in the computer program, or misapplication of the model to
a problem for which it was not designed. Proper application of a
ground-water model requires an understanding of the specific
aquifer. Without this conceptual understanding, the whole
exercise may become a meaningless waste of time and money.

(e) Limitations and Sources of Error in Modeling.-To avoid
model misuse, the limitations and possible sources of error in
numerical models must be known and understood. All numerical
models are based on a set of simplifying assumptions which limit
their use for certain problems. To avoid applying an otherwise
valid model to an inappropriate field situation, it is not only
important to understand the field behavior but also to understand
all of the assumptions that form the basis of the model. An areal
(two-dimensional) model, for example, should be applied with care
to a three-dimensional problem involving a series of aquifers;
hydrologically connected by confining beds, because the model
results may not be indicative of the field's behavior. Errors of this
type are considered conceptual errors.

In addition to these limitations, several potential sources of error
exist in the numerical model results. First, replacement of the
model differential equations by a set of algebraic equations
introduces truncation error (i.e., the exact solution of the algebraic
equations differs from the solution of the original differential
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equations). Second, the exact solution of the algebTaic equations is
not obtained because of round-off error, as a result of the finite
accuracy of computer calculations. Finally, and perhaps most
importantly, aquifer description data (for example, transmis-
sivities, storage coefficients, and the distribution of heads within
the aquifer) are seldom known accurately or completely, thus
producing data error.

The level of truncation error in computed resultE may be
estimated by repeating runs or portions of runs with smaller space
or time increments. Significant sensitivity of computed results to
changes in these increment sizes indicates a significant level of
truncation error and the corresponding need for sIJ1aller spatial or
time increments. Compared to the other error sources, round-off
error is generally negligible.

Error caused by erroneous aquifer description d~lta is difficult to
assess because the true aquifer description is never known. An
adage used to describe the error associated with these data is,
"Garbage in, garbage out." A combination of core analysis, aquifer
tests, and geological studies often give valuable in:3ight into the
nature of transmissivity, storage coefficients, and ;aquifer geometry.
However, much of this information may be very local in extent and
should be regarded carefully when used in a model of a large area.
As discussed, the final parameters that characterize the aquifer
are usually determined by obtaining the best agreement between
calculated and observed aquifer behavior during slJme historical

period.

(f) Summary.-Numerical ground-water models are an important
tool for the ground-water specialist. They can be llsed to simulate
the behavior of complex aquifers including the effects of irregular
boundaries, heterogeneity, and different processes such as ground-
water flow, solute transport, and heat transport. The use of
numerical models involves data collection, data preparation,
history matching, and prediction. The process of I::onstructing a
model for an aquifer study forces one to develop a conceptual
understanding of how the aquifer behaves. Models, therefore, can
be used in all phases of the aquifer study, including conceptualiza-
tion and data collection, as well as prediction. To be most effective,
the specialist must have a thorough understanding of the specific
aquifer studied, must be familiar with alternative modeling
techniques, and must realize the limitations and sources of error in
models. Upon meeting these criteria, a successful model study will
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not only improve one's understanding of the particular hydrologic
system but should also provide appropriate prediction and analysis
of the problem under study.

2-3. Planning.

(a) Purpose and Scope.-In the planning stage, the sequence of
activities preceding the start of field investigations, the purpose,
scope, and requirements of the project should be clearly defined
and documented. During the planning stage, the organizational
structure for the management of all stages of the project will need
to be established. The planner(s) of the project should identify
what data are currently available on the project and what
additional data are required for the completion of the project. If
the project will require additional field work, a field reconnaissance
of the project area should be made. To complete the planning
stage, a plan of study (POS) that defines all of the tasks that will
need to be completed to produce the final product should be
written. If a ground-water model is to be used in the analysis, the
modeler should be heavily involved in the planning of data
collection. Otherwise, the data collected may not fit the modeling
needs.

As a minimum, the following information is needed: (1) required
field work and additional data collection, (2) ground-water
modeling needs, (3) the size and location of the study area, (4) the
scheduled start, duration, and due date of the project, (5) level of
study (preliminary examination, reconnaissance, feasibility,
construction), and (6) any special problems or requirements
associated with the project (permits, accessibility, hazardous
conditions, design etc.).

After review of the existing data, a determination of the
additional data requirements should be made. In the data
collection and field work stage, additional work that may be
required, depending on the scope of the investigation, includes:

.Preparing new or supplemental planimetric, topographic,
and geologic maps of suitable scale

.Geologic field mapping to obtain, clarify, or add information
on structure, stratigraphy, and lithology

.Inventories of wells and similar facilities
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.Initiating ground-water level measurement and sampling
programs

.Locating test sites and the selection of existing wells or the
design, preparation of specifications, and cotlstruction of
new wells for pump tests, together with the location, design,
construction, and sampling of exploration holes, observation
wells, and piezometers

.Establishing gauging stations on streams and springs

.Determining the location and measuring point elevations on
wells and springs

.The logging of all new drill holes and wells

.The selection and location of geophysical surveys

.The selection of type of borehole logs, electrical resistivity,
gamma ray, etc.

.Providing for mechanical analysis of drill hole samples

.Providing for chemical and bacterial analysis of water
samples

.Completing required N ational Environmental Policy Act
(NEPA) compliance documents

A pas should be developed that presents the results of the
planning stage activities discussed above and defines the
remainder of the tasks to be completed in order to produce the
final product. The size and content of the report ,Nill be dictated
by the purpose and scope of the investigation. The descriptions of
the tasks to be completed (for all data collection, <:ompilation,
analysis, and report preparation) should be as detailed as possible,
including equipment, staff, schedule, and reporting requirements.
Flowcharts showing work elements, sequence, and duration should
be developed, especially in complex projects, to help identify and
prevent scheduling problems.

A field reconnaissance survey of the area should be made,
especially if the project will require additional fieJld work. The
Burvey could be conducted any time prior to the preparation of the
pas. The field survey will provide information needed to
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determine field conditions, obstacles, limits, and possible
alternative methods for completing any additional work
contemplated.

Consideration should be given to the accessibility of the area by
personnel and equipment. Such aspects of the area as location,
extent, topography, transportation facilities, land ownership
patterns, cultural development, climate, permits, and potential for
exposure to hazardous materials or activities should be determined
prior to planning of field investigations. In many cases, an
archeological review is required before work may begin.

The organizational structure for all stages of the project will
need to be established early in the planning stage. A project team
is generally created to manage the project. The team leader
acquires required authorizations and funding. The size and
composition of the project team will vary considerably depending
on the scope of the project. For a large project, the team members
may represent a variety of Federal, State, local, and private
agencies and groups. On the other hand, for a very small project,
one individual may serve as the project team, team leader, and
team member .

(b) Field Investigations.-A successful field investigation does not
just happen; it must be carefully planned to achieve the desired
results. Choosing the most effective methods, outlining the tasks,
mobilizing personnel and equipment, acquiring materials,
establishing criteria for reporting results, and arranging for
reviews are all part of the planning process. Field investigations
are controlled by data requirements, available personnel and
equipment, funding, and accessibility. In most cases, some
compromise must be made between the ideal and the affordable.

To find this compromise, the planner must have a very clear
understanding of what data are truly required to answer the
question being investigated.

Data needs vary according to the level of study and the method
of analysis to be used. At the reconnaissance or appraisal level,
field work may be limited to observations of local geology and
topography and gathering data from existing wells or springs. At
the other end of the spectrum are extensive drilling and logging,
hydraulic conductivity testing, water quality testing, and other
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activities that will promote understanding of the problem at hand.
If a model is to be used, the type of data needed rnlay differ from
those needed for more basic analytic procedures.

Equipment needs and availability must be considered. Choices
often must be made between methods which have different
strengths and weaknesses. For instance, hollow s"tem augers may
obtain better samples than a rotary system but cannot be used to
install a large diameter test well. The planner must decide which
option is more critical or whether both are warranted. Personnel
are generally more flexible than equipment, but their abilities may
still influence the approach to the study.

Funding almost always imposes restraints on the amount and
type of data that can be obtained. The planner must determine
the most efficient uses of available funds, and if available funds
are inadequate, must seek more funding or consider terminating
the project. Time restraints are similar to, and often related to,
funding restraints.

2-4. Data Collection and Field Work.-

(a) Identify Existing Data.-In estimating fundi;rlg, time, and
staff requirements, a review of previous reports on an area is
essential. The U .S. Geological Survey (USGS) reports on geology
and hydrology often provide valuable information. Other pertinent
data may be found in the records of the N ationalW eather Service
and in U .S. Department of Agriculture reports. A search of
engineering and geological bibliographies may provide additional
references. Many State engineers, State geological surveys, water
resource centers, State colleges and universities, and similar
agencies have records of wells and other subsurface investigations
which may include location, logs, yields, and methods of
construction. The references obtained should be abstracted,
analyzed, and summarized; then one can determirle additional data
required, methods of acquisition, and the time, manpower, and
funds necessary to accomplish the work.

(b) SUbS7.lrface Inuestigations.-Information on the stratigraphy,
structure, and hydraulic characteristics of the subsurface
materials, and water-table and piezometric surfac:e levels and
fluctuations are important. Information can be obtained from logs
of wells previously drilled in the area, samples of material from
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wells, well pump tests, and records of levels of the water-table or
piezometric surface. Some of this information may be available
from local well drillers, but care must be exercised in using it.

Surface geophysical surveys and borehole geophysical logs
combined with test drilling may provide valuable information on
subsurface conditions including approximate depth to water and
bedrock. Prior to undertaking geophysical investigations, an
experienced geophysicist should be consulted regarding the
probable value of geophysics and the best procedures to use in
solving a particular problem. Federal and State agencies and oil
and mining companies are sources of geophysical data. Chapter 4
of this manual gives an overview of common geophysical methods
and their typical applications in ground-water investigations.

(c) Water Quality Data.-The chemical and bacterial qualities of
water may be items of necessary information in ground-water
investigations. For water intended for human consumption, the
bacterial and chemical qualities of the water must be known to
determine its suitability and also to furnish a guide for the type
and intensity of treatment required to make it potable. The
chemical quality must also be known for industrial and irrigation
water supplies because the presence of selected chemical
constituents may not only make water unfit for consumption by
either humans or livestock, but also unsuitable for industrial or
irrigation use.

Chemical analyses are also helpful in preparing well and pump
designs and specifications for permanent facilities where corrosive
or encrusting waters are or may be present. In addition, chemical
analyses can often be used to determine the source of the water or
its contaminants. State or local health agencies may have records
of bacterial and chemical analyses of ground water within their
area of responsibility. The USGS Water-Supply Paper 2254 (Hem,
1989) contains an excellent discussion on the interpretation of the
chemical characteristics of natural water .

Finally, the quality of water usually must meet Federal, State,
and local water quality standards if it is to be used for aquifer
recharge or discharged to a surface-water body.

(d) Climatic Data.-In major ground-water investigations,
records of precipitation, temperatures, wind movement,
evaporation, and humidity may be essential or useful supplemental
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data. The source of such records in the United St:ltes is the
National Weather Service. In ground-water studies, climatic data
are used principally for estimating the seasonal variations and
amounts of precipitation which may be available £or ground-water
recharge. This precipitation availability estimate must be
determined for any complete estimate of ground-water availability.
However, in many studies of limited extent, such detail is not
necessary or justifiable. If the determination is needed, the
detailed methods can be found in any complete teJct on hydrology
(American Society of Civil Engineers [ASCE], 195:~; Criddle, 1958;
Freeze and Cherry, 1979; Fetter, 1988; Ramon, 19161; Skeat, 1969;
Kazmann, 1965; Linsley et al., 1949; Linsley et al., 1958; Lowry
and Johnson, 1942; Rouse, 1949; Todd, 1980; Wisler, 1959).

(e) Streamflow and Runoff.-Surface-water data may be essential
in solving the ground-water equation because seepage to or from
streams is a major element of discharge or recharJ~e of ground
water. Records of water use, runoff distribution, reservoir
capacities, return flows, and stream section gains or losses may be
available on the area under investigation. The best records on
streamflow are those obtained from continuously recording gauges,
but some information can be obtained from staff gauges and rating
curves if the gauges have been read frequently. U" the study is
sufficiently critical, the installation of continuous recorders may be
justified. The Water Resources Division of the U~:GS and State
and local water resource agencies are sources of s1;reamflow data.

(f) Soil and Vegetative Cover.-Soil maps and reports are readily
available for most areas of the United States and are very useful in
estimating recharge rates. Soil maps and reports supply
information on soil characteristics and surface graldients which
influence runoff and infiltration. Vegetative cover maps serve
multiple purposes. They may show areas of phre~ltophytes where
the ground water is close to the surface and may imdicate the
density and type of vegetation which intercepts precipitation,
retards runoff, and transpires moisture. Both soil and vegetative
cover maps can usually be obtained from the U .S. Department of
Agriculture, State colleges and universities, or other Federal and
State agencies interested in forestry, grazing, and agriculture.
Where maps are not available, field observations :md notes may be
adequate for interpretative purposes.
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2-5. Data Analysis.

(a) Maps and Diagrams.-Analysis and evaluation of subsurface
data for a ground-water study are readily performed using maps,
cross sections, fence diagrams, and other similar illustrations. The
size, scale, and symbols used for illustrations during the
investigation stage are largely a matter of convenience and ease of
use. Many drawings are maintained in an incomplete stage, and
new data are added as they become available until the work is
practically completed. However, consistent with Reclamation prac-
tice, the size, scale, and symbols used in final illustrations
intended for inclusion in final reports should conform to a set
standard such as Appendix A, Drafting Standards (Bureau of
Reclamation, 1972) and the Engineering Geology Office Manual
(Bureau of Reclamation, 1988). Whenever feasible, the scales of
such illustrations showing related or interconnected information
should be uniform to permit ready comparison and interpretation
through overlays and other similar means.

The number and types of illustrations may vary depending upon
the scope and intensity of the work and the complexity of the area.
It may be advisable to construct a geographic information system
(GIS) base as a tool for understanding and manipulating the data
that are recorded on various maps and diagrams. The term GIS
encompasses the concepts of both automated mapping and data
base management and uses computer graphics to show the spatial
relationships of information contained therein. A GIS can be very
useful for data manipulation. The process allows system and user
to ask logical questions to extract meaningful information from a
GIS data base. However, the data base may require a considerable
upfront effort to construct; sufficient data may be available to
make it worth the effort, and simply knowing the mechanics does
not guarantee a useful tool. Like most analytical tools, a GIS
requires considerable ground-water-related experience and
judgment, in addition to computer skills, to be of much value. The
information presented in the following section summarizes the
maps more commonly used in ground-water studies and

interpretations.

(1) Topographic Maps.-Although topographic maps may not
be necessary for all ground-water studies, appreciation and under-
standing of topography are useful if not essential. For some recon-
naissance studies, either a good planimetric map or aerial
photographs may be used in the field study instead of a
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topographic map. However, for more detailed studies, good
topographic maps are a necessity. Topographic maps supply
information on surface gradients and drainage p2ltterns and are
used as the basis for construction of cross sections and maps
showing geology , depth to water, surface and water-table
gradients, contributing and recharge areas, and related features
and phenomena. Depending upon the type of terrain and the
detail required, scales of satisfactory topographic maps range from
1/2 inch to the mile (1:126,700) to 4 inches to the mile (1:15,800).
At times, maps with a scale of 1 inch to 400 feet {1:4,800) may be
desirable for the detailed study of local phenomena within larger
areas of interest. Desirable contour intervals ranlge from 1 foot in
areas of low relief or for large-scale detailed maps to 25 to 50 feet
for rugged areas or small scale maps.

The USGS is the primary source of topographic maps, but other
Federal agencies, including the U .S. Department of Agriculture
and the U .S. Army Corps of Engineers, as well as various State
agencies, are also sources of suitable maps. If a satisfactory map
is not available, one may need to be prepared.

(2) Aerial Photographs.-Aerial photographs must serve as a
substitute for topographic maps in many areas. JPhotographs are
available either as contact prints or enlargement:3 at scales ranging
from 1:20,000 to 1:4,000. Where the photograph~i have been taken
with sufficient overlap, they may be used with a stereoscope to
obtain a three-dimensional view of the terrain. lJso, mosaics
compiled from numerous individual pictures covering large areas
are frequently available.

The U .S. Department of Agriculture Soil Conservation Service
and the USGS are major sources of aerial photographs and
mosaics. These agencies, as well as Bureau of Reclamation, will
usually have access to other sources of photographs. In addition to
conventional black and white and color photography, side-looking
radar, infrared photography, thermal scanner imagery, and other
remote sensing techniques are often very useful.

(3) Geologic Maps and Se(:tions.-Geologic maps and sections
(figure 2-5 is an example), especially when accompanied by
adequate reports, are useful in most ground-watt~r investigations
and are essential where complex stratigraphy and structures are
involved. Analyses of reports and maps give information on
recharge areas, possible aquifers, water-level conditions, structural





GROUND WATER MANUAL54

and stratigraphic control of water movement, and related factors.
The USGS and State geological agencies are primary sources of
these materials.

Universities and colleges, geological societies, oil and mining
companies, and other similar organizations also have data which
may be obtainable. In areas for which no geologi<: reports or maps
exist, a reconnaissance geologic investigation may be necessary as
a minimum alternative.

(4) Water-Table Contour Maps.-A water-table contour map is
the most commonly constructed and most useful map for studies of
unconfined ground water. It is a topographic map of the water
table, and the contour lines are usually lines of equal elevation

(figure 2-6).

The map is constructed using water-level elevat;ion in
observation wells, stream and lake surfaces, and :;pring discharge
points for controls.

(5) Piezometric Surface Maps.-A piezometric: surface map is
similar to a water-table contour map, except that it is based on the
piezometric potential developed in piezometer or 1;ightly sealed
wens which penetrate a single confined aquifer (figure 2- 7).

(6) Depth-to-Water-Table Maps.-Depth-to-water-table maps
are of particular interest when considering drainage and
dew~tering problems (see figure 2-8).

They are most easily prepared by overlaying a 'Nater-table
contour map on a surface topographic map. The points at which
the contours intersect are a whole number of feet apart in
elevation and are the control points for drawing a contour map of
depth to water. They can also be prepared by calculating the
depth to water from the ground surface and placing this depth
figure on a map at the location of the observation well. Contours
are then drawn connecting these points.

Care should be exercised in the preparation, use, and evaluation
of ground-water level and depth maps. Initially, it should be
remembered that only a limited number of spaced control points
{observation wells, etc.) can normally be used and that ground-
water conditions between the points may deviate widely from the
expected. Furthermore, unless the control point facilities are
constructed to reflect a specific condition, a composite condition
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Figure 2- 7 .-Piezometric surface contour map.
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such as a combined water-table and piezometric level may be
reflected. This condition could yield erroneous and misleading
data.

(7) Profiles or Cross Sections.-Vertical geolo~~c and
hydrogeologic profiles drawn through lines of wells or drill holes
depict information on subsurface conditions by sp:ltially relating
surface features and subsurface conditions (see fi~:ure 2-9).

At each location, the geologic log of the hole is plotted vertically
to show the top and bottom of each stratum that 4~an be identified,
and adjacent holes are compared to show continuity of strata.
Unconfined water-table or piezometric surface levels can also be
plotted at each well location for one reading or for a series of
readings taken over a period of time. This plot will show the
relative location of the free water-table or piezometric surface and
its fluctuation during the period of the readings. Professional
judgment is used to augment the available data. Cross sections
should be referenced to a map for convenience in location. The
horizontal scale of the section should conform to that of the map,
but the vertical scale generally will need to be larger than the
horizontal scale to make the drawing understand:lble. The vertical
scale should be large enough so the smallest signjificant feature can
be easily identified. This scale size may require a broken scale to
show a thin stratum in a relatively deep geologic log.

(8) Isopach Map.-The isopach map is a thickness drawing
shown as contours. It may show the thickness of saturated
materials of a free aquifer or the thickness of an artesian aquifer
between the upper and lower confining beds. A similar map may
be drawn to show the thickness of a confining bed. Construction of
maps of this type, of course, depends upon the availability of the
logs of holes and wells that fully penetrate the beds of interest.

(9) Structure Contour Maps.-Structure contour maps are
drawn to show the upper surface of a particular ~:tratum or
formation. These maps are primarily useful in conjunction with
stratigraphy in interpreting structural features, ~;uch as faults and
folds, which may control ground-water movement beneath an area.
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(10) Fence Diagrams.-Fence diagrams are three-dimensional
cross sections that are helpful in presenting an areal picture of
geologic and ground-water conditions. As with the sections, they
are based on the logs of the holes, measurements of ground-water
levels, and topography (figure 2-10).

(11) Hydrographs .-Hydrographs of individual observation
wells and piezometers are essential in depicting ~:round-water
fluctuations, trends, and other time-related factors. Hydrography
is plotted on cross-section paper with water elevations as the
ordinate and time as the abscissa (figure 2-11). Plotting the
geologic log at the left margin usually enhances the value of the

hydrograph.

(b) Ground- Water Map Interpretation.-The ba~:ic principle of
ground-water flow holds that water moves from a higher level or
potential toward the lower. The contours on gro\:Lnd-water
elevation contour maps are those of equal potential and the
direction of movement is at right angles to the contours. This
movement is true whether the contours are of an unconfined water
surface or of a piezometric surface. In an unconfined free aquifer ,
the contours often tend to parallel the land surface contours. In
many instances, however, little apparent relationship exists
between surface and subsurface flow.

Ground-water mounds can result from downward seepage of
surface water or upward leakage from deeper artesian aquifers in
areas of local recharge. In an ideal aquifer, gradients from the
center of a recharge mound will decrease radially and at a
declining rate. An impermeable boundary or change in
transmissi'vity will affect this pattern and may provide clues in
determining such changes.

Analysis of conditions revealed by ground-water contours is in
accordance with Darcy's law, Q=KiA, which is discussed in sec-
tion 5-1. Accordingly, the spacing of contours (the gradient)
depends on the flow rate and on the aquifer thickness and perme-
ability. If continuity of the flow rate is assumed, the spacing
depends only on aquifer thickness and permeability. Thus, areal
changes in contour spacing may be indicative of 4::hanges in aquifer
conditions. However, in view of the heterogeneity of most aquifers,
changes in gradients must be carefully interpreted with
consideration of all possible combinations of factors.
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Figure 2-11.-Hydrographs of observation wells.

Pumping from a relatively small area of an extensive aquifer
may cause little change in static water level over the unpumped
area although the water level in the pumped portion continues to
lower rapidly. This occurrence is the result of the pumpage
exceeding the ability of the aquifer to transmit water to the
pumped area, a condition that can be recognized by contours of the
water levels within the aquifer .

An overlay of two ground-water contour maps made from
measurements taken at different times permits an estimate of the
change in ground-water storage which has occurred in the interval
between the two series of measurements if the storativity
(section 5-4) is known. Similarly, the same volume of change



GROUND WATER MANUAL64

multiplied by the porosity gives an estimate of the change in gross
storage. The latter is useful only in the event of a rising water
table which saturates a volume that previously was relatively dry.
The volume of water required to saturate the material can be
estimated in this manner. To obtain the vol ume of water released
from storage when the water table lowers, the storativity factor
must be applied because the entire pore space wilJ not be
evacuated.

If the permeability and cross-sectional area (or t.ransmissivity
and width) of the aquifer are known and the gradJlent is available
from a contour map, an estimate may be obtained of the rate of
flow by applying Darcy's law.

Because aquifers act both as reservoirs and conduits, periodic
estimates of the change in storage during the year may permit an
estimate of the annual recharge. Similar estimates for a number
of years may give an estimate of the average annual recharge.

The accuracy of the foregoing estimates depends upon the
uniformity of the aquifer and the overall applicab:ility of the
aquifer characteristics as determined from pumpiJag or other tests.
Although the theory is simple, the heterogeneity of most aquifers
necessitat(;s caution and requires considerable juclgment in the
application of resultant data.

At some point the question should be asked, do the data base
and analyses meet the objectives of the investigation? The data
collection and analysis task is almost always an i'terative process
in which the results of early investigations are used to guide the
direction and magnitude of ongoing investigation~;. The investi-
gator must focus on stated objectives of the proje<:t and work
toward these objectives, usually in an evolving pl::1.n of study. Only
the very simplest investigations can be economically planned and
carried out in a single stage. This process must incorporate a
balance between economy and accuracy. We can never learn all
there is to know about a ground-water unit, so experience and
judgment must determine when the data base is sufficient to meet
the objectives of the investigation.

Each discrete ground-water activity and product is treated in
some part of this manual. The user should use this information as
a guide-but not a constraint-as the investigation moves toward
the obiectives.
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2-6. Report Preparation.-A ground-water report may range
from less than a page long, containing a statement of the problem
and a conclusion or recommendation, or both, to a voluminous
work of many pages containing text, numerous maps, charts,
graphs, and tables. The importance and complexity of the task,
and the time and funds expended, generally determine the length
and content of the report.

The author of the report should exercise judgment in
determining the type of information that is necessary and the
amount of detail required. The main body of the report may
contain some or all of the following data in greater or lesser detail
as required to clearly state the problems, conclusions, and
recommendations. An outline of a typical report could be as
follows:

A. Problem or purpose of study

B. Location and size of the area of interest

C. Cultural features of the area:
1. Public utilities.-Electric power availability, location of
existing lines, number of phases, and power rate schedule.
2. Natural gas facilities.-Location, capacity, and rate schedule.
3. Water supplies.-Domestic, municipal, industrial, irrigation,
and stock. Sources, capacities, quality of raw and treated water ,
reliability of sources, and rate schedules.
4. Sewage disposal.-Location and capacity of treatment plant,
type of treatment, method of disposal of effluent, quality of
effluent, and method of disposal of residue.
5. Transportation.-Highways, roads, railroads, and shipping
points.
6. Settlement.-History if pertinent, location and size of towns,
land ownership, and present and contemplated use.
7. Cover and crops.- Vegetative cover, natural types and
densities, crops, and crop acreage.
8. Irrigation.-Extent, practices, and trends.

D. Climatic summary:
1. Amount, rates, distribution, seasonal occurrence, and type of
precipitation.
2. Temperature extremes, monthly means, length of growing
%e.ason.
3. Wind directions, velocity, and seasonal occurrence.



GROUND WATER MANUAL66

4. Humidity.

5. Evapotranspiration

E. Surface hydrology:
I. Natural surface drainage, channel characteri:~tics, runoff
volumes and characteristics, flood potential, location of gauging
stations, and the losing and gaining reaches of channels.
2. Surface-water bodies including natural lakes, swamps,
reservoirs, etc., with their location, size, capacity, and
fluctuations in water levels.
3. Present and proposed canals and drains: loCJltion, size,
length, capacity, lining, losing and gaining reacl1les, and physical
condition.
4. Quality of surface water: chemical, bacteriological, seasonal
fluctuations, and trends in quality.

F. Geology and geomorphology:
1. Summary of the physiography.
2. Elevations and relief.
3. Surface gradients.
4. Summary of the regional geology.
5. Stratigraphy and lithology.
6. Geologic structure.
7. Summary of the more important hydrogeologic provinces.
8. Unstable formations from standpoint of well (drilling,
construction, and design).
9. Areas of possible subsidence.
10. Earthquake danger or potential.

G. Ground-water hydrology:
1. Location, depth, thickness, lithology, areal e}:tent, and type of
aquifer or aquifers present.
2. Water-table and piezometric surface gradien1;s, direction of
flow, recharge and discharge areas, areas of artesian pressure,
contributing areas.
3. Seasonal and annual fluctuations in ground-'water levels,
extremes, and long-time trends.
4. Present ground-water development, includinJ~: number of
wells, locations, depths, screen diameters, settings, lengths, and
types; casing diameter, type, and weights; yields; drawdowns;
pumping lifts; and annual pumpage.
5. Well history, average life, experience with encrustation,
corrosion, sand pumping, collapse, and surface c:aving.
6. Transmissivity and storativity of aquifers.
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7. Quality of ground water, chemical, bacterial, and trends;
corrosivity of water and soils.
8. Suitability of aquifers for proposed development or use.

H. Analytical methods used:
1. Techniques used.
2. Discussion of assumptions and measured values.
3. Modeling.

a. Description of models.
b. Format of results.

1 Proposed ground-water development program:
1. Number, location, and spacing of proposed production wells.
2. Probable capacitor, pump lifts, and horsepower requirement of
proposed wells.
3. Proposed well design.
4. Recharge possibilities; location, type, and design of facilities
required; sources, volume, and quality of recharge water;
probable operation and maintenance problems.

J. Factors and facilities for ground-water development:
1. Number of drilling contractors in area; number, type, and
capacities of rigs.
2. State and local laws and regulations governing ground-water
rights, drilling permits, design and construction of wells, and
licensing of drillers; name and location of State or local offices
administering such rules and regulations.
3. Water well supply dealers, pipe dealers, chemical supply
houses, well logging and geophysical survey companies,
laboratories capable of making mechanical analyses of samples,
chemical and bacterial water analyses and soil tests, and sources
of materials such as gravel for packs.

K. Maps of the study and adjacent area are usually of uniform
scale except for the location map. The following is a list of maps
which frequently appear in reports:

General location map.-shows location at study area within
a larger area which includes known features such as
counties, cities, and towns. An inset usually shows location
within the State.
Planimetric.-Shows county and land office subdivision
lines, existing location of wells, towns, highways, railroads,
public utilities, etc. May be used as a base for other maps.
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.Topographic.-May be used as base for othE:r maps.

.Geologic.-Usually shows surficial geology \vith symbols
indicating structural features, cross-section lines,
geophysical surveys, etc. (figure 2-5).

.Ground-water and piezometric surface maps showing water
surface elevation contours at minimum and maximum
periods; the location and elevation notations at each point of
measurement; and contributing, recharge, a,nd discharge
areas and flowing well areas, if present. SE~veral maps may
be used to show changes with time or season (figure 2-6).

.Isobathic or depth of water .-Similar to No5 above, but
shows depth to water by contours (figure 2-8).

.Isopachic of aquifer or aquifers.-Similar to No.6, but
shows thickness of aquifers by contours.

.Surface-water map showing natural surfacE' drainage,
surface- water bodies, existing and proposed dams, canals
and drains, and stream gauging stations.

.Land ownership.-Farm unit boundaries.

.Land use and vegetative cover .

.Quality of water .-Chemical and bacterioloJ5ical.

.Aquifer characteristics.-Variations in transmissivity and
storativity values by contours or by areas containing values
within a given range.

.Isohyetal or Theisen polygons for precipitation showing
location of weather stations.

.Well field and service area, ground-water f~lcilities, and
plans.

L. Cross sections, fence diagrams, and hydrographs:
1. Geologic.-lncludes control exploration hole designations.
2. Hydrologic.-Could be several cross sections showing seasonal
variations, including measuring point well locations (figure 2-9).

M. Graphs, charts, and tables:
1. Temperature range and growing season.
2. Average annual monthly precipitation.
3. Annual precipitation, minimum, mean, and extreme.
4. Cumulative precipitation.
5. Stream and lake hydrographs-baseflows.
6. Ground-water observation well hydrographs.
7. Quality of water, both areal and seasonal.
8. Projections of water use, population, power, etc.
9. Ground- and surface-water use.
10. Mechanical analyses of aquifer samples.
11. Chemical and bacterial analyses of water samples.
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12. Pump test measurements and analyses.
13. Welllogs.-Drillers, geologist, resistivity, etc.
14. Geophysical surveys.
15. Evapotranspiration.-Records or estimates.

N. Drawings:
1. Well and infiltration gallery designs.
2. Test site layouts.
3. Special equipment designs.

No report will include all of the items listed here, but preparers
of reports can use this outline as a checklist to produce complete
and useful reports. The outline may also be used in the planning
stage to provide insight into what activities will take place.
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«Chapter III

INITIAL OPERATIONS AND AQUIFER
YI ELD ESTI MA TES

3-1. Introduction.-Proper management of a resource such as
ground water requires knowledge of the magnitude, distribution,
depletion, and replenishment, if any, of the resource. Without such
.an assessment, the effects of past development and predictions of
the influences of future development cannot be adequately
determined. Budgets and inventories provide the means of
assessment of ground-water resources and involve such factors as
storage, recharge, and discharge. Because of the interrelationship
of surface and ground water, comprehensive, quantitative budgets
and inventories must consider both modes of water occurrence.

The ground-water basin boundaries, both vertical and horizontal
and aquifer dimensions and characteristics must be determined
before ground-water storage capacity can be estimated. Aquifer
characteristics are rarely uniform over large areas, so the
variations must be quantified and delineated using subsurface
geologic and hydrologic conditions, well capacities, and similar
differentiating factors.

Ground water is a dynamic resource with constantly changing
water levels caused by natural or artificial influences.
Interpretation is facilitated by careful analysis of water level
fluctuations as related to these influences. Such interpretation
may need to be supplemented by pumping tests located on the
basis of the initial studies to clarify localized variations in aquifer
characteristics and boundaries.

Such data are essential to aquifer analysis, including electric
analog or digital computer analysis of aquifer response to develop-
ment. For assessments of long-time aquifer yield and performance,
evaluations are usually based on an average annual basis and
maximum high and low water conditions. The basic results of a
ground-water inventory are the determination of the total water in
storage and the annual change. Further studies involve the
response of the system to various schemes of development,
possibilities of induced additional recharge caused by development,
artificial recharge, desirability and probable life of a water mining
operation, design of wells, conjunctive use of surface and ground
water, and possibilities of subsidence.
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The techniques of a ground-water evaluation are relatively
subjective, and the degree of accuracy and the reliability of the
initial result are often questionable. Many evalua1~ion studies
involve a continued reassessment and refinement of the estimates
as more data on actual response of the aquifer to clevelopment
become available.

As previously mentioned, a ground-water study involves consid-
eration not only of ground water but of surface water. The bound-
aries of a ground-water reservoir mayor may not 4::oincide with
those of an overlying surface-water basin. If they do, the study
may be simplified. Many investigations may requj:re the setting of
arbitrary boundaries.

Most ground-water inventory methods were revised for applica-
tion in semiarid and arid zones, generally in response to obvious
overdevelopment. No wholly standardized investil~ation procedure
exists because conditions and needs vary. Methods will vary
depending upon areal development; complexity of'the geology;
climate; availability of existing data; time, funds, equipment, and
manpower available to obtain data; and similar factors. The
following sections summarize many of the factors involved in
ground-water inventory and methods of procedure.

3-2. Hydrologic Budgets.- The hydrologic budget is a
quantitative evaluation of the total water gained or lost from a
basin or part of a basin during a specific period of time. It
considers all water, whether surface or ground water, entering,
leaving, or stored within the area of study. The hydrologic budget
is summarized in the following equation:

~S=P-E:tR:tU 3-1

where:

~s = changes in storage in channel and reservoirs, in ground-
water storage, and in soil moisture

p = precipitation on the area of study
E = evapotranspiration from the area
R = net surface-water inflow or outflow
U = net ground-water outflow and inflow
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The components of A-S are:

l1S., changes in surface storage which may be available in the
form of reservoir or lake capacity curves

Mc, changes in stream channel storage, which are of minor
importance in a long-time budget {usually ignored in the budget
analysis)

b.Sm, changes in soil moisture which are also of minor
importance, hence ignored

8Sg, changes in ground-water storage

which can be estimated from contour maps of the water table or
piezometric surface and the storativity of the aquifer at the
beginning, during, and end of the study period or periods.

Precipitation consists of all the rain and snow falling on the area.
Records are usually available from weather stations in or adjacent
to the area of study. Methods of analysis of the various factors are
discussed in several references (Butler, 1957; DeWiest, 1966;
Skeat, 1969; Kazmann, 1965; Wisler and Brater, 1959).

Estimating the long-term evapotranspiration is an intricate
process which has been studied and discussed by numerous
authors. Many methods of analysis have been developed, all of
which are approximate. American Society of Civil Engineers
(ASCE) -Methods and Reports on Engineering Practice -No.70,
Evapotranspiration and Irrigation Water Requirements, 1990,
provides and indepth discussion of these parameters. Generally, it
is advisable to seek the assistance of someone familiar with the
subject of evapotranspiration when estimating quantities for a
water budget.

Streamflow, R, consists of surface runoff of precipitation within
the area, R.; surface inflow to the area, Ri; water pumped from
aquifers and exported from the basin, Rp; and ground-water
seepage to streams, Rg. The value of R; can be estimated from
stream gauging records. A number of methods for estimating Rg
are discussed in the literature, particularly for individual
basins (ASCE, 1952; Butler, 1957; DeWiest, 1966; Skeat, 1969;
Kazmann, 1965; Linsley et al., 1949; Linsley et al., 1958;
Rouse, 1950; Wisler and Brater, 1959).
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Ground-water flow components are Ut, the underflow from, and
U 0' the underflow to adjacent basins. Flow can be estimated by
determining the width of the flow path from know ledge of the
aquifer dimensions, the gradient from water level contour maps,
and the transmissivity from results of pumping tests or other
sources. These factors can be applied to the solutjlon of Darcy's
equation (chapter 11) to determine total underflow.

3.3. Ground.Water Inventories.-The ground-water
components of the hydrologic cycle used in estimating a ground-
water budget are summarized in the equation:

3-2G-D=AS
9

where:

G = recharge to the aquifer
D = discharge from the aquifer
bSg = change in storage in the aquifer

The components of G may include: deep percol~ltion from pre-
cipitation; seepage from surface-water bodies; groll1nd-water under-
flow from adjacent areas; artificial recharge including deep
percolation from irrigation, sewage disposal facilit;ies, and recharge
wells; and leakage through confining beds.

Components of D may include evapotranspiration; seepage to
surface-water bodies; ground-water underflow to adjacent areas;
discharge of springs; artificial discharge including: drainage
systems, wells, and infiltration galleries; and discharge through
confining beds.

Adequate records to permit an accurate and reliable appraisal of
all the factors involved are seldom available.

Changes in ground-water storage are reflected by fluctuations in
the ground-water levels. Because most assessmeJtlts are based on
long-term averages with the beginning and end of the study period
occurring at about the same season of the year, cJtlanges in soil
moisture can usually be ignored.

Estimates on the portion of rainfall which may enter an aquifer
are generally made by an analysis of the fluctuations of ground-
water level as the result of a specific isolated storm or on the basis
of a long-time correlation between water level hydrographs and
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precipitation records. The deep percolation from an individual
storm is influenced by the intensity and duration of the
precipitation and the deficiency of soil moisture at the beginning of
the storm. The long-period correlation will therefore usually give a
more nearly effective average. In using such analyses, it must be
recognized that during the recharge, discharge from the aquifer
continues, and the net change in the water table represents the
difference between the recharge and discharge. Where artificial
recharge, specifically for recharge of aquifers, is practiced,
adequate records of rate and volume of inflow usually are
available. Recharge from irrigation may be estimated from the
difference between the consumptive use and water deliveries less
the surface waste.

Where surface- and ground-water basins do not coincide,
underflow may be a major factor in an inventory. Estimates of
such flow should be based on dimensions of the aquifer, gradient,
and transmissivity as described earlier .

Rough estimates of ground-water withdrawals for irrigation
during a given period can be made by several methods including:

Survey of well owners to determine rates and duration of
pumping of all sizable wells in the area

.Survey of landowners and agricultural agencies to
determine total acreages of common crops and normal water
application for such crops

.Survey of utility companies to determine installed ratings of
all sizable pumps and the power usage of these pumps

These data can be combined with other data, such as areawide
depths to ground-water and pump efficiencies, to arrive at
reasonably reliable rough estimates of withdrawals. Similar
information for wells serving municipal and industrial uses may be
available from owners, utility companies, and local or State
regulatory agencies.

Evapotranspiration can be estimated by use of Blaney-Criddle
(Criddle, 1958), Lowry-Johnson (Lowry and Johnson, 1942), or
similar equations if data on crop types and acreages and vegetative
cover maps are available.
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Estimates of seepage to or from streams can be :made based on
the difference between surface inflow and surface outflow plus
evapotranspiration. Based on ground-water contolL1r maps, reaches
of the stream where seepage predominates can be segregated and
inflow-outflow measurements of each section can be made. Similar
estimates of ground-water seepage for lakes or reservoirs are
sometimes possible on the basis of inflow-outflow data corrected for
evaporation plus or minus the change in storage.

Surface discharge of springs often can be measured. They are
seldom uniform, however, so periodic measuremeIJ.ts taken when
the water-table elevations are measured are recommended to
obtain a value of average discharge or to correlate the discharge
with ground-water elevation.

As discussed previously, ground-water inventor)' studies are
often subjective and influenced by local condition, availability of
data, time and funds, and climatic variations.

3-4. Perennial Yield Estimates of Aquifers.-An estimate is
often desired of the probable perennial yield of an aquifer. A
number of methods that have been derived for su(:h estimates in
arid areas are summarized by Todd (1959, 1980).

O.E. Meinzer (1932) wrote: "The most urgent problems in
ground-water hydrology at the present time are those relating to
the rate at which rock formations will supply water to wells in
specified areas-not during a day, a month, or a year , but
perennially" (McWhorter and Sunada, 1984).

The concept that is presently used is "safe yield," which is
defined as the amount of naturally occurring grou,nd water that
can be economically and legally withdrawn from flll aquifer on a
sustained basis without impairing the native grotllld-water quality
or creating an undesirable effect such as environmental damage
(Fetter, 1988). In this case, recharge must equal discharge.

Because safe yield is based on a long-term average recharge,
pumping and recharge may be out of balance for :my given year.
Water levels will usually rise in wet years and fall in drought
years, reflecting this imbalance.

3-5. Initial Operations.-Before initiating field work, the field
force should be familiar with the requirements and procedures
outlined in chapters II and VIII of this manual and should review
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the basic data available for the area involved. A preliminary
reconnaissance survey should then be made of the area, paying
particular attention to those subareas for which published reports
lack data or indicate the existence of problems such as ground-
water overdevelopment, waterlogging or poor drainage, and saline
or alkaline soils. In addition, observations should be made of:

.Geomorphological features which might influence the
occurrence of ground water

.Surface elevations and gradients

.Soil and rock textures

.Stream pattern, gradients, and bed characteristics springs,
seeps, and marshy areas

Vegetation types and densities; distribution, density, and
type of water wells

.Land-use patterns, size of farm units, and land ownership

.Present water use and the relationships of these features to
the general geology

During the survey, information on the location and capabilities of
laboratory facilities, drilling contractors, well service companies,
and similar organizations whose services might be required should
be obtained and, if possible, initial contacts should be made. The
survey should permit a delineation of those subareas requiring
additional geologic, topographic, or other mapping, and the outline
of an initial program for the work to be done.

On large projects, much of the required information on political,
social, and economic factors, such as utilities, land use, and
ownership, will have previously been prepared within the Bureau
of Reclamation or by other agencies. Similarly, these offices may
have data on climate and surface-water hydrology. When the data
are not readily available and the ground-water hydrologist is
unfamiliar with surface-water hydrology, the type of information
that may be required should be carefully determined and
knowledgeable advice should be sought on obtaining these data.

3.6. Records of Wells, Springs, Seeps, and Marshes.-One
of the early activities usually undertaken in a ground-water
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investigation is an inventory of existing ground-water facilities and
collection of well logs. In many States, the State ]~ngineer's Office,
the Water Resources Board, or similar organizations will usually
have files of well records giving location, depth, formation, logs,
casing and screen used, static water level, pumpiIJ.g water level,
yield, date drilled, the driller, and similar data. C:opies of the
records should be obtained, and the data for each well should be
entered on a form similar to the form shown on fiJ~re 3-1. Each
well should be numbered, and a map showing its :location should be

prepared.

The records in the State offices are often incomplete or
questionable, so each well should be checked in tb,e field. If not
included in the State records, the ground surface 'elevation at the
well should be determined either by leveling or, if a suitable
topographical map is available, by observation and interpolation.
In the case of especially useful wells, the owner should be
contacted for additional data and permission to measure the depth
of water in the well and, if required, to make a ptlmping test.
Also, the driller (if available) can often furnish data.

Wells which are not on the State records may be found in the
field, and such wells should be inventoried. Also, data on new
wells drilled during the study should be obtained from the driller
and owner .

Wells are usually tied to the state plane coordinate system or the
township-range system shown on figure 3-2 used by the U .S.
Geological Survey (USGS) for location and mappillg purposes.

One of the first steps normally taken during a I~ound-water
investigation is the measurement of water levels in wells. Because
ground-water levels are dynamic, measurements should be made in
all wells in as short a period as possible. Figure 3-3 is a typical
form used in making such a survey. On completion of the first
complete ground-water elevation measuring program, a ground-
water contour map should be prepared, preferabl:y using a
topographic map as a basis. A study of the map will permit
recognition of those points where control is poor or lacking and will
serve as a guide in locating observation wells that must be drilled.
The contour intervals on the topographic map control the precision
of interpretation. Larger contour intervals are subject to greater
inaccuracy. In addition, the map can be used to indicate possible
ground- and surface-water interrelationships. It also indicates
locations for observation wells near streams, can:3.ls, lakes
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WELL RECORD

1 .Location: State County Map

V4 1/4 Sec, .T N/S R E/W

Address

Address

Address

~

m(ft)

m(ft)

-mm(in),to

From m(ft)to m(ft)

2. Owner:
Tenant
Driller

3.Tol:xJgraphy
4. Elevation m(ft)
5. T ype: Dug. drilled, driven. bored, jetted

date- 1 9-
6. Depth: Reported

Measured
7. Casing: Diam..

mm(in), type
Depth. -m(ft), Finish.

8. Chief aquifer
Others

9. Water level. .m[ft)rept./meas. 19-below.
vv1lich is m[ft)below surface

1 O.Pump:Type- .Capacity I/min[gal/min)
Power:Kind Horsepower.

11.Yield:Flow. -1/min[gal/min).Pump I/min[gal/min)
Drawdown. -.m[ft)after hours pumping I/min

12.Use: Dom..Stock. PS. R.R.. Ind ..Irr.. Obs.

Adequacy. permanence-
13.Quality Temp QF

Taste. ordor. color Sample yes/no
Unfit for

14.Remarl<s

Figure 3-1.-Typical well record form.
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R.29 W.

82

3 26 5 4

7 8 9 10 II 12.

17 '6 15 14 1318
lr.

~r
C'.) .

19 20 21 22 23 2.4

30 29 28 27 26 25

35 3631 32 33 34

Well NO.7-29-12

b 0
b a

d...
c

b a

dc

dc

'2SECTIOI~

Figure 3-2.-USGS township-range numberi[1g system.
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WATER LEVEL MEASUREMENTS (Field)

83

Measured by

Location of project

Figure 3-3.-Typical water level record form.
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reservoirs, and other bodies of water, as well as l(],cations for staff
gauges (Bureau of Reclamation, 1967). Staff gaug:e locations are
also plotted on the map, and a form similar to the one on figure 3-4
can be completed.

The presence of springs, seeps, and marshes is 11sually the result
of the water table intersecting the ground surface or of leakage
from an artesian aquifer. Accordingly, the locatiotl, discharge, and
water level elevation of such features may be significant. During
the initial well survey, all springs, seeps, and marshes should be
visited, given a distinctive symbol and number, plotted on the map,
and recorded on a form similar to the one on figure 3-4. The
approximate water level elevation should be determined, a gauge
or weir should be installed,and an effort should be made to
determine the geologic and hydrologic conditions ~:iving rise to the
feature. Flow may vary diurnally, seasonally, or in some other
regular or irregular pattern. If these variations are significant,
they should be measured and recorded for use in :malyzing the
ground-water system.

Remote sensing can often detect the discharge of seeps and
springs because the wet areas exhibit more vegetation growth
during dry weather than adjoining areas. On summer nights, the
wet areas are cooler than the surrounding ground, and on winter
nights, the wet areas are warmer. The contrast can be detected by
airborne thermal sensing and infrared film that senses the 0.9- to
1.0-pm wavelength and that detects subtle differences in the
ground surface temperature {Zimmie and Riggs, 1981).

3-7. Initiation and Frequency of Ground-\\J'ater Level
Measurements.-Water level measurements ma~, be made of the
water table or the piezometric surface under numerous conditions.
Continuous measurements such as those supplied by a continuous
water stage recorder or of periodic measurements with a time
interval extending from less than 1 minute (for a pump test) to
6 months may be required. The frequency of measurement should
be adjusted to the circumstances. In some instaru::es, only a few
measurements are possible or expedient to make, but in other
instances, frequent measurements over a long period of time may
be required. The possibility of error in interpreta"tion decreases as
the frequency of measurement and length of record increase. In
ground-water inventory and drainage investigations, water level
observations may continue for many years. Initially, measure-
ments are made often until the annual regimen is established. The
frequency may then be reduced to about four a year with the
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STAFF GAGE or WEIR RECORD rfieldl
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Date:

Region: Recorded by:

Project or Unit: Staff Gage or Weir No.

1. Location:State County

Map

2. Ovvner of property:
Address:

T enant of property:

Address:

Installed by:

6. Measured water surface: m [ft)

m3/s (ft3/S)8. Discharge if determined:

19.9. Date of measurement:

1 O.Measured by:

11 .Remarks:

Figure 3-4.-Staff gauge or weir record form.
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exception of a few carefully selected observation vrells. These wells
may be read 6 to 24 times a year or equipped wit]:l continuous
recorders.

Where water storage structures or new irrigated areas are
contemplated, it is advisable to install a number of observation
wells at least 2 years prior to construction and to take measure-
ments monthly or bimonthly to determine pre-existing ground-
water conditions. The program should be continued after
construction and full operation to permit comparison of pre-existing
and post-facility conditions. Such data may be invaluable in the
event of claims or suits for damage.

3.8. Water Level Measuring Devices.-Measurements may be
made with a number of different devices and pro(:edures
(figure 3-5). The most common device for measuring static water
levels is probably the chalked steel tape, which h,as a weight
attached on the lower end. The weight keeps the tape taut and
aids in lowering it into the well. The tape is chalked with
carpenter's chalk, ordinary blackboard chalk, or clry soil which
changes shade upon becoming wet. The line of tIle color change
denotes the length of tape immersed in water. 81.1btracting this
length from the reading at the measuring point gives the depth to
water. Cascading water in a well may mask the mark of the true
water level on the tape; however, this condition u.sually occurs only
in a well that is being pumped and may require t;he use of another
measurement method. In small-diameter wells, t;he volume of the
weight may cause the water level to rise in the pipe, and the
measurement may be inaccurate.

Electric sounders are becoming more widely us.ed to measure the
depth to water in wells. A number of commercial models are
available. Many sounders use brass or other me1;al indicators
clamped around a conductor wire at 1.5-meter (5..foot) intervals to
indicate the depth to water when the meter indicates contact. The
spacing of these indicators should be checked periodically with a
surveyor's tape to ensure accurate and reliable readings.

Some electric sounders use a single-wire line a"(ld probe and rely
on grounding to the casing to complete the circuit; others use a
two-wire line and double contacts on the electrode. Most sounders
are powered with flashlight batteries, and the closing of the circuit
by immersion in water is registered on a milliammeter .
Experience has shown the two-wire circuits with a battery are by
far the most satisfactory .Electric sounders are I~enerally more
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~~~

.

Chalked line Popper.

Electric sounder. Air line.

Figure 3-5 -Devices for measuring depth to water in well
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suitable than other devices for measuring the depth to water in
wells that are being pumped because they generally do not require
removal from the well for each reading. However, when oil is
present on the water, water is cascading into the well, or the well
has a turbulent water surface, measuring with aI1l electric sounder
may be difficult. Oil not only insulates the contac~ts of the probe,
but also results in an erroneous reading if it is considerably thick.
Some instances may require insertion of a small pipe in the well
between the column pipe and the casing from the ground surface to
about 0.6 meter (2 feet) above the top of the pump bowls. This
pipe should be plugged at the bottom with a cork or similar seal
which is blown out after the pipe is set. Measurements with the
electric sounder can then be made in the smaller pipe where the
disturbances are eliminated or dampened, the tr\J.e water level is
measured, and the insulating oil is absent. Figure 3-6 illustrates a
convenient arrangement for direct measurement of drawdown
during pumping tests. A marker on the sounder wire is referred to
a value on the tape, and the same marker is used[ as a reference to
determine drawdown by changes on the tape when contact with the
water is made. A new marker is used each time the water level
drops a 1.5-meter (5-foot) increment.

A simple and reliable method for measuring the depth to water
in observation holes between 40 and 150 millime1;ers (11/2 and
6 inches) in diameter is a steel tape with a popper (figure 3-5).
The popper is a metal cylinder 25 to 40 millimete,rs (1 to
1 1/2 inches) in diameter and 50 to 75 millimeters (2 to 3 inches)
long with a concave undersurface and is fastened to the end of a
steel tape. The popper is raised a short distance and then dropped
to hit the water surface, where it makes a distin<:t "pop." By
adjusting the length of tape, the point at which tJl1e popper just
hits the surface is rapidly determined. Poppers ~:enerally are not
satisfactory for measuring pumping wells because of the operating
noise and lack of clearance.

Electronic data loggers offer significant advantages over most
other water measurement devices and are highly suitable for
aquifer testing and long-term monitoring. Data loggers can be set
to record data at intervals of 0.1 second at the beginning of a test
and logarithmically increase the interval according to a present
pattern. The data are automatically stored in electronic memory
and can be transferred directly to a printer or to a personal
computer. The water level is sensed by a pressuJ':e transducer
\oca.ted a.t some point below the lowest wa.ter level expected during
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the test. Therefore, readings are not influenced by noise, and
cascading water, or oil on top of the water column can be
compensated for in the initial setup. The disadvantages are initial
investment in the instruments and the technical ]mowledge
required to operate the equipment. Also, because of the required
setup time at each measurement point, data loggers generally are
not suitable for a reconnaissance or survey of water levels in a well
field or in widely scattered wells.

Permanent pump installations should always be equipped with
an access hole for probe insertion or an air line aJCld gauge, or
preferably both, to measure drawdown during puJmping. An air
line is accurate only to about 0.15 meter (0.5 foot) unless calibrated
against a tape for various drawdowns, but is suffilciently accurate
for checking well performance.

Artesian wells with piezometric heads above the ground surface
are conveniently measured by capping the well with a cap that has
been drilled, tapped, and fitted with a plug WhiCl1L is removed for
the insertion of a pressure gauge or mercury manometer stem.
The static level is determined from the gauge or J:nanometer
reading after the pressure has stabilized. Figure 3- 7 is a drawing
of a mercury gauge, designed by S. W .Lohman of the USGS, that is
particularly suited to field use, especially when rlllnning a recovery
test after constant head tests of artesian aquifers
(section 9-9). A recording pressure gauge may be used for
continuous records.

Continuous records of a well can be obtained by mechanical
devices, electrical devices, or a pressure transducer connected to an
electronic data logger. Data loggers can be programmed to
transmit data directly to a computer for processing.

3-9. Records of Water Level Measurements.-Accurate
permanent records should be kept of all water le'{el measurements
and should include:

.Identification of the well by number and location

.Location and elevation of reference point

.Elevation of ground surface

.Date of measurement
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One -6mm (V4in) stainless steel stop cock.
One- 1.2m (41t) length of 16mm (5/ein) i.d. rubber hose.
One -50mm (2in) dia. ink bottle.
One -3 holed No. B rubber stop.
One -19mm (3/4in) hose coupling.
One- 1200mm (4Bin) length of 2mm i.d. glass tubing.
One- 1125mm (45in) length of stainless steel strip with
graduations which give readings in m (It) of water .

@ , One -100mm (4in) length of 6mm (V4in) o.d. stainless steel

tubing with fittings.
@. One- Bmm (5/16in) stainless steel stop cock.
Q.9> One- 100mm (4in) length of Bmm (5/16in) o.d. stainless steel

or plastic tubing with fitting.
Assorted lumber (marine plywood)
Assorted 3mm (Vein) bolts with nuts.

(After s. w. Lohman)

Figure 3- 7 -Mercury manometer for measuring artesian heads,
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.Measured depth to water or to the bottom of the hole, if dry

.Computed elevation of the water table or piezometric
surface

.For piezometers, the aquifer or other zone represented by
the reading

A note whether the well was being pumped when measured,
was pumped recently, or whether a nearby well was
pumping during the measurement

Water level records are typically displayed as well hydrographs,
which can be easily converted to water level contour maps, water
level change maps, water level profiles, depth-to-,vater maps, and
piezometric surface maps. When preparing piezoJmetric surface
maps, it is important to use only those wells that represent the
subject aquifer and to avoid wells that have contalct with more
than one aquifer .

Most water level fluctuations are caused by: (1) changes in
ground-water storage, (2) atmospheric pressure in contact with the
water surface in the well, (3) deformation of the aquifer ,
(4) disturbances within the well, and (5) chemical or thermal
changes in and near the well. Minor fluctuations can be caused by
earthquakes, trains, earth-moving machinery, explosions, and
other sources of temporary stresses in the aquifer (Davis and
DeWiest, 1966).

3-10. Ex:ploration Holes, Observation Well~, Piezometer,
and Monitoring Well Installation.-Areas ma;{ be encountered
containing wells for which logs are not available, where well
construction features preclude measurement of water levels, or
where the wells have not been drilled. Exploratory drilling is often
necessary in such areas. Drilling should be tailored to the needs of
the investigation and gaps in available data. In Jmany instances,
holes drilled for stratigraphic or other data can be converted for
use as observation wells or piezometers.

.Stratigraphic holes are drilled primarily fi)r the purpose of
determining the nature, depth, and thickI:less of the geologic
formations.

.Pilot holes are usually drilled to obtain da.ta on which to
base the design of wells.
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Observation wells are usually constructed for the purpose of
measuring water levels where subsurface conditions are
relatively simple.

Monitoring wells are usually constructed to obtain water
samples of the aquifer.

.Piezometers are a special type of observation well so
finished as to permit the measurement of the water level in
a particular stratum or zone.

After exploratory or similar holes are completed, a permanent
record should be made of each. This record should include all
as-built drawings of the facility, showing the elevation of the point
from which measurements of the depth to water in the hole will be
made; the elevation of the average ground surface in the vicinity of
the well; the depth of hole; the length, size, and type of casing;
location of seals and packers; and the location of the screen or
perforations.

The record should also show subsurface geologic conditions,
water level data, the location of the hole with respect to landlines
or whatever land subdivision system is used in the area, and the
identification number of the hole (section 3-6),

A monitoring well should be constructed, if available, using
the simplest, narrowest diameter pipe which will permit
development, accommodate the sampling equipment; and minimize
the need to purge large volumes of potentially contaminated water
(Environmental Protection Agency [EPA], 1987). Three well
volumes are usually required for development of a monitoring well.

3-11. Installation of Exploratory Holes, Observation Wells,
Piezometers, and Monitoring Wells.-Many methods and
combinations of methods can be used to drill exploratory holes and
wells. Classified according to method of installation, the most
common holes are dug, drilled, bored, driven, vibrated, or jetted.
Briefly, these methods are described as follows:

Dug holes are usually restricted to shallow depths where
information is not needed for more than lor 2 meters (3 or
6 feet) below the water table. This type hole is rarely used
in the United States.
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Drilled holes may be put down by any of the well drilling
methods in common use, but the type of riJ~ and tools used
and the diameter of hole drilled will depend upon the
materials to be drilled and the data to be obtained. In
general, a 100-millimeter (4-inch) hole is about the smallest
that is satisfactory in unconsolidated materials, and a
75-millimeter (3-inch) hole is the smallest satisfactory size
in consolidated rock. The hole is cased if the material will
not stand for the period of time required for use. Drilled
holes can be put down to great depths (hundreds of meters)
and through any material. The quality of samples obtained
depends largely upon the type of drill rig llsed.

In drilling any type of well, regardless of the drilling method
used, the driller should keep an accurate log or record of the
well. This information is invaluable if addlitional wells are
to be drilled nearby or if the well requires any repair or
reconditioning.

The most important function performed by the drill crew is
to keep the log and mark the cores accuraltely; but,
unfortunately, in an effort to get the core and still make
progress, this phase of the operation can occasionally slip by
the drill crew, and then much of their work is wasted
(Acker, 1974).

In some situations (hazardous materials), the drilling rig
and tools should be steam cleaned to minimize the potential
for cross-contamination between formations or successive
borings (EPA, 1987).

.Sonic or rotary-vibratory drilling may be llsed as an
alternative to direct or reverse rotary drilling. In sonic
drilling, the drill head is vibrated at 50 to 120 cycles per
second in addition to the rotary motion. ']'he vibration
frequency is adjusted to produce resonanc,e in the drill line.
Resonance is a function of the length of the drill line. This
process enhances drilling speed in most geologic materials,
and it can be accomplished without drilling fluids.

Bored or augered holes may be drilled manually or by
machine-driven augers. This type of hole can only be used
in unconsolidated fine- to medium-grainecl material. The
depth limitation for hand-augered holes iE: about 12 meters
( 40 feet), whereas machine-driven augers may penetrate to
more than 100 meters (330 feet). When holes are bored in
unstable material below the water table, f~aving ma~
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prevent further progress. Samples obtained by augering
may range from nonexistent in saturated coarse-grained
materials to disturbed but representative samples of
fine-grained materials. Hollow stem augers can often
retrieve relatively undisturbed samples.

.Driven or vibrated holes are advanced by driving a pipe,
usually equipped with a well point, into the material.
Neither samples nor a log can be obtained, and this method
is suitable only for measuring water levels. Installation is
restricted to shallow depths in fine- and medium-grained
unconsolidated materials.

.Jetted holes are similar to driven holes except that the pipe
is put down by hydraulic jetting and often can be installed
to greater depths. Badly mixed washed samples and a
rough log may be obtained when holes are jetted.

Where conditions are uniform, it may be satisfactory to install
observation holes on a grid with holes spaced at uniform intervals.
Where conditions are not uniform, wells should be located to
conform to the local variations in conditions.

The magnitude and type of the study will also affect the spacing
and location of holes. In a reconnaissance study to obtain general
information on an area, a wide spacing is satisfactory; for a
detailed study, the spacing must be reduced to provide the
necessary detail.

For ground-water inventory or development studies, the holes
should be deep enough to penetrate at least 3 meters (10 feet)
below the lowest water table of record or to the top of an artesian
aquifer. If information on thickness of an aquifer is required, one
or more holes should be drilled through the aquifer. An indication
of the required hole depth can usually be obtained from an
inventory of existing well records. Separate wells or piezometers
may be required when two or more aquifers are involved.

For protection against damage, holes completed for observation
or piezomctric measurements should be located, if possible, in a
fence row or adjacent to a permanent structure.

The practice of installing observation wells on a step-by-step or
stage basis is recommended both from a technical and an economic
standpoint.
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Casing installed in observation wells should be designed to the
purpose of the facility and means of obtaining dat:i. All casing
must be sealed when the first aquitard is encountl~red to prevent
cross contamination. Generally, if water levels ar,~ to be measured
by a wetted tape or electric probe, a 19- to 30-millimeter- (3/4- to
1-1/4-inch) diameter steel or plastic pipe is suitable. However, if a
standard water stage recorder is to be used or wa1;er samples are
taken from the facility, a minimum 100-millimeter (4-inch) casing
may be required. Suitable perforations should be made opposite
the saturated zone to ensure reliable readings.

Piezometer installations (figure 3-8), rather than simple
observation wells, are essential to a clear understanding of ground-
water conditions where subsurface conditions are complex. The
presence of a confined zone or several zones each with a different
water level requires use of piezometers to confine and separate
each level. Observation of pumping test influence may especially
require the use of piezometers, even in apparently homogeneous
aquifers. Installation of piezometers, especially in slowly
permeable materials, may require strict design considerations to
minimize time lag and other similar problems.

Each piezometer should consist of three essentilu components:

A watertight standpipe of the smallest possible diameter
consistent with the method of reading, attached to the tip
and extending to the surface.

A tip consisting of a well screen, porous tube, or other
similar feature, and in fine-grained materials, a
surrounding zone of filter sand.

.A seal consisting of cement grout, bentonite slurry, or other
similar slowly permeable material placed between the
standpipe and the hole to isolate the zone.

Where several piezometers are required at a given location, it
may be possible, as a cost-saving feature, to install them in a
single hole, as shown on figure 3-8.

In addition to the described standpipe-type piezometer, several
commercially available instruments are operated by hydraulic or
pneumatic pressure, or by an electric signal. Such instruments
may be especially valuable for unusual subsurface or monitoring
conditions, such as in very slowly permeable materials.
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Drill 3mm (1/8 in)
hole in std. cap

15Omm (6 in) Hole

Clay backfill

~~

Sand-portland
cement grout

Centering guides

19mm (3/4 in) steel pipe

50 ~ 12001:nm (2 x 48 in)

Wellpointwith 20 -40
slot screen

E-,
~~
No0,

E-,
C\I-

.~--.
300mm (12 in) Fine sand
{passing #50 screen}
or 150 mm (6 in) tamped /
plastic bentonite ~

~ £ ~ I Saturated clean sand
...: ~ ..0.11 pack, with 100%

~ .
N '1

E -1 ~:::: :: passing. 10, 100~o

~ ~~ ::::;;: retained on No.16

Clay backfill ~ ~

~

~

6

..0 :. .1
...A.j

Figure 3-8.-Typical dual piezometer installation.
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The casing or pipes in an observation well or piE!zometer usually
extend above the ground surface at least 0.3 meter (1 foot) unless
pit installation is necessary .The top of the casin~: or each pipe
should be fitted with a screwcap or locking cap containing a small
hole to permit adjustment of air pressure in the p"ipe in response to
water level fluctuations or barometric changes. VI~ere artesian
flow conditions are present, a tight-fitting cap which has been
drilled and tapped for a pressure gauge or mercury manometer
should be used. If climatic conditions require pro1;ection against
freezing, a suitable shelter equipped with heating Dlcilities or
replacement of the water in the upper portion of th,~ piezometer by
a nonfreezing fluid may be necessary.

Facilities should be protected against standing surface water and
leakage alongside the casing by proper grading arld placement of
grout or clay seals at the surface.

Observation wells or piezometers that must be lo.::ated in the
open where damage by livestock or farm machinery" may occur
should be adequately identified and protected.

When drilling a monitoring well, the selection of the drilling
technique should depend on the geology of the sit~, the expected
depth of the well, and the suitability of the drilling equipment for
the contaminants of interest. Monitoring in the va,dose zone is
attractive because it should provide an element oJ: early detection
capability of contamination. Soil gas sampling te,clmiques have
been commercially developed and are useful in monitoring
underground storage tanks.

Monitoring wells should be developed to provide 'water free of
suspended solids for sampling, and the additional time and money
spent for well development will expedite sample fil'Gration and
result in samples that are more representative of tGe water
chemistry in the formation.

3-12. Sampling and Logging of Exploration and Observa-
tion Holes.-The Bureau of Reclamation's Earth Manual (1985)
describes methods and equipment for drilling ancl sampling which
are applicable to ground-water investigations. The Bureau of
Reclamation's Engineering Geology Field Manual offers
terminology and descriptors of the physical propert;ies of rock and
soil. Undisturbed samples generally are not requlired for ground-
water investigations. However, representative s2lmples which
preserve grain size and gradation relationships of I~anular
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materials are often required, especially for design criteria. So far
as possible, the drilling method and equipment should be capable
of yielding the necessary samples. Sampling applicable to well
drilling is also described in chapter XII.

Each hole should be carefully logged with regard to depth and
material as the samples are obtained. For field logging of
unconsolidated materials, the Unified Soil Classification symbols
and nomenclature described in the Earth Manual should be used.
About a liter of representative samples should be saved of each of
the primarily sandy or coarser materials. Samples need not be
taken of clayey or predominantly silty materials unless unusual
conditions are found or data are needed, but such materials should
be described and accurately located in the logs. If gravel larger
than 25 millimeters (1 inch) in diameter is obtained in the
samples, it may be removed, and the size range and approximate
percentage of the sample it represents should be noted.

(a) Undisturbed Samples of Unconsolidated Material.-
Undisturbed samples taken by drive sampling or coring should be
described as homogeneous, layered, stratified, etc. When layers
consist of different materials such as clay and fine sand, the
nature, thickness, and color of the layers should be recorded and
the coarse fraction should be separated, if possible, and
mechanically analyzed.

Samples of coarse, granular materials of a more homogenous
nature should be described on the basis of visual examination
according to the Unified Soil Classification given in the Earth
Manual (1985) and mechanically analyzed.

(b) Disturbed Samples of Unconsolidated Material.-Disturbed
samples, such as those obtained with a cable tool, rotary, or
reverse circulation rig, usually represent a mixture of the materials
in the interval sampled. The sample should be examined carefully
for larger cohesive fragments which may indicate the nature of the
material in place. Any material adhering to the bit, auger, or bail
should be scraped off and included with the sample unless it is
obvious that the material was scraped off the hole wall while being
withdrawn. Samples other than those obtained with a direct-
circulation rotary rig should not be washed prior to being sent to
the laboratory. Samples taken from the ditch when using a
direct-circulation rotary rig and clay-based drilling fluid should be
})\ac~d in. a 20-\it~r (5-ga\\on) container filled with water, stirred
vigorously, and permitted to settle for at least 20 minutes. The
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muddy water then should be decanted, and the material from the
bottom of the container should be taken for a sample. The total
volume of cuttings representing each drilled intenral should be
mixed and quartered until a 2-liter (2-quart) volume of
representative material remains.

Geologic samples (formation samples) are often I::ollected at the
surface; however, because of the lag time for cutti]1!~s to come to
the surface and the amount of mixing the cut tingE, may undergo as
they come up the borehole, the only way to truly 1~now what the
subsurface materials look like is to stop drilling aJ1(l collect a
sample (EPA, 1987).

(c) Mechanical Analyses of Samples.-Samples sh,Duld be washed
on a No.200 sieve and the percentage of minus 200, material
should be determined. A hydrometer analysis of the minus 200
size normally is not necessary. The plus 200 sizefl !;hould be
screened through a nest of 3/8 and No.4, 8, 16, 30, 50, and
100 sieves. Forms 7-1451 and 7-141 illustrated on figures 3-9 and
3-10, respectively, should be prepared for each samJple. The
washed and sieved samples less the minus 200 sieve sizes should
be recombined for visual study.

(d) Visual Examination of Samples.-The washE!d samples should
be examined with a binocular microscope or hand lens and
adequately described, including grain size and rolLDdness,
mineralogy , and other characteristics.

(e) Drill Core Samples of Consolidated Rock.-Cores should be
identified regarding the type of rock, color, cementaLtion, fractures,
and other similar characteristics. Sandstone and conglomerate
cores, if readily friable, should be crumbled and mechanically
analyzed. In many instances, the field logs can be refined after a
mechanical analysis and a visual study of the sanlples.

3-13. Water Samples from Boreholes, Wells:, and Surface
Sources.-The type of investigation and purpose of the study
determine, to a large degree, the need for water samples, sampling
locations, and the frequency of collection. Groundl-,~ater quality
may vary from hole to hole in the same aquifer andl sometimes
with depth in a relatively homogeneous aquifer .

When drilling uncased holes with augers and cable tools, a repre-
sentative water sample can usually be obtained fi"om the first
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water encountered by bailing the hole dry, permitting the water
level to rise, and then bailing a sample from the hole. However,
representative samples from levels deeper in the formation or from
deeper aquifers cannot be obtained unless the hole is cased.

In rotary drilled holes, samples from individual aquifers or
specific depths cannot readily be obtained except by drill stem tests
or other similar procedures. On completion of the hole, flushing
out the drilling fluid and pumping or bailing of the hole for a
sufficient time will permit obtaining a fairly representative
composite water sample. In addition, an electricallog of an
uncased hole may sometimes be interpreted to give some idea of
the relative quality of the water in different aquifers and at
different depths (Pryor, 1956).

In consolidated rock, where casing is not usually used, a
composite water sample can be taken. When water samples are
required from specific depths or aquifers, a pump equipped with
inflatable packers above and below the intake screen may
sometimes be a practical solution to the problem (figure 3-11).

Prior to taking a water sample, sufficient water should be bailed
or pumped from the hole to ensure a representative sample. An
amount equal to twice that stored in the hole is normally adequate.

Before purging or sampling a well, it is important to measure
and record the water level in the well. These measurements are
needed to estimate the amount of water to be pumped from the
well prior to sample collection.

Samples from existing wells are usually taken at the discharge.
The well should be pumped for a sufficient length of time to ensure
a representative sample. Temperature may be taken by inserting
the thermometer in the stream as it discharges from the pipe.

One-liter (l-quart) water samples are usually adequate for most
chemical analyses, but if pesticides and similar contaminants must
be determined, several liters may be required.

Polyethylene sample bottles are the most satisfactory for
Reclamation purposes. The new bottles should be thoroughly
rinsed, filled with water, allowed to stand for about a week, then
emptied, rinsed once or twice with tap water, and lastly rinsed
with distilled water. After drying, they should be capped and not
opened until used. A similar treatment is recommended before a
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bottle is reused. Bottles which are discolored or contain visible
deposits not readily removed by rinsing should not be reused. The
polyethylene bottles should have relatively long screw caps with a
positive seal lip on the bottle. They should be filled to the rim of
the seal so that little or no air is contained in the bottle. Such
bottles are not subject to breakage by shock or freezing, nor are
they likely to lose fluid because of changes in atmospheric
pressure. However, precautions against freezing should be taken
because freezing and subthawing may change the character of the
water. Samples should be transported to the laboratory and
analyzed as soon as possible.

Each sample bottle should be tagged or otherwise identified, and
the following applicable sample data should be recorded:

.Well or hole number and location

.Depth of well

.Source (aquifer or formation) of the water

.Method of collection and time since pumping or bailing
started

.Depth or interval from which sample was taken

.Water temperature

.Date and time of collection

.Appearance at time of collection (i.e. , clear, milky, colorless,
etc.)

Initials or name of collector

Type of analysis required (i.e., comprehensive or key
constituents only)

.Field analyses made, if any

Samples for bacterial analyses are usually taken in 0.1- to
0.2-liter (4- to 6-ounce) sterile glass bottles provided by a health
agency or other laboratory (Rainwater and Thatcher, 1960). The
caps should not be removed until a sample is to be taken. When
taking a sample, care should be exercised not to touch the inside of
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the cap or bottle with the fingers, nor should wateJ[" be permitted to
flow over the hands or fingers and into the bottle or inside of the

cap.

The samples should be kept cool or refrigerated, if possible,
during transport to the laboratory. No more than 48 hours should
elapse between taking a sample and its delivery to the laboratory .

If water samples collected need to be analyzed for dissolved
inorganic chemical constituents (e.g., metals, alkaJinity, and
anionic species), the water sample should be filtered in the field
(EPA, 1987). After proper preservation, most samples can be held
for the EPA recommended maximum holding time (EPA, 1987).

Any surface-water samples needed should be tal.en with the
same procedures outlined above for ground-water samples and
should be treated in the same manner .

Additional treatment of samples in the field ma:{ be required for
more specialized studies, special purposes, and conditions. A
USGS paper outlines many of these studies or treatments
(Rainwater and Thatcher, 1960).

The frequency of water sampling and the type of analyses to be
made usually cannot be predetermined but should be developed on
the basis of experience and needs. Samples for chLemical analysis
should be taken on completion of any borehole or well, and a
comprehensive analysis should be made and printed (figure 3-12).
The first known sample taken from an existing w4~11 should always
be given a comprehensive analysis. Subsequent samples might be
taken at low and high water stages, seasonally, or annually.
Analyses may be comprehensive or for key constituents only,
depending on conditions and requirements.

This procedure is also common for bacterial anaJyses. Samples
are usually checked for pathogenic organisms or for indication of
sewage or similar contamination. In some instances, however, the
examination may require determination of the presence of
sulphate-reducing or similar nonpathogenic but corrosion-fostering
or other economically deleterious organisms.
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Cost-effective water quality sampling is difficult in ground-water
systems because proven field procedures have not been extensively
documented and because of the time, manpower, and cost of most
water quality monitoring equipment (EPA, 1987).
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«Chapter IV

GEOPHYSICAL- INVESTIGATIONS

4.1. Introduction.-Geophysical investigations involve
determining physical properties of subsurface materials by
analyzing measurements made on or above the ground surface or
in a borehole. Geophysical measurements detect subsurface
variations in such physical properties as elasticity (bulk and shear
moduli), electrical resistivity, density, magnetic susceptibility, and
radioactivity. Geophysical methods can be used to obtain
information of interest in ground-water studies, such as the
configuration of bedrock, depth to the water table, geometry of
aquifers and aquacludes, relative salinity of ground water ,
porosities of geologic layers, and locations of fracture zones and
faults. Geophysical surveys may reduce drilling requirements and
overall costs of a ground-water investigation.

Geophysical techniques can be broadly classified into two groups:
surface methods and borehole methods. Surface methods are
performed by making measurements with instruments that are
placed on the ground surface, carried above the ground, or in a few
cases towed behind an airplane. Borehole methods involve making
measurements with a tool that is lowered into a borehole.
Depending on the type of borehole survey, the measurements are
either taken with the tool stationary or with the tool continuously
moving in the borehole.

Many types of surface and borehole geophysical methods exist
depending on the physical property measured and the
measurement technique used. The most appropriate technique for
a particular problem depends on several factors, including the
objective, or targeting, of the survey, the size of the survey area,
the required depth of investigation, and the degree of detail
desired. Examples of survey targets and geophysical techniques
that may potentially be used for each target are given in table 4-1.

The most common geophysical techniques used in ground-water
studies are described in the remainder of the chapter. This
chapter is not intended to provide a comprehensive description of
all available methods, but rather to provide an overview of common
geophysical methods and their typical applications in ground-water
investigations. Many references are available for more detailed
information on geophysical investigations. Reclamation's
Engineering Geology Field Manual (1988) contains descriptions of
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Table 4-1.-Examples of geologidhydrologic targets and
geophysical methods that may be applicable for each target
---

Geophysical mej;hods

Bedrock configuration Seismic refraction or
reflection, electrical
resistivity, EM\
magnetics, gravity

Seismic refraction or
reflection, electrical
resistivity, EM

Gravity, magnetics

Son"lc, electrical, or
radiation logging;
seismic tomography

Stratigraphy

Sonic logging,
borehole imaging,
seismic tomography

Temperature logging,
flowmeters

Regional fault
patterns

Local fracture zones/
faults

Seismic reflection,
electrical
resistivity, EM, sp2

SPSeepage/ground-water
flow

Seismic refraction or
reflection, electrical
resistivity, EM

Top of water table

Sonic, electrical, or
radiation logging

Ra(liation loggingGravity

Porosity of geologic
materials

Density of geologic
materials

Electrical or radiation
logging

Electrical resistivity,
EM

Clay content/
mapping aquifers
and aquacludes

Relative salinity
of ground water

Electrical loggingElectrical resistivity,
EM

1 EM = electromagnetic

2 SP = self-potential

geophysical techniques used for engineering applilcations, many of
which are applicable to ground-water studies. GJjffiths and King
(1981) and Labo (1986) provide basic description~, of geophysical
m~thods, wh~r~as T~lford ~t al. (1976), Hallenbu'rg (1984), and
Paillet et al. (1990) give thorough technical descriptions.
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Descriptions of geophysical techniques with emphasis on ground-
water problems are found in Keys and MacCary (1971), Ward
(1990), Haeni (1986a and 1986b), Fetter (1988), Driscoll (1986),
Freeze and Cherry (1979), Todd (1980), and Wright State
University (1989). Applications of geophysical techniques to
ground-water problems can also be found in the annual
Proceedings of the Symposium on the Application of Geophysics to
Engineering and Environmental Problems (SAGEEP), sponsored by
the Environmental and Engineering Geophysical Society.

4.2. Surface Geophysical Methods.

(a) Seismic Methods.-Surface seismic methods are based on the
generation and recording of seismic waves (mechanical waves)
traveling through subsurface materials. The seismic energy is
normally generated with either a large sledge hammer, a
mechanical vibrator, or an explosive source. As the seismic waves
radiate from the point source, they are refracted along interfaces
between materials having different physical properties, and they
are reflected from the interfaces. These seismic interfaces may
correspond to geologic contacts, such as the soil/bedrock interface,
or to other physical changes such as the top of the water table.
The seismic waves are recorded by geophones placed on the ground
surface, usually equally spaced in a straight line. The seismic
refraction method uses the seismic energy that is refracted from
the seismic interfaces, and the seismic reflection method uses the
energy that is reflected from the interfaces.

(1) Seismic Refraction Method.-When the seismic wave
velocity increases across the interface between one material and
the underlying material, a refracted seismic wave traveling along
the interface is produced. Seismic velocity depends on the material
density and elastic (bulk and shear) moduli. In general, seismic
velocity is lowest for unconsolidated materials and increases with
the degree of consolidation or cementation. For one type of seismic
wave, the compressional or p wave, seismic velocity also increases
with increasing degree of saturation. In the seismic refraction
method, seismic waves refracted along interfaces are analyzed to
determine the depths to the interfaces and the seismic velocities of
the subsurface materials. The final result of a seismic refraction
survey is usually a cross section showing the configuration of the
seismic interfaces and the seismic velocities within each layer .
Contour maps of the depths to the interfaces may be produced, if
refraction data are collected along several closely spaced lines.
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The seismic refraction method is useful for mapping the depth to
bedrock and the depth to the water table. It; may also be used to
determine the configuration of any geologic unit t:tlat is sufficiently
thick and has sufficient seismic velocity contrast ~lVith overlying
and/or underlying materials. The seismic refraction method has
the limitation that seismic velocity must increase with depth for
the interface depths to be computed correctl~f. Therefore, this
method is not recommended for areas where a relatively thick, low-
velocity layer may exist at depth.

(2) Seismic Reflection Method.-A reflected seismic wave is
produced when either a seismic velocity cont;rast or a material
density contrast exists across an interface. ](n thE! seismic
reflection method, these reflected waves are recorded and processed
to produce a "time section" showing the reflE!ctions from all of the
seismic interfaces encountered. This time section looks like a cross
section; but is plotted as a function of record.ed time rather than
depth. The time section can be directly exalnined to determine the
configuration of the water table and the top of bedrock. The
configuration and continuity of stratigraphic laye],s and the
presence of faults can also be determined. If suffiicient velocity
information can be obtained either from the seismic reflection data
or from other geophysical data, the time section IJlay be converted
to a depth cross section. The seismic reflection method does not
have the limitation of the refraction method of iru::reasing velocity
with depth and therefore is useful in areas 'v here low-velocity
layers are present at depth. Also, the reflection Itlethod may
provide better resolution of the stratigraphy than the refraction
method, especially if lateral discontinuities such as pinch-outs or
faulting are present. The reflection method has the disadvantage
compared to the refraction method of more (:ompLex data
acquisition and processing procedures.

(b) Electrical Methods 0-

(1) Electrical Resistivity Methods.-The!)e methods involve
sending an electric current of known intensity in1;o the ground
through a pair of electrodes and measuring the resulting electric
potential (voltage) between another pair of electrodes. Apparent
resistivities of subsurface materials are therL computed. The
electrical resistivity of a material is a measure of its resistance to
electric current flow. Almost all of the electric current passing
through rock or clay-free soil is carried by ions in the pore fluid.
Hence, the electrical resistivity of such a m~lteriaL is determined
largely by its porosity, permeability, degree of sa1;uration, and the
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salinity of the pore fluid. An increase in any of these properties
decreases the resistivity of the soil or rock. The degree of
compaction and the grain size distribution indirectly affect the
resistivity by changing the porosity and permeability. Increasing
temperature decreases the resistivity by lowering the viscosity of
the pore fluid and thereby increasing the mobility of the ions. The
presence of clay minerals greatly reduces the resistivity of a
material because of high electrical conductivity along the surfaces
of clay particles. Changes in resistivity within a survey area may
be caused by any combination of the above factors. Hence, to
determine which factor is affecting the resistivity in a particular
area, other geological or geophysical information is required.

Lateral or vertical variations of electrical resistivity within a
given survey area can provide a useful indication of relative
changes of subsurface soil, rock, or ground-water properties. These
methods are used for aquifer and aquiclude delineations, salinity
studies, bedrock mapping, and identification of faults or fracture
zones. Two types of resistivity surveys are commonly performed:
Vertical electrical soundings (VES) and electrical profiling surveys.

.VES.-This type of survey measures apparent resistivity
values at one location. The electrodes are moved farther
and farther apart, and as a result, the electric current
penetrates progressively deeper into the subsurface. A plot
of apparent resistivity versus electrode separation is
constructed. These data are then modeled to obtain a one-
dimensional, layered resistivity-depth model. This method
is used to investigate variations of resistivity with depth at
fixed locations and is used to help constrain the results of
the electrical profiling survey discussed below.

.Electrical Profiling.-The electrical profiling survey
measures apparent resistivity values along the length of a
survey line. By using different electrode spacings, apparent
resistivity profiles representing different depth ranges are
obtained. The resistivities are normally presented in a
pseudosection format, with resistivity profiles representing
larger depth ranges plotted progressively "deeper" in the
pseudosection. The resistivity values in the pseudosection
are contoured so that trends and anomalies can be easily
observed. A pseudosection is simply a representation of
multiple profiles of apparent resistivity values and is not a



GROUND WATER MANUAL

cross section. A cross section of material resistivities can be
constructed by modeling the apparent resistivity data in the
pseudosection. Results from at least one VES are often
used to constrain the modeling process. Tlle profiling
survey method is used to investigate lateral changes in
resistivity and has poorer vertical resolution than VES.

(2) Self-Potential (SP) Method.-This method involves
measuring electric potentials that exist naturally 'within the
subsurface. Electric potentials of interest in ground-water studies
are created by the flow of fluid through rock or SOJlI. Applications
of the SP method include: mapping seepage flow .paths associated
with dams, dikes, and other containment structurles; studies of
regional ground-water movement; and delineation of flow patterns
associated with such features as wells, faults, draj.nage structures,
and sinkholes.

SP readings are normally made by measuring the electric
potential (voltage) between a stationary base electrode and a
portable measuring electrode. The portable electrode is carried
along the survey line and voltage measurements are made at
predetermined intervals. Sometimes a permanen1; electrode array
is installed for repeat measurements. In this CaSE!, the electrodes
are buried a few meters in the ground and '\\ires are run to the
surface. One of the electrodes is arbitrarily jchose[l as the base
electrode. Electric potentials are measured between this base
electrode and each other electrode in the array. S,p measurements
can also be made in rivers or lakes by towing a pair of electrodes
along the water surface. For offshore surveys, the first derivative
of the SP profile is obtained. The gradient SP signal recorded by
the offshore measurement system is numerically integrated to give
a "total-field" SP profile equivalent to that measuJred on land.

Much interpretation of SP data is performed qualitatively by
examining profiles of field data for anomalies and by comparing
profiles collected at different times. Geometric modeling
techniques are also used to estimate the depth and lateral extent
of the source of the SP signals. Analytical modeling techniques
may also be used to estimate flow rates, but theSE! methods are
complex and require values of material resistivities, hydraulic
conductivities, and cross-coupling coefficients.

(c) Electromagnetic (EM) Methods.-EM methods provide a
means of measuring the electrical resistivity of subsurface
materials without directly sending an electric cur"rent into the
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ground. A (primary) magnetic field is either actively induced or
passively existing in the subsurface, causing an electric current to
flow. This subsurface electric current induces a secondary
magnetic field that is measured at or above the ground surface.
Variations in the secondary magnetic field are analyzed to
determine the variation of electrical resistivity in the subsurface.
EM methods are applied to the same types of targets as resistivity
methods (section 4-2(b)(1)). Some advantages of EM methods over
resistivity methods are discussed below.

Many types of electromagnetic methods exist. The most common
EM techniques for ground-water applications can be grouped into
three broad categories: slingram techniques, the time-domain
electromagnetic method, and passive electromagnetic methods.
Geophysical investigation using EM methods is a complicated and
evolving discipline, and the summaries given here are not meant to
be comprehensive overviews of all EM techniques. More detailed
discussions of electromagnetic methods can be found in the
references cited in section 4-1.

(1) Slingram Techniques.-The conventional slingram
technique, also known as the horizontal loop electromagnetic
(HLEM) method, consists of prospecting with two electrical coils.
Electric current flowing in one coil (the transmitter coil) induces
the primary magnetic field in the subsurface. The vertical or
horizontal component (depending on loop orientation) of the total
magnetic field (the primary field and the secondary field induced
by subsurface electric currents) is measured by the second coil (the
receiver coil) and recorded. The two coils are normally carried
above the ground surface at a fixed separation and orientation and
data profiles are constructed. Contour maps may be made if
several closely spaced profiles are acquired. Specialized types of
slingram systems, known as ground conductivity meters, have been
designed to record bulk ground electrical conductivity (the inverse
of electrical resistivity). These newer instruments are an order of
magnitude more sensitive than conventional slingram systems but
have a shallower exploration depth. The resulting magnetic field,
conductivity profiles, or contour maps constructed from slingram
surveys are analyzed for anomalies that may be related to
subsurface features of interest. These methods are particularly
useful for locating steeply dipping faults or fracture zones,
measuring bulk ground conductivity (for mapping the extent of
electrically conductive contaminants or for salinity studies), and
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locating buried metal (such as contaminant drum~;). These EM
techniques give better lateral resolution than eleclGrical resistivity
profiling methods.

(2) Time-domain {Transient] Electromagnetic (TDEM)
Method.- This method is most often used tOI inve:3tigate variations
of ground resistivity with depth. The survey confilguration used for
these types of investigations is known as the central loop sounding
mode. A square transmitting loop is laid on the ground surface,
and a smaller receiver coil is placed in the center of the
transmitting loop. A magnetic field is induced in the subsurface by
an electric current in the transmitting loop. The transmitter is
then turned off and electrical eddy currents are instantly
generated in the subsurface, near the transmitting loop, to try to
maintain the total magnetic field at the value that existed just
before the transmitter was turned off. The eddy (:urrents induce a
secondary magnetic field that is recorded by the receiving coil. The
eddy currents diffuse to greater depths with time and, as a result,
the secondary magnetic field decays. The manner in which the
secondary magnetic field decays is related to the 'variation of
material resistivity with depth. The variation of the secondary
magnetic field with time is modeled to obtain a one-dimensional,
layered resistivity-depth model. The result is similar to that
obtained from a YES. However, lateral resolution is better with
the TDEM method than with YES. Data acquisition is faster with
the TDEM method than with YES, but the TDEM field equipment
is more complicated and expensive than the YES equipment.
Applications of the TDEM method include: delineating aquifers
and aquicludes, mapping salt-water intrusions into fresh-water
aquifers, and determining depths to the water table and bedrock.

(3) Passive Electromagnetic Methods.-Jn these types of
methods, the primary magnetic field is not actively induced but
rather constantly exists in the subsurface. Passi,{e electromagnetic
techniques include the audio frequency magnetic field (AFMAG)
and very low frequency (VLF) methods. In the AFMAG method,
the main sources of the primary magnetic field aJre lightning
strikes from worldwide thunderstorms. VLF methods employ the
electromagnetic energy from distant radio tJransmitters. These
methods are not as widely used in ground-~rater studies as other
EM techniques, but can be used to map overburden thickness,
locate steeply dipping fracture zones, and map c()ncealed
boundaries between geologic units having differeJrlt resistivities.
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(d) Magnetic Method.-In a magnetic survey, the strength of the
Earth's magnetic field is measured either by a ground or airborne
survey. Data may be collected along a few lines for constructing
profiles or along numerous closely spaced survey lines for
constructing a contour map. Analysis of the profIles or contour
map indicates qualitatively the relative depths to bedrock and the
presence of structural features such as dikes, sills, or faults. The
advantage of the magnetic method is that it can be performed
quickly and relatively inexpensively. The magnetic method is good
for broadly outlining a ground-water basin. Also, magnetic surveys
are often performed to help interpret the results of electrical
surveys because buried metal, which affects the results of electrical
surveys, can be detected with a magnetic survey.

(e) Gravity Method.-The strength of the Earth's gravitational
field is measured in a gravity survey. As for magnetic surveys,
gravity data may be collected along a few lines for constructing
profiles or along numerous closely spaced survey lines for
constructing a contour map. Accurate surveying information is
required for gravity work because gravity readings are affected by
latitude and elevation, and therefore the observed gravity values
must be corrected for variations in these parameters. Gravity
readings must also be corrected for time variations caused by
Earth tides and instrument drift. Sometimes, corrections for
topographical effects and regional gravity variations are also
applied. After the above corrections have been applied to the
gravity measurements, the reduced gravity profiles or contour map
are analyzed. The remaining gravity anomalies are caused by
variations in the density of subsurface materials.

Inspection of the reduced gravity data may indicate qualitative
information about the configuration of bedrock and the presence of
other features such as faults or intrusive bodies. Modeling may be
done to construct a subsurface density model that is consistent
with the reduced gravity data. Because different density models
may yield similar gravity profiles, other geologic or geophysical
information may be needed to construct an accurate density model.

4-3. Borehole Geophysical Methods.-Numerous types of
borehole geophysical methods exist. However, most borehole
methods used for ground-water applications are logging methods.
Geophysical borehole logging consists of measurement of various
physical properties of geologic materials surrounding a borehole. A
geophysicallog is obtained by making measurements with an
instrument lowered into a borehole and recording the data with a
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device located on the ground surface. Interpretation of geophysical
logs may furnish qualitative information and som,~times
quantitative information about the characteristics of subsurface
materials.

(a) Seismic Methods.-Two seismic borehole me1;hods are
commonly used in ground-water studies: sonic lol~ging and
borehole imaging. Both methods involve emitting acoustic energy
from a transmitter on a logging tool and rec()rdinl~ the refracted or
reflected energy on one or more receivers located 'In the same tool.
In the sonic logging method, seismic waves refrac'ted along the
borehole-formation interface are analyzed and sei:3mic travel times
through the geologic formations are computed. Il1L the borehole
imaging method, seismic energy reflected from th,e borehole-
formation interface is used to produce an image of the borehole
wall. A third borehole seismic method that 'is used less frequently
than the former techniques is crosshole seismic tomography. In
this method, seismic energy is transmitted from CJne borehole to
another, and an image of the intervening geologic materials is
constructed from the transmitted energy .

(1) Sonic Logging .-Modern sonic loggiI;lg tools have at least
one transmitter and two or more receivers. Part of the seismic
energy emitted by the transmitter is refracted alcmg the borehole-
formation interface. The difference in travel time! (transit time) of
the refracted seismic wave between the receivers is measured and
recorded. Often, the seismic waveforms are also :recorded for
further analysis. The transmitter is repeateidly fired as the sonic
tool is raised in the borehole and transit times (atld seismic
waveforms) are recorded. In this way, a curve of seismic transit
time as a function of depth in the borehole is obtained. From the
seismic transit times and recorded waveforms, geologic contacts
and fracture zones can be identified, litholobries can be inferred,
and formation porosities can be estimated.

(2) Borehole Imaging.-Borehole imaging tools (often referred
to by the popular trade name "televiewer") (:ontain a transducer
that acts as both the transmitter and receiver, a direction sensor ,
and a motor. The motor rapidly rotates the transducer and
direction sensor about the vertical axis, and at th.e same time, the
transducer emits ultrasonic acoustic energy. The energy is
reflected from the borehole wall and the reflected energy is
converted to electrical impulses by the transduce.r and transmitted
to the recording device at the surface. Continuous, 360-degree
images of the borehole wall are constructed from the reflected
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energy .The image intensity is proportional to the amplitude of the
reflected acoustic energy, which in turn, is related to the physical
condition of the borehole wall. Borehole imaging is particularly
useful for detecting open fractures and cavities, which produce low-
amplitude reflections. The location, orientation, aperture, and
filling of such features can be determined with this technique.

(3) Crosshole Seismic Tomography .-Crosshole seismic
tomography involves creating an image of geologic materials
between two boreholes by sending seismic energy from one
borehole to the other. A transmitter is lowered into one borehole
and the transmitted seismic energy is recorded by several receivers
located in the second borehole. The positions of the transmitter
and receivers are varied so that the seismic energy is transmitted
between the two boreholes over a large depth range and at many
different angles. The arrival times of the transmitted seismic
energy are used to construct an image of seismic velocity of the
geologic materials between the two boreholes. In addition, the
amplitudes of the transmitted signals may be used to construct an
image of the apparent attenuation of the geologic materials.
Attenuation is a measure of the amount of energy loss of the
seismic signal and is related to such factors as material type,
degree of compaction or cementation, porosity, saturation, and
fracturing. Crosshole seismic tomography may be used to image
solution cavities, fracture zones, and geologic contacts.

(b) Electrical Logging Methods.-Electricallogging methods
involve measuring natural potentials existing in the subsurface or
measuring the electrical resistance of subsurface materials to an
electric current emitted or induced by the logging system.
Electrical borehole logs provide information about lithology , clay
content, porosity, saturation, and pore-fluid salinity of subsurface
materials. In addition, correlation of electrical logs from different
boreholes can provide information about the continuity of geologic
layers. Several types of electrical logs are used for site
investigations. Rarely is only one type of electrical borehole log
acquired; rather, a few types of electrical logs are usually collected
and interpreted jointly. The most common electrical logging
methods can be classified into the three categories given below.

(1) Self-Potential Logging.-SP logging consists of measuring
naturally occurring electric potentials (voltages) between an
electrode at the ground surface and an electrode in a borehole.
The borehole electrode is continuously moved and SP
measurements are repeatedly made to construct an SP log.
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Variations on the SP log indicate changes in electJic potential
between the borehole fluid and the fluids in the stlbsurface geologic
layers. Readings opposite shales are relatively constant and form
the baseline. The SP curve deflects to the left or Jight opposite
permeable layers depending on the relative salinities of the drilling
mud and the fluids in the surrounding geologic materials. The
relationship of SP measurements to geologic material type and
pore fluid type is shown on the following graph.

(2) Resistivity Logging .-In conventional resiEtivity logging, an
electric current is forced to flow between two electrodes, and the
resulting electric potential (voltage) is measured between two other
electrodes. Resistivities of subsurface materials c;3.n be computed
from the voltage measurements. Several variations of conventional
resistivity logging are used. These resistivity log!:ing variations
differ in the arrangement and spacing of the current and
measurement electrodes. In addition, less conventional logging
tools are sometimes used that contain more than four electrodes.
The effects of the variations in the number and aJTangement of
electrodes include differences in the depth 01' penE!tration into the
materials surrounding the borehole and different degrees of
vertical resolution. An idealized resistivity log is shown on
figure 4-1.

(3) Induction Logging.-The borehole induction tool uses
electric coils to create magnetic fields that in turn induce electric
currents in the materials surrounding the boreho]le. These induced
ground currents create magnetic fields that induce voltages in
receiver coils. The intensity of the ground currents, and therefore
the voltages induced in the receiver coils, is proportional to the
conductivity (reciprocal of resistivity) of the geolol~c materials.
Hence, this tool measures resistivities of subsurfalce materials,
similar to resistivity logging tools. However, the induction logging
tool can be used in dry boreholes, in boreholes containing
nonconducting fluids, and in polyvinyl chloride-cased boreholes,
whereas resistivity tools cannot.

(c) Nuclear Radiation Logging Methods.-Nuclear radiation
logging consists of measuring radiation emit;ted by geologic
materials near a borehole. Depending on the specific type of log
acquired, the radiation is either naturally o(:curring or is induced
by a radioactive source in the logging tool. "Radiation logging
methods are used to determine bulk density, clay content, porosity,
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Figure 4-1.-Idealized SP curve and resistivity curve showing electric-log
responses corresponding to alternating sand and clay strata; sands are

saturated with fresh water, brackish water, and salt water. Note relative
deflections of SP curve opposite freshwater and saltwater sands. In

general, the resistivity and SP curves move in opposite directions if the
drilling fluid is less saline, or fresher, than water in the formation. This is

not the case for the upper sand layer, where the water in the formation
has less total dissolved solids, and therefore, is less active chemically than

the drilling fluid (Driscoll, 1986).

and water content of subsurface materials. These methods can
also aid in determination of lithology and continuity of geologic
lavers between boreholes.
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(1) Natural Gamma Logging.-This logging mlethod measures
natural gamma radiation emitted by radioactive elements in
geologic materials surrounding the borehole. N atllral gamma logs
generally reflect the presence of shale and clay bel::ause the
radioactive elements tend to concentrate in clay minerals.

(2) Gamma-Gamma Density Logging.-The gamma-gamma
density logging tool contains a radioactive source 1;hat bombards
the materials surrounding the borehole with gamma radiation.
Electrons in the atoms of the surrounding geologi<: materials
scatter the gamma rays so that some of them do not reach the
detector in the logging tool. The amount of scattering is
proportional to the electron density, and therefore the bulk density,
of the surrounding geologic materials. Hence, the greater the bulk
density of the geologic materials, the lower the gamma ray count
at the detector. The gamma-gamma density log iEi primarily used
to determine the bulk density of subsurface materials. If grain
density and pore fluid density are known, the porosity can be
calculated.

(3) Neutron Logging.-The neutron logging tool contains a
radioactive source that emits high-energy neutron radiation. When
the neutrons collide with hydrogen atoms, the neutrons lose
energy. These low-energy neutrons are captured by nuclei of
certain elements. When this happens, gamma ra)rs are emitted.
The detector on the neutron logging tool either measures the low-
energy neutrons or the gamma rays. In either case, the
measurements are related to the amount of hydrogen in the
geologic materials. In water-bearing rocks, the arnount of
hydrogen is a direct measure of the water content. If the rocks are
saturated, the porosity can also be calculated.

(d) Other Logging Methods.

(1) Temperature Logging.-In temperature logging,
temperatures are measured with a thermal resistor as the logging
tool is raised or lowered in a borehole. The measllred temperature
is that of the borehole fluid, which mayor may not be
representative of the temperature in the surrouncling materials.

Nevertheless, temperature logging is useful for identifying the
movement of water into and out of aquifers, locatlng recharge
water or waste discharge. and identifying fracture zones.
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(2) Flowmeters.-Flowmeters can be used to measure rates of
fluid flow in a borehole. Measurements can be made under natural
(static) conditions or during periods of induced flow (pumping or
injection). This technique can be used to determine relative fluid
flow into or out of different aquifers. Flowmeters may also provide
some information on the location of fracture zones.

(3) Caliper Logs.-Caliper logs show the variation in the
diameter of uncased drill holes. The logs are made by running a
self-actuated caliper through the hole. A recorder at the surface
shows the relationship between the diameter of the hole and the
hole depth. Such logs are useful in interpreting electric logs in
which the apparent resistivity is influenced by hole diameter
variations, and in estimating the volume of cement required for
grouting in a casing or the volume of gravel which may be required
for a pack. They also may show the nature of the subsurface
materials because a drill hole is usually washed out to a larger
diameter when poorly consolidated and noncohesive materials are
penetrated by the hole. The caliper log is sometimes useful in well
rehabilitation work because it will show where uncased holes have
raveled or caved and where casing in cased holes has been
damaged or otherwise undergone deterioration.
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« Chapter V

DEFINITIONS AND THEORY OF SATURATED
GROUND-WATER FLOW AND FACTORS AFFECTING

GROUND-WATER FLOW

5-1. Structural Geology and Stratigraphy.-Geologic factors
such as stratigraphy, structure, and lithology constitute the
skeleton or framework which controls the occurrence and
movement of water and must be considered in the analysis and
solution of ground-water problems. A proper understanding of the
depositional environment and subsequent geologic activity also
enhances the ground-water setting characterization. A clear
understanding of the geomorphology that went into forming the
deposits can provide advance knowledge before any other
investigations take place and substantial savings in time and
money.

Flow through various geologic features may be quite different
under unsaturated conditions than under saturated conditions.
This chapter deals only with saturated conditions.

5-2. Darcy's Law .-The foundation of ground-water hydraulics
is Darcy's law (Muskat, 1946; Theis, 1935), which states that the
flow rate through a porous medium is proportional to the head loss
and inversely proportional to the length of the flow path (see
figure 5-1). The law is applicable where flow is laminar, without
turbulence. Formulas expressing the law are given in a number of
forms, the most common of which are presented below and are
derivations of Q = A V:

5-1v = Ki

5-2Q = KiA

hi -h2

L

5-3Q=KA
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5-4
L3

K=Q=-.!.--L
iA L2 -t

where:

v = velocity, Ut
K = permeability or hydraulic conductivity of the porous

medium, Lit
= hydraulic gradient h1 -h21 L, dimenE:ionless

A = area normal to the direction of flow, L 2

Q = rate of flow L3 It
h1 and h2 = the water level or potential at two points on a line

parallel to the direction of flow
L = length of flow path between h 1 and j12
t = time

Darcy's determination of
rote of 1.'ow through
a porous medium:

Q-KA..b.-L

Where Q- Volume of flow per unit time,¥
K- Permeability or hydraulic

conductivity of IJ porous
d ' L

me IUm,t

h -Head loss in distance L

L -Length of flow poth L
A-Cross sectionol area of o porous

medium normal to flow, ~

Figure 5-1.-Illustration of Darcy's law.
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5-3. Hydraulic Conductivity.-Rearrangement of Darcy's
equation leads to K = V I i = Q I iA, where K is a proportionality
constant commonly known as the hydraulic conductivity (Lohman
et al., 1972) and has the dimensions L31tlL2 which reduces to Lit
or velocity.

Numerous expressions, some based on Qlt, others on Lit, and
with a variety of consistent and inconsistent units and i values,
have been used for expressing K. In Bureau of Reclamation
practice, K is usually expressed for water as Lit under a unit
gradient. In laboratory work, L is usually expressed in centimeters
and t in seconds; however, in field determinations from pumping
tests, Lit is usually expressed in meterslday, ft3lft2lday, or
gal/ft2Iday. Factors for conversions between the most commonly
used units are given in table 5-1.

The value of K varies for different fluids depending upon their
density and viscosity as follows:

ky

11
K=

where y is the specific weight and }1 is the viscosity of the fluid. In
this formula, k is the intrinsic permeability of the medium, i.e.:

kiV = Ki = ~ !)-6
11

The terms "coefficient of permeability" or "permeability" are
sometimes used as synonyms for hydraulic conductivity. However ,
to avoid confusion with intrinsic permeability, the term hydraulic
conductivity is preferred.

In ground-water engineering, this refinement is seldom required.
In laboratory determinations of K using water, the results are
usually expressed as the value obtained at a water temperature of
16 or 20 oC (60 or 68 OF). Laboratory results neglecting the slight
change in weight with temperatures can be compared to field
determinations with the expression:

VF
K = K 5-7

L F

VL
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where KL is the standard or laboratory determination, KF is the
field determination, V F is the kinematic viscosity of water at field
temperature, and V L is the kinematic viscosity at laboratory
temperature. Because ground-water temperatures at depths to
60 meters (200 feet) from the surface seldom vary more than about
1 oC (2 OF) from the average annual temperature of the area in
which they occur, the above conversion for K is seldom necessary
because the determined values will be used in the area where the
test was made. Table 5-2 gives the variation of properties of pure
water with temperature.

Laboratory determinations of hydraulic conductivity are only
representative of a specific sample of aquifer material, whereas
field determinations by pumping tests are usually an average
value representing an integration of all the permeability variations
in all directions and from place to place in an aquifer. For this
reason, laboratory determinations, even if made using undisturbed
samples, are not as representative as those found in actual field
aquifer tests and may be misleading.

5-4. Transmissivity.-Because the term hydraulic conductivity
fails to describe adequately the flow characteristics of an aquifer ,
Theis (1935) introduced the term transmissivity (Meinzer, 1949),
T = KM , which is equal to the average permeability times the
saturated thickness of the aquifer, to clarify this deficiency
(figure 5-2). Transmissivity has dimensions of L 3/ t / L or L 2/ t
because it represents flow through a vertical strip of aquifer one
unit wide. Where K may be considered as the hydraulic
conductivity of a unit cross-sectional area of the aquifer, T may be
considered as the hydraulic conductivity of a unit width of the full
thickness of the aquifer .

5.5. Storativity.-The terms specific yield, effective porosity,
coefficient of storage, and storativity (Meinzer, 1949) have often
been used interchangeably to express the storage capacity of an
aquifer. However, some authors have limited the use of specific
yield to unconfined aquifers and coefficient of storage to confined
aquifers. Because the influence is essentially the same in either
case and S is the commonly used symbol to express the value
regardless of the nature of the aquifer, the term storativity will be
used herein to designate both concepts.
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Figure 5-2.-I1lustration of hydraulic conductivity and transmissivity.
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Storativity is defined as the volume of water released from or
taken into storage per unit surface area of the aquifer per unit
change in the component of hydraulic head normal to that surface.
In a vertical column with a horizontal cross section of one square
unit extending through an aquifer (figure 5-3), the storativity
equals the volume of water released from or gained by the aquifer
when the piezometric surface or water table decliIles or rises one
unit. Storativity is expressed as the ratio:

s=~
v

5-8

where V' equals the volume of water released and V is the volume
of material drained in an unconfined aquifer or tble volume defined
by the change in piezometric head for an artesian aquifer .

Because V' / V = L 3/ L 3,8 is dimensionless.

s must be considered in equations for unsteady (transient) flow.
Release of water from the aquifer in response to at change in head
generally is assumed to be instantaneous. In many cases, however ,
initial release is relatively rapid but decreases in rate with time.
In other cases, because of the fine-grained nature of the aquifer ,
drainage may be so slow that the response to change in head is
similar to that of a leaky aquifer for a fairly prolonged period of
time (section 5-17).

In an unconfined aquifer, S is a function of the size and number
of interconnected voids and represents the actual volume of water
drained from the aquifer by lowering of the water table. The S
value ranges from as low as 1 percent to over 40 percent, but is
usually in the range of 10 to 30 percent. The les~1 uniform, finer
grained, and more dense a material is, the smallE!r the S value.

In a confined aquifer, where the cone of depression is not drawn
below the bottom of the upper confining layer, no actual aquifer
drainage occurs. Water released is caused by: (1) the small
expansion of the water resulting from the reduction in pressure
and (2) water being forced out of the aquifer by compaction of the
aquifer skeleton because of this reduction in pressure. The value
of S in an artesian aquifer may be independent of void content of
the aquifer material and ranges from 1/1,000 of 1 percent to 1/10 of
1 percent (0.00001 to 0.001).
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Figure 5-3.-Illustration of storativity.
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5-6. Specific Retention.-If a unit volume of dry porous
material is saturated and then permitted to drain by gravity, the
volume of water released is less than that required for saturation
(Meinzer, 1949). The volume of water retained in the material is
held by capillary action and molecular forces against the pull of
gravity. The ratio of the volume of the retained vvater to the
volume of the material is the specific retention, a dimensionless
value expressed as a percentage. The value of specific retention
ranges from less than 1 percent to nearly 100 percent. It increases
with a decrease in grain size and pore size of the material.

The specific retention may be expressed as foll(J'ws

5-9

where

Rs = specific retention
V wr = volume of water retained, L 3

V = volume of material, L 3

5.7. Porosity.-Porosity (Meinzer, 1949) is a dimensionless
value that expresses the ratio of the volume of pores to the total
volume of a porous material and is usually expressed as a

percentage:

v
p = -1!.100

V
5-10

where:

p = porosity

Vp = volume of pore space, L3

V = volume of material, L3

Porosity ranges from less than 1 percent to as much as
80 percent in some recently deposited clays, but in most granular
materials it falls between about 5 and 40 percenlt. In unconfined
aquifers, the porosity is equal to the specific retention plus the
storativity (specific yield). Porosity must be con~;idered in recharge
and storage analyses because the volume of watE~r recharged into a
dry aquifer will be greater than the recoverable 'volume. Some
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rocks may have considerable porosity represented by vugs or holes
which are not interconnected. From the standpoint of ground-
water flow, such rocks have zero effective porosity.

Primary porosity is attributable to the soil or rock matrix and
secondary porosity is attributable to such phenomena as secondary
solution or structurally controlled regional fracturing (Freeze and
Cherry, 1979).

5.8. Velocity.-The discharge velocity of a porous medium
CMeinzer, 1949), V, is defined as the volume of water that flows per
unit time across a unit cross-sectional area normal to the direction
of flow. However, in an ideal porous medium, only the void space,
which is equal to the porosity, is available for flow. Hence, the
actual average interstitial or seepage velocity, Vs, is the discharge
velocity divided by the porosity, or V I p, and is expressed as simple
velocity, LIt. Analogously, the velocity under a unit gradient is
equal to the hydraulic conductivity divided by the porosity, or
K I p .Another concept takes into account that water in pore spaces
small enough to hold water against the force of gravity; that is, the
specific retention, is probably stagnant and that flow occurs only
through the area represented by the specific yield, or:

v = v
s -

s

In this case, Vs will be somewhat higher than when the entire pore
volume is considered. However, this concept should not be used to
estimate the precise rate, distance, or time required for a given
molecule of water to move from one place to another .

A direct method to determine a bulk ground-water velocity over a
significant flow path distance is to introduce a tracer at one point
in the flow field and observe its arrival at other points (Freeze and
Cherry, 1979).

5-9. Hydraulic Diffusivityo- The ratio of transmissivity to
storativity in transient flow conditions can be expressed in the
formula:

T
a = -,

s
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where a is hydraulic diffusivity and has the dimensions £2 It. In
an ideal aquifer, the time of response at a distant location to an
imposed stress, such as a discharging well, is inversely
proportional to the diffusivity (Glover, 1960).

Transmissivity (or hydraulic conductivity times aquifer
thickness) is the overriding factor in well yield in terms of yield
versus drawdown or specific capacity. Under transient conditions,
storativity is also a controlling factor .

Figures 5-4 and 5-5 give generalized conversion scales for units
of transmissivity and hydraulic conductivity and illustrate general
relationships involving potential well yield and potential and
hydraulic conductivity of common aquifer materials.

5-10. Steady One-Directional Flow.-Steady flow of water in
a confined aquifer of uniform thickness behaves ill accordance with
Darcy's law (i.e., the head decreases linearly in the direction of
flow) (Weeks, 1964). For steady-state flow to occur, the magnitude
and direction of the flow velocity are constant with time at any
point in the flow field. However, in an unconfined aquifer, the
water table is also a flow line. The shape of the vvater table
determines the flow distribution, but conversely, 1;he flow
distribution determines the shape of the water ta1:>le. Accordingly,
a general analytical solution of the flow is therefore not possible.

In an attempt to simplify analysis of undirectio!tlal flow Dupuit
(Muskat, 1946) made the following assumptions: (1) the velocity of
flow is proportional to the tangent of the hydrauli-c gradient rather
than the sine as determined by Darcy; and (2) th(~ flow is
horizontal and uniform everywhere in a vertical section. Dupuit
derived the following equation:

K(h?; -h;)

2L
5-13

Q=

where:

Q = flow of water per unit time, L 3 I t, per unit width normal to

the direction of flow
h 1 = saturated thickness of the aquifer at one point in the line of

flow
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h2 = saturated thickness of the aquifer at a second point in the

line of flow from h1
L = distance between the points parallel to the direction of flow,

L

However, because of the assumptions of horizontal flow {no
vertical component), the computed {Dupuit) water table deviates
more and more from the actual water table in the direction of flow
Nevertheless, despite the simplifying assumptions, the equation
closely approximates the water-table position where the sine and
tangent of the slope of the water table are approximately equal.
The equation is applicable under such conditions to determine Q
and K but should be used with caution near a point or zone of
discharge where the drawdown curve may be accentuated
{Forcheimer, 1930).

5-11. Steady Radial Flow.-Early in this century, Theim
(Muskat, 1946) and Forchheimer (1930) independently derived
equations for steady radial flow (Todd, 1980) to a fully penetrating
well with 100-percent penetration and open hole, using Darcy's law
and Dupuit's assumptions. The equations, known today as the
steady state, Theim, Dupuit-Forchheimer, or Theim-Forchheimer
equations, can be used to determine the coefficient of permeability
of an aquifer from measurements made during a pumping test
using a fully penetrating well with 100-percent open hole and two
or more observation wells. The equation for a confined aquifer is:

-Qln (~)K-
21tM(SI -SJ

and for an unconfined aquifer:

Qln (~

)K = rl

1t(hi -h;>
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where:

K = hydraulic conductivity, LI t
Q = discharge of the well, L31t
r 1 and r 2 = horizontal distances from the center of the dis-

charging well to the centers of observation wells
located on a line passing through tJ:le center of the
discharging well; distance increases with the value
of the subscript, L

M = thickness of the aquifer, L
81 and 82 = drawdown in observation wells r 1 and r 2'

respectively, L
h 1 and h2 = saturated thickness of the aquifer at r 1 and r 2'

respectively, L
in = naturallog = common log 2.303

The steady-state equation for an unconfined aquifer ignores
vertical components of flow and curvature of the E:quipotentiallines
but recognizes decrease in aquifer thickness in the direction of the
well. An additional assumption is that the well has infinitesimal
diameter compared to a fixed radius of influence. Despite the
simplifying assumptions, the equations give relatively reliable
determinations of Q and K or T from measurements made of
pumping tests of adequate duration with fully penetrating wells in
confined aquifers and in unconfined aquifers where the drawdowns
in observation wells do not exceed 0.25 M. Piezometers should be
used in confined aquifers instead of observation wells to ensure
reliable drawdown data. The steady-state equations do not take
into consideration time and the release of water from storage. All
water is assumed to originate beyond the radius of influence.

5-12. Transient One-Directional Flow.-Moody and Ribbens
(1965) modified and applied equations derived by Glover (1960) for
unsteady one-directional flow using much the sanle basic principles
that are involved in the equation for unsteady radial flow
(section 5-13). The assumptions on which the equations are based
are as follows:

The aquifer is homogeneous and isotropic.

Hydraulic conductivity, K, and storativity, S, are constant
with time.

.The aquifer is of infinite horizontal extent.
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The aquifer is confined or, if unconfined, the saturated
thickness is large compared to the drawdown.

Water is withdrawn at a constant rate from a fully
penetrating vertical plane sink which is oriented parallel to
the source of water. The drawdown is constant at a given
time for all points along the sink.

The equation for transient one-directional flow is as follows:

-erf ~)]
5-16

-~) -it
exp

Q [ rw-

s=2K~;MS

where:

s = drawdown at any point a distance r from the vertical
plane sink on a line normal to the sink, L

Q = the rate of withdrawal of water per linear foot from the
sink, L3 It

K = hydraulic conductivity of the aquifer, L I t
t = time since pumping or discharge per linear foot from the

sink began, t
M = saturated thickness of the aquifer, L
S = storativity (dimensionless)
r = distance from the plane sink on a line normal to it, L
T = transmissivity of the aquifer, L 2 I t

exp = the exponential function (exp(x) = eX)
err = the error or probability function

Tables of the exponential function e" are found in Applied
Mathematics Series 14 and the error or probability function is
found in Applied Mathematics Series 41 of the National Bureau of
Standards.

Moody and Ribbens ( 1965) also give a function, equation 5-17,
with which to compute the additional drawdown caused by
convergence of parallel flow to a horizontal line sink (i.e., a drain
or ditch instead of a fully penetrating plane sink):
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-~)]}
s = R {.!.- -! In

2K M 1t

1tr

2M
-expexp

In equation 5-17, M = the thickness of the aqui£:!r and the other
symbols are as in equation 5-16. If two line sinks exist in the
neighborhood of each other, the drawdowns are additive.

5-13. Transient Radial Flow.-The limitatioJ],s and errors in
the steady-state well equations resulting from the simplifying
assumptions made in their derivations were recognized by early
investigators. Theis (1935) perceived the analogy between the flow
of heat and flow of water and adapted the equation for the flow of
heat in a conducting solid to the flow of water to a well in a
confined aquifer. Jacob (1940) derived an identicatl equation from
purely hydraulic considerations. The Theis, or nonequilibrium
equation, which takes into consideration both time and storativity,
has the form:

where:

s
Q
T

r

s

t

u

= the drawdown at any point r on the cone of depression, L
= uniform discharge of a well per unit time, L 3/ t
= KM , the transmissivity, by definition the hydraulic

conductivity times the thickness of the aquifer, L 2/ t
= the distance from the center of the discharging well to the

point of measurement of s, L
= the storativity or coefficient of storage (djlmensionless)
= the time since discharge of the well bega:tl, t
= unit of the well function ~S /4Tt (dimensionless)

The assumptions on which the nonequilibrium equation is based
are:

The aquifer is homogeneous, isotropic, of uniform thickness,
and of infinite areal extent.

The discharging well is of infinitesimal diameter ,
completely penetrates, and is open to the aquifer.
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.Discharge of water from storage is instantaneous with the
reduction in pressure caused by drawdown.

Flow to the well is radial and horizontal

The exponential integral of u is frequently expressed as W(u), the
well function of u, and the equation can then be rewritten as:

s = QW(u) 5-19
41tT

The above assumptions are rarely all present in actual
conditions. Also, equation 5-19 is theoretically applicable only to
confined aquifers. However, the error in the analysis of unconfined
aquifers is minor provided the drawdown at the point of
observation does not exceed 25 percent of the aquifer thickness.
Use of the nonequilibrium equation permits analysis of aquifer
conditions and predictions of aquifer behavior that change with
time and involve storage. Rapid solution of the nonequilibrium
equation by computers makes possible many of the modern
modeling techniques used in ground-water analyses.

5-14. Anisotropy.-Most aquifers are anisotropic (i.e., flow
conditions vary with direction [Hantush, 1966; Weeks, 1964]). In
granular material, the particle shape and orientation, and the
process and sequence of deposition, usually result in vertical
permeability being less than horizontal permeability. The primary
cause of anisotropy on a small scale is the orientation of clay
minerals in sedimentary rocks and unconsolidated sediments. In
nongranular rocks, the size, shape, orientation, and spacing of
fractures and other voids may result in anisotropy. Regardless of
the nature of the anisotropy, the effects on yield and drawdown by
distortion of the distribution of flow are similar. Where anisotropy
is the result of difference in vertical and horizontal permeability,
the effect is to distort the distribution of drawdown in unconfined
aquifers. The distortion is related to the distance to the
observation well, the thickness of the aquifer, the ratio of the
horizontal and vertical permeabilities, and the degree of aquifer
penetration by the pumping well. Hantush (1966) and Weeks
( 1964) derived theoretical methods of determining horizontal and
vertical permeability ratios and values from the analysis of pump
test data.
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Where anisotropy is the result of vertical being ]less than
horizontal permeability, and the ratio Kh / Ku is relatively small, the
flow distortion effect is small in flow to a well with a lOO-percent
open hole in a confined aquifer or in an unconfined aquifer with
small drawdown. However, where the ratio of KhlKu and the
vertical component of flow are large, such as in a .partially
penetrating well in a confined aquifer or in an uru:onfined aquifer
with large drawdown, the decrease in yield or increase in
drawdown compared to the ideal aquifer may be significant (see
figure 5-6). The bottom of such a well may be considered to be the
bottom of the aquifer .

5-15. Boundaries.-The nonequilibrium (tranEient) equations
presented in this chapter are based on saturated flow through a
homogeneous and isotropic aquifer of infinite areal extent.
However, all aquifers have boundaries that modif~, flow conditions

The confining beds of an artesian aquifer and the water table
and the lower confining bed of an unconfined aquifer represent a
type of boundary which limits transmissivity. Ho'Never, as used
here, boundaries are usually those limiting the horizontal extent of
aquifers. These boundaries may be negative (imp'ermeable), or
positive (recharge), or both.

An impermeable boundary exhibits a significant reduction in
transmissivity. Examples would be where the permeable alluvial
fill of a valley abuts the buried valley sides that consist of
impermeable granite, where a permeable sandstone is faulted
against an impermeable shale, or where large unfractured volcanic
boundaries have intruded an aquifer. An impermeable boundary
influences a discharging well by retarding or stopping the
expansion of the cone of depression, which results in increased
drawdown between the well and the boundary and subsequent
removal of water from storage in this area of increased drawdown.
In the discharging well, the rate of drawdown is i]~creased, the
specific capacity is decreased, and the slope of the cone of
depression not only decreases in the direction of tJGe boundary but
increases on the opposite side of the pumping wen (see
section 9-11).

A recharge boundary exhibits a significant incrE~ase in
transmissivity (e.g., where a permeable material is in direct
connection with a surface body of water or where a permeable
material is faulted against a more permeable material). A
recharge boundary also influences a discharging v{ell by retarding
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Figure 5-6.-Relationship of yield to open hole in isotropic and
anisotropic confined aquifers.
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or stopping the expansion of the cone of depression. However, as
the boundary provides a source of recharge to rep]ace the normal
flow from outside the boundary, the drawdown stabilizes between
the well and the boundary, and removal of water 1rom storage is
limited. In the discharging well the rate of drawdown is lessened,
the specific capacity is increased, and the slope of the cone of
depression is not only increased in the direction of the boundary
but is decreased on the opposite side of the pumping well (see
section 9-11).

Boundaries are of concern when predicting the influence and
probable yield and drawdown of wells. If an aquij:er test is not run
long enough for the area of influence to intercept ;3. boundary, a
substantial error may be made in estimating well performance.
Also, a well may draw as much as 90 percent of its discharge from
a stream that is hydraulically connected to the aquifer (see
section 9-16).

Boundary effects can sometimes be anticipated on the basis of
known geological conditions, or the conditions ma:'I be hidden and
revealed only by analyses of a pumping test. In some instances,
two or more boundaries may influence well performance to the
extent that reliable determinations of aquifer cha]racteristics and
boundary locations are precluded. Methods of aruuyses of
boundary effects from pumping tests are discussed in sections 9-11
and 9-12.

5-16. Leaky Aquifers.-An aquifer that receives a significant
inflow from adjacent beds is called a leaky aquifer, although in
reality the aquitard is leaky (Freeze and Cherry, 1979). The
aquitard may be considered a type of boundary. ~Nhen a well
discharges from such an aquifer, the reduction in head may
promote increased flow through confining beds to the aquifer or
reduction in flow from the aquifer. If in a leaky confining layer in
an aquifer system has enough storage, then part 'Jf the flow during
the initial time period will come from storage in the confining layer
(Fetter,1980). When the area of influence has e)!panded
sufficiently so that the amount of increased seepage into or reduced
seepage out of the aquifer equals the pumping ra1~e, the discharge
drawdown, relationship, and flow pattern about tlle well stabilize
(see section 9-8). A similar response is reflected "lhen an
unconfined aquifer overlying a confined aquifer is pumped. The
lowering of the water table in the cone of depression reduces the
pressure and increases upflow from the artesian aquifer. The
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influences on aquifer tests of boundary and leaky aquifer
conditions may appear similar but usually can be differentiated
(see subsection 9-5b).

5-17. Delayed Drainage.-An unconfined aquifer may consist
in whole or in part of fine-grained material from which drainage is
relatively slow (Boulton, 1963). A delayed water-table response
can be observed when water-level drawdown in piezometers or
observation wells adjacent to the pumping well in an unconfined
aquifer tend to decline at a slower rate than that predicted by the
Theis solution (Freeze and Cherry, 1979).

The delayed response is related to the vertical components of
flow that are induced in the flow system and usually is a function
of the radius, r, and time, t, (Freeze and Cherry, 1979). Pumping
tests conducted under such conditions may yield unusual S-shaped
plots of log t versus log s, which may be attributed to leaky aquifer
influence. Furthermore, in extreme cases, an uneconomically long
test might be required to differentiate between the two situations.
In the final analysis, judgment based on the knowledge of
subsurface and other conditions may be the principal basis for
interpretation.

5-18. Recharge and Discharge Areas.-Recharge areas are
those within which water enters an aquifer. The location, size, and
features of the area within which recharge occurs to an aquifer are
pertinent to many ground-water problems. In some unconfined
aquifers, recharge occurs over the entire aquifer area; in others, it
may be limited by the presence of natural or artificial impermeable
materials overlying parts of the area or to aquifers connected with
a body of surface water. In confined aquifers, the recharge area is
limited to a large extent by the exposure of the aquifer at the
surface or to its subsurface connection with another aquifer or a
body of surface water .

Contributing areas may be considerably larger than recharge
areas. Water may enter a recharge area from adjacent and
surrounding terrain. The entire area from which water is
tributary to a recharge area is the contributing area.

Discharge areas are of similar complexity and variation.
Primary avenues of natural discharge include evapotranspiration,
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spring flow, seepage to streams, and leakage to other aquifers.
The determination and delineation of recharge and discharge areas
are sometimes a complex problem.

5-19. The Radius of Innuence and the Con~~ of
Depression.-The equilibrium equations assume creation of a
fixed radius of influence of a well and further assume that all
water pumped by the well enters the cone of depression from
beyond the radius of influence (Ferris et al., 1962; Meinzer, 1949).
This assumption can be equated to a well dischari5ing from an
aquifer underlying a circular island and which is in hydraulic
connection with the surrounding sea. However, t]1e nonequilibrium
equation assumes that all water comes from stora.ge within the
radius of influence and that this radius increases with time. In an
ideal aquifer of infinite areal extent, the radius of influence and
the drawdown theoretically increase at a constan1;ly diminishing
rate as long as the well is pumped. Under field conditions,
however, the rate of change becomes so slow after a sufficiently
long period of pumping that it is difficult to measure (see
figure 5- 7). In many aquifers, the area of influence intercepts the
natural aquifer discharge or encounters recharge in sufficient
quantity to balance well discharge, and true stabilization occurs.

5-20. Well Interference.-Iftwo or more wells discharging
from the same aquifer are close enough to each o1;her so that their
respective areas of influence overlap, each well interferes with the
other, and the chord joining the two points of intersection of the
areas of influence CBentall, 1963; Meinzer, 1949) then becomes a
divide across which no flow occurs. This phenomenon is called well
interference and, as a consequence, the rate of drawdown of each
well is accelerated.

A recharging well has a similar but opposite effect on a
discharging well. The chord joining the two points of intersection
of the areas of influence then becomes a line of no drawdown.
Flow across it is only in one direction and is equ~u to the flow
originating in the recharging well. Consequently, the rate of
drawdown is retarded. Section 9-11 contains a fllrther discussion
of this concept.

5-21. Principle of Superposition.-If the tr;lnsmissivity and
storativity of an ideal aquifer and the yield and <luration of
discharge or recharge of two or more wells are kJlown, the
combined drawdown or buildup at any point witlrin their
interfering area of influence may be estimated b~r adding
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algebraically the component of drawdown of each w,~ll. This
principle is illustrated on figures 9-17 and 9-18 in s,~ction 9-11,
which show the impressed heads of a real and image well and the
resultant actual drawdown. The effects would be identical for two
real wells. The principle of superposition is used to determine
desirable spacing of wells in well fields, effects of recharging wells,
and in the evaluation boundary conditions. Superposition is
further discussed in section 9-12. The calculation of drawdown is
greatly simplified through the use of computer programs.
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«Chapter VI

WELL AND AQUIFER RELATIONSHIPS

6.1. Aquifer and Well Hydraulics.-Aquifer characteristics
exert primary control over well performance in terms of yield
versus drawdown. Accordingly, determination of the effects of well
geometry on the flow and head distribution in aquifers and on the
yield and drawdown of wells has been the goal of most research on
well hydraulics. Methods of mathematical analysis have been
developed for both steady-state and transient-state conditions.
Steady-state analyses are performed according to Darcy's law and
Dupuit's assumptions of horizontal radial flow and fixed radii of
influence. All mathematical solutions assume ideal artesian and
unconfined aquifers, which are isotropic, homogeneous, of uniform
thickness, and infinite areal extent. The conclusions are generally
adequate for estimating the performance of wells in artesian
aquifers and in unconfined aquifers where the drawdown is a small
percentage of the aquifer thickness and the discharging well is
fully penetrating. Corrections for partial penetration of the
discharging well, large drawdowns in unconfined aquifers, and
anisotropy have been derived, but adequate data for application of
the corrections are often not readily available. Much research has
also been done 9n analogs and other models of various types, but
too often, the geometry of the test apparatus has not duplicated
field conditions.

However, the nature of the well is also an important factor in
well performance. Experience has shown that well design features
and construction practices have measurable effects on well
performance and operating life and on the economic use of the
aquifer. Despite this relationship, the engineering and scientific
aspects of well hydraulics have received little attention because
pumpage of a desired amount of water has been the principal
criterion of a successful well. The few laboratory analog analyses
which have been made of these relationships have seldom
duplicated field conditions. As a result of this and other factors,
water well design has commonly been based on experience,
observations, and judgment of the designer and driller .

In this discussion, "yield" is defmed as the potential production
capacity of the well, which is controlled by aquifer characteristics
and well design and construction. "Discharge," on the other hand,
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is defined as the actual production of the well, whic]tl depends on
the pump and discharge pipe characteristics as well as the above
parameters.

6-2. Flow to Wells.- Theoretically, on initiation of discharge
from a well, the water level or head in the well is lowered relative
to the undisturbed condition of the potentiometric slllrface or water
table outside the well (Jacob, 1947; Meinzer, 1949; l\11uskat, 1946).
The water in the aquifer surrounding the well responds by flowing
radially to the lower level in the well.

In an artesian aquifer, except for a slight delay caused by
inertia, the actual distribution of flow to the well conforms
relatively close to the theoretical distribution shortl:y after pumping
is started. However, in an unconfined aquifer, the materials in the
cone of depression must drain and establish progressively the
surface configuration of the cone. Hence, the actual distribution of
flow may not conform to the theoretical. Figure 6-1 illustrates
schematically the successive stages of development of flow
distribution under such conditions by means of equipotentiallines
and flow lines around a well.

In an ideal artesian aquifer, assume a 100-percen~ open hole well
of radius r w surrounded by two concentric cylinders of radius r 1 and
r2 with heights equal to the thickness, M, of the aqulifer. The
surface area, A, of the well is 21tr ~ , and of the cylinders, 21tr lM
and 27tr#, respectively (see figure 6-2). Under stea.dy-state
conditions, the same quantity of water per unit time must flow
through each cylinder and ultimately into the well. According to
Darcy's law, Q = KiA or V = Ki. If Q and K are coru,tant, the
gradient i and the velocity must increase in value a:, A decreases.
Hence, if ho is the effective head (potentiometric surface) at the
radius of influence, r 0' and h2 and hl are the heads at radii r2 and
r 1 about the well, the velocity and gradient must in<:rease in the
direction of the well. The result is a funnel-shaped area of
lowering of the potentiometric surface centered abolLt the well.

Figure 6-3 illustrates schematically the distribution of flow in an
artesian aquifer by means of a network of flow lines and
equipotentiallines lying in a vertical section passinl~ through the
axis of a fully penetrating well which has a lOO-perc:ent open hole.
If the piezometric surface is not drawn down below the bottom of
the upper confining bed, the flow lines to the well remain parallel
and hori7.ontal and the equipotentiallines remain p;~allel and
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M = Thickness of aquifer

ho= Undisturbed artesian head

h.,hz= Artesian head at r. and

rz respectively when well

is discharging.

s1'sz=Drawdown at r. and rz

respectively when well is

discharging

Figure 6-2.-Flow distribution to a discharging well in an artesian
aquifer-a fully penetrating and lOO-percent open hole.
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-Flow lines

-Equipotentiol lines

Figure 6-3.-Distribution of flow to a discharging well in an artesian
aquifer-a fully penetrating and lOO-percent open hole.

vertical. If the drawdown falls below the bottom of the upper
confining bed, a mixed condition of artesian and free aquifer flow
results, which is difficult to assess.

Figure 6-4 illustrates a well that penetrates through the upper
confining bed but not into the artesian aquifer. The flow lines and
equipotentiallines develop hemispherically about the well radius,
and a strong vertical component of flow is established out to a
distance about equal to the thickness of the aquifer. At a distance
about 1.5 times the thickness of the ideal aquifer, the flow lines
and equipotentiallines assume a relationship similar to that of the
fully penetrating 100-percent open hole well.

Figure 6-5 illustrates a well penetrating into and open to about
50 percent of the thickness of an artesian aquifer. The vertical
component of flow is less than in the nonpenetrating well, but the
equipotentiallines are still strongly curved, although not as great
as on figure 6-4. The transition to strictly horizontal flow at a
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Figure 6-4.-Distribution of flow to a dischargin,g well-just
penetrating to the top of an artesian aqllifer .

Figure 6-5.-Distribution of flow to a well in an artesian
aquifer-a 50-percent penetrating and open hole.

distance from the well of about 1.5 times the thickness of the
aquifers is also apparent. If the open hole was in the lower rather
than the upper half of the aquifer, the pattern of fl,DW and
equipotentiallines would be similar to figure 6-5 if it was inverted.
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Vertical convergent flow in wells of less than lOO-percent
penetration and open hole results in increasing draw down with a
decreasing percentage of open hole.

Figure 6-6 illustrates schematically the distribution of flow and
equipotentiallines around a fully penetrating well in an
unconfined aquifer with the drawdown in the well about one-half
the thickness of the aquifer. Drainage of material above the
drawdown cone results in a decline in aquifer thickness, M, and a
similar decline in transmissivity. Also, the drawdown in an
unconfined aquifer accentuates the vertical components of flow.
Thus, the drawdown is accentuated by, and in turn, accentuates
the decline in aquifer thickness, decline in transmissivity, and
vertical component of flow.

Flow lines
-Equipotentiol lines

Figure 6-6.-Distribution of flow to a discharging well in an unconfined
aquifer-a fully penetrating and 50-percent open hole.

Reduction in the percentage of open hole in an unconfined
aquifer has an effect on the drawdown cone and flow lines similar
to those in an artesian aquifer. However, the effect is further
accentuated because of dewatering of the aquifer in the direction of
the well.

Wells often must be drilled in aquifers of large, but unknown,
thickness where the cost of full penetration would be prohibitive.
Under such circumstances, the usual practice is to compromise on
theoretical aspects and drill only to the depth that will furnish the
desired supply of water at an acceptable lift.

Kozeny (Muskat, 1946) derived an equation for estimating the
yield of partially open holes in an ideal artesian aquifer .
Figure 6- 7 is a graph of this equation for parameters usually
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encountered or used in well design. The plot show~i approximate
values which may be used for estimating purposes :If the aquifer is
fairly uniform and homogeneous and its thickness ~md characteris-
tics are known. Jacob (Bentall, 1963) also derived .1 method for
use in determining aquifer characteristics to correcl, observed
drawdowns resulting from partial penetration to those of the ideal
condition if the aquifer thickness was known. Both methods,
however, are influenced by other, often unknown, factors such as
aquifer anisotropy and boundaries.

6.3. Yield and Drawdown Relationships.-The following two
steady-state equations {Ferris et al., 1962; Meinzer" 1949; Muskat,
1946) can be expressed in approximately the same form as the
unsteady state:

The equation for the unsteady state is:

{ r2 J 1 r JQl -Ql ~

SI -S2 = 2 KMr 1 and (h2y -(hJ2 = -~

1t 1tK

6-1

The equation in the steady state is:

s = QW(u) 6-2
4T1t

This relationship facilitates recognition of the following:

The drawdown at any point in the cone of depression is
proportional to Q (see figure 6-8).

.At a given yield, the drawdown at any point on the cone of
depression is inversely proportional to in r in all equations,
and in the unsteady-state equation, the dra,~down is also
inversely proportional to storativity and proportional to
loglo t (time) (see figure 6-9). At a given Q, drawdown
decreases with increased values of transmis:~ivity (see
figure 6-10).

The relationships are applicable for any point in ~he cone of
depression for either fully or partially open hole diE:charging wells,
although the actual form of the cone of depression 'Nill be distorted
from the ideal by a partially open hole, anisotropy, or boundaries.
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Figure 6- 7 .-Graph of Kozeny's equation for relative yield and
percentage of open hole in an ideal artesian aquifer.

When time is infinite, the transient-state equation becomes the
same as the steady-state equation. Measurements made
simultaneously with the drawdowns in the discharging well and
one observation well have been used to compute transmissivity or
hydraulic conductivity using the equilibrium equation.
Theoretically, this computation is possible; but practically, it is not
recommended because the water level inside a well generally is

Qp -Yield of a partially open hole.

Q -Yield of a fully open hole.

L -Length of open hole as a fraction
of aquifer thickness

r-Well radius

M -Aquifer thickness
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lower than outside because of well losses. The result is generally a
computed transmissivity or hydraulic conductivity that is less than
the true value.

a = Rate of discharge

O2= 201

All other factors constant

Static water level
0 0

6 20
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Figure 6-8.-Influence of rate of discharge on drawdown in a well.

The previous discussion has been primarily concerned with the
effect of partial and full penetration on distribution of flow to
wells. From a theoretical standpoint, but of equal i"mportance, is
the effect on well performance. The steepening of the flow lines
resulting from a partially open hole in an aquifer results in
increased drawdown for the same yield, in other words, a decrease
in specific capacity of the well. A well in an artesian aquifer
should be open through the entire thickness of the aquifer. A well
in an unconfined aquifer should be open in the lower one-third to
one-half of the aquifer. However, this specification is not
economically feasible in very deep and thick aquifers. In such
aquifers, the usual practice is to penetrate a sufficie~nt thickness of
the aquifer to ensure the required discharge at an acceptable
pumping lift.
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S = Storativity
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Figure 6-9.-Influence of storativity on drawdown in a well.

Figure 6-10.-Influence of transmissivity on drawdown in a well.

In a correctly designed well in an artesian aquifer where
turbulent flow is minimal and in which the drawdown is not below
the bottom of the upper confining bed, a nearly linear relationship
exists between yield and drawdown. Hence, specific capacity
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remains relatively constant regardless of yield. The yield is
approximately proportional to the drawdown in a 100-percent
efficient artesian well with 100-percent open hole as long as the
drawdown does not lower the hydrostatic head belo'w the bottom of
the upper confining bed. Conditions differ, however, in an
unconfined aquifer in which the saturated thicknes/, decreases with
an increase in drawdown and vertical components of flow prevail.
A number of equations relating yield and drawdown in an
unconfined aquifer are available, but all of these equations are
rough approximations. Figures 6-11 and 6-12 are iJtlexact,
composite curves which may serve only as useful gtlides to yield-
drawdown relationships. Available equations and observations
show a nearly linear relationship for yield and dravl/down in an
unconfined aquifer for drawdown as much as 50 pe"rcent of the
saturated thickness and acceptable ratios approaching 65 percent.
Beyond this limit, the specific capacity begins to fall rapidly. For
these reasons, most screened wells are screened in the lower one-
third or one-half of the aquifer. Figures 6-11 and 6-12 and some of
the equations show maximum yield with 100-percent drawdown.
This phenomenon is the result of extending steady-state equations
beyond the limits established by the fundamental assumptions that
define steady-state conditions. Obviously, the yield reaches a point
of diminishing returns as the inlet area decreases, ultimately
approaching zero. Also, in practice, the well discharge in
unconfined aquifers decreases with increasing drawdown, primarily
because of decreased efficiency of the pump and increased head
losses.

6-4. Well Diameter and Yield.-A common misconception
holds that well yield is proportional to well diameter and that
doubling the diameter will increase the yield proporti()nately, other
things being equal. Well diameter, in this case, refers to the
diameter of the hole that penetrates the aquifer .

The fallacy in this reasoning can be shown by assuming all
factors (other than the well diameter) constant in the equilibrium
equations and rearranging the equations.

The resultant equation is'

6-3
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Values are approximate mean values of those

obtained from steady state, Kozeny's and other
equations, none of which i s strictly accurate.

Figure 6-ll.-Comparison of yield with drawdown in a
lOO-percent open hole in an ideal aquifer .

For an artesian aquifer: c = 27tKM(S2 -SJ

And for an unconfined aquifer: C = K [(hJ2 -(hlfJ
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Figure 6-12.-Comparison of well radius and relative yield of a well.

Where:

Q = potential yield
c = constant
r e = radius of influence
r w = radius of well

K, M, S2J S l' h2, and h1 are as previously defined

By analysis, the yield can be shown to be proportional to the
reciprocal of In rjrwo

Figure 6-12 illustrates the increase in yield caused by increasing
the radius of a well, assuming the effective radius of influence is
2,400 meters (8,000 feet) in an artesian aquifer and 150 meters
(500 feet) in an unconfined aquifer. Depending on 1Ghe initial
radius, the increase in yield caused by doubling the radius ranges
from 8 to 13 percent for an artesian aquifer and from 10 to
17 percent for an unconfined aquifer. To theoretically double the
yield within these parameters would require increasing the
diameter of the well in the artesian aquifer about 90 times and in
the unconfined aquifer about 45 times. This analy~iis assumes
laminar flow and steady-state conditions. Experience has
indicated, however, that doubling the diameter of wells will, in
some instances, result in an increase in yield of as much as
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25 percent. The difference is probably caused by a reduction in
turbulence in the aquifer and in the well, increased entrance area,
and other factors which reduce well losses.

Zangar and Jarvis (Zangar, 1953), on the basis of electric analog
studies of recharge wells, determined that one effect of screen
diameter in a partially open hole is to reduce the effective diameter
of a well to that represented by a hole of the same length but
having a surface area equivalent to the open area of the screen.
Restated, a 300-millimeter (12-inch) screen with 25 percent open
area would have an effective well diameter of 75 millimeters
(3 inches) in the well and aquifer relationship. It is not known
whether this relationship applies to a pumping well of any
percentage of open hole because tests have not been made
regarding this feature at this time.

Little uniformity appears to have been used in the past
concerning the selection of screen diameters. In an attempt to
rationalize the selection of screen diameters, many items such as
head losses in pipes of various diameters, well and aquifer
relationships, probable effects of screen length, slot size, and
patterns have been evaluated for many wells of various discharges,
diameters, and efficiencies. The results, which are imprecise and
strictly empirical, are given in table 10-9 in section 10-4(b). They
are presented not as a rigid requirement but as a suggested
tentative standard for efficient well design considering initial
construction and operation and maintenance costs.

6-5. Well Penetration and Yield.- The total depth of a well
has little relationship to well yield except in respect to aquifer
depth. As noted previously, the important factor is the percentage
of saturated thickness of the aquifer penetrated by and open to the
well (i.e., the percentage of open hole). In an artesian aquifer, the
specific capacity of a well will vary with the percentage of open
hole and is maximum when the entire thickness of the aquifer is
penetrated by a screen or open hole (see figure 6-3). A similar
relationship exists in an unconfined aquifer (see figures 6-13 and
6-14), but because of the thinning of the aquifer in the direction of
the well as the well is pumped, the increase in specific capacity is
limited depending on the amount of drawdown experienced and the
desirability of limiting it to 60 to 65 percent of the aquifer
thickness. But in either case, if sufficient additional aquifer
thickness is available, the least expensive way to increase specific
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Figure 6-l4.-Relationship between yield and drawdown in an
unconfined aquifer with lOO-percent penetration.

capacity and yield is usually to increase either the depth of the
well, the percentage of open hole, or both, if possible (Bentall,
1963).

6-6. Entrance Velocity.-A generally acceptable principle of
well design holds that the average entrance velocity, based on the
percentage of open area of the screen and the desired yield, Q I A,
should be 0.03 meter (0.1 foot) per second or less. The hydraulic
theory behind this criteria holds that at such low velocities, flow is
entirely laminar; thus, turbulence will not contribute to well loss.
However, the average entrance velocity concept may be misleading.
Soliman (1965) and Li (1954) analyzed flow to a well, and they
showed that the entrance velocity in the upper 10 percent of a
screen was about 70 times that of the lower 10 percent in an ideal
aquifer. In every screened well, part of the entrance area is
blocked by the screen and aquifer material or gravel pack.
Depending upon the slot size and size and gradation of the grains
in the aquifer, as much as 78 percent of the open area may be lost,
although 50 percent is a more generally accepted and practical
estimate. Furthermore, individual zones in an aquifer may have
different permeabilities, and the volume of water delivered to the
screen face, other factors being equal, is a function of the
permeability of the adjacent aquifer. However, despite these many
unknown and indeterminate variations from the average entrance
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velocity, the concept and practice has proved to be v{orthwhile in
maintaining well efficiency and life. Where conditic,ns and
economics permit, the lowering of the entrance veloc;ity to less than
0.03 meter (0.1 foot) per second, consistent with other criteria,
would be advantageous.

6.7. Percentage of Open Area of Screen.-One of the major
factors controlling head loss through a screen is the percentage of
open area. Factors which control the percentage of open area
include basic design, materials, fabrication processes, and strength
requirements. In a screen of a given length and diameter, the
head loss decreases rapidly with an increase in per<:entage of open
area up to about 15 percent, less rapidly up to about 25 percent,
and relatively slowly between about 25 and 60 percl~nt. Beyond an
open area of about 60 percent, practically no increa:,e in efficiency
is obtained. For practical purposes, a percentage of open area of
about 15 percent is acceptable and easily obtained ,vith many
commercial screens, although not with perforated casing. If at
least 15 percent of open area cannot be obtained, other criteria
may have to be modified to maintain the maximum 0.03 meter
(0.1 foot) per second entrance velocity. This velocit:V may be
obtained by increasing the diameter or length of th4;) screen or
perforated casing used and, hence, the total open area for any
pattern of perforations.

Peterson et al. (1953), and Vaadia and Scott (195,8)
experimentally determined a relationship among the length, head
loss, and diameter; percentage of open area; and the type of slot of
a screen. Their findings, however, have limited usefulness under
field conditions.

The percentage of open area in slotted pipe rangf~s from about
1.0 percent for 0.50-millimeter (0.020-inch) slots to about
12 percent for 6.25-millimeter (0.250-inch) slots in slotting patterns
which do not seriously weaken the pipe. Punched or slotted
screens have open areas between 4 and 18 percent, depending upon
pattern and size of slots. Open areas of louvered sl~reen range
from about 3 percent for 0.50-millimeter (0.020-inch) slots to about
33 percent for 5.0-millimeter (0.200-inch) slots. The open area of
cage-type wire wound screens ranges from about 2 percent for
0. 15-millimeter (0.006-inch) slots to as much as 62 percent for
3.75-millimeter (0.150-inch) slots.

6-8. Screen Slot Sizes and Patterns.-Uniform axial flow of
water in a pipe is characterized by a stagnant zonE: at the wall of
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the pipe, and velocity and turbulence increase toward the center of
the pipe. Conditions in a screen are different, however, because a
screen performs as a header or collector in which each perforation
operates as a radially directed jet.

As a result of this jet inflow, the stagnant layer is absent or only
partially present, and velocity of the axial flow is not uniform but
increases from the bottom of the screen to the top. This
distribution of flow has not been studied thoroughly, but with
screens of the same diameter and equal percentage of open area,
the one with the smaller and more numerous slots can be assumed
to have lower velocity of flow through the slot and the smaller
head loss. Parallel-sided slots such as are found in many saw- or
machine-perforated casings appear to be the least efficient type of
orifice. In addition, they are more subject to clogging by sand
grains. The thinner the edge, the more efficient the slot; thus, the
V -shaped slot found in most wire-wound screens and on some
perforated pipe has a small hydraulic advantage in addition to its
self-cleaning properties. Furthermore, a sharp, clean, smooth slot
edge not only contributes to better hydraulic efficiency, but also
may reduce the rate of corrosion and encrustation.

The convergence of flow lines and continual acceleration of the
water in radial flow to a well have been discussed previously
(section 6-2). The spacing of screen slots can add measurably to
the convergence. With two screens having equal open area, the
one with large, widely spaced slots will require more convergence
of flow lines and greater acceleration of the streamflow through the
aquifer to the well, with a consequent greater loss of head than
would be experienced with the one having small, closely spaced
slots (see figure 6-15).

u se of very fine slots results in a small percentage of open area
even in wire-wound screens. In addition, the small cross section of
the slots results in high friction losses and may tend to promote
encrustation. Slot sizes of 0.15 to 0.50 millimeter (0.006 to
0.020 inch) generally should be limited to use in small, low-
capacity wells. A gravel pack is advisable in large-capacity wells if
a slot size smaller than 0.75 millimeter (0.030 inch) would be
required to stabilize the base material.

6.9. Gravel Packs.- The theory of gravel packs holds that
surrounding the screen with a more permeable material than the
aquifer increases the effective diameter of the well. Because the
theoretical permeabilities of packs may be from 10 to 1,000 times
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Figure 6-15.-Distribution of flow to well screens.

as large as that of the aquifer, this theory is true. The high
permeabilities may also effectively increase the well screen opening
percentage to some degree. In gravity flow pipe drains, a properly
designed gravel pack theoretically has the effect of converting the
pipe from one with limited openings to one that is completely
permeable. Because gravity flow drains have muc]tllower entrance
velocities, the theory probably does not hold equally for wells but
logically, some benefit would exist. Doubling the E:ffective diameter
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of the well in conjunction with other benefits of a gravel pack may
increase the well yield by as much as 25 percent (Bureau of
Reclamation, 1986). If the aquifer were sufficiently thick, a similar
increase possibly could be obtained much more inexpensively by
increasing the depth of the well. Gravel or sand packs are useful
to minimize sand pumping in unconsolidated or semiconsolidated
materials where fines or fine sand are present.

Where gravel packing is required, the grain size of the pack
should be uniform and as large as possible commensurate with
stabilization of the aquifer and ease of installation. The screen slot
size should permit only a small percentage of the pack material to
pass, and the pack should consist of firm, well-rounded grains. All
these factors together with a low entrance velocity contribute to
better hydraulic efficiency (see section 11-11). Thin gravel or sand
packs may also be used in consolidated materials where sloughing
of sides of the well bore is a possibility. The gradation should be
sufficiently coarse that no more than 5 percent will pass through
the screen slots. Proper development of the well will remove most
of these fines before the permanent pump is installed.

Gravel pack design is described more completely in section 11-11.
The thickness of the gravel pack is limited to a practical dimension
that allows both proper placement and the effective removal of the
rigid (impervious characteristics of the wall) cake by the water
jetting well development method. The practical gravel pack
thickness ranges from a minimum of 75 millimeters (3 inches) to a
maximum of about 150 millimeters (6 inches) (Bureau of
Reclamation, 1986).

6-10. Well Efficiency .-Well efficiency is a function of the loss
of head resulting from flow through the screen and pack and
axially in the well to the pump. Thus, in a lOO-percent efficient
well, all drawdown results from head losses in the aquifer and
would be unrelated to the presence or design of the well. A
reasonably accurate method is available for estimating the
efficiency of a fully penetrating artesian well with lOO-percent
open holes if values of r w' are known, and T and S of the aquifer
are also known. In such a well, values of the measurable
drawdown, Sm and t, can be determined from a pumping test. By
inserting the values of T, S, r w' and time (t) in the nonequilibrium
equation, the theoretical drawdown, Sc, can be computed. The
efficiency then would be the computed drawdown, sc, divided by the
m~as\lred drawdown, Sm' times 100, or



GROUND WATER MANUAL176

s
E = c

s
m

If, however, the well does not have lOO-percent open hole, the
effects of partial penetration and anisotropy are difficult or even
impossible to determine, but may have a major influence on the

computed efficiency.

The problem is even greater for a well in an unconfined aquifer .
Not only is the result influenced by the value of r w' but drawdown
negates the effectiveness of lOO-percent open hole e'ven if used.
Furthermore, anisotropy may have an adverse effec1G regardless of
the percent of open hole, and the effects may be compounded if the
well does not fully penetrate the aquifer .

Therefore, any attempt to accurately determine well efficiency
appears to be futile unless conditions are ideal. The most practical
procedure is to apply the theoretical and empirical factors accepted
as being good design practice in conjunction with aclequate well de-
velopment and disregard theoretical well efficiency :!lS a significant
factor.

A step test analysis and determination of the apparent efficiency
by the methods of Jacob (1947) and Rorabaugh (1953) may be
useful in comparing variations in apparent efficiency of an
individual well with time as an aid in recognizing deterioration
and possible need of rehabilitation (see subsection 5,-14(a)).
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« Chapter VII

ARTIFICIAL RECHARGE, ARTIFICIAL STORAGE AND

RECOVERY, AND SUBSIDENCE

7-1. Introduction.-Artificial recharge can be defined as any
process by which man fosters the transfer of surface water into the
ground-water system. Usually, this augmentation of the natural
movement of the surface water into the subsurface formations is by
some method of construction. Purposes for artificial recharge
include:

.Ground-water {well field) management

.Reduction of land subsidence

.Renovation of wastewater

.Improvement of ground-water quality

Storage during periods of high or excessive surface flow

Reduction of floodflows

.Increased well yield

Decrease in size of the areas needed for water-supply
syRtems

.Reduction of saltwater intrusion or leakage of mineralized
water

.Increase of streamflow

Precipitation storage

Secondary recovery of oil (Pettyjohn, 1981)

Artificial recharge projects also serve as a mechanism for water
conservation.

A successful artificial recharge project consists of two critical
elements: (1) a dependable supply of acceptable quality water, and
(2) a thorough understanding of geologic and subsurface hydrologic
conditions. Artificial recharge can greatly enhance water
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availability when integrated into a basin management program.
Artificial recharge of ground water can be accomplished through
surface spreading (infiltration) basins, through injection wells, or
through shallow shafts which penetrate a cap layer. Infiltration
basins can be used where soils are permeable and aquifers are
unconfined. Recharge wells can be used in either lmconfined or
confined aquifers, and shafts supply unconfined aq'llifers as the
shafts terminate above the water table. In all cases, quality of
recharge water can greatly affect the success of the: project.
However, in many cases, reclaimed wastewater ha~; successfully
been used for recharge.

Artificial recharge can be used for general aquifer recharge or for
temporary storage in specific localities. The latter is generally
termed artificial storage and recovery (ASR). Studies indicate that
"bulbs" of injected fresh water can be stored in saline aquifers.

In areas of newly constructed reservoirs, recharge of ground
water can occur through bank storage as water fro:m the reservoir
gradually seeps into formerly unsaturated formations, sometimes
causing land damage or structure instability. In the past, this
recharge was considered detrimental because it resulted in losses
in surface reservoir storage; however, in recent yea,rs this recharge
has been recognized as a valuable opportunity to integrate water
resources management options under certain conditions.

7-2. Surface Spreading.-

(a) General.-Surface spreading generally takes place through
temporary (seasonal) or permanent ponds constructed in alluvial or
other highly permeable deposits. They may be constructed in-
stream or off-stream. In-stream ponds are often designed to store
only flood water. Temporary berms may be constrlilcted using
earth dams which wash out during floodflows or rlLbber dams
which can be deflated during times of excessively high or low flows.
Flashboard dams can also be constructed.

Recharge basins should be located where the wa1;er table is of
sufficient depth to preclude the intersection of a water-table mound
with the basin floor. In addition, the material below the basin
should be fairly uniform because perched ground-water mounds
can develop above layers of low hydraulic conducti'{ity (Schuh and
Shaver. 1988b).
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(b) Earth Dikes.-Where earth dikes can be constructed from
river bottom material, they can be constructed relatively
inexpensively. Normal operating flows can be regulated with a
gated bypass pipe installed beneath one end of the dike. Operation
of dikes with bypass valves requires at least daily checking of
water levels and flows with necessary gate adjustments (Lenahan,
1988). Thus, labor costs should be evaluated to determine cost
effectiveness of this construction.

(c) Rubber Dams.-Rubber dams on concrete foundations can be
designed to conform to the flood channel when deflated, so they can
be used for year-round operation. They may be filled with water,
air over water, or air only. The choice of filling medium is related
to dam height and differences in deflation rate and characteristics.
Water-filled dams lower at about the same rate along the entire
length of the dam, resulting in fairly uniform flow across the entire
channel. Air-and-water or air-filled dams usually have a "V" notch
near the center of the dam which causes a concentration of high-
velocity water at this location. This high flow may necessitate the
installation of features to control erosion or hydraulic jump
(Lenahan, 1988).

(d) Flashboard Dams.-A flashboard dam requires a concrete
foundation and vertical guides to hold the flashboards in place.
They have the advantage of being less subject to vandalism than
rubber dams. However, the boards and guides must be removed
prior to the flood season (Lenahan, 1988). Where flash floods are
unpredictable, flashboard dams may not be suitable.

(e) Estimates of Infiltration Rates.-Water infiltrating to the
water table must displace almost an equal volume of air. The rate
of infiltration is influenced by the flow of air ahead of and the
entrapment behind the advancing wetting front, and therefore can
vary with time. The flow of air also influences the shape of the
wetting front. Initial water content of the soil also has a
pronounced effect on the wetting front penetration, even in
relatively deep layered soil profiles.

Most recharge areas concentrate a large volume of infiltrating
water in a small area. As a result, a ground-water mound
develops beneath the area. As the recharge starts, the mound
begins to grow; when the recharge ceases, the mound disintegrates
as th~ wat~r spr~ads throughout the aquifer (Fetter, 1988).
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This growth and disintegration of the mound can be described
using math or a digital computer model; it can als<J1 be used to
evaluate the impact of the recharge on the water table (Fetter ,
1988).

The presence of a ground-water mound below the recharge
facility will not affect the infiltration rate provided the water-table
mound and associated capillary fringe remain belo,~ the bottom of
the recharge basin {Schuh and Shaver, 1988b).

Under conditions where the water table is 5 to 10 meters (15 to
30 feet) below ground surface, the wetting front callSed by artificial
recharge is sharp and migrates downward with time. The water
content behind the wetted front may not be at its llighest possible
value, but it is essentially constant behind the front for most of the
profile. As the front migrates downward, it also moves laterally,
and as it approaches the water table, its width, 28' is greater than
the width, 28, of the basin. Under these conditions, the
infiltration rate, I, can be calculated by the Green .and Ampt
formula:

I=K~

Zj

7-1

where:

K = unsaturated hydraulic conductivity at a given water
content

Hc = effective capillary drive (a measure of the soil capillary pull
expressed as an equivalent depth of water )

H = water depth in the basin
zr = depth of the sharp wetting front

When H is 0.3 meter (1 foot) or more, Hc is insig.t1ificant, and
even for shallower basin depth, Hc quickly becomes negligible
compared to Zf. While infiltration continues, recharge does not
occur until the wetting front reaches the water tabJe. For practical
purposes, the soil can be assumed to be saturated and the
saturated hydraulic conductivity can be used (Morel-Seytoux,
1985). When the water supply to the basin floor iEi discontinued,
infiltration ceases, but the water in storage in the vadose zone
continues downward, although usually at a slower rate. The
wetting profile is also redistributed. Changing infilltration rates
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caused by clogging can be determined using a flagged grid in the
recharge basin to visually map water advance with time (Patch
and Schuh, 1993).

Research indicates that organic mats can be effective in
increasing infiltration rates of turbid water and in actually
increasing the unsaturated hydraulic conductivity of the soil.
However, fines may penetrate more deeply into the soil when
organic mats are used, which could require deeper and more
expensive renovation of the basin at a later time {Schuh and
Shaver, 1988a, and Schuh, 1991).

(f) Effect of Water Depth.-Infiltration rate may not always be
related to water depth. Conditions at the site as well as water
quality must be evaluated to determine optimum depth of water.
If the ground-water table is above the bottom of the basin, an
increase in water depth can increase infiltration rates because of
the increased gradient from the basin outward. However, where
the ground-water table is located below the base of the basin,
applying Darcy's law shows tha1; little change occurs in infiltration
rate (Bouwer, 1988).

Equation 7 -I, shows that as Zr increases, the effect of water depth
decreases and eventually becomes negligible. However, where the
soil has materials of low hydraulic conductivity overlying material
of higher hydraulic conductivity" zr is limited by the depth of the
low-conductivity material {Schuh and Shaver, I988b).

Where a well-developed clogging layer overlies the entire wetted
perimeter, the entire head caused by increased water is dissipated
over the entire clogging layer, and flow through this layer in-
creases in relation to head, other factors being equal. However ,
problems can develop as a result of increased depth.

Seepage rate across a clogging layer can be decreased by
compaction of the clogging layer caused by an increase in head. In
addition, increased water depth may reduce the rate of turnover of
water in the basin, contributing to algal growth. Increase in algal
concentration can increase uptake of carbon dioxide from the water
for photosynthesis, increasing the pH of the water. At a pH of 9 or
10, calcium carbonate precipitates out and accumulates on the
bottom, further reducing infiltration rates (Bouwer, 1988).
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(g) Basin Management Techniques.-Basin mana~rement
techniques to optimize recharge and minimize replalcement
expenses include: (1) natural methods such as rainfall, shrink-
swell, freeze-thaw; (2) cleaning or removal of soil materials;
(3) tillage of basin floor; (4) filtration; (5) flocculation of sediment;
and (6) management of the ponded depth (Schuh and Shaver,
1988b). Wet-dry cycles are often used as a management tool to
reduce clogging and maintain infiltration rates. Af1Ger the surface
material has dried out, scraping, disking, or both, IJlay be used to
remove surficial fines, algal or other organic material, or mineral

deposits.

7.3. Injection Wells.-In contrast to surface water, artificial
injection wells are generally more expensive to construct and
maintain but can tap deep aquifers and do not require as much

space.

Injection wells generally require very careful construction
because of the proclivity to clogging. Careful desigJl and
installation of filter pack are especially important because clogging
of the filter pack or borehole wall can greatly reduce injection
potential and cause increases in head at the well. The well screen
open area and screen length should be optimal {about twice as long
as for a withdrawal well pumping the same volume~ of water)
{Driscoll, 1986). In many ASR projects, a single w(!ll is used
alternately for injection and pumping. This procedure aids in
flushing out any fines that might be injected into the filter pack or
aquifer. The reversal in direction in flow in dual-use wells could
lead to a decrease in pore space, which would lower the
permeability of the aquifer in the immediate vicini1;y of the well.
However, this situation rarely occurs, and its influence on the rise
in the injection head is small {Huisman and Olsth(],orn, 1983).

In projects involving only injection, periodic pum]ping may be
necessary to remove fines. Such wells may be constructed with a
two-way bypass pipe to allow recharge, sampling, amd
redevelopment. Huisman and Olsthoorn (1983) report that
back pumping for 5 to 15 minutes at about the same capacity as the
injection rate removes about 80 percent of the increase in the
injection head, and pumping at 3 to 5 times the injection rate
removes about another 10 percent of the head.

Injection wells should be designed to be as efficient as a typical
high-capacity well. Many of the same assumptions, used to derive
the equations describing pumping wells are applicable in
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calculating the pressure buildup over time in injection wells
CDriscoll, 1986). The pressure buildup cone in an injection well is
opposite of the drawdown cone in a pumping well.

Clogging can also occur in injection wells because of:

.Entrained air in the recharge water

.Microbial growth in a well

.Chemical reactions between the recharge water and the
native ground water

Chemical reaction between the recharge water and the
aquifer material

.Ionic reactions resulting in dispersion of clay particles

.Swelling of colloids in a sand and gravel aquifer

Iron precipitation

Biochemical changes in the recharge water and ground
water involving iron- or sulfate-reducing bacteria

.Differences in temperature of recharge water compared to
aquifer water (O'Hare et at., 1986)

Control of entrained air can generally be done by altering the
injection procedure. Removal of chemical deposits and microbial
material may require brushing or jetting the screen or chemical
cleaning (see chapter XVI).

Where recharge into confined aquifers is proposed, an evaluation
of the effect of injecting large quantities of water into the aquifer
must be made. Unless transmissivity of the aquifer is very high, a
pressure buildup may occur in the vicinity of the well or well field.
If sufficiently high, this pressure could result in inadvertent
hydrofracturing of overlying or underlying confining beds which
could lead to leakage from or to the aquifer .

7.4. Conjunctive Wells.-A conjunctive well is screened in both
a shallow unconfined aquifer and a deeper aquifer. When ground
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water is pumped from the deeper aquifer, the potentiometric
surface is lowered and water can drain from the shllllow aquifer
into the deeper aquifer (O'Hare et al., 1986).

Use of such a method requires careful analysis of potential
contamination. Also, State or local laws may preclude mixing of

two aquifers.

7.5. Shafts.-A shaft is a well-like opening, usu~uly made by
dry excavation, which terminates above the water table. It can be
used where a low-permeability, near-surface layer E:xists which
would make a recharge basin infeasible, or where umd costs for
recharge basins would be prohibitive. Shafts require clean water
because the only way to clean the recharge surface is to remove
more sand from the cavity. Shafts with cavities mined at the
bottom are effective ways to recharge clarified runoff water from
playas (Hauser, 1988).

7-6. Horizontal Wells.-Where a thin aquifer is located under
a low-permeability near-surface layer, horizontal wells may be
preferable to shafts. Construction of horizontal recharge wells is
similar to that for horizontal drains (section 13-5). Horizontal
wells or drains have also been used to disperse recharged water in
a shallow aquifer. Dispensing the recharged water over a larger
area effectively increases the storage volume of the aquifer (Bureau
of Reclamation, 1992).

7-7. Aquifer Storage and Recovery.-Aquifer storage and
recovery involves injecting treated drinking water into a suitable
storage zone during times when available water supply and
treatment capacity exceed the system demands. When demand
exceeds conventional supply or treatment capacity, the stored
water is pumped out, chlorinated, and pumped into the
distribution system (pyne, 1988). This metilod can considerably
reduce capital costs for additional surface st;orage or water
treatment facilities which would otherwise be required to meet
needs in times of high demand.

Three principal criteria govern the site-specific feasibility of ASR

(Pyne, 1988):

.A seasonal variation in water supply, water demand, or
both, typically with the ratio of maximum to average day
demand exceedin~ 1.3.
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.A reasonable scale of water facilities capacity, generally
anaverage demand of 11,000 m3 (3 mgd) or greater.

.A suitable storage zone, generally one with a transmissivity
greater than 185 m2/day (2,000 ft2/day), leakance less than
2 x 10-3/day, and total dissolved solids less than 4,000 mg/L.

Although most ASR projects are located in fresh water aquifers,
injection into deep saline aquifers is also used. Water pumped into
such aquifers does not immediately mix with the native ground
water, but forms a bubble or cylindrical-shaped body of injected
water around the well. Experiments have shown that recovery of
injected water is 35 to 75 percent, with retrieval efficiency
increasing with increasing number of injection and retrieval cycles
(O'Hare et al., 1986.)

Because the water injected for ASR has generally been
chlorinated, concern has existed regarding the fate of chlorinated
disinfection byproducts (DBP's), particularly trihalomethanes
(THM's). Additional concern has been expressed over the fate of
DBP precursors present in the finished water when it is stored in
the aquifer and the effect on subsequent DBP formation when the
recovered water is rechlorinated. Observations at several ASR
sites indicate that THM's and haloacetic acids (HAA's) are removed
from chlorinated water during aquifer storage. Elimination of
residual chlorine during aquifer storage results in biodegradation
of biodegradable organic material (BOM) and lowers the DBP
formation potential of the stored water (Singer et al., 1993).

7-8. Use of Reclaimed Wastewater for Recharge.-In using
wastewater to recharge aquifers, many engineering issues need to
be addressed, such as:

.The quality of the wastewater source

.Storage prior to treatment

.Specifications of treatment processes and design criteria

.Process redundancy requirements

.Parameters affecting plant process control and operation

.Storage of treated {reclaimed) water prior to use

.Operation and maintenance criteria

The principal barrier to ground-water recharge with reclaimed
wa8tewater appear8 to be neither technical nor economic, but
institutional (Asano, 1985). The source of water for artificial
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recharge includes precipitation, flood or other surplus water ,
imported water, and reclaimed water. Most of the imcreasing
attention has been focused on the use of reclaimed municipal
wastewater. However, because of the increasing <:oncern that low
concentration of stable organics and heavy metals rnay cause long-
term health effects, and because of the potential presence of
pathogenic organisms in reclaimed wastewater, r~~c]tlarge
operations with reclaimed wastewater normally entail further
treatment following conventional secondary treatrnent (Asano,
1985). Health considerations are the governing fac'tor in use of
reclaimed wastewater for recharge. Constituents o:f concern
include trace organics, inorganics (particularly hea,ry metals),
microorganisms, and radionuclides. The source oj[ 'l{astewater may
affect feasibility of recharge. Areas where indust]ry supplies a
significant portion of wastewater may be unsuitable because of the
probability of relatively high concentrations of heavy metals and
organic chemicals.

Soil-aquifer treatment (SAT) can be an effective: means of
providing final treatment for recharged wastewater. Studies by
ldelovitch and Michail (1985) indicated that if soill~onditions are
favorable, SAT is usually very effective in removin!~ organic
compounds, detergents, phosphorus, and a number of metals;
however, nitrogen and boron may not be effectively removed. The
sodium absorption ratio (SAR) may increase beca'll~;e of recharge.

Planning for recharge using wastewater is usually considerably
more complicated than for using fresh water. State and local
agencies may have regulations for recharge of municipal
wastewater. Legal questions as to ownership of the wastewater
may arise, particularly where a central treatment plant serves
several communities or where discharged water has previously
been discharged to a stream. In addition, underg:round flow may
differ in direction from surface flow, and recharged water could
possibly flow out of the basin of intended use. Extensive
investigations may be necessary before approval for recharge
projects using reclaimed wastewater can be obtained from the
agencies involved. Studies should provide good information on
degree of dilution from natural ground water, resiclence time of
reclaimed water underground, unsaturated zone flow, and ground-
water quality. Contingency plans should be developed to specify
alternative measures to supply water in the event the mixed water
is determined to be unsuitable for human consumption. Extensive
chemical monitoring of preinjection and in situ ground water will
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be required. Considerable public relations work may be necessary
to assure the public that they will not be endangered by the
proposed activities.

Reclaimed water should be thoroughly disinfected prior to
injection or percolation. Ozonation can be very effective without
producing the byproducts produced by chlorination. However ,
dechlorination shortly after adding chlorine to the final plant
effluent may minimize the formation of chlorinated hydrocarbons
(California, State of, 1987). Recharge using injection wells may
require considerably more treatment than that required for
recharge in basins because of the detrimental effects of clogging on
wells. Locations for recharge ponds should be selected to be
distant from drinking water-supply wells.

7.9. Effects of Water Chemistry.-Effectiveness of artificial
recharge is highly dependent upon water chemistry, including
turbidity, microbial activity, ion-exchange reactions, and
precipitating constituents such as calcium carbonate, pH, and
temperature.

(a) Turbidity.-Even a small amount of turbidity can result in
clogging of the basin floor and walls or the filter or aquifer
material surrounding an injection well. Although fines settling in
a recharge basin can generally be scraped off during rehabilitation
work, fines clogging a recharge well generally result in permanent
damage and even destruction (Hauser, 1988).

(b) Microbial activity.- Primary causes of biological clogging are:
(1) biomass formation, (2) solid microbial byproducts, and (3) gases
formed during photosynthesis and respiration (Schuh and Shaver,
1988b). Disinfecting the influent water may not be effective in
reducing microbial activity because resistant populations may
develop. Mineral precipitates, particularly iron and manganese,
may develop beneath the surface oxidized zone because of
anaerobic respiration or the formation of H2S during the reduction
of sulphur. Intermittent rest periods which allow for
decomposition of solid microbial products and for venting of gases
may reduce or eliminate microbial clogging. Oxygen production by
algae may cause diurnal decreases in basin hydraulic conductivity,
although in some cases oxygen may aid in renovating the basin
and increasing recharge. Gases formed by anaerobic respiration
may also impede flow. Denitrification can also cause clogging
(Schuh and Shaver, 1988b).
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Proper management and operation of recharge basins can
significantly reduce losses in hydraulic conductivity caused by
clogging. Bacterial clogging is more apt to be a pro'blem in
injection wells where bacteria are more difficult to detect and
bacterial clogging of aquifer or filter material as well as screen can
occur. Although chlorination may be effective, in some cases it
may actually compound the problem, and other methods, such as
sulfamic acid or even proprietary treatment, may be necessary .
Methods of treatment are more fully described in chapter XVI.

(c) Precipitation.-Generally, mineral precipitation is not a
problem in recharge basins (Schuh and Shaver, 198,8b). However,
in some areas calcium carbonate may cause clogging of injection
wells. Acid or mechanical treatment may be neces~:ary to restore
the open area of screen (see chapter XVI).

7-10. Recordkeeping.-Accurate records are essential in
artificial recharge projects to aid in evaluation of effectiveness of
the project, provide information on water in storagE!, protect
against ground-water contamination, and protect the owner in the
event of a lawsuit. Monitor wells for water levels and water
quality should be used both within and, if possible, adjacent to the
site. Monitor wells should extend through the aquifer being
recharged unless they are excessively deep. If an underlying or
overlying aquifer is present, it may be advantageous to monitor
that aquifer also, particularly where treated waste,vater is being
recharged. The total number of monitor wells will depend on
conditions at the site, quality of the recharging wat~er, and
proposed use of recharged water .

7-11. Governmental Regulations.-A number of States have
developed, or are developing, rules and regulations for injection or
extraction of artificially stored water. Requiremen1;s may involve
water quality, spacing of wells, location of injection wells relative
to domestic water-supply wells, and monitoring we]ll installation
and analy;;is. Using reclaimed wastewater has a number of effects
on water quality as well as on water right issues.

7.12. Modeling Techniques.-Numerical mode:ling is not
generally used for recharge basins because the equations involved
are fairly simple, and the variations of hydraulic conductivity with
different percentages of saturation of soil makes numeric models
very complicated and results open to question. Ho'Never, numeric
modeling can be a valuable tool in evaluating well-field recharge.
A number of computer models have been developedl which can be
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used to estimate effects of recharge from well fields. MODFLOW
has been widely applied to such studies; however, many
proprietary models are also readily available. A three-dimensional
model (e.g., MODFLOW) has also been developed for recharge
problems.

7-13. Subsidence.-Subsidence is the sinking of a large area of
the earth's crust, usually because of the compaction of fine-grained
sediments in the aquifer system resulting from head decline, and is
not noticed by most residents because it occurs so gradually and
over a broad area. Compaction and subsidence are directly related
to a change in effective stress, which is caused by a decrease in
water levels. A permanent reduction of artesian pressure will
cause some compaction of fine-grained sediments considerably
above and below the aquifer {Davis and DeWiest, 1966).

Because of the slow drainage of fine-grained deposits, subsidence
at a particular time is more closely related to past water-level
change than to current change (e.g., in California, ground-water
withdrawals increased greatly until large imports of surface water
through various canals occurred, but even though water levels in
the area started to rise, the rate of subsidence began to decrease
3 years later).

The depositional environments at various subsidence sites are
varied, but the one common feature is that a thick sequence of
unconsolidated or poorly consolidated sediments form an
interbedded aquifer-aquitard system (Freeze and Cherry, 1979). It
should come as no surprise to find that the process of aquitard
drainage leads to the aquitard compaction, just as the process of
aquifer drainage leads to compaction of the aquifer. Because the
compressibility of the clay is 1 to 2 orders of magnitude greater
than the compressibility of sand, the compaction of the aquitard is
much greater than that of the aquifer, but because the hydraulic
conductivity of the clay may be several orders of magnitude less
than that of the sand, the compaction process is much slower in
the aquitards than in the aquifers (Freeze and Cherry, 1979).
Once the aquitard is dewatered, the effective rebound is only about
one-tenth the amount that it has been compressed (Freeze and
Cherry, 1979).

Extensive problems can be caused by subsidence. Ground-water
storage capacity is permanently destroyed because the voids are
collapsed, which results in reduction in specific yield. Elevations
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determined by expensive surveys must be re-established
periodically and topographic maps must be redrawn" Flow in
canals and rivers may become sluggish because of the already low
gradients by subsidence. If a well extends below the major zones
of subsidence, the bottom of the casing will remain eitationary
while the overlying material settles downward, the resulting stress
will commonly collapse the casing. Piles for buildinJ~s and other
structures (canals, bridges, pipelines, highways, etc.) often remain
stationary as the ground surface subsides (Davis allld DeWiest,
1966).

Several types of subsidence exist in California, wh.ere most of the
subsidence in the United States has occurred. Subsidence caused
by decline of water levels, extraction of oil and gas, 'Dxidation of
peaty sediments, and hydrocompaction have been documented
(Prokopovich and Marriott, 1983). For Federal Cen1;ral Valley
Project canals in the State, the approximate cost of design
modifications and rehabilitation due to subsidence amounts to
some $41 million in 1983 (Prokopovich and Marriott;, 1983).

Land subsidence caused by ground-water withdra"Nal began in
the San Joaquin Valley in the mid-1920's and locall:,,! exceeded
8.4 meters (28 feet) by 1970. By 1977, subsidence reached a
maximum of 8.9 meters (29.6 feet) in western Fresno County
(Ireland et al., 1984). Subsidence rates increased gJ.eatly until
surface water was imported through major canals a[ld aqueducts in
the 1950's and late 1960's.

Irrigation canals are frequently affected by land subsidence;
therefore, monitoring subsidence is essential for operation,
maintenance, and possible rehabilitation of canals. An inexpensive
technique to measure subsidence along canals was described by
Prokopovich and Hall (1983). Canals can be divided into pools by
check structures which are designed to control or stop waterflow by
the manipulation of check gates. The depth of the ,'.ater in the
canal is measured at the upstream and downstream ends of all
pools with check gates completely closed. The difference of depth
at the downstream and upstream ends of each pool corresponds to
the invert gradient of the pool and is constant in stable areas.
Changes reflect the amount of subsidence during the time interval
between consecutive sets of measurements (Prokopovich and Hall,
1983).

Texas has also had severe subsidence from ground-water
overdrafts in the Houston-Galveston area. As much as 3 meters
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(10 feet) of subsidence occurred between 1906 and 1978, but
2.7 meters (9 feet) of this subsidence occurred between 1943 and
1978 (Gabrysch, 1982). Other subsidence problems exist in
Arizona, Wyoming, Montana, Idaho, Nevada, and Washington. In
Arizona, mining ground water has created a fault, and subsidence
faults are also found in Idaho, Nevada, Texas and California
(Coates, 1981). The United States is not the only country afflicted
with subsidence from ground-water pumping; Mexico City, Venice,
and cities in England and Japan have also experienced problems
(Coates, 1981).

Predictive simulation models can be developed to relate possible
pumping patterns in the aquifer-aquitard system to the subsidence
rate that will result (Freeze and Cherry, 1979). Analytical flow
models can be used to analyze time-dependent increases in
effective pressure or ultimate and time-dependent subsidence or
rebound.
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«Chapter VIII

PUMPING TES1-S TO DETERMINE

AQUIFER CHARACTERISTICS

8-1. Methods for Estimating Approximate Values of
Aquifer Characteristics.-In practically all ground-water
investigations, data are required on the aquifer characteristics,
transmissivity, storativity, and boundaries. Several methods of
making such tests with various degrees of accuracy are available

When inventorying existing wells, the data collected often
include yield and drawdown, from which specific capacity values
may be determined. Section 9-17 discusses methods of estimating
the transmissivity of aquifers from such specific capacity data.
The procedure is basic but must be used with judgment because
well yield depends on several factors, some of which are not readily
determinable. When using this method, similarly constructed wells
should be grouped together and actually tested for yield and
drawdown, if possible.

When wells are equipped with meters or weirs, discharge can be
measured easily. Even when not metered, the discharge of wells
yielding less than 400 liters (100 gallon) a minute can be readily
measured with sufficient accuracy by using a calibrated bucket or
drum and a stopwatch. Most wells are not metered, and those
having larger discharges are the most significant. Several
convenient methods of measuring approximate well discharge with
a minimum of equipment are described in the Bureau of
Reclamation Water Measurement Manual (1981).

Static water levels in wells in the vicinity of the test should be
measured during the test and after wells have been shutdown for
some time, preferably 12 hours or more. If this condition cannot be
realized, the status of such wells should be recorded.

Other methods of estimating approximate values of permeability,
transmissivity, and sometimes storativity, include bail tests, slug
tests, and analyses of cyclic pumping or natural ground-water
fluctuations. They are described by Ferris et al. (1962) and
Lohman (1972). However, these methods are either of limited
applicability or the results are of questionable accuracy. Theyare
mentioned only as possible alternatives when other methods are
not available.
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8-2. Controlled Pumping Tests to DeterminE' Aquifer
Characteristics.- The most accurate, reliable, ancl commonly
used method of determining aquifer characteristics is by controlled
aquifer pumping tests. Before performing such a p1llmping test,
personnel should be acquainted with the contents of chapter IX of
this manual. The number of pumping tests required is determined
largely by the size of the area, the uniformity and homogeneity of
the aquifer or aquifers involved, and known or suspected boundary
conditions. One test is usually accurate for a small area, but in an
extensive area, several tests may be necessary. A reasonably
sophisticated test may cost from $2,000 to $10,000 (in 1995
dollars), not including the cost of the well or treatment of discharge
waters, so every effort should be directed toward obtaining a
maximum amount of accurate and reliable data.

8-3. Types of Aquifers.- The investigations diE:cussed in
chapters II and IX will permit determination of the type of aquifer
or aquifers and the interrelationships which may be involved at a
particular test site. These factors should be considered in planning
pumping tests.

(a) Unconfined Aquifers.-Relatively thin aquifers located at
shallow depths are readily tested because test wells and
observation wells may be drilled economically to fully penetrate the
aquifer. Observation wells may be located short distances from the
pumped well; thus, field measurements are easily and quickly
made. Long-term pumping is generally not required to obtain
usable drawdown measurements. The testing for cleeper thin
aquifers is similar except for the increased cost of 1;he deeper holes
and pump setting.

Problems arise when the aquifer is excessively thick, 30 meters
(100 feet) or more, and the water table is deep. E>:isting wells may
not fully penetrate the aquifer, and the cost of drilling fully
penetrating observation wells and a test well may not be
economically justifiable.

When a pumping well does not fully penetrate aJ:l unconfined
aquifer, the distorted flow pattern to the well is accentuated and
the distance to observation wells should be adjustE:d accordingly
(see section 8-4).

(b) Confined Aquifers.-A confined aquifer will often be overlain
by an unconfined aquifer from which it is separate,d by a confining
laver. The unconfined aquifer should always be cased off in the
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pumping and observation wells. If the confined aquifer is not
excessively thick, the well should be screened for the entire
thickness of the aquifer. The nearest observation well should be
located at least 7.5 meters (25 feet) from the pumping well and
should penetrate and be screened in the upper 10 percent of the
aquifer at a minimum. The water level in the pumping well
should not be allowed to fall below the bottom of the upper
confining bed during an aquifer test.

In a thick, confined aquifer where drilling a fully penetrating
well would not be economical, a similar relationship holds
regarding the location and depth of observation wells as described
above for an unconfined aquifer. However, the area of influence in
an artesian aquifer expands more rapidly than in an unconfined
aquifer, and the distance to the nearest observation well is not as
critical from the standpoint of pumping time to obtain measurable
drawdown.

In a confined aquifer, partial penetration by a discharging well
may be compensated for by spacing the observation wells an
adequate distance from the pumping well, but the relationship of
twice the aquifer thickness times the square root of the
permeability ratios described in section 8-4 applies. Another
method is to use two piezometers at each distance with the closest
pair located at least one-half the aquifer thickness from the
pumped well. One of the piezometers in each pair is open to the
upper 10 percent of the aquifer and the other to the lower
10 percent. The average of the drawdowns in each pair of
piezometers is used as the effective drawdown at each distance. If
the pumping well is screened through the midsection of the
aquifer, the same arrangement may be used as was described
previously for an unconfined aquifer under similar conditions, or a
piezometer point may be set at the same elevation as the midpoint
of the screen.

(c) Composite and Leaky Aquifers.-Many areas are underlain by
an unconfined aquifer and one or more confined aquifers. The
confining layers may vary from practically impermeable to
moderately permeable as compared to the aquifers. In the latter
case, interchange of water between aquifers may occur depending
on the pressure differences which exist among them. Under such
conditions, each aquifer should be pump tested separately. The
pumping well should be cased through the untested sections and
should be screened through the entire thickness of the tested
aquifer. Observation wells and piezometers should be set to
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conform with the design of the pumping well. In te,sting such
aquifers, the semilog straight-line plots of time or dlistance against
drawdown to determine the length of the test may tlot apply, and if
the test is run sufficiently long, the plot may become a line of zero
drawdown. The field data are analyzed as described in section 9-8.

(d) Delayed Drainage.-Consideration should also be given to the
nature of the aquifer and the probable effect of delayed drainage
on a pumping test (see section 5-10), To estimate the nature of the
aquifer materials, the well logs and sample cutting;3 should be
carefully examined. From this examination, the m-inimum planned
time for a test should be estimated on the basis of lGhe following
tabulation:

Minimum pumping time recommended for aquifer test

Minimum pumping time
Predominant aquifer material (hours)

Silt and clay 170
Fine sand 30
Medium sand and coarser materials 4

In many instances, economic and other factors will rule out tests
as long as 170 hours, so less than ideal test results, may have to
suffice.

8-4. Selection and Location of Pumping We]lls and
Observation Wells.-If an existing well is to be used for a test,
the well should ideally closely conform to the requirements for
aquifer testing. Also, the log data on types of construction and
performance characteristics of other wells in the area should be
examined. Other nearby wells may be suitable as observation
wells, but in most cases, additional observation wells will have to
be drilled.

The pumping well and observation wells should be located, if at
all possible, to conform to known or suspected boundaries,
including deep percolation from irrigation. The WE!lls should be
located far enough away from the boundaries to permit recognition
of drawdown trends before the boundary conditioru3 influence the
drawdown readings (see sections 5-5 and 5-11). If more than one
boundary is present, the effects of the first one should be relatively
stable before the influence of the second becomes effective.
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Conversely, a study may involve an estimate of induced seepage
from a stream or body of surface water as a result of pumping from
a nearby well. In such a study, the well may be placed relatively
close to the recharge boundary, and one or more observation wells
should penetrate into the bed of the surface-water body.

In selecting or locating sites for observation wells, an effort
should be made to meet ideal conditions. If a partially penetrating
well is used in the ideal aquifer, the observation wells should be
located at a minimum distance equal to 1-1/2 to 2 times the aquifer
thickness from a partially penetrating pumping well. This
configuration will result in a flow pattern equivalent to that of a
fully penetrating well. Any well with an 85-percent or more open
or screened hole in the saturated thickness may be considered as
fully penetrating. If the aquifer is vertically anisotropic, r ideally
should be:

r>L5,~r 8-1

where:

r = distance from the center of the pumping well to the

observation well
M = thickness of the aquifer
Kr = horizontal permeability
Kz = vertical permeability

In reality, this relationship may be of limited value because a
reliable and economical method of determining vertical and
horizontal permeability is unavailable, aquifer thickness may be
unknown, and prolonged pumping would be required. Suggested
alternatives for observation well locations are presented in
chapter IX. When laying out observation well locations,
consideration should be given to the proposed duration of the test
and the probable magnitude of the transmissibility and storativity.
If estimates can be made of S and T, the drawdowns at various
distances and at increasing times, the time when u (defined in
chapter IX) will be less than 0.01, and the probable length of time
required for the test can be estimated (see sections 9-3 and 9-5).
The drawdown at any point in the area of influence will increase
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with time and the rate of discharge. Conversely, the! greater the
diffusivity factor, (X = S / T, the slower the rate of expansion of the
area of influence.

Although any number of observation wells may be used, the
recommended minimum number is four-three on a line passing
through the center of the pumped well and one on a line normal to
the previously mentioned line and passing through the pumped
well. The distance from the pumped well to the nearest
observation well, and the spacing between observation wells,
involve consideration of the ideal conditions, how the test
conditions conform to ideal conditions, desirable adjustments to
compensate for departures from the ideal, and feasible locations for
the wells in the field.

If a well must be drilled specifically for testing, th,e design should
reflect whether it is to be purely a test well to be abandoned after
the test or whether it would fit into the final plan as a production
well. In the former case, the least costly construction commensu-
rate with the purpose should be followed. In the sec:ond, a pilot
hole may be necessary, and good well design from the standpoint of
efficiency, long well life, and desired yield should be followed.

8-5. Disposal of Discharge.-When planning the test, the
method and place of disposal of discharge from the \veIl should be
determined. The discharge from the pumped well should be
transported some distance from the well for conveni,ence and
comfort during the test. However, other factors of greater
importance must be considered.

If the aquifer is unconfined and the unsaturated l1llaterials
overlying the aquifer are relatively permeable, the d.ischarge
should be transported by pipeline to an existing drain beyond the
probable area of influence that will develop during the test.
Otherwise, the deep percolation may be recirculated, and the test
may be adversely affected.

If the aquifer is unconfined, the water table lies at depths of
30 meters (100 feet) or more, and the overlying materials are of
low permeability, an existing ditch or drain that will remove the
flow rapidly from the area may be used safely. Reg,ardless of the
point of discharge, determining the ultimate fate of the water is
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important so that no public or private property is subjected to
damage. Discharge from a confined aquifer may be treated
similarly.

If the water may be contaminated, it must be stored, sampled and
treated if necessary.

8-6. Preparations for Pumping Test.-If possible, tests
should be run when heavy rains would least likely occur .
Infiltration and deep percolation of precipitation may adversely
affect a test.

For a few days before starting the test, water levels in the
pumping well and observation wells should be measured at about
the same time each day to determine whether a measurable trend
exists in ground-water levels. If such a trend is apparent, a curve
of the change in depth versus time should be prepared and used to
correct the water levels read during the test.

In areas of severe winter climate where the frostline may extend
to depths of a meter or more, pumping tests should be avoided
during the winter where the water table is less than about 3 to
4 meters from the surface. Under some circumstances, the frozen
soil acts as a confining bed, and when combined with leaky aquifer
and delayed storage characteristics, may make the results of the
test unreliable. Also, during periods of increasing or decreasing
frost level, the water table may fluctuate significantly in response
to the freezing or thawing.

If the aquifer is confined, barometric changes may affect water
levels in wells (see section 9-13). An increase in barometric
pressure may cause a decrease in the water levels, and a decrease
in pressure may cause an increase in water levels. If water levels
and barometric pressures are measured several times daily for at
least 4 days prior to running a test and both measurements are
expressed in meters (feet) of water (25 millimeters mercury =
0.346 meter of water and 1 inch mercury = 1.134 feet of water), a
plot may be made correlating the two measurements. The slope of
the straight line of closest fit through each set of measurements for
each well will give the barometric efficiency of each hole. If a
relationship is recognized, barometric readings should be made at
the same time as water-level measurements during the test and
the required correction should be made to the measured water
levels.
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A day or two before the test, the well should be tested for several
hours for yield and drawdown, operation of the dis4::harge
measuring equipment, general operating conditions, and
approximate best rates of discharge for the test. At the same time,
water levels should be measured in the observation wells to assure

response.

The measuring point at the pumped well and all observation
holes should be selected, marked clearly with pain1~, and the
elevations determined by leveling, if required.

The distance and bearing from the center of the pumping well to
the center of all observation wells should be measured to the
nearest meter or foot. The distance and bearing to the closest
point of any nearby boundary, such as a lake, stre:lm, or other
discharging wells, should also be measured.

8.7. Instrumentation and Equipment Requjred for a
Test.-The following items should be available for use in the test:

.An orifice, weir, flowmeter, or other type of water
measuring device that will measure accura1Gely in the range
of the discharges expected (Bureau of Recla.mation, 1981;
Purdue University, 1949) (see section 8-9).

.Depth-to-water measuring devices as descrjlbed in
section 3-4, excluding air lines which are not sufficiently
accurate for use in pumping tests. Transducers attached to
automation data loggers are increasingly u:3ed in pumping
tests and are recommended because of the greater accuracy
and frequency of measurements and reduct;ion in personnel
requirements. If electric sounders are usecL, extra batteries,
waterproof electrical tape, and other supplies should be
available for servicing them on the job. The number of
measuring devices available for the test sh,ould equal the
number of observation wells and the pumping well, plus one
extra for use as a spare. Continuous water stage recorders
are very useful if the recording rate is compatible with the
drawdown rate.

If an electric sounder is used for determining water levels, a
similar method for recording changes is as follows:
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Install a notched board about 1 meter (3 feet) long with
the notched end slightly overlapping the top of the
casing and the other end supported to maintain a
horizontal position.

-Cover the board with paper .

Just before the pumping test starts, set the probe so it
is just at the water level and lay the cable along the
board. Make a mark on the cable near the far end of
the board for pumping, at the well end for recovery,
and make a mark on the paper at this point.

Record drawdown or recovery by inserting or
withdrawing the probe so it is just hitting the water .
Mark on the paper the location of the cable mark,
noting on the paper the time elapsed since pumping
started or stopped.

Mter completion of the test, measure the distances
from the initial point and make a table of drawdown
versus time. This method enables one person to record
data for several wells except in the very initial stages
of the test when measurements are made very
frequently.

.A tachometer or revolution counter if an internal-
combustion engine is used for power .

.Steel tapes, graduated in millimeters {hundredths of a foot).

.A thermometer with a range between 00 and 50 °C (32 and
120 OF) if water temperature is an important factor .

.Synchronized watches for all observers.

.Log-log 3- by 5-cycle and semilog 3-cycle graph paper ,
rulers, pencils, and forms for recording measurements.

.A gate valve on the pump discharge pipe to control the

discharge.

.A barometer or recording barograph if the test is in an
artesian aQuifer .
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.A stopwatch.

.A carpenter's level if an orifice is used.

.Two or more l-liter (1 quart) water sample bottles.

If oil is present on the water, a cork should be ins,erted in the
lower end of the pipe. The cork can be dislodged by air pressure or
by pouring water in the pipe. Drawdown measuremlents are made
in the pipe, which protects the probe from oil on top of the water
and dampens turbulence caused by vibration of the pump and

permits more accurate measurements.

8-8. Running a Pumping Test.-Immediately before starting
the pump, the water levels should be measured in a.11 observation
wells and in the pumped well to determine the statjlc water levels
upon which all drawdowns will be based. These da.ta and the time

of measurement should be recorded.

The instant of starting the pump should be recorded as the zero
time of the test. Wells will ordinarily show a slow decline in
discharge with time as the drawdown increases. This decline may
be compensated for by limiting the discharge by paJrtially closing
the valve at the start of the test and opening it slightly when
measurements of discharge show a recognizable dec~line. The
objective is to maintain a constant pump discharge throughout the
test. A maximum variation of about 5 percent in the discharge
should be the goal.

The well discharge should be controlled to keep i-t as constant as
possible after the initial excess discharge has been stabilized. The
discharge can be controlled by either regulating the valve (prefer-
able) or, if an internal-combustion engine is used for power, by
changing the speed of the engine. The tone or rhy1Ghm of an
internal-combustion engine provides an aural chec]~ of perform-
ance. If the tone changes suddenly, the discharge should be
checked immediately and proper adjustments should be made to
the gate valve or to the engine speed if necessary .

During a pumping test to determine aquifer chaJ:"acteristics,
water levels in the pumping well and observation ]l1oles should be
measured to give at least 10 observations of drawclown within each
log cycle of time. Adherence to the time schedule should not be at
the expense of accuracy in the drawdown measurements. A
suggested scheduling measurement is as follows:
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0 to 10 minutes:

10 to 100 minutes:

1, 1.5, 2, 2.5, 3.25, 4, 5, 6.5, 8,
and 10 minutes

10, 15, 20, 25, 30, 40, 50, 65, 80,
and 100 minutes

1- to 2-hour intervals100 minutes to completion:

During the early part of the test, sufficient manpower should be
available to have at least one person at each observation well and
at the pumping well. After the first 2 hours, two people are
usually sufficient to continue the test.

It is important, particularly in the early part of the test, to
record with maximum accuracy the time at which readings are
taken. The foregoing time schedule should be followed as closely
as possible, but if for some reason the schedule is missed, the
actual time of taking the reading should be recorded. Estimating
drawdown readings to fit the schedule may lead to erroneous
results. Readings in the pumping well and observation wells need
not be taken simultaneously as long as the schedule is generally
followed and readings are recorded at the exact time taken. A
20-millimeter (3/4-inch) inside-diameter or larger pipe should be
installed in the pumping well from above the pump base to the top
of the pump bowls.

8-9. Measurement of Discharge.-Practically any type of
device designed for measurement of flow in pressure conditions can
be used to measure pump discharge when the discharge pipe is
running full. In some instances, an "L" may need to be inserted on
the pipeline with a riser extending above the elevation of the pump
discharge, or the discharge end may need to be elevated to keep
the pipe full at all times. Commercially available flowmeters with
totalizing registers are commonly used, particularly for discharges
less than about 760 liters (200 gallon) per minute. Meters should
be calibrated and checked for accuracy within the discharge and
pressure ranges to which they will be subjected, and they should
be installed in conformance with the manufacturer's
recommendations. The rate of discharge is usually determined by
measuring the time required to discharge a given volume; however ,
an instantaneous flow indicator is preferable. The Water
Measurement Manual (Bureau of Reclamation, 1981) gives data on
venturi, flow nozzle, and orifice meters. Some meters of the
required capacity may be available in the field offices or
laboratories of the Bureau of Reclamation.
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Where discharge is free flowing from the discharge pipe into a
ditch or canal, weirs as described in the Water Measurement
Manual (Bureau of Reclamation, 1981) may be used.

The most commonly used device for measuring dis,charge during
a pumping test is probably the free discharge pipe orifice. When
used in conjunction with a pipeline, the orifice may be placed at
the end of the pipeline or it may discharge into a tank or reservoir
which feeds the pipeline. The latter arrangement is usually more
convenient because measurement and adjustment of discharge can
then be made in the immediate vicinity of the well. Figures 8-1
and 8-2 illustrate pipe orifice arrangement and details.

rSCALE'Must be set
and maintained
plumb with zero
reference in horizontal
plone of center line
of n"MJnometer top

....=:==~ ~OD 3D

~
.~.. .--J-a

~.. -&

'Monometer
top

CX'valve-
flange

~t

Pipe supports -

must be firmly
set anlj
maintained level.

Ground surface

\ I
,1

Figure 8-1.-Free discharge pipe orifice.

Numerous combinations of pipe and orifice sizes and applicable
tables are available. The free-discharging orifice developed by
Layne & Bowler, Inc., and tested at Purdue University (1949), is
well suited to field use. Construction details for thils device are
shown on figure 8-2. Table 8-1 gives the spE~cifications of the
various sizes of steel pipe used in the Layne & Bowler orifice
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meters. If constructed and operated as described below, the pipe
orifice combinations shown in tables 8-2a and 8-2b and on
figure 8-3 permit an accuracy of :t2 percent. Flow Jrates may be
read directly from either the table or figure.

Table 8-1.-Pipe recommended for free discharge orijice use

Nominal Outside Inside Wall Weight per foot
pipe size diameter diameter thickness Schedule {plain) {ends)
{inches) {inches) {inches) {inches) Class No. {pounds)

4

6

8

10

12

4.500
6.625
8.625

10.750
12.750

4.026
6.065
8.071

10.192
12.090

0.237
0.280
0.277
0.279
0.330

Std.
Std.

40
40
30

30

10.79

18.97

24.70

31.20

73.77

It should be emphasized that the tables and figuJres shown here
apply only to a free-discharging orifice, in which the flow exiting
the orifice falls freely in the air. Many references ];>rovide tables
for in-line orifices. These devices have a section of pipe and a
second manometer tap downstream from the orifice. Data
developed for in-line orifice plates should not be used with the free
discharging orifice shown on figure 8-2.

Orifices may be machined from threaded pipe caps or from 5- to
6-millimeter (3/16- to 1/4-inch) steel plate stock and attached to the
pipe by thread protectors or similar devices. The plates should be
carefully machined as true circles to automatically center in the
pipe when attached. The orifice should be accurately machined to
the specified diameter and centered in the plate.

The downstream edge of the orifice should be be,'eled at an angle
of about 45° but leaving a root of uniform width of 2 millimeters
(1/16 inch) or less on the upstream side. The upstream edge of the
orifice should be sharp, clean, and free from rust and any pits or
other imperfections. Indices consisting of two lineE; normal to each
other and passing through the center of the orifice are commonly
inscribed on the downstream face of the orifice pla"Ges to assist in
centering them on the end of the pipe. The Hydraulic Handbook
published by Fairbanks Morse Pump Division ( 1977) contains
tables and descriptions for a similar orifice plate, but with a
1/8-inch root on the orifice opening. If the available orifice plate is
of this type, the Fairbanks Morse handbook should[ be consulted.
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To ensure accurate measurements, the pipe orifice assemblies
must be installed as follows:

.The manometer tube tap must be located at least 3 pipe
diameters from the orifice plate and alccurately located on
the horizontal diameter of the pipe.

The manometer tube tap must be located at least 10 pipe
diameters upstream from an elbow, valve, reducer, or
similar fitting.

.The manometer tap fitting should have an inside diameter
of 3 to 6 millimeters (1/8 to 1/4 inch} and must be smooth
and flush with the inside surface of the pipe.

.The pipe must be truly horizontal.

.The pipe must be full of water at all times, ~md the water
must fall freely from the orifice into the air 'Nithout any
obstruction.

.Before each measurement, the bottom of the pipe
immediately behind the orifice plate should "be cleaned of
sand or other debris.

.The interior of the pipe should be clean, smooth, and free of

grease.

.The manometer hose and gauge should be fr'ee of air
bubbles whenever a reading is being made.

.Manometer readings should not register les~i than
25 millimeters (1 inch) greater than t;he inside radius of the
pipe or greater than 1,500 millimeters (60 irlch). If
readings are more or less than these values, the orifice size
should be changed.

.No leaks'should exist between the pump head and the
orifice plate.

Usual practice is to securely anchor a 2-meter (6-foot) long scale,
reading in millimeters (inch), in a true vertical position with the
zero point accurately located at the centerline of th,e manometer
tap.
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A 1.5- or 2-meter (5- or 6-foot) length of plastic tubing of 6- to
12-millimeters (1/4- to 1/2-inch) inside diameter should be attached
to the manometer tap (figure 8-2). Clear tubing should be used
and held against the scale when it is to be read. A recommended
method is to use a 0.3- to 0.6-meter (1- to 2-foot) length of
25-millimeter (l-inch) diameter clear glass or plastic tube with a
hollow rubber plug with a glass or brass tube at the bottom to
which the smaller diameter hose is attached. This arrangement
dampens the surging commonly associated with many pumps and
permits easier and more accurate readings. If regular surging is
evident in the tube, the range of such surging should be noted, and
the mean of the readings should be taken.

Good practice includes lowering the hose and tube below the
manometer tap and allowing water to flow through it for a short
time to clear all air bubbles and sand from the system before
making a reading. When lighting conditions are poor, reading the
gauge may be facilitated by adding a few drops of vegetable
coloring or cooking dyes to the clear tube just before making a
reading .

When very large discharges are to be measured, or the range of
discharges to be measured exceeds that of a single orifice, an
arrangement using two pipe orifices as shown on figure 8-4 is
suggested. This arrangement sometimes permits ready changing
of orifice plates by diverting the flow through one pipe without
shutting down the pump. The sum of the readings from both
orifices can be used to determine larger discharges.

At times, orifices of the sizes specified in tables 8-2a and 8-2b or
figure 8-3 may not be available, and those furnished by the
contractor or others must be used. The condition and installation
of such meters should conform to the requirements previously
stated. In addition, the d/D ratio (diameter ratio) should be
between 0.4 and 0.85, where d is the orifice diameter and D is the
exact inside diameter of the pipe. For these cases, figure 8-4 gives
the general orifice discharge equation and shows the variation of
the discharge coefficient, C, as a function of the diameter ratio.
The diameter ratio is the only significant influence on C within the
range of pipe sizes and discharges covered by tables 8-2a and 8-2b.
However, for smaller flow rates, the discharge coefficient also



216 GROUND WATER MANUAL

varies as a function of the Reynolds number, a par:imeter relating
viscous and inertial flow forces. To use figure 8-4, one should
perform the following check:

Let: Qgpm
= discharge, gallons per minute (m,ay have to

estimate if not already known)
= pipe diameter, inches

DincMs

If:

~'

Dinches

10,000 ~ 1.0

then figure 8-4 can be used.

If the situation does not pass this check, one ma;{ be able to use
a smaller pipe and orifice size to increase the ratio of Qgpm/ Dinches.
For discharges less than 100 gallons per minute, the use of the
pipe orifice discharge meter is generally impractical. In these
cases, the flow rate can be determined by timing the filling of a
55-gallon oil drum with the top removed. For very small
discharges, a 5-gallon bucket may be used.

In addition to the previously discussed relatively accurate
methods of measuring discharge, a number of trajE:ctory methods,
(such as the California pipe and the coordinate method, which give
good to fair approximations of discharge when conditions are
favorable), can be found in the Water Measurement Manual
(Bureau of Reclamation, 1981). These methods are not
recommended where high accuracy is required; ho,vever, they are
useful in reconnaissance and similar surveys where a general idea
of the range of capacities of wells is desired. They require little
equipment and are relatively easy to perform.

8-10. Determining Duration of a Test.-The duration of a
test is determined by the adequacy of the data in t;he form of
curves obtained from plotting time versus drawdown, distance
versus drawdown, or both relationships, and possibly economic
factors related to costs of pumping and monitoring the test.

The time-drawdown graph (see section 9-5(b» is a plot of
drawdown against the log of time since pumping began. This
graph is most simply made on semilog paper with drawdown
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plotted on the arithmetic scale and time plotted on the log scale. A
graph should be made for the pumping well and for each
observation well included in the test.

The distance-drawdown graph (see section 9-5(a» is a plot of
drawdowns occurring simultaneously in each obsenration well
against the distance on log scale from the observation wells to the
pumping well. The time selected would usually be the longest
available or the last reading taken unless a boundary has been
encountered. This graph can be used for determini[lg duration of
test only when three or more observation wells are included in the
test because at least three points are needed to est~lblish and verify
a straight line.

In a relatively simple test, the time-drawdown plotted points for
each observation hole fall initially on a curve which., with time,
approximates a straight line within the limits of plotting. When
the straight-line condition is attained, continued pu.mping will
result in measured points which will fall on an extE~nsion of the
straight line. The straight-line plot will be attained earliest for the
pumping well, then for nearby observation wells, and at later times
for more distant wells. When three or more drawdowns, measured
at hourly intervals in the most distant hole, fall on the line, the
time-drawdown conditions have been met. In an aJtesian aquifer ,
the straight-line condition is reached quite rapidly, but in an
unconfined aquifer, the condition develops more slowly. Where
three or more observation wells are available, a distance-drawdown
graph is made as a check before pumping is stopped because
sometimes this graph shows that the test should bE~ continued. If
pumping has continued long enough, these plotted points will also
fall on a straight line within the limits of plotting. When this
condition is reached, the test may be stopped. The time for
approximate straight-line plotting conditions to be -reached may
range from 2 hours to as much as 3 weeks, but usually a
satisfactory test can be completed within 48 hours.

When a partially penetrating pumping well and observation
wells are used, a preliminary estimate of transmis~:ivity and
storativity should be made during the test from the straight-line
plots of drawdown against time on the log scale. The test ideally
should be continued until the value of:
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0.1

M

where:

r = distance from pumping well to observation hole, meters

(feet)
S = storativity, dimensionless
T = transmissivity, m2/t (ft2/t)
t = time
M = aquifer thickness, meters (feet)

This relationship is discussed in detail in section 9-10 of this
manual.

The measurements from some tests may show an irregular curve
or dispersion which does not appear to approach the straight-line
condition even after several hours of pumping. If this condition
persists for more than 24 hours past the minimum estimated
pumping time (see section 8-3(d», pumping may be stopped, and
recovery measurements may be made. Study of conditions and
results may show that a good test cannot be obtained or that a
longer test may be required.

If boundaries are suspected, a test may be run for a longer period
to determine whether the boundary effects will become apparent.

8-11. Recovery Test for Transmissivity.-When the pump is
stopped after running the pump-out test, the drawdown and time
at which it was shutdown are recorded. Measurement of water
level is immediately initiated in the pumped well and in all
observation wells, if any. The same procedure and time pattern is
followed as at the beginning of a pumping test (see section 8-8). As
in the pumping test, the time and depth to water are noted for
each measurement. The recovery usually will not return to the
original static water level within a reasonable length of time; so,
when several measurements at 1-hour intervals show less than
30 millimeters (0.1 foot) difference in recovery, measurements may
be discontinued. A good check on the transmissivity value can be
made of recovery in the pumped well and oftransmissivity and
storativity from recovery measurements in the observation wells
(see section 9-7).
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Transmissivity, but not storativity, can be approxjmated by the
following procedure using only a pumping well. Th~~ static water
level is measured and the time recorded before start;ing the pump
discharging at a uniform rate. Measurements of the drawdown in
the well are continued until the plot of drawdown versus log t falls
on a straight line over a 3-hour period. The well IJflUSt fully
penetrate the aquifer to obtain a reasonably accurate value for T
by this method. The accuracy obtained will be less 1Ghan the
accuracy obtained from the pump-out test using obsjarvation wells.
Accuracy will be best for homogeneous, isotropic conditions and
will lessen as these conditions deteriorate and as boundary
conditions increase in effect. The pump is then stopped, and the
remainder of the procedure is the same as described for a recovery
test after the pump is stopped. Section 9 provides a more indepth
discussion of recovery tests.
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« Chapter IX

ANAL YSIS OF DISCHARGING WELL AND

OTHER TEST DATA

9-1. Background Data.-Quantitative data on hydraulic
characteristics of aquifers including transmissivity, storativity, and
boundary conditions are essential to the understanding and
solution of aquifer problems and the proper evaluation and
utilization of ground-water resources. Field tests provide the most
reliable method of obtaining these data. Such tests involve the
removal from or the addition of water to a well and subsequent
observation of the reaction of the aquifer to the change. The
normal change in the water level is the creation of a cone-like zone
of depression or buildup surrounding the well. This cone is unique
in shape and lateral extent and is dependent primarily on the time
since the start of testing, volume or rate of water withdrawn or
added, and the hydraulic characteristics of the aquifer .

Analyses of results of systematic observations of water level and
of other test data yield values of aquifer characteristics. The
extent and reliability of these analyses are dependent on features
of the test including duration of test, number of observation wells,
and method of analysis. Two general types of analyses are
available for determination of aquifer characteristics: (1) steady
state or ectuilibrium methods which yield values of transmissivity
and related permeability, and (2) transient or nonequilibrium
methods which also yield storativity and boundary conditions. The
principal difference between the two methods is that the transient
method permits analysis of ground-water conditions which change
with time and involve storage, whereas the steady-state method
does not.

Although transmissivity values can be obtained from the
pumping well, determination at strativity requires use of
observation wells. Observation wells also provide information on
variability of transmissivity in heterogeneous aquifers. In
addition, in certain aquifer conditions (leaky aquifer), it may be
necessary to utilize observation wells to obtain acceptable results
from aquifer tests.

Test analyses also require an understanding and appreciation of
the hydrologic and geologic setting of the aquifer. Conditions that
should be known include: location, character, and distance of
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nearby bodies of surface water; depth, thickness, and stratigraphic
conditions of the aquifer; and construction details oj" the test well
and of observation wells, if used. However, despite knowledge of
all apparent conditions that tend to influence a test, deviation of
aquifer conditions from the ideal on which analyses are based and
imperfections of the testing procedure generally rule out precise
results.

9-2. Steady-State Equations.-The Theim-For(~hheimer or
equilibrium equations (Bentall, 1963) are based on the following
assumptions:

.Aquifer is homogeneous, isotropic, and of uniform thickness.

.The discharging well penetrates and receives water through
the entire thickness of the aquifer .

.Transmissivity and hydraulic conductivity or permeability
are constant at all times and at all locations.

.Discharging has continued for a sufficient duration for the
hydraulic system to reach a steady state.

.Flow to the well is horizontal, radial, and laminar, and
originates from a circular open water source with a fixed
radius and elevation which surrounds the ~7ell.

.Rate of discharge from the well is constant.

The equilibrium equations (see figure 9-1), whicll yield values of
hydraulic conductivity and transmissivity, were used for years as
the only equations available for the analysis of discharging well
tests. The general test procedure is to simultaneo.llsly pump from
a test well at a constant, known rate and to periodlically measure
the drawdown in two or more nearby observation 1Nells. The test is
normally continued until the plot (for each observfltion well) of
time since start of pumping plotted on log scale, versus drawdown
plotted on arithmetic scale, falls on a straight line. Another check
on adequacy of duration of the test consists of a similar
straight-line plot of distance versus drawdown at 1;he same period
of time in three or more observation wells. Often, because of the
absence of one or more of the ideal aquifer conditi,ons on which the
analyses are based, straight-line plots do not develop within a
reasonable time limit of pumping. Nevertheless, 1;he test results
may be adequate for the purposes intended.
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Figure 9-1.-Application of the equilibrium equations.
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Rearranged for determination of hydraulic condu<:tivity, K, the
equilibrium equations are:

For a confined (artesian) aquifer ,

K = Qln (r2/rJ
2nM (81-82)

9-1

and

Qln (r .jr J

21t(81- 82)

9-2T=

For an unconfined aquifer ,

Qln (r!r1)

7t(h22- h12)

K=

and

where:

In = naturallog = (common log x 2.303)
K = permeability or hydraulic conductivity, LIt
Q = discharge of the test well, L 3 I t

M = saturated thickness of the aquifer, jj
T = KM = transmissivity of the aquifer, L 2 I t

L = unit length
t = unit time
r l' r 2' .r n = horizontal distances from centerlinE: of the test well

to centerline of observation wells 1, 2, ..n ., L
h1, h21 .hn = saturated thicknesses or piezometric heads of the

aquifer at distances r1, r2, ..r n from the test well, L
81' 821 .8n = drawdown in observation wells at distances r l' r 21 ..

r n from the test well, L

Based on the previous equations, values of K ancl T can be com-
puted using values of drawdown, s, at the same tiIJrle in two or
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more observation wells located at different distances from the test
well. For example, pumping test data on three observation wells
from table 9-1 are shown plotted on figure 9-2. Table 9-1 presents
only a partial record of the test data.

The three companion curves on figure 9-2 represent plots of time
versus drawdown for the three observation wells shown in
table 9-1 where:

Q = 2.70 to 2.75 ft3/S
M = 50 ft
At t = 960 minutes in observation wells 1, 2, and 3, respectively
Sl = 1.89 ft at rl = 100 ft
S2 = 1.36 ft at r2 = 200 ft
S3 = 0.80 ft at r3 = 400 ft
h1 = M-s1 = 48.11 ft
h2 = M-s2 = 48.64 ft
h3 = M-s3 = 49.20 ft

By using equation 9-3, and assuming an unconfined aquifer,

T = KM = (0.215)(15.24) = 3.27 m2/min

= (0.70)(50) = 35 ft2/min

Two precautions are recommended when using the equilibrium
equations: (1) in an unconfined aquifer, drawdowns exceeding
10 percent of the aquifer thickness should not be used in the
calculations, and (2) measurements should not be used at points
where the slope of the cone of depression exceeds 15 degrees.

Basic assumptions of the equilibrium equations provide that the
test well is fully penetrating, has 100-percent open hole (or screen),
and that flow to the well is horizontal. In many tests, these
conditions are not met; however, as discussed in section 6-2, the
distribution of flow to a well approaches that of the assumed
horizontal condition at a distance from the well equal to
approximately 1.5 times the thickness of the aquifer. Accordingly,
to minimize effects of convergent flow on test results, the nearest
observation well should be located at least 1.5 times the aquifer
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Table 9-1.-Tabulated discharging well test data for solution of
equilibrium and nonequilibrium equations

Project: Sioux Flats Discharge measured by: 1 foot Parshall flume
Feature: Wide Gap damsite Drawdown measured by: Electrical sounder
Location: NW 1/4 sec. 4, T. 59 N., R. 13 E. Reference point North side of casing collar

Pump test No.1, test well

Depth to
water, ft

Drawdown s,
ft

Gauge
reading, ft

Discharge,
ft3!SDate

5-16
5-17
5-18
5-19

Time

0840
0830
0845
0820
0840

0900
1000
1100

Remarks

60.99
61.01
61.00
60.98

'60.99

72.30
72.60
72.80

0.0

11.3

11.6

11.8

Pump started

0.79

.79

.79

2.70

2.70

2.70 Pump off 5-21 at

0730

1155
1255

1355
1455
1555
1655
1800

1856
1948
2057
2203
2300

2358
0104
0204
0259
0400

0501
0602
0702
0759
9855

0955
1055

72.80
72.80

73.00
73.20
73.20
73.20
73.20

73.30
73.40
73.40
73.40
73.60

73.50
73.60
73.60
73.60
73.80

74.00
73.90
73.90
73.80
73.80

73.80
73.80

11.8
11.8

12.0
12.2
12.2
12.2
12.2

12.3
12.4
12.4
12.4
12.6

12.5
12.6
12.6
12.6
12.8

13.0
12.9
12.9
12.8
12.8

12.8
12.8

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

.80

2.75
2.75

2.75
2.75
2.75
2.75
2.75

2.75
2.75
2.75
2.75
2.75

2.75
2.75
2.75
2.75
2.75

2.75
2.75
2.75
2.75
2.75

2.75
2.75

Avg. Q = 2.7 ft3!S

M = 50 ft

5-20

I Static water level.
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Table 9-1.-Tabulated discharging well test data for solution of
equilibrium and nonequilibrium equations -continued

Pump test No.1, observation well No.1, r = 100 ft-

Depth to Drawdown s, t, rlt,
Date Time water, ft ft min ft2/min Remarks

5-16
5-17
5-18
5-19

60.43

60.45

60.43

60.42

60.42 Pump started at
0840

0.00

2,000
1,000

670
500
400

333
250
200
170
140

0845
0850
0855
0900
0905

0910
0920
0930
0940
0950

1000
1010
1020
1030
1040

1140
1240
1340
1440
1540

1640
1740
1840
1940
2040

60.50
60.64
60.74
60.83
60.90

60.96
61.06
61.14
61.20
61.27

61.32
61.36
61.40
61.44
61.47

61.62
61.73
61.83
61.90
61.96

.08

.22

.32

.41

.48

5

10

15

20

25

30

40

50

60

70

80

90

100

110

120

180

240

300

360

420

480

540

600

660

720

Pump off 5-21 at
0730

M = 50 ft.54
.64
.72
.78
.85

.90

.94

.98
1.02
1.05

1.20
1.31
1.41
1.48
1.54

1.59
1.63
1.67
1.72
1.75

1.84
1.89

2.17

125
110
100
91
83

56
42
33
28
24

21
19
17
15

62.01
62.05
62.09
62.14
62.17

62.26
62.31

840
960

2,045

5-20

4.962.59

0845
0825
0840
0815
0841

2240
0040

1845



228 GROUND WATER MANUAI-

Table 9-1.-Tabulated discharging well test data for solution of
equilibrium and nonequilibrium equations -continued

Project: Sioux Flats Drawdown measured by: Electric
Feature: Wide Gap damsite sounder
Location: NW 1/4 sec. 4, T. 29 N ., R. 13 E Reference point: East side of casing

collar

Pump test No.1, observation well No.2, r = 2~1 ft

Depth to Drawdown s, t, '..1 t,
Date Time water, ft ft min ft21min Remarks

5-16
5-17
5-18
5-19

0835
0820
0820
0810
0838

58.41

58.39

58.40

58.41

'58.41 Pump started at

0840

58.41
58.44
58.48
58.52
58.56

58.59
58.66
58.72
58.77
58.81

58.85
58.89
58.92
58.95
58.98

59.12
59.22
59.30
59.38
59.44

59.49
59.53
59.57
59.61
59.64

59.73
59.77

60.01

0.00
.03
.07
.11
.15

.18

.25

.31

.36

.40

.44

.48

.51

.54

.57

.71

.81

.89

.97
1.03

1.08
1.12
1.16
1.20
1.23

1.32
1.36

1.65

7
12
17
22
27

32
42
52
62
72

82
92

102
112
122

182
242
302
362
422

482
542
602
662
722

842
962

2,045

5,720

3,332

2,352

1,820

1,480

1,25~!
952

768

644

556

488

436

392

357

328

220

165

132

110

94

83

72

66

60
5 '.

,1

44

40

20

Pump off 5-21 at

0730

M = 50 ft

0847
0852
0857
0902
0907

0912
0922
0932
0942
0952

1002
1012
1022
1032
1042

1142
1242
1342
1442
1542

1642
1742
1842
1942
~042

2242
5-20 0042

1845
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Table 9-1.-Tabulated discharging well test data for solution of
equilibrium and nonequilibrium equations -continued

Project: Sioux Flats Drawdown measured by: "Popper"
Feature: Wide Gap damsite Reference point: East side of casing
Location: NW 1/4 sec. 4, T. 59 N., R. 13 E collar

Pump test No.1, observation well No.3, r = 400 ft

Depth to Drawdown s, t, r"lt,
Date -Time water, ft ft min ft21min Remarks

5-16
5-17
5-18
5-19

0850
0830
0835
0820
0838

0855
0900
0905
0910
0915

0920
0930
0940
0950
1000

1010
1020
1030
1040
1050

1150
1250
1350
1450
1550

1650
1750
1850
1950
2050

2250
0050

1845

58.47

58.48

58.48

58.47

158.47

58.47

58.47

58.47

58.47

58.48

58.49

58.50

58.52

58.54

58.55

58.57

58.59

58.61

58.62

58.64

58.73

58.81

58.87

58.93

58.98

59.02

59.06

59.10

59.12

59.15

59.22

59.27

59.54

Pump on at 0840

Pump off 5-21 at
0730

0.00

.00

.00

.00

.01

.02

.03

.05

.07

.08

.10

.12

.14

.15

.17

.26

.34

.40

.46

.51

.55

.59

.63

.65

.68

.75

.80

1.07

15
20
25
30
35

40
50
60
70
80

90
100
110
120
130

190
250
310
370
430

490
550
610
670
730

850
970

2,045

10,720
8,000
6,400
5,280
4,640

4,000
3,200
2,720
2,240
2,080

1,760
1,600
1,456
1,328
1,232

848
640
512
432
368

320
288
256
240
224

192
160

78

M = 50 ft

5-20

1 Static water level.
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thickness from the test well unless a large aquifer thickness
provides for distances that are unreasonably large. In this event,
pairs of piezometers located at reasonable distances from the well
may be substituted. Piezometers should be set in both the lower
and upper 15 percent of the aquifer and the drawdowns in these
piezometers should be averaged for computational purposes.
Where this is not feasible, observation wells with screened or open
hole zones duplicating those of the test well may be substituted.
These procedures are empirical, but they serve to minimize errors
caused by vertical flow convergence resulting from partially
penetrating wells. Mathematical methods of correcting for flow
convergence have been developed, but their usefulness may be
questionable when applied to field conditions (DeWiest, 1965;
Ferris, Knowles, Brown, and Stallman, 1962; Hantush, July 1961,
September 1961; Jacob, 1945; Kruseman and DeReder, 1970;
Muskat, 1946; and Rouse, 1949).

9-3. Transient Equations.- Transient equations permit
analysis of aquifer conditions that vary with time and involve
storage. The assumptions on which the equations are based
include:

Aquifer is confined, horizontal, homogeneous, isotropic, of
uniform thickness, and of infinite areal extent

Pumping well is of infinitesimal diameter and fully pene-
trates the aquifer. Flow to the well is radial, horizontal,
and laminar

.All water comes from storage in the aquifer within the area
of influence and is released from storage instantaneously
with decline in pressure

.Transmissivity and storativity of the aquifer are constant in
time and space.

The transient equations are directly applicable to confined condi-
tions and are suitable for use, with limitations, in unconfined
aquifers. These limitations are related to the percentage of
drawdown in observation wells as related to the total aquifer
thickness. If the drawdown exceeds 25 percent of the aquifer
thickness, the transient equations should not be used. However, if
the percentage is less than 10, little error is introduced. For
voa.l\l~S \)~tw~~n 10 and 25 percent, the following correction factor
derived by C.E. Jacob (Bentall, 1963) should be applied:
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S2

2M

9-5s' = s -

where:

s = measured drawdown in an observation well
M = saturated thickness of the aquifer prior to plllmping
Sf = corrected drawdown

Figure 9-3 uses data from table 9-2 to illustrate this method of
correction and its application to semilog plots of drawdown versus
time and drawdown versus distance. Table 9-2 presents only a
partial record of the test data.

Deviations of many aquifers from assumptions of uniform
thickness, horizontally, and homogeneity, are usually minor or are
averaged; therefore, such deviations do not seriously affect the
accuracy of aquifer test results. Also, most aquifer:3 are
anisotropic; but if the test well and observation wells are fully
penetrating, the effect on drawdowns is minor. Ho'wever, if the
aquifer is strongly anisotropic and the test well is not fully
penetrating, drawdowns in observation wells may be misleading
because only that portion of the aquifer actually penetrated by the
well contributes flow to the well. In such cases, us,e of total screen
or open hole length as a substitute for total aquifer thickness will
give reasonably reliable results, but the storativity computed from
such data is usually too low.

The assumption that aquifers are infinitely extensive is never
realized because all have boundaries. NeverthelesE;, most regional
aquifers may be considered extensive when related to the
timeperiod during which pumping tests are normally run.
However, if boundaries are close to the test well, st;raightforward
application of transient equations may yield unreli:lble results.
This is often the situation in pumping tests conducted for Bureau
of Reclamation purposes. These tests are often located in river
valleys where bedrock boundaries, layered deposits, and stream
recharge can greatly affect drawdown. In such cases, methods as
described in section 9-11 should be used.
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Figure 9-3.-Effects of correcting drawdown
readings in a free aquifer (sheet 1 of 2).

The fact that a well is not fully penetrating may be partially
compensated for by design and location of observation wells as
described in section 6-2. The diameter of the well, unless it is
large and the discharge small, is seldom an adverse factor in
interpretation of aquifer tests.
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DISTANCE -DRAWDOWN PATTERN
(1= 1440 MIN)
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, ,
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Figure 9-3.-Effects of correcting drawdown
readings in a free aquifer (sheet 2 of 2).

The assumption that all water pumped from a well comes from
storage within the aquifer is seldom realized because few, if any,
aquifers are totally isolated. In addition to storage within the
aquifer, water may originate as leakage from overl:ving or
underlying aquifers or from recharge, precipitation, irrigation, or
hydraulically connected bodies of surface water. M:ethods of
treating leaky aquifers and recharge as boundary (:onditions are
given in sections 9-8 and 9-11, respectively.
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Table 9-2.-Tabulated discharging well test data for obtaining drawdown corrections

Project: Mesa Drawdown measured by: "Popper"
Feature: Drainage investigation Reference point: North side of casing
Location: 30 feet north of pumped well collar

Pump test No.1, observation well No.1, r = 30 ft

Elapsed Depth to Drawdown s, 82, 8212M, 8',
Date Time time, min water, ft ft ft2 ft ft Remarks

12-6 0800
0802
0804
0806
0808

0810
0815
0820
0825
0830

0835
0840
0845
0850
0855

0900
0910
0920
0930
0940

0950
1000
1030
1100
1130

1200

0

2

4

6

8

10

15

20

25

30

35

40

45

50

55

60

70

80

90

100

15.45
15.49
15.64
15.80
15.96

16.08
16.35
16.56
16.73
16.88

17.01
17.12
17.22
17.31
17.39

17.47
17.61
17.73
17.85
17.95

0
0.04

.19

.35

.51

.63

.90
1.11
1.28
1.43

1.56
1.67
1.77
1.86
1.94

2.02
2.16
2.28
2.40
2.50

2.59
2.67
2.88
3.06
3.21

3.35

0
0.0016

.0361

.1225

.2601

.3969

.8100
1.232
1.638
2.045

2.434
2.789
2.133
3.460
3.764

4.080
4.666
5.198
5.760
6.250

0 0 Pump on
0 0.04
0 .19
0 .35
0.01 .50

0.01 .62 Pump off 12-7
.02 .88 at 0800
.02 1.09
.03 1.25
.04 1.39

.05 1.51 Q = 156 ft3/min

.05 1.62

.06 1.71 Avg. M = 26 ft

.07 1.79

.07 1.87 2M = 52 ft

.08 1.94 s' = s-s' 12M

.09 2.07

.10 2.18

.11 2.29

.12 2.38

.13 2.46

.14 2.53

.16 2.72

.18 2.88

.20 3.01

.22 3.13

110
120
150
180
210

240

18.04
18.12
18.33
18.51
18.66

18.80

6.708
7.129
8.294
9.364

10.304

11.223
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Table 9-2.-Tabulated discharging well test data for obtaining
drawdown corrections -continued

Project: Mesa Drawdown measured by: "Popper"
Feature: Drainage investigation Reference point: North side of
Location: 60 feet north of pumped well casing collar

Pump test No. I, observation well, No.2, r = ~~ ft

Elapsed Depth to Drawdown S2, 82/ 2M, 8',
Date Time time, min water, ft 8, ft ft2 ft ft Remarks

12-6 0800
0802
0804
0806
0808

0810
0815
0820
0825
0830

0835
0840
0845
0850
0855

0900
0910
0920
0930
0940

0950
1000
1030
1100
1130

1200

0

2

4

6

8

10

15

20

25

30

35

40

45

50

55

60

70

80

90

100

18.10
0
0

18.12
18.14

18.18
18.27
18.27
18.47
18.57

18.65
18.73
18.78
18.86
18.94

19.00
19.10
19.22
19.30
19.38

0
0
0
0.02

.04

.08

.17

.27

.38

.47

.55

.63

.68

.76

.84

.90
1.00
1.11
1.20
1.28

1.36
1.42
1.61
1.77
1.91

2.02

0 0 0 Pump on
0 0 0
0 0 0
0 0 0.02
0 0 .o,t

0.01 0 .08 Pumpoff12-7at
.03 0 .17 0800
.07 0 .27
.14 0 .38
.22 0 .47

.30 0.01 .5.t Q = 156 ft3/min

.40 .01 .62

.46 .01 .6'7 Avg. M = 26 ft

.58 .01 .7i5

.71 .01 .8:3 2M = 52 ft

.81 .02 .8;g s' = s-s2/2M

1.99 .02 .98
1.23 .02 1.09
1.44 .03 1.17
1.64 .03 1.25

1.85 .04 1.32
2.02 .04 1.3B
2.59 .05 1.56
3.13 .06 1.71
3.65 .07 1.84

4.08 .08 1.94

110
120
150
180
210

240

19.46
19.52
19.81
19.87
20.01

20.12
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Table 9-2.-Tabulated discharging well test data for obtaining
drawdown corrections -continued

Project: Mesa Drawdown measured by: "Popper"
Feature: Drainage investigation Reference point: North side of casing
Location: 120 feet north of pumped well collar

Pump test No.1, observation well, No.3, r = 120 ft..

Elapsed Depth to Drawdown S2, s212M, s',
Date Time time, min water, ft s, ft ft2 ft ft Remarks

12-6 0800
0802
0804
0806
0808

0810
0815
0820
0825
0830

0835
0840
0845
0850
0855

0900
0910
0920
0930
0940

0950
1000
1030
1100
1130
1200

0

2

4

6

8

10

15

20

25

30

35

40

45

50

55

17.95
17.95
17.95
17.95
17.95

0

0

0

0

0

0

0

0.01

.02

.04

.05

.07

.10

.12

.15

.18

.21

"27

.32

.37

.43

.47

.60

.70

.81

.90

o
o
o
o
o

o
o
o
o
o

0
0
0
0
0

0 0
0 0
0 0.01
0 .02
0 .04

0 .05 Q = 156 ft3/min
0 .07 Avg. M = 26 ft
0 .10
0 .12
0 .15 2M = 52 ft

0 .18 s'=s-s212M
0 .21
0 .27
0 .32
0 .37

0 .43
0 .47
0.01 .59

.01 .69

.01 .80

.02 .88

o
0
0
0
"

Pump on

17.95
17.95
17.96
17.97
17.99

18.00
18.02
18.05
18.07
18.10

18.13
18.16
18.22
18.27
18.32

18.38
18.42
18.55
18.65
18.76
18.85

Pump of 12-7 at 0800

0
0
0.01
0.01

.02

60
70
80
90

100

110
120
150
180
210
240

.03

.04

.07

.10

.14

.18

.22

.36

.49

.66

.81
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Also, the assumption that water is discharged from storage in-
stantaneously with a decline in head is seldom realized, especially
in a free aquifer. Normally there is a lag caused by slow drainage
and, as a consequence, the apparent storativity iru::reases with time
and approaches a constant value.

For most tests that are run long enough for drawdowns to reach
apparent stability, the storage value determined at that time is
sufficiently accurate and reliable for most applications. If drainage
is unusually slow, Boulton's analysis (see section ~~-lO) (Boulton,
1955, 1964) should be applied. Although transmissilvity and
storativity are not constant everywhere within mos1; aquifers,
pumping tests tend to average out these values.

The most widely used transient equation (Jacob, :L940; Theis,
1935) is that by Theis:

9-8

Where:

s = drawdown in an observation well located a't :a given radius
from the test well at a specific time, L

Q = uniform discharge from the well, L3 It
T = transmissivity of the aquifer, L 2 I t

r = radius of the observation well, L
S = storativity of the aquifer (nondimensional)
t = time since start of pumping, t

2
r S (nondimensional} 9-7u=-
41i

9.4. Type Curve Solutions of the Transient; ]~quation.-
Since T appears twice in equation 9-6, a mathem~ltical solution for
each individual problem becomes tedious. Theis provided a
graphical method of solution that gives satisfactory results when
applied to tests in aquifers which conform approximately to ideal
conditions.
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The integral expression in the Theis equation is given by the
series:

"2 U3 U4
~+---

2.2! 3.3! 4-4!

9-8f ~ e-"
-du = W(u) = -0.5772-ln u+u-

" u

where W(u) is the well function or exponential integral of u

Equation 9-6 may be rewritten:

s=~
47tT

9-9

Values of W(u) for u values of 10-15 to 9.9 are given in table 9-3
where the value of u is expressed as some number (N) between 1
and 9.9, multiplied by 10 with a range of appropriate exponents.
For example, if u has a value of 0.0027, this is 2.7 x 10-3. The
value of W(u) is found by reading across the table opposite N = 2.7
and under the column headed N x 10-3. The value of W(u) is
5.3400. More complete tabulations of the W(u) function are
presented by the U.S. Geological Survey (Kazmann, 1941) and the
National Bureau of Standards (1940).

Equations 9-9 and 9- 7, respectively:

s = -.!:L W(u)
47tT

and

r2s

4Tt
u =

9-10

may be expressed in common logarithmic form:

log s = [Iog --9---] + tog W(u)

41tT

,2 [ 4T ]log t = log S +Iog u 9-11
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The bracketed values in equations 9-10 and 9-11 are constants
for any given test. Logarithmic plots of test data for s versus ? / t
will be similar to a logarithmic plot of W(u) versus u, which is
referred to as a type curve. If a test data curve is superimposed on
the type curve while keeping the coordinate axes of the sheets
parallel and the test data curve shifted to the point of best fit on
the type curve, the displacements of common points of the test data
curve and the type curve will be equal to the constants in brackets
as shown in figure 9-4. The displacement values are used in
equations 9- 7 and 9-9, respectively, to solve for S and T:

4Tut

r2

s =

-Q
T- -W(u)

41ts

rTest data plotted on

3 K 5 -cycle 109-109 paper
Displacement of

graph scales. "
-~ I

ta-t

3
:3:

t

-Displacement of
graph sca1es.

-u

~e plotted on
3 x 5- cycle transparent

109-109 paper

Figure 9-4.-Superimposition of the type c'urve on test data for
graphic Bolution of the nonequilibrium equation.
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A type curve of u versus W(u) has been prepared on 3- by 5-cycle
logarithmic paper (figure 9-5). A full-scale drawing of
figure 9-5 has been placed in a pocket at the back of this
manual. Field data plotted on 3- by 5-cycle logarithmic paper can
be used as an overlay on this drawing to determine the best fit on
the type curve. Table 9-1 (section 9-2) shows a portion of the
recorded data from a pumping test, and figures 9-6,9-7, and 9-8
show plots of the data.

There are two procedures for solving the nonequilibrium
equation using the type curve of figure 9-5 (Lohman, 1972;
Prickett, 1965; Schict, 1972):

(a) Time-Drawdown Solution.-The time-drawdown data curve
can be prepared by plotting s in an observation well against the
reciprocal of t or against ~ / t on log-log paper and fitting this curve
to the type curve as shown on figure 9-6. An easier procedure
which avoids the need for calculating reciprocals is to plot s
against t (figure 9- 7) in a similar manner and fit this data plot
against a type curve which has been reversed end-for-end. This
end-for-end switch of the type curve is the equivalent of plotting
the reciprocal of 1/ t or t on the data curve. The data curve plot of
each observation well is matched to the type curve while keeping
the axes of the two sheets parallel. The curves may match only in
a given segment because results from the test may depart from the
ideal conditions on which the type curve is based. Such factors as
unconfined aquifer conditions, boundaries, and leakage result in
departure from the type curve. Any common index point, usually
where u and W(u) are equal to 1 to simplify computations, on the
overlapping sheets is marked and the values of u, W(u), t, and s
are recorded. Transmissivity and storativity are then computed
using these values in the following equations:

T = ~W(u) 9-12
41ts

41'u

r'l

4Ttu

r2

s = or
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TlAlE- DRAWDDWN

ANALYSIS

JACOB.S APPROXIMATION
Q = 12/0 gollm;n= /61.B ft3/",;n

~s to

'i=/00. /.90-/.0=0.90 B

r2= 200. /.J8-0.49 =0.89 29

r3=4DO. 168-0.BO=0.88 /14

T= ZJOJQ/41T ~s

S= 225TtO/r2

UQ:!B. =~ -296541T 12.'664- .

T-29.6' - JJOft 2/ .
.1- -0:90 -.m,n

T -~ - JJ ~ ft 2/ .
2- O.B9 -.-' m'n

T3=~=J3.7 ft2/m;n

AVG.T= JJ.J ft2/m;n
S, = 2.25 x JJ.Ox 8//0.000 =0.060
S2 = 2.25 x JJ.3 x 29/40.000 =0.055

S3=2.25x JJ.7 X //4//60.00Q..:.Q,QM

A.erog. =0.056

Figure 9-8.-Straight-line solution of the
nonequilibrium equation (sheet 1 of 2).
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2000

15/0 = ro

1000
900
800

1- 700
W

~ 600
p

L 500

O.W.#3
400

300

.#2

200

0. w. # I

100
0 2 3

s. FE E T

DISTANCE-DRAWDOWN ANALYSIS

JAC08'S APPROXIMATION
Q = 1210 ga//mjn =16/.8 ft3/mjn
T = 2045 minutes
~s= 2./7-0.33 = 1.84 ft

ro=15/0ft
T = 2.303Q/27T.1s 2
T = 372.6 / 21T x /.84 =32.2 ft /m'jn
S = 2.25TT/ r: =0.065

Figure 9-8.-Straight-line solution of the
nonequilibrium equation (sheet 2 of 2).
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(b) Distance-Drawdown Solution.-The data curve is prepared by
plotting the drawdowns measured at the same time in three or
more observation wells against the distances squared divided by
time, s versus ~ It. The three points enclosed in squares on
figure 9-6 illustrate this procedure. The three points should be
fitted to the type curve, the values ofs, ~It, W(u), and u obtained,
and the values of T and S computed using equations 9-12 and 9-13.

A more tedious but reliable analysis involves plotting s versus
? / t for each drawdown measurement in each observation well as
shown in figure 9-6. The use of computers greatly facilitates these
computations. This method enables better determination of
departures from the type curve which may indicate aquifer
conditions that are less than the ideal (Bentall, 1963; Brown, 1953;
Bruin and Hudson, 1955; Davis and DeWiest, 1966; Heath and
Trainer, 1968; Rouse, 1949; UNESCO, 1967; UPO Johnson
Division, 1966; Walton, 1962, 1970).

9-5. Jacob's Approximation Solutions for the
Nonequilibrium Equation.-In addition to solution by the type
curve methods previously described, a method developed by Cooper
and Jacob (1946) permits an approximate solution to the Theis
nonequilibrium equation using a straight-line graphical approach,
which is simple and may offer advantages over the type curve
methods.

When the value of u in equation 9-8 is less than 0.01 (i.e., when
~ / t becomes very small), the terms following the first two terms of
the series equation for W(u) may be neglected and equation 9-9
may then be approximated by:

4~T lIn (~) -0.5772]
9-14s=-

which can be reduced to:

9-15

by solving for the value of u necE~ssary to make s equal to zero.

s = ~ (In ~
)41tT r2S
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Converting to common logarithms, equation 9-15 may be
rewritten:

2.303Q
( lOg

47tT
~.25~

)r2S

s =

Inasmuch as a plot of the drawdown s versus the logarithm of
distance r or time t is a straight line, two simple semilog graphical
methods can be used to solve for transmissivity and storativity.

(a) Distance-Drawdown Solution.-In this method., drawdowns
taken at the same time in each of three or more ob~;ervation wells
are plotted against the distance on a log scale of eal::h observation
well from the test well as shown in figure 9-8. The straight-line
portion of this curve is projected to cover at least one log cycle and
the zero drawdown axis. Transmissivity is calculated by:

T=~
21t~s

where:

AS is the difference in draw down over one log cycle.

Storativity is determined by projecting the straight line to the
zero drawdown interception which defines the distance r 0' and sub-
stituting the value of r 0 into:

s=~
r2o

Figure 9-8 shows an example of a distance versuEi drawdown
solution.

(b) Time-Drawdown Solution.-ln this method the drawdown in
each observation well since pumping began is plotted against time
on the log scale. The straight-line portion of the plot is projected to
intercept one or more log cycles and the zero drawdlown axis.
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The values of transmissivity and storativity are computed using
the following equations:

~
47tAs

T=

2.25Tro
r2

s =

where:

AS = drawdown over one log cycle
to = time at zero drawdown intercept
r = distance from the test well to the observation well

Figure 9-8 shows an example of a time-drawdown analysis in
which three observation wells are used.

In using Jacob's straight-line methods, the plots of s versus log
plot of r, and s versus log plot of t will not fall on a straight line
until pumping has continued for a sufficient time for u to become
less than 0.01. The time required to reach this condition increases
with distance from the test well.

Because of this time requirement and where boundaries, delayed
drainage, or leaky aquifer conditions affect the shape of the
drawdown curve early in the pumping period, the straight-line
segment may not occur .

Interception of a boundary by the ever-widening cone of
depression results in a change of the slope of the drawdown curve.
For an impermeable (negative) boundary , the slope theoretically
increases by a factor of two and for a recharge (positive) boundary,
it reduces by a factor of two. Two dissimilar boundaries at equal
distances from the observation well tend to cancel each other. The
change in slope resulting from a linear recharge boundary such as
a stream may approach but never attain a condition of zero
additional drawdown with time; whereas, the change resulting
from a leaky aquifer or delayed drainage may attain a stable
drawdown condition. Recognition and analysis of complex
boundary, leaky aquifer, and delayed drainage conditions are often
difficult and sometimes impossible.
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In both the distance-drawdown and time-drawdovlln analyses, if
M is large, minor deviations in extrapolating a straight line to the
zero drawdown may result in large errors in the values of r o or to,
which result in a large error in the value of S. Un<Ler such
circumstances, an alternative solution by the type curve method
may be advisable to ensure a more reliable value oj' storativity.
Another alternative is the application of equations Ideveloped by
Lohman (1972).

9-6. Use of Data from Test Wells.-Data from a test well
being pumped or allowed to discharge by artesian flow can be
analyzed by either the type curve or straight-line time versus
drawdown analyses. However, since the effective diameter of such
a well cannot be determined without observation wells, the
equations for the solution of S are not applicable. .\lso, because of
head losses inherent in flow to a discharging well, 1;he drawdown in
the well may greatly exceed the drawdown in the aquifer
immediately adjacent to the well and result in erroneous test data.
In such instances, use of the straight-line solution iis preferable
because a log-log data plot may be so flat it would l:>e difficult to fit
to the type curve.

9.7. Recovery Analyses.-A well can be pumped or allowed to
flow at a constant rate for a known period, shut oft', and allowed to
recover to gather data for analysis (Bentall, 1963 and 1963; Brown,
1953; Bruin and Hudson, 1955; Ferris, Knowles, Brown, and
Stallman, 1962; Todd, 1969 and 1980). The residu:il drawdown at
any instant and at any point on the cone of depression will be the
same as if the well had continued to discharge, but as if a recharge
well of equal flow has been introduced at the same point at the
instant the discharge stopped (Ferris, Knowles, Brown, and
Stallman, 1962). The residual drawdown at any tiJme during the
recovery period is the difference between the obseri/ed water level
and the static water level. Hence, the residual drawdown, Sf, at
any instant is:

9-21s' = ~r f ~~du- f ~~~l.J-.'

47t7t " u ,,' u' r
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where:

,2S

4n'

r2S
U = -and Ul =

4Tt

t is the time since pumping started, and t' is the time since
pumping stopped. Q, T, S, and r have been previously defined in
equation 9-6.

The value:

r2S

4Ttl

decreases as t' increases. Therefore, the recovery equation can be
written in the form:

T -2.303Q 1 ( t )-og -
47ts' t'

To solve equation 9-21 graphically using semilog paper, data
from table 9-4 are plotted on figure 9-9 where tit' is plotted on the
log scale against residual drawdown s' on the arithmetic scale.
When t' becomes large, the plot of the observed data should fall on
a straight line. The slope of the line gives the value of the
quantity,

t

10g-

tf

Sf

in equation 9-22. The value of tit' is usually chosen over one log
cycle so that log tit' is unity arid then equation 9-22 becomes:

T= ~ 9-2:
41t b.s I

where t.s' is the change in residual drawdown over one log cycle
tit'. The storativity cannot be determined because the effective
radius of the test well cannot be determined. The recovery method
may give a slightly high value of transmissivity in unconfined
aquifers, but it is reasonably accurate when used with data from
an artesian (confined) aquifer. In areas where boundary conditions
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Table 9-4.-Tabulated data from a discharging and recovering well test

Project: Las Vegas Discharge measured by: Parshall flume
Feature: Pichaco Dam Drawdown measured by: M scope

Reference point: North side of casinl~ collar-

Pump test No.1 Test well

time, Depth to Drawdown,
Date Time min water, ft ft

Gauge Discharge,
ft3/S Remarks

60.99
61.01
61.00
60.98
60.99
71.2
71.2
71.3
72.3
72.6
72.8
72.8
72.8
73.0
73.2
73.2
73.2
73.2
73.3
73.4
73.4
73.5

Pump started
Q = 162.9 ft3!min

5-160840
5-170820
5-180845
5-190820

0840 0
0843 3
0848 8
0853 13
0900 20
1000 80
1100 140
1155 195
1255 255
1355 315
1455 375
1555 435
1655 495
1800 560
1856 616
1958 668
2057 737
2200 800

10.2
10.6
10.8
11.3
11.6
11.8
11.8
11.8
12.0
12.2
12.2
12.2
12.2
12.3
12.4
12.5
12.5

0.79
.79
.79
.80
.80
.80
.80
.80
.80
.80
.80
.80
.80
.80

2.70
2.70
2.70
2.75
2.75
2.75
2.75
2.75
2.~'5
2.~'5
2.75
2.75
2.75
2.~r5 PUmD off
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Table 9-4.-Tabulated data from a discharging and recovering well test -continued

Depth to Residual
tIt' water, ft drawdown, ft

t,

mill

t',
minDate Time Remarks

12.5
+20.0

+5.0
+0.5

1.5
1.0

0.80
.69
.59
.51
.49
.46
.38
.34
.33
.33
.22
.22

Pump off5-19 2200
2203
2208
2213
2220
2320

5-20 0020
0115
0215
0315
0415
0515
0615
0720
0816
0908
1017
1120

800
803
808
813
820
880

940
995

1,055
1,115
1,175
1,235
1,295
1,360
1,416
1,418
1,527

}~6Q~

0

3

8

13

20

80

140

195

255

315

375

435

495

560

616

668

727

800

0.0
268.0
101.0
62.5
41.0
11.0

6.7
5.1
4.1
3.5
3.1
2.8
2.6
2.4
2.3
2.2
2.1
2.0

73.5
41.0%
56.0%
60.5
62.49
61.99

61.79
61.68
61.58
61.50
61.48
61.45
61.37
61.33
61.32
61.32
61.21
61.21
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Table 9-4.-Tabulated data from a discharging and
recovering well test -continued

Pump test No.1, observation well No.1, r = 1(J~ ft

Time, Depth to Drawdown,
Date Time min water, ft ft Remarks

5-16

5-17

5-18

5-19

0845 61.20

61.21

61.21

61.20
61.20

61.20
61.28
61.42
61.55
61.61

61.70
61.75
61.86
61.93
62.00

62.06
62.12
62.16
62.20
62.24

62.27
62.44
62.55
62.65
62.72

62.79
62.85
62.91
62.93
62.97

63.01
63.06

0825

0840

0815
0835

0840
0845
0850
0855
0900

0905
0910
0920
0930
0940

0950
1000
1010
1020
1030

1040
1140
1240
1340
1440

1540
1640
1740
1840
1940

2046
2200

Pump star1;ed
5

10

15

20

25

30

40

50

60

70

80

90

100

110

120

180

240

300

360

420

480

540

600

660

720

800

0.08
.22
.33
.41

.50

.55

.66

.73

.80

.86

.92

.96
1.00
1.04

1.07
1.24
1.35
1.45
1.52

1.59
1.65
1.71
1.73
1.77

1.81
1.86 Pump off
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Table 9-4.-Tabulated data from a discharging and
recovering well test -continued

Recovery of observation well

t, t', Depth to Residual
Date Time min min tit' water, ft drawdown, ft

0

5

10

15

20

25

30

40

50

60

0.0
161.0
81.0
54.3
41.0

33.3
27.7
21.0
17.0
14.3

12.4
11.0
9.88
9.00
8.27

7.67
5.44
4.33
3.67
3.22

2.90
2.67
2.48
2.33
2.21

2.11
2.00

63.06
62.98
62.84
62.73
62.65

62.57
62.52
62.52
62.35
62.29

62.23
62.17
62.14
62.10
62.07

62.05
61.90
61.81
61.74
61.69

1.86
1.78
1.64
1.53
1.45

1.37
1.32
1.22
1.15
1.09

1.03
0.97

.94

.90

.87

.85

.70

.61

.54

.49

.46

.40

.36

.36

.34

.31

.29

5-19 2200 800
2205 805
2210 810
2215 815
2220 820

2225 825
2230 830
2240 840
2250 850
2300 860

2310 870
2320 880
2330 890
2340 900
2350 910

5-20 2400 920
0100 980
0200 1.040
0300 1.100
0400 1.160

0500 1,220
0600 1.280
0700 1.340
0800 1,400
0900 1.460

1000 1.520
1120 1.600

70
80
90

100
110

120
180
240
300
360

420
480
540
600
660

720
800

61.66
61.60
61.56
61.56
61.54

61.51
61.49
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100.

10

.1
t'

10'
..1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 .1 .2 .3 .4 .5 .6

SI, FEET

T= ~=(2.303)(162.9) =317 ft2;min41rl1s' (41f)(0.94) ~ .

Figure 9-9.-Recovery solution for
transmissivity in a discharging well.

are known or suspected, the recovery method should be used with
caution because of the difficulty in separating the influence of
boundaries.

The recovery method may be used to analyze the recovery of
observation wells to determine T and s. Values of tIt' are plotted
on semilog paper against residual drawdowns (see jiigure 9-10 and
table 9-4). The value of T is determined as described for recovery
of a test well. Storativity can be estimated from recovery data in
an observation well by using the equation:
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:~.25n'lr2 9-24. s =

where:

Sp = pumping period drawdown projected to time t'
s' = residual drawdown at time, t'
(Sp -s') = recovery at time, t'

s'

T- 2.303 Q -(2.303) (162.~~)- 32 I ftz/min
41T6.S' 41T (0.92) .

I z ( 600
)-2.25 (Tt I r ) --(2.25)(32.1)\TO:OOOI -0 07

S 10g-'[(Sp-S')/6.(Sp-S')] IOg-t(1.75/0.99) .

Note: Semilog plots nec~!ssary to determine (Sp-S') -I

and 6. (S -s') -0.99 not shown.
p

Figure 9-10.-Recovery solution for transmissivity and
storativity in an observation well.

.75
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9-8. Leaky Aquifer Solutions.-Under sufficient head, even
apparently impermeable geologic materials will transmit water ,
and confining layers enclosing artesian aquifers are no exception.
Where two or more aquifers are separated by a confining layer ,
pumping from one aquifer may disturb the mutual hydraulic
balance and result in an increase or decrease in lesLkage between
the aquifers. Such leakage is a boundary condition. Theoretically,
the area of influence of a discharging well expands until leakage
into the aquifer induced by the well equals the well discharge. At
this point, the area of influence stabilizes and the! drawdown
becomes constant with time. Conversely, if the discharge from a
well in an aquifer that is losing water by leakage balances the
amount of leakage, the area of influence will stabilize.

In 1946, Jacob (1946) published a mathematical solution to the
problem iIlvolving a single confined aquifer overlai][l by a leaky
confining bed above which was an unconfined aquifer. In later
work by Glover, Moody, and Tapp (1954) and Glover (1960) of the
Bureau of Reclamation, simplified methods of anal:,/sis using a
family of type curves were developed. These curves, shown on
figure 9-11, should be superimposed on a log-log plot of draw down
versus time from three observation wells (figure 9-12) taken from a
tabulation of field measurements and data (table 9-5). Table 9-5
presents only a partial record of the test data. This fitting of
curves is similar to the procedure described earlier for using the
Theis-type curve. The values of s and t are applied to the

equations:

s

u=~
27tKM

9-25

When u = I, equation 9-25 can be written:

s = --.!;L

21tKM

Also, since T = KM, equation 9-25 can be writterl:

T=~
21ts
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Table 9-5.-Tabulated discharging well test data for determining characteristics of a
leaky aquifer

Project: Texas Hill Drawdown measured by: "Popper"
Feature: Salt Flat drainage program Distance from pumped well: 40 feet north
Location: 200 feet north SW comer, sec. 10,

T. 20 N., R. 5 W.

Pump test No.1, observation well No.1

Elapsed Depth to Drawdown s,
Date Time time, min water, ft ft Remarks

8-24

8-25

1050

1055

26.59

26.58

o

o

Static water level

Pump on

8-26 1045

1100
1102
1104
1106
1108

26.59

26.59
32.24
33.55
34.31
34.59

o

0

5.65

6.96

7.72

8.00

O

2

4

6

8

Pump off 8-28 at 16001110
1115
1120
1125
1130

1140
1150
1200
1210
1220

1230
1240
1250
1300
1330

1400
1430
1500
1530
1600

1700
1800

10
15
20
25
30

40
50
60
70
80

90
100
110
120
150

180
210
240
270
300

360
420

35
36
36
36
37

37
38
38
38
38

38
38
38
39
39

39
39
39
39
39

39
40

8

9

9

10

10

11

11

11

11

12

12

12

12

12

12

12

13

13

13

13

13

13

Average discharge:
= 4,488 gal/min
= 600 ft3/min

.30

.06

.58

.94

.29

.73

.05

.21

.45

.61

.85

.92

.96

.00

.28

.44

.68

.72
c84
.92

.96

.00

.71

.47
c99
c35
c70

.14

.46

.62

.86

.02

"26
"33
"37
"41
"69

.85

.09

.13

.25

.33

.37

.41
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Table 9-5.-Tabulated discharging well test data for determining
characteristics of a leaky aquifer -continued

Project: Texas Hill Drawdown measured by: "Popper"
Feature: Salt Flat drainage program Distance from pumped well: 80 feet north
Location: 240 feet north SW corner, sec. 10,

T. 20 N., R. 5 W.

Pump test No. I, observation well No.2 -

Elapsed Depth to Drawdown s,
Date Time time, min water, ft ft Remarks

8-24

8-25

8-26

1045

1050

1040

1100
1102
1104
1106
1108

1110
1115
1120
1125
1130

1140
1150
1200
1210
1220

1230
1240
1250
1300
1330

1400
1430
1500
1530
1600

1700
1800

26

26

26

26
29
30
31
31

0

0

0

0
3
4
5
5

5
6
7
7
7

8
8
8
9
9

9
9
9
9
9

10
10
10
10
10

10
10

Static water level

Pump onO

2

4

6

8

10
15
20
25
30

40
50
60
70
80

90
100
110
120
150

180
210
240
270
300

360
420

32
33
33
34
34

34
35
35
35
35

36
36
36
36
36

36
36
36
36
36

36
36

Pump off 8-28 at 1600

Average discharge:
= .!,~l88 gaI/min
= 600 ft3/min

.54

.54

.54

.54

.64

.56

.59

.83

.10

.02

.05

.29

.97

.72

.16

.60

.96

.36

.63

.91

.19

.31

.47

.55

.63

.75

.95

.07

.19

.27

.35

.39

.34

.42

.51

.26

.70

.14

.50

.90

.17

.45

.73

.85

.01

.09

.17

.29

.49

.61

.73

.81

.89

.93

.93

.96



ANALYSIS OF DISCHARGINI3 WELL AND OTHER TEST DATA 265

Table 9-5.-Tabulated discharging well test data for determining
characteristics of a leaky aquifer -continued

Project: Texas Hill Drawdown measured by: "Popper"
Feature: Salt Flat drainage program Distance from pumped well: 160 feet
Location: 320 feet north SW corner, sec. 10, north

T. 20 N., R. 5 W.

1040

1045

1035

1100
1102
1104
1106
1108

1110
1115
1120
1125
1130

1140
1150
1200
1210
1220

1230
1240
1250
1300
1330

1400
1430
1500
1530
1600

1700
1800

26.60

26.61

26.60

26.60
27.71
28.75
29.46
30.06

30.38
31.18
31.69
32.09
32.45

32.97
32.24
33.40
33.56
33.76

33.96
34.04
34.12
34.16
34.24

34.48
34.52
34.56
34.56
34.56

34.55
34.56

0

0

0

0
1.11
2.15
2.86
3.46

3.78
4.58
5.09
5.49
5.85

6.37
6.64
6.80
6.96
7.16

7.36
7.44
7.52
7.56
7.64

7.88
7.92
7.96
7.96
7.96

7.95
7.96

8-24

8-25

8-26

Pump on0
2
4
6
8

10
15
20
25
30

40
50
60
70
80

90
100
110
120
150

180
210
240
270
300

360
420

Pump off 8-28 at 1600

Average discharge:
= 4,488 gaVmin
= 600 ft3!min
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Similarly,

TI = t ( ~

SM'

When 11 = 1, equation 9-26 can be written:

SMt

Kt
t =

The terms of the above equations are as defined on figure 9-13.

Each of the family of curves has an x value as noted on
figure 9-11. When the closest fit is found between the data curve
and the type curve, and the values of s and t have been obtained,
the x value of the type curve to which the fit is made is noted. If
the fit falls between curves, the x value is interpolated. The value
x is related to r, K', T, and M' by:

x=r~
~"1M'

or

Kt

Mt

= T (;)

Since T, x, and r are known, the value of the leakage factor
K1IM1 can be calculated from equation 9-27, and then S is
calculated by solving equation 9-26 when 11=1. If M' is
approximately known, K' can be calculated.

Using data from table 9-5 and figures 9-11, 9-12, and 9-13, some
sample calculations for material in this section could be:

Q = pump discharge = 600 ft3/min or 10 ft3/S
x 1 = x value for type curve which fits the plotted ,!;-t relation for

observation well No.1= 0.04
x2 = x value for well No.2= 0.08
X3 = x value for well No.3= 0.16
M' = 6.1 meters (20 feet)



ANALYSIS OF DISCHARGING WELL AND OTHER TEST DATA 267

Water level in unconfined aquifer maintoned
at this elevation during pumping.

--
Unconfined aquifer

-

---~Pressure drap alang upper baundary
~ of ortesian aquifer
-Nate:Pressure shou'd~Qt-b~ lowered beJow too of

leaKy conrmlng bed

-
K'

Leaky Confining Bed

K

Artesian AQuifer

K -Hydraul ic conductivity of artesion aquifer

M -Thickness of artesian aquifer L

T -KM Transmissivity of' artesian aQuifer --

K1 -Vertical permeability of leaky confining bed- --

Mf -Thickness of leaky confining bed L

K'
MI -Leakance lIt

Q -Dischorge from wefl L5/t

s -Storativity of artesian aquifer, dimensionless

Figure 9-13.-Leaky aquifer definitions.
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At the index point shown on figure 9-12:

u = 1, 11 = 1, t = 180 mill, and s = 1.24 meters (4.08 feet)

If the aquifer is overlain and underlain by other aquifers from
which it is separated by confining layers, the assumed M' value
may be erroneous, and it may be impossible to separate the
contribution from each aquifer. Then, the leakage factor computed
is a combined value of both layers.

In unconfined aquifers, delayed drainage may cause the plot of s
versus t on log-log paper to appear similar to data plotted from a
leaky aquifer. In extreme cases of delayed draina~~e, several weeks
of pumping may be required to differentiate between the two
conditions. Such a lengthy testing period generall:v cannot be
justified from an economic standpoint, so analysis must be based
on judgment of short-term test results, known and inferred aquifer
conditions, and knowledge of well construction details (Glover,
1964; Glover, Moody, and Tapp, 1954; Hantush, 1~156, 1960, 1961,
1961, and 1959; Hantush and Jacob, 1955; Walton, 1970).

Additionally, the presence of the lateral bounda]ies may further
influence the drawdown curves so that a reliable i"llterpretation of
aquifer conditions and calculation of aquifer characteristics are
virtually impossible.

9-9. Constant Drawdown Solutions.-Aquifer test procedures
discussed thus far have relied on the use of constant discharge and
variable drawdown of a well. Under some conditions, such as with
a flowing artesian well, it is simpler to test the well by permitting
it to discharge at a variable rate but with constanlt drawdown.
This can be done by shutting off discharge until tile pressure inside
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the well stabilizes and then permitting resumption of discharge.
During this discharge period, the rate of discharge is recorded
periodically.

Jacob and Lohman (1952) derived equations for tests of this type,
including a straight-line approximation solution to determine T
andS:

2.303
T=

9-28

where:

T = transmissivity, £2 It
Sw = constant drawdown, £, (the difference in meters

(feet} of water between the static head and the top
of the casing or center of the discharge valve}

Q = weighted average discharge during a timed
interval, £ 3 I t

t = elapsed time since start of test, t
r w = radius of the well, £
A (SwIQJ = change in the ratio SwlQ over a time period, 1/£2
A log (tlr w2) = change in base 10 logarithm over a time period

Table 9-6 shows the tabulated data from a constant drawdown
test and the straight-line method of solution. In this table,
column (I) shows the times at which measurements were made,
column (2) shows the average rate of discharge during the time
interval shown in column (3), column (4) shows the total discharge
during the time interval, column (5) shows the elapsed time since
start of discharge, column (6) is the constant drawdown divided by
rate of discharge in column, and column (7) is time shown in
column (5) divided by the square of the well radius.

In the straight-line method of solution, the values for Sw/Q are
plotted on an arithmetic scale against values of t / r w2 for the
corresponding time on a log scale. A straight line is then fitted
through the points as shown on figure 9-14.
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Table 9-6.-Constant drawdown test data
from Lohman (1965)

Field data for flow test on Artesia Heights well near
Grand Junction, Colorado, September 22, 1949

(Valve opened at 10:29 a.m. Sw = 92.33 ft; r w = ().~:76 ft)
Data from Lohman (1965, tables 6 and 7, well :!8)-

§..,
Q

.!~~

12.7
13.3
13.4
14.7
14.8
15.1
15.5
15.8
16.3
16.8
17.3
17.3
17.7
18.0
18.1
18.3
18.5
18.8
18.9

Total flow

during

interval, gal

7.28

6.94

6.88

6.28

6.22

6.22

11.90

17.55

28.30

27.50

26.70

26.70

54.81

48.83

51.10

75.75

75.00

59.04

~

Time since
flow started,

min

-.!.-
rw2

min/ft2

Rate of

flow,
l!aVmin

Time of

observation

13.1

26.3

39.4

52.6

65.7

78.8

105

145

210

276

342

407

345

670

802

999

1,190

1,354

1,485

1

2

3

4

5

6

8

11

16

21

26

31

41.5

51

61

76

91

103

113

7.28

6.94

6.88

6.28

6.22

6.22

5.95

5.85

5.66

5.50

5.34

5.34

5.22

5.14

5.11

5.05

5.00

4.92

4.88

1
1
1
1
1
1
2
3
5
5
5
5

10.5
9.5

10
15
15
12

-15}.

114

10:30 a.m.
10:31 a.m.
10:32 a.m.
10:33 a.m.
10:34 a.m.
10:35 a.m.
10:37 a.m.
10:40 a.m.
10:45 a.m.
10:50 a.m.
10:55 a.m.
11:00 a.m.
11:10 a.m.
11:20 a.m.
11:30 a.m.
11:45 a.m.
12:00 p.m.
12:12 p.m.
12:22 p.m.

Totar 596.98

I 596.98 gaVl14 min = 5.23 gaVmin, weighted average discharge.

The change in value ofSwlQ is determined over one log cycle of
tlrw2 and is set equal to A {SwlQ). In the example on figure 9-14,
A SwlQ = 18.40- 15.38 = 3.02 feet per minute per gallon.
Measurements must be converted to consistent UI1lits and inserted
into equation 9-28 to give T in square feet per minute as follows:

T = 2.303 2.303 = 0.00~!fi2Imin-

~

~lOg( ~ )

47t (22.59)

1

Flow

interval,
min
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If r w is known, the straight line on the plot can be extended to
intercept SwIQ, and S can be computed from the equation:

S = 2.25T --.!.--)r 2
w

Transmissivity, T, can be roughly checked by recovery
measurements made after the discharge has been stopped.
Equations 9-22 and 9-23 and the weighted average discharge per
period of discharge are used with the recovery data.

9-10. Delayed Drainage Solutions.-The early response of an
unconfined aquifer to a discharging well is especially dependent on
the degree of isotropy present. Tests of short duration in such
aquifers may be unreliable because of the delayed drainage effect
produced by anisotropy. The usual plots oflog t versus log s may
show a steep initial slope, then a flat segment followed by another
slope. The general shape of the curve is that of an elongated letter
S (see table 9- 7 and figure 9-15). The early part of the curve may
be influenced by several or all of the following factors:

.Changing storativity caused by delayed drainage

.Expansion of water below the water table resulting from
reduction in pressure

.Vertical flow components

.Thinning of the saturated zone as drawdown increases

.Observation well lag

.Aquifer heterogeneity

Where these factors are present, a log-log plot of s versus t from
an observation well appears similar to plots of test data from a
leaky aquifer except that the drawdown seldom stabilizes with
time, as may be the case with the leaky aquifer .

The early part of a data curve, influenced by delayed drainage,
may permit a good fit to the Theis type curve and give a
reasonably reliable value for T, but S may be so small as to be in
the artesian range. As pumping continues, the area of influence
and the drawdown decrease in growth at a logarithmic rate, and
the delayed drainage tends to catch up with these portions of the
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Table 9-7 .-Adju,gted field data for delayed yield analysis on Fairborn, Ohio, well
from Lohman (1972)

Time since

pumping
t, min

Corrected
drawdowns

s, ft

Time since

pumping

t,min

Corrected
drawdowns

s, ft

Time since
pumping began

t,min

0.12
.195
.255
.33
.39
.43
.49
.53
.57
.61
.64
.67
.70
.72
.74
.76
.78
.82
.84
.86
.87
.90
.91

2.65
2.80
3.00
3.50
4.00
4.50
5.00
6.00
7.00
8.00
9.00

10.00
12.00
15.00
18.00
20.00
25.00
30.00
35.00
40.00
50.00
60.00
70.00

0.92
.93
.94
.95
.97
.975
.98
.99

1.00
1.01
1.015
1.02
1.03
1.04
1.05
1.06
1.08
1.13
1.15
1.17
1.19
1.22
1.25

80
90

100
120
150
200
250
300
350
400
500
600
700
800
900

1,000
1,200
1,500
2,000
2,500
3,000

1.28
1.29
1.31
1.36
1.45
1.52
1.59
1.65
1.70
1.75
1.85
1.95
2.01
2.09
2.15
2.20
2.27
2.35
2.49
2.59
2.66

0.165
.25
.34
.42
.50
.58
.66
.75
.83
.92

1.00
1.08
1.16
1.24
1.33
1.42
1.50
1.68
1.85
2.00
2.15
2.35
2.50

response, resulting in the relatively flat portion of the data curve.
Eventually, the various factors reach a balance and the final slope
develops from which reliable values of T and S may be computed
using the Theis nonequilibrium solution. This solution, however ,
may require pumping for an excessively long period and involves a
tedious trial-and-error process.

Boulton (1955, 1964) developed equations for treating delayed
drainage influence; Prickett (1965) and Stallman (1963) improved
on Boulton's work to make it more amenable to practical
application. Neuman (1975) developed type curves for delayed
drainage. The abbreviated form of Boulton's equations are:

s = ~ W (u .!.- ) 9-29

41tT my M

Corrected
drawdowns

s, ft
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r2S

4Tf
Un =

r2S

y
uy = 4Ti

( r )2 1

d = ~ type A curve

4t

d = ~L tupe B curve
4t

where in consistent units:

s = drawdown at time t and at a distance r, L
Q = rate of discharge, L 3 I t

T = transmissivity, L2 It
W (Uay r I MJ = well function of u when 11 tends to infinity
t = time since start of pumping, t
r = distance of observation well from test well, L
B = early time coefficient of storage {nondimensional)
By = true specific yield or coefficient of storage

{nondimensional)
d = reciprocal of the delay index, t
11 = (B+Byl BJ = {nondimensional)
M = aquifer thickness, L

On figure 9-16, the type curve consists of two families of curves.
Type A curves are shown to the left of the r / M values, and type y
curves are shown to the right of the r / M values.

The type A curves are applicable to early time pumping and
type y curves to later time pumping when response of the aquifer
is in accord with the Theis nonequilibrium assumptions. Values
for 1/ Ua are shown at the top of the type curves, and 1/ Uy values
are at the bottom.



~7~ GROUND WATER MANUAL

00

~
:3
u
0)

'$

~
tU
~

"e
~
~
~
tU

"ai

1
~
~

I
0)

~
~



ANALYSIS OF DISCHARGIN(3 WELL AND OTHER TEST DATA 277

The method of using the type curves for finding values of T, S,
Sy, 11, and d, and the delay index (i.e., the reciprocal of d, will now
be discussed).

The field data s and t (table 9-7) are plotted on log-log paper
(figure 9-15) to the same scale as the type curves. This time
drawdown curve is analogous to two of the families of unconfined
aquifer-type curves shown on figure 9-16. The field data curve is
superimposed on the type curves, while keeping the axes of both
sheets parallel, and moved horizontally and vertically until the
best possible fit is found for type A curves. If necessary,
interpolate a position and r / M value between the type curves. The
r / M value of the match-type curve is noted. In this match
position, a point on the intersection of the major axes of the type
curve is selected and the corresponding point on the data curve is
marked. The point selected may be anywhere on the type curve
provided it overlies part of the data curve. The coordinates of the
common match points are s, l/ua, W (ua;yr/M), and t. These values
are substituted in equation 9-29 to determine T. The value for S is
then calculated using the determined value of T and the values of
1/ Ua and t from the match points using equation 9-30.

The curves are then moved horizontally with respect to each
other, and as much as possible of the late field data curve is
matched to the type y curve. The type y curve should have the
same r / M value as was used when matching to the type A curve.
A similar match of the field data curve to the type curve is made.
The coordinates of the match point s, l/uay, W (uayr/M), and t are
substituted in equations 9-29 and 9-31 to determine T and Sy. The
value of T is calculated using equation 9-29 and coordinates W (Uay
r / M) , and s. This T value should be similar to that obtained in
matching the early time data. The value of Sy is determined using
equation 9-31, the calculated value ofT, and coordinates l/uv and t
from the later time match.

The reciprocal of the delay index, d, is calculated by substituting
the r / M value with the later time, match point coordinates 1/ u(X
and t in equation 9-32.

8+8

If 11 = -2)6.5,

s

Values of the aquifer characteristics determined are probably of
acceptable reliability whether Jacob's corrections for drawdown and
partial penetration have or have not been made. If 11<6.5 and
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corrections have not been made, they should be computed, a new
data curve prepared, and the aquifer characteristics recalculated.
If the recalculation results in 11>6.5, the new values are probably
sufficiently reliable for most applications. However, if 11 still
remains less than 6.5, Boulton's equation (equation 6) (in Prickett,
1965) should be used. As an example of a delayed drainage
solution, figure 9-15 was matched to the A-type curve on
figure 9-16. Where:

1 = 1 and W (U .!.- ) = 1
uYM".

on the type curve, s = 0.56 foot and t = 0.18 minute (point a on
figure 9-15). In addition, the test data showed Q = 144.4 ft3/min
and r = 73 feet. Inserting the appropriate values in equation 9-29:

0.56 = 144.4Xl and T = 20.5 ft2fmin
12.57XT

Referring to equation 9-30

,2S

4Tr
u =

u

when:

"u = 1, r = 73.ft, t = 0.18 min, and T = 20.5 .ft2fmin, then:

S = 4X20.5XO.18 = 0.003

732Xl

Moving the data curve to the right on the type curve to the best
latetime match where s = 0.56 foot (point b on figure 9-15) gives a
value of 13.8 min for:

w (u .!.- ) = 1 and1- = 1
lIyM u

y

9-11. Determination of Aquifer Boundaries.- The
equilibrium equation is based on the concept of an aquifer of
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infinite areal extent, which obviously does not exist. Finite
boundaries (section 2-9) in one or more directions complicate
application of the equation. Suitably located image wells serve to
simulate hydraulically the flow regime caused by such boundaries
and may permit the hydraulic system to be analyzed as being in an
aquifer of infinite areal extent.

Although most boundaries are not abrupt nor do they follow a
straight line, it is usually possible to treat them as abrupt changes
along a straight line. The more distant the boundary from the dis-
charging well, the less the magnitude of influence will be on the
drawdown and the longer the time will be before drawdown is in-
fluenced. Figures 9-17 and 9-18 show boundary relationships to
image wells.

Figure 9-18 illustrates a recharge boundary where an aquifer is
bounded on one side by a fully penetrating stream. As the cone of
depression expands and eventually encounters the boundary, both
the rate of expansion of the cone and the rate of drawdown in the
discharging well are slowed. With continuation of pumping, the
cone of depression expands along the stream until the well receives
a major contribution from the stream.

To analyze the influence of a recharge boundary, a recharge
image well is hypothetically locatE~d on the opposite side of the
boundary from the real discharging well and at an equal distance
from the boundary. The image well recharges water to the aquifer
at the same rate as the real well discharges. Consequently, the
water-level buildup by the image well cancels the drawdown at the
boundary resulting from the real well. This satisfies the limits of
the problem.

Under actual field conditions, the stream channel is seldom fully
penetrating and hydraulic continuity between the stream and
aquifer may be restricted by partial plugging of the streambed by
fine materials. However, such deviations from ideal conditions
merely tend to cause a shifting of the boundary farther from the
discharging well.

Similarly, in the case of an impE~rmeable boundary, figure 9-17
shows a fault which has brought impermeable material in contact
with an aquifer. In such a situation, there is no flow across the
boundary .A discharging image well is hypothetically located an
~qual distance on the opposite side of the boundary from the real
discharging well. The image well is assumed to discharge at the
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( after U.S. Geological Survey)

Figure 9-17.-Relationship of an impeJmeable
boundary and an image well.
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<After U.S. Geological Survey)

Figure 9-18.-Relationship of a recharge
boundary and an image well.
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same rate as the real well. Theoretically, a ground-water divide
forms along the line of the boundary as the real and image well
cones of depression intercept. This satisfies the limits of the
problem.

To solve problems involving image wells, the principle of
superposition as described in section 5-20 is used. This method
provides that when two or more cones of depression interfere or
overlap, the resultant drawdown can be determined by adding
algebraically the individual drawdowns involved at the point of
intersect. Figures 9-17 and 9-18 show the theoretical, individual
drawdowns of the real and image wells and the resultant or actual
drawdowns.

In many instances, sufficient geologic and hydrologic information
is available to permit anticipation of the direction and distance to
boundaries from a well. Where such information is not available,
the influence of the well must be analyzed. The resultant cones of
depression have typical shapes, depending on the type of boundary ,
which may aid in analyzing the boundaries. Analysis by either the
Theis type curve solution (section 9-4) or Jacob's approximation
(section 9-5) will provide recognition criteria and estimated
distance and direction of boundaries.

The approximation method is advantageous for most analyses
because changes in slope of a straight line are usually easier to
recognize than in a log-log curve. Some data curves may present
problems in differentiating between positive boundary, leaky
aquifer, or delayed drainage conditions (Ferris, 1948; Ferris,
Knowles, Brown, and Stallman, 1962; and Walton, 1970). Lohman
(1972) presents a suite of curves for recharging and discharging
wells which permit calculation of transmissivity or storativity
using log-log plots (see figure 9-19).

(a) Boundary Location by Type Curve Analyses.-Figure 9-19
shows the relationship between a type curve and actual data from
observation wells for a recharge boundary; figure 9-20 shows
similar relationships for an impermeable boundary. These figures
were plotted from tabulated data that are partially reproduced in
tables 9-8 and 9-9. Figure 9-19 shows s versus t plotted on log-log
paper, whereas figure 9-20 shows s versus l/t plotted on log-log
paper to show the two different methods plotted. Either method
can be used.
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Table 9-8.-Tabulated discharging well test data for determining a recharge boundary

Project: Tongue Valley Discharge measured by: 7- by 10-inch
Feature: Drainage tests, Area 1 orifice
Location: 1,280 ft east of SW comer, sec. 10, Drawdown measured by: Electrical

T. 25 N., R. 16 W. sounder
Reference point: North side of casing

collar

Pump test No.1, pumping well--~

Depth to Drawdown Elapsed Manometer Discharge,
Date Time water, ft s, ft time, min reading, in gal/min Remarks

-.-

2-14 1130 38.42

2-15 1120 38.47

2-16 1135 38.53

2-17 1125 38.59

2-18 0710 1 38.64

0805 38.64 0.00 0 Pump started
0807 42.36 3.72 2 34.5 1,230
0809 42.67 4.03 4 34.0 1,220
0811 42.85 4.21 6 34.0 1,220
0813 42.97 4.33 8 34.0 1,220

0815 43.09 4.45 10 33.7 1,214 Pump off 2-20 at
0820 43.27 4.63 15 33.7 1,214 1115
0825 43.39 4.75 20 33.4 1,208
0830 43.49 4.85 25 33.5 1,210
0835 43.55 4.91 30 33.5 1,210 Average

discharge
1,210 gal/min

0845 43.67 5.03 40 33.4 1.208
0855 43.75 5.11 50 33.4 1,208
0905 43.80 5.16 60 33.6 1,212
0915 43.85 5.21 70 33.5 1,210
0925 43.89 5.25 80 33.4 1.208

0935 43.90 5.26 90 33.5 1.210
0945 43.94 5.30 100 33.5 1,210
1005 43.97 5.33 120 33.5 1,210
1105 44.03 5.39 180 33.5 1.210
1205 44.06 5.42 240 33.6 1.212

1305 44.09 5.45 300 33.7 1,214
1405 44.12 5.48 360 33.8 1.216 Adjusted
1505 i4.15 5.51 420 33.5 1,210 discharge value
1605 44.14 5.50 480 33.5 1,210
1705 44.14 5.50 540 33.5 1.210.

1 Static water level.
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Table 9-8.-Tabulated discharging well test data for
determining a recharge boundary -continued

Project: Tongue Valley Drawdown measured by:
Feature: Drainage tests, Area 1 "Popper"
Location: 100 ft north of pumping well, sec. 10, T. 25 Reference point: West side

N., R. 16 W. of ,:asing collar

Pump test No.1, observation hole No.1, r = 100 ft

Depth to Drawdown Corrected Elapsed
Date Time water, ft s, ft Correction' drawdown, ft time, min Remarks

2-14 1125 38.39

2-15 1115 38.44

2-161130 38.50

2-171120 38.56

2-18 0705 238.61

0805 38.61 0.00 0 Pump started
0810 38.69 .08 5
0820 38.83 .22 10
0825 38.93 .32 15
0830 39.02 .41 20

0835 39.08 .47 25 Pump off 2-20 at
1115

0845
0855
0905
0915

0925
0935
0945
0955
1005

1105
1205
1305
1405
1505

1605
1705
1805
1905
2005

39.14

39.22

39.28

39.32

39.36

39.39

39.41

39.43

39.44

39.46

39.50

39.54

39.55

39.55

39.56

39.59

39.59

39.57

39.57

.53

.61

.67

.71

.75

.78

.80

.82

.83

.85

.89

.93

.94

.94

.95

.96

.96

.96

.96

30

40

50

60

70

80

90

100

110

120

180

240

300

360

420

480

541:>

600

660

0.01
.01
.01
.02

.02

.02

.02

.03

.03

0.90
.93
.95
.96

.97

.98

.98

.99

.99

I Static water-Ievel rising.

, Static water level.
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Table 9-9.-Tabulated discharging well test data for
determining an impermeable boundary

Project: Dry Lake Discharge measured by: 7- by
Feature: Playa Reservoir 10-inch orifice
Location: SW 1/4, sec. 10, T. 4 N., Drawdown measured by: Electrical

R. 21 E. sounder
Reference point: North side of casing

collar

Pump test No. I, pumping well

Depth to Drawdown Manometer Discharge, Elapsed
Date Time water, ft 8, ft reading, in gal/min time,min Remarks-

7-15 0810 30.90

7-16 0815 30.91

7-17 0810 30.90

7-18 0840 1 30.90

0900 0 Pump started

0902 34.20 3.30 34.0 1,220 2 Pump off 7-21
0904 34.90 4.00 34.5 1,230 4 at 0900
0906 35.00 4.10 34.0 1,220 6
0908 35.20 4.30 34.0 1,220 8
0910 35.30 4.40 33.7 1,214 10 Average Q =

1,220 gal/min
161.8 ft3!min

0915
0920
0925
0930
0940

0950
1000
1010
1020
1030

1040
1100
1200
1300
1400

1500
1600
1700
1800
1900

2000
2100
2200

35.40
35.60
35.70
35.80
35.90

36.00
36.10
36.20
36.30
36.40

36.50
36.60
36.90
37.10
37.30

37.40
37.50
37.60
37.70
37.80

37.90
38.00
38.01

33.7

33.4

33.5

33.5

33.5

33.5

33.5

33.5

33.5

33.5

33.5

33.4

33.4

33.5

33.6

33.6

33.5

33.5

33.5

33.5

33.5

33.4

33.5

1,214
1,208
1,210
1,210
1,210

1,210
1,210
1,210
1,210
1,210

1,210
1,208
1,208
1,210
1,212

1,212
1,210
1,210
1,210
1,210

1,210
1,208
1,210

15
20
25
30
40

50
60
70
80
90

100
120
180
240
300

360
420
480
540
600

660
720
780

1 Static water level.

4.50
4.70
4.80
4.90
5.00

5.10
5.20
5.30
5.40
5.50

5.60
5.70
6.00
6.20
6.40

6.50
6.60
6.70
6.80
6.90

7.00
7.10
7.20
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Table 9-9.-Tabulated discharging well test data for
determining an impermeable boundary -continued

Project: Dry Lake Drawdown measurE,d by: "Popper"
Feature: Playa Reservoir Reference point: North side of casing
Location: SW 1/4, sec. 10, T. 4 N., R. 21 E. collar

Pump test No.1, observation well No.1, r = 100 ft north of pumped well

Depth to Drawdo~,n s, Elapsed
Date Time water, ft ft time, min Remarks

7-15

7-16

7-17

0815 30.87

30.87

30.88

130.88

0820

0815

0830
0900

0905
0910
0915
0920
0925

0930
0940
0950
1000
1010

1020
1030
1040
1050
1100

1200
1300
1400
1500
1600

1700
1800
1900
2000
2100

2300

0100

0.00

7-18
0

5
10
15
20
25

30
40
50
60
70

80
90

100
110
120

180
240
300
360
420

480
540
600
660
720

840

960

Pump started

.08

.22

.32

.41

.49

.56

.67

.77

.85

.95

1.01
1.08
1.14
1.20
1.25

1.51
1.70
1.87
1.99
2.10

2.20
2.28
2.36
2.46
2.50

2.63

2.77

30.96
21.10
31.20
31.29
31.37

31.44
31.55
31.65
31.73
31.83

31.89
31.96
32.02
32.08
32.13

32.39
32.58
32.75
32.87
32.98

33.08
33.16
33.24
33.34
33.38

33.51

33.65

Pump off 7-21 at 0900

7-19

I Static water level,



289ANAL YSfS OF DISCHARGING WELL AND OTHER TEST DATA

To determine the distance to a boundary from a discharging well,
the data, curve is fitted to the type curve as shown on figures 9-19
and 9-20. Then, successive steps to read the data are:
(1) difference in drawdown between the type curve and the data
curve, Si' is noted for any time, ti; (2) this difference is spotted on
the s axis and the time, tR, noted where the Si value intersects the
trace of the type curve. The values of ti and tR are the times of
equal drawdown resulting from the image well and real well,
respectively. On figure 9-19, for observation well No.1 at a radius
of 30 meters (100 feet) from the test well, Si = 0.134 meter
(0.44 foot) when ti = 300 minutes. Transferring Si = 0.134 meters
(0.44 foot) to the s axis of the graph and reading across to the type
curve, tR = 22 minutes. The time values are related by:

2 2
rj rR 9-34
t.

I tR

The distance rR from the real well to the closest observation well
being known, then:

I~ = 370 feetri=~ 22 =~IUJt:t:~

This process is followed for each observation well, and a circle is
drawn on a scaled plan of the test site layout using a radius equal
to ri distance computed for each observation well. The intersection
of the circles marks the approximate location of the image well. If
the observation wells lie in a straight line, especially if normal to
the boundary , the circles may be nearly tangent to each other and
the location of the image well may be weakly determined. This
problem can be minimized by offsetting at least one observation
well, as well No.4 was offset in the plan views of figures 9-19 and
9-20.

To locate the boundary , a line is drawn between the real well
and the image well. The boundary is located at the midpoint and
is normal to the line. Values of T and S may be calculated using
the same procedures explained previously. However, the values of
t and s must be taken from the early portion of the data curve that
coincides with the type curve before the deviation caused by
boundary conditions is evident.
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Either a leaky roof aquifer or a number of boundaries near the
test area will occasionally cause the data curve too depart from the
type curve in a manner that makes analysis diffic:ult. In such
instances, analysis by the leaky roof method should be tried if the
curves appear similar. If this iis not satisfactory, analysis by either
the straight-line approximation or delayed storage method may
permit a reliable interpretation.

(b) Boundary Location by Straight-Line Approximation.-
Equation 9-16 in section 9-5 on the straight-Iine approximation
method of solution shows that the slope of the liThe of the semilog
graph is dependent only upon the rate of pumpinl{ and the
transmissivity of the aquifer. In a pumping test, the discharge is
held constant and the transmissivity is assumed 1;0 be constant.
The plot of drawdown in an observation well versus time on a log
scale initially follows a curve ""hich changes gradlually to a straight
line as pumping continues.

When the area of influence of a discharging well reaches an
impermeable boundary, the rate of drawdown wilJl be doubled.
This results from the addition of the equal influence caused by the
hypothetical image well to the influence of the real well. Influence
from a second impermeable boundary will triple t"he drawdown. A
plot of drawdown versus time on a log scale shows straight sections
of lines (or legs) each having a slope that is an approximate
multiple of the initial slope. T]le transition from ,each leg to
another is not sharp, but follows a curve.

If the influence from two or more boundaries lo(~ated at
approximately equal distances reaches an observa.tion well almost
simultaneously, the drawdown data will plot on a path of
increasing curvature, and the straight-line portion of the plot may
be three or more times steeper than the initial slope. Approximate
locations of image wells may be obtained by drawing tangents with
double or triple (or one-half or one-third) slope values to the initial
slope of the data.

To determine the location of an image well by using the straight-
line approximation method, the! various legs of the curve are
extended through the plotted points that fall on a straight line.
Figure 9-21 shows an impermeable boundary determination. The
time, ti, is determined for a certain drawdown difference between
the second leg and the extension of the first leg. 'rhis point should
not be chosen where the plotted points are on a curve. In the
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example on figure 9-21, the location is chosen where s = 0.3 meter
(1 foot). This drawdown of 0.3 meter (1 foot) is then located on the
straight line of the first leg and the time, tR, noted. If a third leg
appears, the same procedure is followed in deterJmining the amount
of drawdown between the second and third legs, but referring the
time and amount of drawdown to the fifth leg. S:ince the distance
from the discharging well to each observation wen is known, the
distance to the image well causing the same am(]lunt of drawdown
( or recharge for a recharge boundary) can be determined by the
relationship shown in the previous equation 9-34:

r; r2R

t1 tR

In figure 9-19 for the observation well at a radJius ri of 30 meters
(100 feet) and a drawdown s = 0.3 meter (1 foot), the values of t
are: ti = 1,380 minutes and tR = 94 minutes. From this, the radius
of the image well from the observation well was c~alculated as
117.3 meters (385 feet), and the boundaries can now be located.

(c) Multiple Boundaries.-Where two or more boundaries are
present, image wells should be added as shown on figure 9-22 to
maintain the condition of no flow across an impeJrmeable boundary
and no drawdown along a recharge boundary. Fjgure 9-22 also
illustrates a discharging wen between impermeable and recharge
boundaries. This figure shows that when the fir~;t two image wells
have been located, a repetitious pattern of image well spacings and
discharge-recharge characteristics are present which permit the
location and type of additional image wells. Theoretically, image
wells extend to infinity in either direction, but in practice, the
number is limited to that which results in an acceptable effect at
the boundaries. The analysis then consists of an:3.lyzing the system
of real and image wells as though they were in aJ[l ideal infinite
aquifer. Bentall, 1963b; Ferris, 1948; UNESCO, 1967; and Walton,
1962 and 1970, discuss various complex boundarJr conditions and
their treatment.

9-12. Interference and Well Spacing.-Whe,n a well
discharges, a cone of depression is formed with its axis and lowest
point at the well. As discharging continues, the <:ircumference of
the cone extends farther and farther from the well and the cone
continues to deepen. Theoretically, the cone continues to expand to
infinity; however, under actual conditions this is not the case.
Recharge may balance discharge, thereby stabilizing the cone both
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Figure 9-22.-Use of multiple image wells for
boundary determination.

horizontally and vertically, and the rate and amount of drawdown
at some distance becomes too small to measure. This distance may
be anywhere from several hundred feet to several miles, depending
on time and rate of discharge and aquifer characteristics. The
distance to the point of negligible drawdown (radius of influence)
can be calculated by assuming a very small value for s and using
the Theis nonequilibrium equation 9-6 in section 9-3. The values
of Q, t, 8, and T must be known to use the equation.

Wells in a well field designed for water supply should be spaced
as far apart as possible so their areas of influence will have a
minimum of interference with each other. Because drawdown
interference is additive, the capacity of wells with intersecting
areas of influence will be reduced or drawdowns increased.

The solid lines on figure 9-23 show drawdown in wells A and B,
assuming that only one well is discharging at a time and that the
aquifer is infinite. When both wells are discharging at the same
time, drawdown curves between the wells would be additive and
their combined drawdown is shown by the dotted lines. The
drawdown curve with both wells discharging can be estimated for
any point (see line segment 0-0 on figure 9-23). Drawdown caused
by well A is shown by line segment 1-2, well B drawdown is
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Figure 9-23.-Interference between discharging wells.

segment 1-3, and the drawdown caused by both ~,ells is shown by
line segment 1-4, or segment 1-3 plus segment 1-'2. This is the
principle of superposition or mutual interference and applies in
well hydraulics whether the wells are real or images. For drainage
wells, it may be desirable to layout the well spac'ing to
intentionally cause interference, thereby increasiJ:lg the drainage
effect at the midpoints betweel:l wells. In any ca~ie, the curve of the
cone of depression should be known either by calc~ulation or field
measurement so that proper spacing of wells can be established
(Bentall, 1963a, 1963b; Ferris, Knowles, Brown, ~md Stallman,
1962; Hantush, 1964; Lang, 1961; Moody, 1955a, 1955b; Remson,
McNeary, and Randolph, 1961; Walton, 1970).

9-13. Barometric Pressure and Other Inf1\lenCeS on Water
Levels.-Water levels in wellEi in many artesian aquifers respond
to changes in atmospheric pressure. An increase in atmospheric
pressure causes the water level to decline, and a decrease causes
the water level to rise. The barometric efficiency of an aquifer may
be expressed:

s...
BE = -X lOO

.~.
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where:

BE = the barometric efficiency {nondimensional)
Sw = the water-level change, I-,
Sb = the barometric pressure change, L

Barometric efficiency can be estimated by plotting the water-
level changes as o.rdinates and barometric pressure changes as
abscissas on rectangular coordinate paper as shown on figure 9-24.
The slope of a straight line fitted through the plotted points is the
barometric efficiency which may be as high as 80 percent. In
conducting discharging well tests in artesian aquifers when
drawdowns are expected to be small, records of water levels and
barometric pressures should be kept for several days prior to the
start of the test to determine the influence of pressure changes on
water levels. Barometric readings are continued during the test
and measured drawdowns corrected accordingly by applying the
barometric efficiency (table 9-10). For example, a well which
showed a 50-percent barometric efficiency would have a water rise
of 0.015 meter (0.05 foot) for each decrease of 0.030 meter
(0.10 foot) in barometric pressure measured in head of water and
conversely. Such values should be added to or subtracted from the
measured drawdowns to eliminate the influence of atmospheric
pressure changes.

Similar fluctuations in water levels may result from ocean and
earth tidal fluctuations, earthquakes, and passing trains (Ferris,
Knowles, Brown, and Stallman, 1962; Todd, 1959, 1980).

9-14. Well Performance Tests.-The tests described thus far
are intended primarily to determine aquifer characteristics,
including transmissivity, storativity, and boundary conditions.
Similar tests are also conducted to determine well characteristics.
The two principal well characteristics of well performance, yield,
and drawdown are measures of the capacity of the well to produce
water; both should be taken into account when capacity is
considered. More specifically, the tests are conducted for the
following reasons: (1) to determine general adequacy of
development prior to completion; (2) upon completion to determine
general capacity, establish a baseline for later tests, and to
determine correct pump capacity and setting; and (3) to determine
deterioration of the well following a period of use.
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Figure 9-24.-Relationship of water levels and
barometric pressure.
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(a) Step Tests.-Step tests are used principally to determine the
comparative specific capacity (i.e., yield versus drawdown, of a well
at different rates of discharge). Usually the tests are started at a
low step, such as 25 percent of design capacity, and increased in
three or four incremental steps, such as 50, 75, 100, and
125 percent of capacity. Ideally, a recovery period should follow
each step, but the costs of such a procedure often cannot be
justified. More commonly, the entire test is run without pause.
The first step is continued until the water level reaches
approximate stabilization. This usually is reached within a period
ranging from 1 to 4 hours. Subsequent steps are run for the same
length of time as the first.

The specific capacity of wells declines with increasing discharge
and length of pumping time. The decline caused by increasing
discharge is usually small in wells in artesian aquifers, but may be
large in wells in free aquifers. If a step test of a new well shows
increasing specific capacity with increasing discharge, it probably
indicates that the well is continuing to develop and that the
original development was inadequate.

In the determination of most favorable capacity, if an exact
design capacity is not necessary, a plot of drawdown versus yield
for each step may show a point at which yield is optimum. Also,
such plots, when combined with constant yield test data, will yield
data on correct pump settings.

The yield of most wells declines with use because of general
deterioration of the well through buildup of encrustation on
screens, plugging of aquifers and gravel packs, and other similar
factors. If a step test was conducted upon completion of the well,
the running of a duplicate test may yield data on the extent of the
deterioration and clues as to the nature.

Analyses of data from step tests of discharging wells have been
used by Jacob (1947) and Rorabaugh (1953) to determine the
efficiencyofwells. Mogg (1968) contends, however, that
determination of well efficiency should properly be based on the
theoretical specific capacity ofa well which is a function of
transmissivity of the aquifer. This requires test data from a fully
penetrating test well and an observation well.
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(b) Constant Yield Tests.-For wells of low capacity and
intermittent operation, such aEi domestic or stock wells, a bailing or
pumping test of several hours' duration may be a,dequate to
determine the yield and correct pump capacity aIJld setting.

Wells of larger capacity which must operate for prolonged periods
should be tested at a rate approximating the intended capacity for
a long enough period to simulate actual production pumping condi-
tions. Normally, unless aquifer conditions are simple and uniform
or are well known, such a test should be continuE~d at a uniform
rate for a minimum of 72 hours.

9-15. Streamtlow Depletion by a Dischargiing Well.-Where
an aquifer is hydraulically connected to a stream or lake, discharge
from a nearby well will result in depletion of the surface water
body. It is often important to know, because of possible water
rights conflicts, the timing and extent of such depletion. A method
of estimating surface-water depletion resulting from operation of a
nearby well has been developed by Glover and Balmer (1954) in an
analysis made by the images method. Figure 9-2:5 is a graph from
which the portion of the well discharge contribut,ed by a stream
can be estimated. In this graph, q is the discharge of the well
drawn from the stream; Q is the total well disch~lrge; X is the
distance from the well to the stream, or more acc:urately, the
computed distance to the recharge boundary; T il, the
transmissivity; t is the time since discharge began; and S is the
specific yield. If values of X, (~, T, and S are known, the
percentage of water pumped from the well that originates from the
stream can be estimated for any time. Similarly, by assuming a
small value such as 0.01 (it cannot be zero) on the abscissa, an
estimate may be made of the time at which prac1~ically all water
pumped would come from the stream. In an unconfined aquifer ,
the drawdown in the well should not be less than 50 percent of the
original saturated thickness of the aquifer (Glover, 1960, 1964,
1968; Glover and Balmer, 1954; Hantush, 1964, 1965; Moulder and
Jenkins, 1969; Rorabaugh, 1951; Walton, 1963, 1966, 1967, 1980).

9-16. Estimates of Future Pumping Level!; and Well
Performance.-In well design, an estimate of minimum pumping
levels during the prospective well life may be nel::essary to provide
for an adequately deep pump setting and head and power
requirements. Initially, hydrographs of water levels in nearby
wells are examined to determine long-term grouJrld-water trends
and seasonal fluctuations. Potential additionall{round
development is evaluated and, if possible, the efl:ects of such
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development on future ground levels estimated. Also, in the case
of free aquifers, the effect of decrease in aquifer thickness on
transmissivity is estimated from the relationship T = KM. Using
the estimated or determined value of S, the value of T (corrected as
necessary), and estimated pumping schedules, the maximum levels
are estimated which might be encountered in a well in which the
drawdown in the well exceeds the theoretical drawdown by 20 to
30 percent. This 20- to 30-percent factor compensates for losses
incurred in the well. Mter completion and testing of a well, step
test analyses are used to refine the original estimate of minimum
water levels. The same procedure can be used on existing or
rehabilitated wells.

Common problems for analysis are to predict long-term
performance of a well or group of wells, or the reaction of an
aquifer to various distribution of wells and rates of pumping. The
computed values of T and 8 may be substituted in the various
equations based on the nonequilibrium equation to arrive at
solutions to such problems. For example, it may be necessary to
determine the drawdown in a well pumping at a given rate for a
given period of time. 8, T, and r {radius of the well) would be
known. This permits solving for u. Using this value of u, we can
find W(u) from figure 9-5 or table 9-3 in section 9-4. Substituting
the value for W(u) in equation 9-9, we can then solve for s. The
value obtained for s will be the theoretical drawdown just outside
the well casing. The drawdown inside the well will be greater ,
depending on the efficiency of the well. The drawdown at any
distance from the well can be found by setting a value for r. When
more than one well is involved, the drawdown at any point is equal
to the sum of the drawdowns for each well at that point.

Other uses of equations 9- 7 and 9-9 would be to determine:

.length of time a well can be pumped before drawdown
reaches a given value

rate at which a well can be pumped for a given period
before the top of the screen is exposed or the pump breaks
suction

distance from a well at which drawdown reaches a selected
value in a given time. This is especially useful in locating
drainage wells or determining interference between wells.
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Determining the feasible yield from a well or well field requires
an economic analysis involving the amount of water needed,
specific capacity of the wells, the cost of power, and the cost of
wells and pumps.

9-17. Estimating Transmissivity from Specific Capacity.-
For some investigations, especially those of a reconnaissance
nature, those covering large areas, or investigations that are
limited by funds, estimates of approximate transmissivity values
may be acceptable. The drilling of test and observation wells and
the running of tests may be unnecessary or unjustified if there are
existing wells in the area. Limited data on the yields and
drawdown of such wells may be used to calculate approximate
transmissivity values from specific capacity data.

In the previously discussed methods of determining
transmissivity by discharging well tests, two essential terms in the
analyses are the well discharge, Q, and drawdown, s, or more
specifically Q/s. In a closely controlled test, Q and s are related to
values of time, distance, and storativity in an observation well to
obtain a transmissivity value that is as accurate and reliable as
possible. However, within limits, these three factors may be
ignored and the simple Q / s relationship used to determine
approximate transmissivity values. Figure 5-4 in section 5-3 shows
the general relationship between specific capacity, in gallons per
minute of discharge versus feet of drawdown, and transmissivity.
If the specific capacity values are based on pumping periods of
several hours or more, the transmissivity values tend to be con-
servatively low because the inefficiency of the well probably
overshadows the effects of drawdown increasing with time.

Figure 5-4 may also be used to determine the value of specific
capacity when the transmissivity is known. In all instances,
however, it should be understood that the values from figure 5-4
are approximations only. Walton (1970) gives a more thorough
analysis of the specific capacity method of determining
transmissivity.

9-18. Flow Nets.-Forchheimer (1930) evolved a graphical
solution for complex ground flow problems. His methods are used
primarily for analysis of flow under and around foundations,
through dams and similar structures at which relatively uniform
conditions prevail. He considered that such problems could be
analyzed by flow nets in a two-dimensional flow system through a
unit cross section. In 1937, Arthur Casagrande (1937) published
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an English discussion of the principle and application of flow nets
(Ferris, Knowles, Brown, and Stallman, 1962; Peat tie, 1956; and
Walton, 1970).

Solutions are based on the law of continuity, which states that
the vol1;1me of water flowing into a saturated element of soil is
equal to the volumes flowing out of it, and on Darcy's law, where
boundaries are fixed and flow is steady. The two-dimensional flow
can be represented by orthogonal families of curves. One set of
curves represents flow lines and the other equipotentiallines. The
two sets of curves intersect each other at right angles. Since the
number of lines is infinite, there is no unique way of constricting a
flow net.

The equipotentiallines, which are drawn one unit apart,
represent lines of an equal water or piezometric level. The flow
lines are drawn to represent equal flow rates through the zone
bounded by the lines.

Boundaries on all flow nets are either equipotential or flow lines.
Flow lines start at right angles to recharge boundaries and
impermeable boundaries are represented by flow lines.
Theoretically, there can be no flow across a flow line.

The two families of lines are drawn to form a net of orthogonal
squares which are not usually squares, but possess the property
that the ratio of the sum of the opposite sides of each square
bounded by two flow lines and two equipotentiallines is unity and
the lines intersect at right angles. If 1lq equals the number of flow
tubes, 1le' the number of equipotential drops, and h, the head
difference between the inlet and outlet of the net, the flow Q is

represented by:

Q = Kh~

TI.

9-36

where:

11q /11. is known as the shape factor and K is the permeability.

Forchheimer's solution can b~ applied to qualitative analysis and
sometimes to quantitative determination of ground flow
distribution where conditions are uniform, flow is steady, and
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sufficient data are available to permit drawing a reasonably
accurate flow net. However, the basic assumptions are seldom
met, so the Forchheimer method must be used with care.

The ground gradient, i, can be estimated by measuring the
distance, L, between equipotentiallines h1, and hz. By using the
gradient equation,

h1-h2

L

i =

and the area A of a plane normal to the direction of flow which can
be estimated from the width and thickness of the flow zone, the
flow rate can be calculated using Darcy's law: Q = KiA.

Figure 9-26 is a water-table elevation contour map on which flow
lines have been sketched. A ground mound caused by deep
percolation is shown near the upper, right corner. Water flows out
radially from the mound. The distance between adjacent flow
lines, W, increases with distance from the mound and with
flattening gradient. Flow lines and equipotentiallines form an
orthogonal network of cells, the size of which increase as the
gradient decreases. Theoretically, the flow through anyone cell
equals the flow through any other cell.

Since there can be no flow across a flow line and if the aquifer is
uniformly thick,

Ql = Q2 = KlWlil = K2W2i2 or

~=

K2

W2i2

W1i1

9-37

9-19. Drainage Wells.-Drainage wells differ little from
conventional water-supply wells except that the main objective is
lowering of the water table rather than water supply.

Where c()nditions are favorable, a method developed by Hantush
( 1964) may be useful in determining the feasibility of using
drainage wells, general features, layout of facilities, and operating
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criteria. Although the equation is steady state, averaging
transient conditions during long-term pumping permits its use for
initial estimates of required well discharge and spacing.1

Hantush's equations are (see figure 9-27):

KI. = w
h

, e,

log [ ~ ] = 0.464 log f.-O.157

Mre = d

Q = 1t Wr 2

.

where, using consistent units:

to = a pure number whose value depends on the aquifer charac-
teristics and geometry of the well

W = rate of uniform deep percolation, Lit
K = hydraulic conductivity or permeability of the aquifer, L I t
he = maximum permissible thickness at the center of each cell

with an area drained by a network of wells, L (the
maximum thickness of the saturated aquifer between the
dewatered root zone and the base of the aquifer)

r w = effective radius of a well, L
hw = saturated thickness at a pumping well which completely

penetrates the aquifer, L
r e = radius of a circle circumscribing the diversion area of each

of a large number of equally spaced wells, L
M = spacing of the wells, L
d = dimensionless constant which depends on the grid on which

wells are located (for a rectangular grid, it is 11 = 1.414 and
for an equilateral grid it is .[3 = 1.732)

Q = steady discharge of an individual well in the grid, L 3 I t

1 These equations were developed for a single well with an impervious boundary at

radius r ..They do not allow for well interference and are therefore conservative.
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Figure 9-27.-Analysis of drainage well requirements.

The Hantush analysis gives a preliminary estimate of the
drainage requirements. Further refinement may be necessary,
depending on the reliability of the data and complexity of the
hydrologic system.



ANALYSIS OF DISCHARGING WELL AND OTHER TEST DATA 309

9-20. Bibliography ,-

Bentall, R. (compiler), 1963a, "Methods of Determining
Permeability, Transmissibility, and Drawdown," U.S. Geological
Survey Water-Supply Paper 1536-1.

--' 1963b, "Short Cuts and Special Problems in Aquifer Test,"
U.S. Geological Survey Water-Supply Paper 1545-C.

Boulton, N.S., December 1951, "The Flow Pattern Near a Gravity
Well in a Uniform Water-Bearing Medium," Journal of the
Institution of Civil Engineers (London), vol. 36, No.10,
pp. 534-550.

--' August 1954, "The Drawdown of the Water Table Under
Non-Steady Conditions Near a Pumped Well in an Unconfined
Formation," Institution of Civil Engineers Proceedings (London),
vol. 3, part III, No.2, Paper No.5979, pp. 564-579.

-' 1955, "Unsteady Radial Flow to a Pumped Well Allowing
for Delayed Yield for Storage," International Association of
Scientific Hydrology, Assemblee Generale de Roma, Tome II,
Publication No.37, Rome, pp. 473-477.

--' November 1963, "Analysis of Data from Nonequilibrium
Pumping Tests Allowing for Delayed Yield from Storage,"
Institution of Civil Engineers Proceedings (London), vol. 26,
Paper No.6693, pp. 469-482, also, "Discussion of. .," in vol. 28,
pp. 603-610, August 1964.

Brown, R.H., 1953, "Selected Procedures for Analyzing Aquifer
Test Data," Journal of the American Water Works Association,
vol. 45, No.8, pp. 844-866.

Bruin, J., and H.E. Hudson, Jr., 1955, "Selected Methods for
Pumping Test Analysis," Illinois State Water Survey Report of
Investigation No.25, Urbana.

Casagrande, A., 1937, "Seepage Through Dams," Journal of the
New England Water Works Association, vol. 51, pp. 131-172.

Chow, V.T., June 1952, "On the Determination of Transmissibility
and Storage Coefficient from Pumping Test Data," Transactions
of the American Geophysical Union, vol. 33, No.3, pp. 397-404.



GROUND WATER MANUAL310

Cooper, H.H., Jr., and C.E. Jacob, August 1946, "1\ Generalized
Graphical Method for Evaluating Formation Constants and
Summarizing Well-Field History," Transactions of the American
Geophysical Union, vol. 27, No. IV, pp. 526-534.

Davis, S.N., and R.J.M. DeWiest, 1966, "Hydrogeology," John
Wiley & Sons, New York.

DeWiest, R.J.M., 1965, "Geohydrology," John WiIE!Y & Sons,
New York.

Ferris, J.G., 1948, "Ground Water Hydraulics as a Geophysical
Aid," Michigan Department of Construction, Tec~hnical Report
No.1, Lansing.

Ferris, J.G., D.B. Knowles, R.H. Brown, and R.W. Stallman,
1962, "Theory of Aquifer Tests," U .S. Geological Survey
Water-Supply Paper 1536-E.

Forchheimer, Philipp, 1930, "I:tydraulik," 3d edition, BoG.
Teubner Verlagsgesellschaft, Berlin.

Glover, R.E., March 1960, "Studies of Ground Water Movement,"
Bureau of Reclamation Technical Memorandum 657.

-,1960, "Ground Surface Water Relationship," Water
Research Conference, Colorado State Universit~, Fort Collins.

-' R.E., 1964, "Ground-Water Movement," Bureau of
Reclamation, Engineering Monograph No.31.

' 1968, "The Pumping Well," Colorado State University
Agricultural Experiment Station, Technical Bulletin No.100,
Fort Collins.

-' and G.G. Balmer, June 1954, "River Depletion Resulting
from Pumping a Well near a River," Transactions of the
American Geophysical Union, vol. 35, No.3, pp. 468-470.

-' Moody, W.T., and W.N. Tapp, June 11, 1954, "Till
Permeabilities as Estimated from the Pump-Test Data Obtained
During the Irrigation Well Investigations," memorandum to
Drainage and Ground Engineer, Bureau of Reclamation.



ANALYSIS OF DISCHARGING WELL AND OTHER TEST DATA 311

"Ground Water and Wells," 1966, UOP Johnson Division, Driscoll,
Fletcher G., (principal author and editor), 1986, "Ground Water
and Wells," 2d edition, UOP Johnson Division, St. Paul, Minn.

Hantush, M.S., Apri11955, "Steady Three-Dimensional Flow to a
Well in a Two-Layered Aquifer," Transactions of the American
Geophysical Union, vol. 36, No.2, pp. 286-292.

--' December 1956, "Analysis of Data from Pumping Tests in
Leaky Aquifers," Transactions of the American Geophysical
Union, vol. 37, No.6, pp. 702-714.

-) August 1959, "Nonsteady Flow to Flowing Wells in Leaky
Aquifers," Journal of Geophysical Research, vol. 64, No.8,
pp. 1043-1052.

-' November 1960, "Modification of the Theory of Leaky
Aquifers," Journal of Geophysical Research, vol. 65, No.11,
pp. 3713-3725.

-' 1961, "Tables of the Functions W(UB)," New Mexico
Institution of Mining and Technology, Professional Paper
No.103, Socorro.

--,1961, "Tables of the Functions W(UB)," New Mexico
Institution of Mining and Technology, Professional Paper
No.104, Socorro.

-' July 1961, "Drawdown Around a Partially Penetrating
Well, Proceedings of the American Society of Civil Engineers,
Journal of the Hydraulics Division, vol. 87, No. HY4, pp. 83-98.

-' September 1961, "Aquifer Tests on Partially Penetrating
Wells," Proceedings of the ASCE, Journal of the Hydraulics
Division, vol. 87, No. HY5, pp. 171-195.

-' March 1962, "Drainage Wells in Leaky Water-
Table Aquifers," Proceedings of the ASCE, Journal of the
Hydraulics Division, vol. 88, No. HY2, pp. 123-137.

-.0 March 1964, "Supplement to Peterson's Design of
Replenishment Wells," Proceedings of the ASCE, Journal of
Irrigation and Drainage Division, vol. 90, No. IRl, part 1,

pp.67-76.



312 GROUND WATER MANUAL

-, June 15, 1964, "Depletion of Storage, Leakage, and River
Flow by Gravity Wells in Sloping Sand," Journal of Geophysical
Research, vol. 69, No.12, pp. 2551-2560.

-' June 15,1965, "Wells near Streams with Semipervious
Beds," Journal of Geophysical Research, vol. 70, No.12,
pp. 2829-2838.

-,1966, "Wells in Homogeneous Anisotropic Aquifers," Water
Resources Research, vol. 2, No.2, pp. 273-279.

.January 15, 1966, "Analysis of Data from Pumping Tests
in Anisotropic Aquifers," Journal of Geophysical Research,
vol. 71, No.2, pp. 421-426.

-, and C.E. Jacob, February 1955, "Non Steady Radial Flow
in an Infinite Leaky Aquifer," Transactions of the American Geo-
physical Union, vol. 36, No.1, pp. 93-100.

Heath, R.C., and F.W. Trainer, "Introduction to Ground
Hydrology," John Wiley & Sons, New York, 1968.

Skeat, W.O. (editor), 1969, "Manual of British Water Engineering
Practice," W .Heiner & Sons, Cambridge.

Jacob, C.E., 1940, "On the Flow of Water in an Elastic Artesian
Aquifer ," Transactions of the American Geophysical Union,
Reports and Papers, vol. 21, pp. 574-586.

---' 1945, "Adjustment for Partial Penetration of a Pumping
Well" U.S. Geological Survey Open File Report.

-, April 1946, "Radial Flow in a Leaky Artesian Aquifer ,"
Transactions of the American Geophysical Union, vol. 27, No. II,
pp. 198-208.

-' 1947, "Drawdown Test to Determine the Effective Radius
of an Artesian Well," Transactions of the American Society of
Civil Engineers, vol. 112, pp. 1047-1070.

-' and S.W. Lohman, August 1952, "Nonsteady Flow to a
Well of Constant Drawdown in an Extensive Aquifer,"
Transactions of the American Geophysical Union, vol. 33, No.4,
pp. 559-569.



ANALYSIS OF DISCHARGING WELL AND OTHER TEST DATA 313

Kazmann, R.G., December 1941, "Inverse Tables of the
Exponential Integral," U.S. Geological Survey, Water Resources
Branch, Division of Ground Water .

-' 1965, "Modern Hydrology," Harper & Row, New York.
Kruseman, G.P., and N.A. de Ridder, 1970, "Analysis and
Evaluation of Pumping Test Data," International Institute for
Land Reclamation and Improvement, Book II, Wageningen,
Netherlands.

Lang, S.M., 1961, "Methods for Determining the Proper Spacing of
Wells in Artesian Aquifers," U.S. Geological Survey Water-
Supply Paper 1545-B.

Lennox, D.H., January/February 1969, "Reader's Comment on
Step Down Tests," Drillers Journal, UOP Johnson Division,
St. Paul, Minnesota.

-' November 1966, "Analysis and Application of the
Step-Drawdown Test," Proceedings of the American Society of
Civil Engineers, Journal of the Hydraulics Division, vol.92,
No. HY6.

Lohman, S.W., 1972, "Ground Water Hydraulics," U.S. Geological
Survey Professional Paper 708.

Lohman, S.W., 1965, "Geology and Artesian Water Supply of the
Grand Junction Area Colorado," U .S. Geological Survey
Professional Paper 451.

Meinzer, O.E., 1932, "Outline of Methods for Estimating Ground
Supplies," U.S. Geological Survey Water-Supply Paper 638-C.

Mogg, J.L., July/August 1968, "Step Drawdown Test Needs
Critical Review ," Drillers Journal, UOP Johnson Division,
pp. 3-8, 11.

Moody, W.T., March 11, 1955a, "Determination of Minimum
Drawdown Within an Array of Wells," Memorandum to T.P.
Ahrens, Bureau of Reclamation.

-' February 16, 1955b, "Determination of the Drawdown at
the Center of an Array of Wells," memorandum to T .P .Ahrens,
Bureau of Reclamation.



GROUND WATER MANUAL314

Moulder, E.A., and C.T. Jenkins, March 1969, "Analog Digital
Models of Stream Aquifer Systems," U .S. Geological Survey,
Water Resources Division, Open File Report.

Muskat, Morris, 1946, "The Flow of Homogeneous Fluids through
Porous Media," J.W. Edwards, Ann Arbor, Michigan.

National Bureau of Standards, 1940, "Tables of Sine, Cosine, and
Exponential Integrals," vols. 1 & 2.

Norris, S.E., and R.E. Fidler, July 1966, "Use of Type Curves
Developed from Electric Analog Studies of Unconfined Flow to
Determine the Vertical Permeability of an Aquifer at Piketown,
Ohio," Ground Water, vol. 4, No.3, pp. 43-48.

Papadopulos, logo, October 15, 1966,."Nonsteady Flow to
Multiaquifer Wells," Journal of Geophysical Research, vol. 71,
No.20, pp. 4791-4797.

Peat tie, K.R., January 1956, "A Conducting Paper Technique for
the Construction of Flow Nets," Civil Engineerirlg and Public
Works Review (GB), vol. 51, No.595, pp. 62-64.

Prickett, T .A., July 1965, "Type-Curve Solution to Aquifer Tests
Under Water Table Conditions," Ground Water, vol. 3, No.3,
pp. 5-14.

Prickett, T.A., and C.G. Longquist, December 1968, "Comparison
Between Analog and Digital Simulation Techniques for Aquifer
Evaluation," Illinois State Water Survey Reprint Series No.114,
Urbana.

Remson, I., S.S. McNeary, and J.R. Randolph, 1961, "Water
Levels Near a Well Discharging from an Unconfined Aquifer,"
U.S. Geological Survey Water-Supply Paper 1536-B.

Rorabaugh, M.I., 1951, "Stream Bed Percolation in Development of
Water Supplies," International Association of Scientific
Hydrology Publication No.33, Brussels.

--J December 1953, "Graphical and Theoretic:al Analysis of
Step Drawdown Tests of Artesian Wells," Proceedings of the
American Society of Civil Engineers, vol. 79, Separate No.362.



ANALYSIS OF DISCHARGING WELL AND OTHER TEST DATA 315

Rouse, H. (editor), 1950, "Engineering Hydraulics," Proceedings of
the Fourth Hydraulics Conference, Iowa Institute of Hydraulic
Research, State University of Iowa, Iowa City, June 12-15, 1949.

Schicht, R.J., February 1972, "Selected Methods of Aquifer Test
Analysis," Water Resources Bulletin, vol. 8, No.1 pp. 175-187.

Sheahan, N.T., January/February 1971, "Type-Curve Solution of
Step-Drawdown Test," Ground Water, vol. 9, No.1, pp. 25-29.

Stallman, R.W., 1961, "The Significance of Vertical Flow
Components in the Vicinity of Pumping Wells in Unconfined
Aquifers," U.S. Geological Survey Professional Paper 424-B.

.1963, "Electric Analog of Three-Dimensional Flow to Wells
and Its Application to Unconfined Aquifers," U .S. Geological
Survey Water-Supply.

-' 1965, "Effects of Water Table Conditions on Water Level
Changes Near Pumping Wells," Water Resources Research,
vol. 1, No.2, pp. 295-312, Paper 1536-H.

Stone, R.F., January/February 1969, "Reader's Comment on Step
Down Tests," Drillers Journal, UOP Johnson Division, pp. 10-12.

Theis, C.V., August 1935, "The Relation Between the Lowering of
the Piezometric Surface and the Rate and Duration of Discharge
of a Well Using Ground-Water Storage," Transactions of the
American Geophysical Union, vol. 16, part II, pp. 519-524.

Todd, D.K., 1959, "Ground Water Hydrology," John Wiley & Sons,
New York.

Todd, D.K., 1980, "Ground Water Hydrology, 2d edition, John
Wiley & Sons, New York.

UNESCO, 1967, "Methods and Techniques of Ground Water
Investigations and Developnients," Water Resources Series,
No.33, New York.

Walton, W.C., 1962, "Selected Analytical Methods for Well and
Aquifer Evaluation," Illinois State Water Survey, Department of
Regulation and Education Bulletin No.49, Urbana.



316 GROUND WATER MANUAL

-' 1963, "Estimating the Infiltration Rate of a Stream Bed by
Aquifer Test," International Association of Scientific Hydrology
Publication No.63, Berkeley, Calif.

-' 1966, "Effect of Induced Stream Bed Infiltration of Water
Levels on Wells During Aquifer Tests," Water Resources
Research Center, University of Minnesota, Bulletin No.2.

-, 1967, "Recharge from Induced Stream Bed Infiltration
Under Varying Water Level and Stream Stage Conditions,"
Water Resources Research Center, University oj'Minnesota,
Bulletin No.6.

-,1970, "Ground Water Resource Evaluation," McGraw-Hill,

New York.

Weeks, E .P ., 1964, "Field Methods of Determining Vertical
Permeability and Aquifer Anisotropy," U.S. Geological Survey
Professional Paper 501-D.

Wenzel, L.K., 1942, "Methods for
Water-Bearing Materials," U.S.
Paper 887.

-' and A.L. Greenlee, January 1944, "A Method of
Determining Transmissibility- and Storage-Coefficients by Tests
of Multiple-Well Systems," Transactions of the-American Geo-
physical Union, vol. 24, partll, pp. 547-560.

Determining Permeability of
Geological Survey Water-Supply



«Chapter X

PERMEABILITY TESTS IN
INDIVIDUAL DRILL HOLES AND WELLS

10-1. General Considerations.-Chapters II, VIII, and IX con-
sidered various aspects of pumping tests to determine values of
transmissivity, storativity, and boundary conditions of aquifers for
use in ground-water inventories, well field design, drainage feasi-
bility, and related activities. Such tests are usually large-scale
activities that are time consuming, costly, and require significant
manpower. Moreover, they are applicable only to saturated
materials.

In many investigations, particularly those involving construction
of facilities or analysis of hazardous waste sites, information on
low-permeability or unsaturated materials is required. Often, a
number of locations need to be tested to provide data on spatial
variations in characteristics of subsurface materials.

Laboratory permeability tests of subsurface materials usually are
not satisfactory. Test specimens from such materials can seldom,
if ever, be obtained in an entirely undisturbed state, and a
specimen may represent only a limited portion of the material
being investigated.

Tests have been devised that are relatively simple and less costly
than aquifer pumping tests. These tests are usually conducted in
conjunction with exploratory drilling or existing monitoring wells.
They are designed to obtain data relating to possible or existing
seepage, uplift pressures, contaminant transport, and similar
problems that may occur in low permeability materials.

Exploratory drilling to determine foundation and other conditions
is costly and time consuming, but its value is generally recognized.
Permeability testing is often an integral part of the operation and
the cost of such exploratory drilling. Permeability testing on
existing monitor wells may be advantageous to determine
characteristics of materials where evaluation of existing data
indicates gaps or necessity to confirm previous assumptions.
Properly conducted and controlled permeability tests will yield
reasonably accurate and reliable data.

The tests described herein show semiquantitative values of
permeability. If they are performed properly, however, the values



318 GROUND WATER MANUAL

obtained are sufficiently accurate for most engineering purposes.
Linear, volumetric, pressure, and time measurements should be
made as accurately as available equipment will permit, and gauges
should be checked periodically for accuracy.

The quality of water used in permeability tests is of primary im-
portance. The presence of only a few parts per m"illion of turbidity
or air dissolved in water can plug soil and rock voids and cause
serious errors in test results. Water should be cle!ar and silt free.
To avoid plugging of the soil pores by air bubbles, the use of water
that is a few degrees warmer than the ground temperature of the
test section is a desirable practice.

For some packer tests, pumps of up to 950-literl~-per-minute
(250-gallons-per-minute) capacity against a total dynamic head of
50 meters (160 feet) may be required.

If meters and gauges are located in relation to each other as
recommended, the arrangement of pipe, hose, etc., will not
seriously influence the tests. However, in the interest of pumping
efficiency, sharp bends in hose, 90-degree fittings on pipes, and un-
necessary changes in pipe and hose diameters should be avoided.

The equations given for computing permeability are applicable
for laminar flow. The velocity at which turbulent flow occurs
depends on the grain size of t~e materials tested and other factors,
but a safe average figure below which flow would be considered
laminar is about 25 millimeters per second (0.1 foot per second).
Therefore, in tests, if the quotient of the water intake in cubic
units per second divided by the open area of the t;est section in
square units times the estimated porosity of the tested material is
greater than 0.10, the various given equations may not be
applicable.

In an open hole test, the total open area of the test section is
computed as follows:

10-1a = 1tdA + 1tr2

where:

a = total open area of the hole face plus the hole bottom
r = radius of the hole
d = diameter of the hole
A = length of the test section of the hole
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In a test using perforated casing, the open area of the
perforations is computed as follows:

10-2ap = nas

n = number of perforations
ap = total open area of perforations
as = area of each perforation

If the bottom of the perforated casing is open, this area must be
added to the area of the perforations to obtain the total open area.

Where fabricated well screens are used, estimates of open area
may require precise measurement of screen component dimensions
and the computations based on these measurements. However ,
information on open area can generally be obtained from the
screen manufacturer. Table 11-9 contains information on many
commonly used screens.

For purposes of discussion, permeability tests are divided into
four types: pressure tests, constant head gravity tests, falling head
gravity tests, and slug or bail tests. In pressure tests and falling
head gravity tests, one or two packers are used to segregate the
test section in the hole. In pressure tests, water is forced into the
test section through combined applied pressure and gravity head,
although the tests can be performed using gravity head only. In
falling head tests, gravity head only is used. In constant head
gravity tests, no packers are used, and a constant water level is
maintained (Ahrens and Harlow, 1951). Slug or bail tests use only
small changes in water level, generally over a short-time period.

10-2. Pressure Permeability Tests in Stable Rock.-
Pressure permeability tests are run using one or two packers to
isolate various zones or lengths of drill hole in stable rock. Hole
diameters usually do not exceed 87 millimeters (3.5 inches}, but
larger holes can also be tested if suitable equipment is available.
The tests may be run in vertical, angled, or horizontal holes and
analyzed if the head and zone relationships can be determined.
Pressure tests are often the only practical tests to use when
permeability of streambeds or lakebeds must be determined below
water.
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Compression packers, inflatable packers, leather cups, and
similar types of packers have been used for pressure testing.
Inflatable packers are usually more economical because they
reduce testing time and ensure a tighter seal, particularly in
rough-walled or out-of-round holes. The packers are inflated
through tubes extending to a cylinder of air or nitrogen at the
surface. If a pressure sensing instrument is included, pressure in
the test section is sensed by the instrument and is transmitted to
the surface by an electrical circuit where it is either read from a
register at the surface or is recorded on a chart. Although this
arrangement permits an accurate determination of test pressures,
other observations outlined in this section should still be made to
permit an estimate of permeability should the pressure sensor fail.
This double packer arrangement permits successive tests at
different depths in a completed hole without having to remove the
packer between each test. The pressure sensor can also be adapted
where a single packer is used.

(a) Methods of Testing.-The most common testing practice by
the Bureau of Reclamation is the drilling of about 3 meters
(10 feet) of hole and pressure testing the newly drilled section. In
rock that tends to ravel or bridge the hole and which must be
cemented to permit continuation of drilling, this is the only
practical method of testing. In such rock, long lengths of open hole
are impractical, and the test sections must be kept short because
the tests must be made before the hole is cemented if good test
data are to be obtained.

Where the rock is stable and does not require cementing, the
following method of testing may offer distinct advantages. The
hole is drilled to the total depth without testing. Two inflatable
packers 1.5 to 3 meters (5 to 10 feet) apart are mounted near the
bottom of the rod or pipe used for making the test. The bottom of
the rod or pipe is sealed, and the section between the packers is
perforated. The perforations should be at least 6 millimeters
(1/4 inch) in diameter, and the total area of all perforations should
be greater than two times the inside cross sectional area of the
pipe or rod. Tests are made beginning at the bottom of the hole.
After each test, the packers are raised the length of the test section
and another test made. This procedure is followed until the entire
length of the hole has been tested.

(b) Cleaning Test Sections Before Testing.-Before each test, the
test section should be surged with clear water and bailed out to
clean cuttings and drilling fluid from the face of the hole. If the
test section is above the water table and will not hold water, water
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should be poured into the hole during the surging, then bailed out
as rapidly as possible. When a completed hole is tested using two
packers, the entire hole can be cleaned in one operation. Cleaning
the hole is frequently omitted from testing procedures; however ,
this omission may result in a permeable rock appearing to be
impermeable because the hole face is sealed by cuttings or drilling
fluid. In such cases, the computed permeability will be lower than
the true permeability.

Alternative methods to surging and bailing a drill hole in
consolidated formations before pressure testing include the use of a
rotating, stifl1y bristled brush while washing and jetting with
water. An average jet velocity of 45 meters per second ( 150 feet
per second) is desirable. This velocity is approximated by a rate of
pumping equal to 5.3 liters per minute per 2-millimeter
(1.4 gallons per minute per l/16-inch) diameter hole in the rod. On
completion of jetting, the hole should be blown or bailed out to the
bottom, if possible.

(c) Length otTest Section.-The length of the test section is
governed by the character of the rock, but generally a length of
3 meters (10 feet) is desirable. At times, a good seal cannot be
obtained for the packer at the planned elevation because of
bridging, raveling, or the presence of fractures. Under these
circumstances, the test section length should be increased or
decreased or test sections overlapped to ensure that the test is
made with well-seated packers. On some tests, a 3-meter section
will take more water than the pump can deliver; hence, no back
pressure can be developed. When this difficulty occurs, the length
of the test section should be shortened until back pressure can be
developed, or the falling head test (section 10-4) might be tried.

The test sections should never be shortened to where the ratio
D / A is less than 5, where D is the diameter of the hole and A is
the length of the test section. Under no circumstances should a
packer be set inside the casing when making a test unless the
casing has been grouted in the hole. Except under the most
adverse condition, the use of test sections greater than 6 meters
(20 feet) in length is inadvisable. Longer test sections may not
permit sufficient localization of permeable zones and may
complicate computations.

(d) Size of Rod or Pipe to Use in Tests.-Drill rods are commonly
used as intake pipes to make pressure and permeability tests. NX
and NW rods can be used for this purpose without seriously
affecting the reliability of the test data if the intake of the test
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section does not exceed 45 to 60 liters per minute (12 to 15 gallons
per minute) and the depth to the top of the test section does not
exceed 15 meters (50 feet). For general use, 32-millimeter
(1-1/4-inch) or larger pipe is more satisfactory. Figures 10-1
through 10-4 show head losses per 3-meter (10-foot) section at
various deliveries of water for different sizes of drill rod and
32-millimeter pipe. These figures were compiled jTom
experimental tests. The desirability of using the :32-millimeter
pipe, particularly where holes 15 meters (50 feet) or more in depth
are to be tested, is obvious from study of the graphs. The
couplings on the 32-millimeter (1-1/4-i~ch) pipe must be turned
down to an outside diameter of 45 millimeters (1.~~ inch) for use in
AX holes.

(e) Pumping Equipment.-Tests are commonly run using a mud
pump for pumping the water. Such pumps are generally of the
multiple cylinder type with a uniform fluctuation in pressure.
Many of these pumps have a maximum capacity of about 95 liters
per minute (25 gallons per minute) and, if not in I~ood condition,
the capacities may be as small as 64 to 68 liters per minute (17 to
18 gallons per minute). Tests are often difficult, if not impossible,
to analyze because such pumps do not have sufficient capacity to
develop back pressure in the length of hole being tested. When
this happens, the tests are generally reported: "took capacity of
pump, no pressure developed." This result does not permit
determination of permeability of the material tested other than it
is probably high. The fluctuating pressures of multiple cylinder
pumps, even when an air chamber is used, are oft,en difficult to
read accurately because the high and low readings must be
averaged to determine the approximate true effective pressure, a
difficulty which may be a source of error. In addition, such pumps
occasionally develop instantaneous excessively high pressures
which may fracture the rock or blowout a packer.

Permeability tests made in drill holes ideally should be
performed using centrifugal pumps having sufficient capacity to
develop back pressure. A pump with a capacity of up to 950 liters
per minute (250 gallons per minute) against a total head of
48 meters (160 feet) would be adequate for most testing. Head and
discharge of such pumps are easily controlled by c:hanging engine
speed or with a control valve on the discharge.

(f) Swivels for Use in Tests.-Swivels used for tE!sting should be
selected for minimum head losses.
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(g) Location of Pressure Gauge in Tests.-The ideal location for a
pressure gauge is near the well head, preferably between the
packer and the swivel.

(h) Recommended Watermeters.-Required water deliveries in
pressure tests may range from less than 3.8 liters per minute
(1 gallon per minute) to as much as 1,500 liters per minute
(400 gallons per minute). No one meter is sufficiently accurate at
all ranges to be reliably used. Therefore, 2 meters are
recommended: (1) a 100-millimeter (4-inch) propeller or impeller-
type meter to measure flows between 200 and 1,300 liters per
minute (50 and 350 gallons per minute); and (2) a 25-millimeter
(l-inch) disk-type meter for flows between 4 and 200 liters per
minute (1 and 50 gallons per minute). Ideally, each meter should
be equipped with an instantaneous flow indicator as well as a
totalizer. Watermeters should be tested frequently to assure
reliability.

Inlet pipe adapters should be available for each meter to
minimize turbulent inflow. The adapters should be at least
10 times as long as the diameter of the rated size of the meter.

(i) Length of Time for Tests.-The minimum length of time to run
a test depends upon the nature of the material tested. Tests
should be run until stabilization occurs (i.e., until three or more
readings of water intake and pressure taken at 5-minute intervals
are essentially equal). In tests above the water table, water should
be pumped into the test section at the desired pressure for about
10 minutes in coarse materials or 20 minutes in fine-grained
materials before making measurements.

Stability is obtained more rapidly in tests below the water table
than in unsaturated material. When multiple pressure tests are
made, each pressure theoretically should be maintained until
stabilization occurs. This procedure is not practicable in some
cases, but good practice requires that each pressure stop be
maintained for at least 20 minutes with intake and pressure
readings made at 5-minute intervals as the pressure is increased
and for 5 minutes as pressure is decreased.

(j) Pressures to be Used in Testing.-Where subsurface conditions
for proposed reservoirs or other water-impounding or storage
facilities are being investigated, the theoretical minimum pressure
used in the test section should equal the head imposed by the
maximum reservoir level. However, when tests are made in
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locations where the ground surface is below the proposed
maximum pool level, the use of such test pressures may be
impractical because of the danger of blowouts or firacturing the
hole face. Under these conditions, a safe pressure in consolidated
rock is 3.4 kilopascals (0.5 Ib/in2), or 1.35 meters of water per
meter (1.5 feet of water per foot) of depth firom the ground surface
to the top of the test section. In all other locations, the same
criterion is a good rule-of-thumb guide. Tables 10-1(a) and 10-1(b)
and 10-2 are provided for converting kilograms per square meter to
meters of water (lb/in2 to feet of water) and vice v,ersa, respectively.

(k) Arrangement of Equipment.-Recommended arrangement of
test equipment starting at the source of water is as follows:

Source of water, suction line, pump, waterline to settling and
storage tank or basin, suction line, centrifugal test pump, line to
watermeter adapter (if required) or to watermeter, short length of
pipe, plug valve, waterline to swivel, sub for gauge, and pipe or rod
to packer. All connections should be kept as short and straight as
possible with a minimum number of changes in diameter of hose,
pipe, etc.

All joints, connections, and hose between the watermeter and the
packer or casing should be tight so no water loss IDCCUrs between
the meter and the test section.

aJ Pressure Permeability Test Methods.-A schematic drawing of
the following two methods is shown on figure 10-15.

Method 1: This method is primarily applicable to testing
in unconsolidated rock which requires casing as the hole
is drilled, although it may be used in stable material if
desired. The hole is drilled, the tools are removed, a
packer is seated a given distance above the bottom of the
hole, water under pressure is pumped into the test
section, and the readings are recorded. The packer is
then removed, the hole is drilled deeper, the packer is
inserted so as to leave the full length of the newly drilled
hole within the test section, and the test is repeated.

Method 2: This method is applicable in consolidated rock
which is stable and does not require cementing. The
hole is drilled to the final depth, cleaned, and blown out
or bailed. Two packers, spaced on pipe or drill stem to
isolate the desired test section, are used. Tests should
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be started at the bottom of the hole. After each test, the
pipe is lifted a distance equal to the A dimension shown
on figure 10-5, and the test is repeated until the entire
hole is tested.

Data required for computing the permeability may not be avail-
able until the hole has encountered the water table or a relatively
impermeable bed. The required data for each test include:

.Radius, r, of the hole, in meters (feet).

.Length of test section A, the distance between the packer
and the bottom of the hole, method 1, or bE!tween the
packers, method 2, in meters (feet).

.Depth, h, from pressure gauge to bottom of the hole,
method 1, or from gauge to upper surface of lower packer in
method 2, in meters (feet). If a pressure sensor is used,
substitute the pressure recorded in the test; section prior to
pumping for the h value.

.Applied pressure, h2, at the gauge, in meters (feet), or the
pressure recorded during pumping in the test section if a
sensor is used.

Steady flow, Q, into well at 5-minute intervals, in m3/s
(ft3/S}.

.Nominal diameter in millimeters (inches} and length of
intake pipe in meters (feet} between the gauge and upper
packer .

.Thickness, u, of unsaturated material abov'e water table, in
meters (feet).

Thickness, $, of saturated material above a relatively
impermeable bed, in meters (feet).

.Distance, D, from the ground surface to the bottom of the
test section, in meters (feet).

The time that the test is started and time measurements
are made.
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.If tests are made in streambeds or lakebeds below water ,
the effective head is the difference in meters (feet) between
the elevation of the free water surface in the pipe and the
elevation of the gauge plus the applied pressure.

.If a pressure sensor is used, the effective head in the test
section is the difference in pressure before water is pumped
into the test section and the pressure readings made during
the test.

The following examples show some typical calculations using
methods 1 and 2 in the different zones shown on figure 10-5.
Figure 10-6 shows the location of the zone 1 lower boundary for
use in unsaturated materials. Because the process and not the
units is important, only customary units are shown.

Pressure permeability tests examples of methods 1 and 2

Example 1:
Zone 1 {Method 1)
Given: U = 75 feet, D = 25 feet, A = 10 feet, r = 0.5 foot,

h1 = 32 feet, h2 = 25 lb/in2 = 57.8 feet,
and Q = 20 gallons per minute = 0.045 ft3/S

From figure 10-4: Head loss, L, for a 1-1/4-inch pipe at 20 gallons
per minute is 0.76 foot per 10-foot section. If the distance from the
Bourdon gauge to the bottom of the pipe is 22 feet, the total head
loss, L, is (2.2) (0.76) = 1.7 feet.

H = h1 + h2 -L = 32 + 57.8- 1.7 = 88.1 feet ofeffective head,
T u = U -D + H = 75 -25 + 88.1 = 138.1 feet

x = !! (100) = ~ (100) = 63.8%
Tu 138.1

T " -~ = 13.8

A- 10

The values for X and T utA lie in zone 1 (figure 10-6). To
determine the conductivity coefficient, Cu, from figure 10-7:
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Figure lO-6.-Location of zone 1 lower boundary, for use in

unsaturated materials.

H -~ = 176.2

r -0.5

then:

0.045
= 0.000016 ftlsK=--5L- C"rH -

(62) (0.5) (88.1)

Example 2:
Zone 2
Given: U, A, r, h2J Q, and L are as given in example 1

D = 65 feet, and hl = 72 feet

If the distance from the Bourdon gauge to the bottom of the
intake pipe is 62 feet, the total L is (6.2) (0.76) = 4.7 feet.

H = 72 + 57.8- 4.7 = 125.1 feet
T u = 75- 65 + 125.1 = 135.1 feet

I

20i
i

40

60

80
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5 10 50 100 500 1000

.!::!.or!!
r re

Figure 10- 7 .-Conductivity coefficients for permeability
determination in unsaturated materials with partially

penetrating cylindrical test wells.

The test section is located in zone 2 (figure 10-6). To determine
the conductivity coefficient, Cs, from figure 10-8:

A 10-= = 20 also Cs = 39.5
r 0.5
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A A
-or-r re

Figure lO-8.-Conductivity coefficients for semispherical flow
in saturated materials through partially penetrating

cylindrical test wells.

Method 1.

2QK=
(Cs + 4)r(Tu + H -A)

10-3
(2)(0.045)K=

(39.5 + 4)(0.5)(135.1 + 125.1 -10)

K = 0.000016 fils



PERMEABILITY TESTS IN INDIVIDUAL DRILL HOLES AND WELLS 339

Method 2;

10-4

Example 3:
Zone 3
Given: U, A, r, h21 Q, and L are as given in example 1

D = 100 feet, h1 = 82 feet, and S = 60 feet

If the distance from the Bourdon gauge to the bottom of the
intake pipe is 97 feet, the total L is (9.7) (0.76) = 7.4 feet.

H = 82 + 57.8- 7.4 = 132.4 feet

A 10-= -= 20 also C = 39.5 from figure 10-8
r 0.5 s

Method 1.

Method 2:

0.045
= 0.000017 fils 10-6K=~- C.tH -

(39.5)(0.5)(132.4)

Computer programs are available to solve these equations.
Computer programs developed by the Bureau of Reclamation are
available to the public by contacting the Engineering Geology
Group at the Reclamation Service Center in Denver .

(m) Multiple Pressure Tests.-These tests are run in the same
manner as other pressure permeability tests except that the
pressure is applied in three or more approximately equal steps.
For example, if the allowable maximum differential pressure is
621 kPa (90 Ib/in2), the test would be run at pressures of about
2.01 kPa, 4:14: kPa, and 621 kPa (30, 60, and 90 Ib/in2).
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Each pressure step should be maintained for 20 minutes and
intake readings should be made at 5-minute intervals. The
pressure is then raised to the next step. On completion of the
highest s.tep, the process should then be reversed and the pressure
should be maintained for 5 minutes at about the same middle and
the lowest pressure steps. A plot of intake against pressure for the
five steps in a multiple pressure test may be useful in assessing
hydraulic conditions.

Graphs of synthetic test results of multiple pressure tests are
plotted on figure 10-9. Synthetic plots have been used in the
interest of uniform spacing for illustrative purposes, but the curves
are typical of those most often encountered. The results should be
analyzed on the basis of confined flow hydraulic principles
combined with data obtained from the core or holl~ logs.

Probable conditions represented by the circled numbers on
figure 10-9 are:

0 Probably very narrow, clean fractures. Flow is laminar ,
permeability is low, and discharge is directly proportional
to head.

Firm, practically impermeable material; fractures are
tight. Little or no intake regardless of pressure.

Highly permeable, relatively large open fractures
indicated by high rates of water intake a"!ld no back
pressure. Pressure shown on gauge caused entirely by
pipe resistance.

0 Permeability high with fractures that are relatively open
and permeable, but contain filling material which tends to
expand on wetting or dislodges and tends to collect in
traps that retard flow. Flow is turbulent.

Permeability high, with fracture filling material which
washes out, increasing permeability with time. Fractures
probably are relatively large. Flow is turbulent.

0 Similar to 0, but fractures are tighter and flow is
laminar .
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0 Fractures are fairly wide and open but filled with clay
gouge material which tends to pack and seal when subject
to water under pressure. Takes full prel;sure with no
water intake near end of test.

@ Open fractures with filling which tend t<1 first block and
then break under increased pressure. PJrobably
permeable. Flow is turbulent.

10-3. Gravity Permeability Tests.-Gravity permeability tests
are intended primarily for use in unconsolidated or unstable
materials and are usually made in larger diameter holes than
those used for pressure tests. Gravity tests can be run only in
vertical or near-vertical holes. A normal test sec1;ion length is
1.5 meters (5 feet); however, if the material is sta.ble, will stand
without caving or sloughing, is relatively uniform, and sections up
to 3 meters (10 feet) long may be tested. Shorter test sections may
be used if the length of the water column in the test section is at
least five times the diameter of the hole. After each test, the
casing for open hole tests is driven to the bottom of the hole and a
new test section is opened below it. If perforated casing is used,
the pipe may be driven to the required depth and cleaned out, or
the hole may be drilled to the required depth, then casing may be
driven to the bottom of the hole and the hole may be cleaned out.

(a) Cleaning Test Sections.-Each newly openedl test section
should be developed by surging and bailing. This. procedure should
be done slowly and gently so that a large volume of loosely packed
material will not be drawn into the hole, but so that compaction
caused by drilling will be broken down and some fines will be
removed from the formation.

(b) Measurement of Water Levels Through Protective Pipe.-In
making gravity tests, insertion of a small-diameter perforated pipe
(20 to 40 millimeters [3/4- to 1-1/2-inches]) in the hole is helpful in
dampening wave or ripple action on the water surface caused by
the inflow of water and also permits more accura1te water-level
measurements.

In an uncased test section in friable materials liable to wash, the
end of the pipe should rest on a 100- to 150-millimeter (4- to
6-inch} cushion of coarse gravel at the bottom of the hole. In more
stable material, the pipe may be suspended above the bottom of
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the hole, but the bottom of the pipe should be located at least
0.6 meter (2 feet) below the top of the water surface maintained in
the hole.

Water may also be introduced through the pipe and measure-
ments of water level may be made in the annular space between
the pipe and the casing.

(c) Pumping Equipment and Controls.-Pressure is not required
in the test section which normally has a free water surface.
However, pump capacity should be adequate to maintain a
constant head during the test.

A problem on many gravity tests is accurate control of the flow of
water into the casing. The intake of the test section necessary to
maintain a constant head is sometimes so small that inflow cannot
be sufficiently limited using a conventional arrangement. A source
of error is that many meters register inaccurately at very low
flows. To overcome this difficulty, a constant head tank has been
developed as shown on figure 10-10.

This tank will deliver 0.2 to 95 liters per minute (0.05 to
25 gallons per minute) of controlled flow. The materials used in its
construction are available on most projects or are readily procured
from plumbing supply houses, and the tank can be easily
assembled by a welder. When the tank is completed, a rating
curve must be prepared for it.

A hose delivering 76 to 95 liters per minute (20 to 25 gallons per
minute} of water is placed in the tank until overflow begins. The
valve is opened to each gradation in turn and the gallon per
minute discharge at each opening is measured. Three
measurements should be made at each gradation. The chart is
prepared plotting the liters per minute (gallons per minute}
discharge against the gauge opening. In the field, a close
approximation of the discharge can be obtained by reference to the
chart when the gauge is opened between gradations. A sample
chart, figure 10-11, was prepared for a tank assembled in the
research laboratory in Denver .

Some precautions must be observed in using the tank. The hose
transmitting water from the tank to the casing should never be
attached directly to the valve outlet except as noted in the
following paragraph. Water discharging from the valve should fall
freelv into a hose two or more times the diameter of the valve
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outlet or into an open tank from which a hose leads to the test
hole. Such arrangements give an erratic flow in the hole for a few
minutes, but it quickly stabilizes. The crest of the overflow trough
must be level to ensure accurate discharge.

For some gravity tests in which the test sections take a very
small amount of water, a plug valve is used in the water line from
the meter to the casing. A bypass line around the plug valve
contains a 12-millimeter (1/2-inch) needle valve. The entire setup
is connected directly to the outlet valve of the constant head tank.
A 25-millimeter (l-inch) watermeter will not measure accurately
the low flows used under such conditions, and after stabilization is
obtained, actual flow is determined by the time required to fill a
container of known volume.

(d) Watermeters.-The watermeter recommendations given in
section lO-2(h) are equally satisfactory for use in gravity tests.

(e) Length of Time for Tests.-As in pressure tests, establishment
of stabilized conditions is of primary importance if good results are
to be obtained from gravity tests. Depending on the type of test
performed, one of two methods is used. In one method, the inflow
of water is controlled until a uniform inflow results in stabilization
of water level at a predetermined level. In the other method, a
uniform flow of water is introduced into the hole until the water
level stabilizes.

(f) Arrangement of Equipment.-The recommendations given for
equipment arrangement in section lO-2(k) are suitable for use in
gravity tests. If used, a constant head tank should be placed so
that water flows directly into the casing.

(g) Gravity Permeability Test (Method 1).-For tests in
unsaturated and unstable material using only one drill hole,
method 1 (figure 10-12) is the most accurate available. Because of
mechanical difficulties, this test cannot be economically carried out
to a depth greater than about 12 meters ( 40 feet) when gravel fill
must be used in the hole. In performing the test, care should be
exercised (after the observation and intake pipes are set) to add
gravel in small increments as the casing is pulled back; otherwise,
the pipes may become sandlocked in the casing. For tests in
unsaturated and unstable material at depths greater thari about
12 meters ( 40 feet), method 2 should be used.
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Procedures for various soil conditions are as follows:

(1) Unconsolidated Material.-A 150-millimeter (6-inch) or
larger hole is drilled or augered to the depth at which the test is to
be made and is then developed gently. A cushion of coarse gravel
is placed at the bottom of the hole and the feed pipe (1) and the
observation pipe (0) are set in position (figure 10-12). After the
pipes are in position, the hole is filled with medium gravel to a
depth at least five times the diameter of the hole. If the material
will not stand without support, the hole must be cased to the
bottom. After casing, the gravel cushion and pipes are put in and
the casing is pulled back slowly as medium gravel is fed into the
hole. The casing should be pulled back only enough to ensure that
the water surface to be maintained in the hole will be below the
bottom of the casing. It is advisable to have about 100 millimeters
(4 inches) of the gravel fill protrude into the casing.

A metered supply of water is poured into the feed pipe until
three or more successive measurements, taken at 5-minute inter-
vals, of the water level through the observation pipe are within
:i:5 millimeters (0.2 foot). The water supply should be controlled so
that the stabilized water level will not be within the casing, but is
located more than five times the hole diameter above the bottom of
the hole. Adjustment of the flow of water is generally necessary to
obtain the desired conditions.

(2) Consolidated Materials.-In consolidated material, or
unconsolidated material which will stand without support even
when saturated, the gravel fill and casing may be omitted. The
use of the coarse gravel cushion is advisable. In all other respects,
the test is carried out as in unconsolidated, unstable materials.

(3) General.-Tests should be made at the successive depths
selected so that the water level in each test is located at or above
the bottom of the hole in the preceding test.

The conductivity coefficients within the limits ordinarily
employed in the field can be obtained from figures 10-7 and 10-8.
The zone in which the test is made and applicable equations can be
found on figures 10-6 and 10-12, respectively.
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Data required for computing the permeability may not be
available until the hole has penetrated the water table. The
required data include:

.Radius of hole, r, meters (feet)

.Depth of hole, D, mete~s (feet)

.Depth to bottom of casing, meters (feet)

.Depth of water in hole,H, meters (feet)

.Depth to top of gravel in hole, meters (feet)

.Length of test section, A, meters (feet)

.Depth-to-water table, T u' meters (feet)

.Steady flow, Q, introduced into the hole to maintain a
uniform water level, m3/s (ft3/S)

Time test is started and time each measurement is made

Some examples using method 1 are as follows:

Example 4:
Zone 1 {Method 1)
Given: H = A = 5 feet, r = 0.5 foot, D = 15 feet, U = 50 feet, and

Q = 0.10 ft3/S
Tu = U-D + H = 50 -"15 + 5 = 40 feet, also Tu/A =
40/5 = 8

The values for X and T ut A lie in zone 1 (figure 10-6). To
determine the conductivity coefficient Cu. from figure 10-7:

H 5 A 5-= -= 10 -= -= 1 also C = 32
r 0.5 .H 5 .u
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From figure 10-12:

= 0.00125 filsK= Q

"C:rH=

0.10

(32)(0.5)(5)

Example 5:
Zone 2 {Method 1)
Given: H, A, r, U, and Q are as given in example 1

D = 45 feet

Points T ut A and X lie in zone 2 on figure 10-6.

To determine the conductivity coefficient, C., from figure 10-8:

A 5-= -= 10 also C = 25.5r 0.5 s

From figure 10-12:

K = 2Q = (2)(0.10) = 0.00136 fils
(C$ + 4)rT. (25.5 + 4)(0.5)(10)

(h) Gravity Permeability Test (Method 2) .-This method may give
erroneous results when used in unconsolidated material because of
several uncontrollable factors. However, it is the best of the
available pump-in tests for the conditions involved. In most
instances, if performed with care, the results obtained by its use
are adequate. When permeabilities in streambeds or lakebeds
must be determined below water, method 2 is the only practical
gravity test available.

A 1.5-meter (5-foot) length of 75- to 150-millimeter (3- to 6-inch)
casing is perforated in a uniform pattern. The maximum number
of perforations possible, without seriously affecting the strength of
the casing, is desirable. The bottom of the perforated section of
t,'asing should be beveled on the inside and case hardened so that a
cutting edge can be made.
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The casing is sunk by drilling or jetting and driving, whichever
method will give the tightest fit of the casing in the hole. In poorly
compacted material and soils with a nonuniform grain size,
development by filling the casing with water to about 1 meter (a
few feet) above the perforations and gently surging and bailing is
advisable before making the test. A 150-millimeter (6-inch) coarse
gravel cushion is poured into the casing, and the observation pipe
is set on the cushion.

A uniform flow of water sufficient to maintain the water level in
the casing above the top of the perforations is poured into the well.
Depth of water measurements are made at 5-minute intervals until
three or more measurements are within :t60 millimeters (0.2 foot).
The water should be poured through a pipe and measurements
made between the pipe and casing. This procedure may be
reversed if necessary .

When a test is completed, the casing is sunk an additional
1.5 meters (5 feet) and the test is repeated.

The test may be run in consolidated material using an open hole
for the test section. This practice is not recommended because the
bottom of the casing under such conditions is seldom tightly fitted
in the hole and considerable error may result from seepage upward
through the annular space between the casing and the wall of the
hole.

Measurements should be made to the nearest 3 millimeters
(0.01 foot). The values of Cu and C. within the limits ordinarily
employed in the field can be obtained from figures 10- 7 and 10-8.
The zone in which the test is made and applicable equations can be
found on figures 10-6 and 10-13, respectively.

In making tests in a hole, some data required for computing
permeability are not available until the hole has encountered the
water table. The recorded data. are supplemented by this
information as it is determined. The data recorded in each test are,
as follows:

Outside radius of casing, meters (feet)

Length of perforated section of casing A, meters (feet)

.Number and diameter of perforations in length A
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.Depth to bottom of hole, D, meters (feet)

.Depth-to-water surface in hole, meters (feet)

.Depth of water in hole, H, meters (feet)

.Depth-to-water table, U, meters (feet)

.Thickness of saturated permeable material above
underlying relatively impermeable bed, S, meters (feet)

.Steady flow into well to maintain a constant water level in
hole, Q, m3!s (ft3!S)

Time test is started and time each measurement is made

Some examples using method 2 are as follows:

Example 6:
Zone 1 (Method 2)
Given: H = 10 feet, A = 5 feet, r 1 = 0.25 foot, D = 20 feet,

U = 50 feet, Q = 0.10 ft3/S and 128 0.5-inch-diameter
perforations, bottom of the hole is sealed

Area of perforations = 1287tr2 = 1287t (0.25)2 = 25.13 in2 =

0.174 ft2

Area of perforated section = 21trlA = 21t (0.25) (5) = 7.854 ft2

r = ~ (0.25) = 0.00554 It
£ 7.854

40

5
= 8

Points T utA and X lie in zone 1 on figure 10-6.
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Find Cu from figure 10-7:

H 10

r e
A

= 1,805 also -=

H

5

10
= 0.5

0.00554

then, Cu = 1,200

0.10 = O.CO15 fils 10-9

From figure 10-13:

K=~=
C.r)l (1,200)(O.00554)(10)

Example 7:
Zone 2 {Method 2)
Given: Q, H, A, r1, r", U, AIH, and Hire same as example 6

D = 40 feet

T
T = 50 -40 + 10 = 20 It also 2 =

" A
20

5

= 4

Points T utA and X lie in zone 2 on figure 10-6.

Find c. from figure 10-8:

A 5
r e

= 902 also Cs = 81))

0.00554

From figure 10-13:

10-10

0.20 = 0.0015 fils
(5.43)(20 + 10 -5)
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Example 8:
Zone 3 (Method 2)
Given: Q, H, A, rp r " AI H, H Ir " U, C., and AIr e are as given in

example 7
S = 60 feet

From figure 10-13:

10-11

(i) Gravity Permeability Test (Method 3) .-This method is a
combination of the gravity permeability test-methods 1 and 2
which was developed to permit testing under difficult conditions.
It is the least accurate method of testing, but is the only one
available for use under circumstances where method 2 cannot be
used because of the nature of the material (figure 10-14).

In some areas, the material to be tested will be of such character
that a casing that is beveled and case hardened at the bottom will
not stand up under the driving necessary to sink it. This lack of
durability is particularly true in gravelly materials where the
particle size is greater than about 25 millimeters (I inch). Under
such conditions, method 3 would probably not be satisfactory
because a drive shoe must be used with this method. Use of a
drive shoe causes excessive compaction of the materials and forms
an annular space about the casing, introducing an opportunity for
error in the results. The size of this error is unknown, but if
reasonable care is taken in performing the test, the results will
probably approximate the correct magnitude for the material
tested.

On completion of each test, a 90- to 150-millimeter (3- to 6-inch)
perforated casing is advanced a distance of 1.5 meters (5 feet) or
more by drilling and driving. After each new test section is
developed by surging and bailing, a 150-millimeter (6-inch) gravel
cushion should be placed on the bottom to support the observation
pipe. A uniform flow of water sufficient to maintain the water
level in the casing just at the top of the perforations is then poured
into the well. The water is poured directly into the casing and
measurements are made through the 32-millimeter (1-1/4-inch)
obse.l'\Tation pipe.. The. te.st should be. run until three or more
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measurements taken at 5-minute intervals show the water level in
the casing to be within :!:60 millimeters (0.2 foot) of the top of the
perforations.

The values of Cu and Cs, within the limits ordinarily employed in
the field, can be obtained from figures 10-7 and 10-8. The zone in
which the test is made and applicable equations can be found on
figures 10-6 and 10-14, respectively.

The data recorded in each test are as follows:

.Outside radius of casing, r l' meters (feet)

.Length of perforated section of casing, A, meters (feet)

.Number and diameter of perforations in length A

.Depth to bottom of hole, V, meters (feet)

.Depth-to-water surface in hole, meters (feet)

.Depth of water in hole, meters (feet)

.Depth-to-water table, meters (feet)

.Steady flow into well to maintain a constant water level in
hole, Q, m3/s (ft3/s)

.Time test is started and time each measurement is made

Example 9:
Zone 1 (Method 3)
Given: Q = 10.1 gallon/minute = 0.023 ft3/S, H = A = 5 feet,

D = 22 feet, U = 71 feet, T u = 54.5 feet, r. = 0.008 foot,
and r 1 = 1.75 inches = 0.146 foot (nominal 3-inch casing)

T"

A

54.4

5
= 10.9=

-:-:-:- (100) = 9.2%
5

These points lie in zone 1 (figure 10-6).
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Find Cu from figure 10-7:

H--5re -0:008 = 625 al...o ~ = 1
H

then, Cu = 640

From figure 10-14:

K=--.SL=
C"reH

Example 10:
Zone 2 (Method 3)
Given: Q, H, A, U, re. and rl are as given in example 9

D = 66 feet and T u = 10 feet

These points lie in zone 2 (figure 10-6).
Find Cs from figure 10-8:

A 5 = 625 also Cs = 59:;
re 0.008

From figure 10-14:

K = 2Q (2)(0.023)

(668)(O.008)(10)

= 0.00086 fils--
-

10-12

v) Gravity Permeability Test (Method 4).-Method 4 can be used
to advantage in determining the overall average permeability of
unsaturated materials above a widespread impermeable layer .
However, it does not permit determination of relative permeability
variations with depth. The method is actually an application of
the steady-state pumping test theory discussed in section 9-2.

An intake well (preferably 150 millimeters [6 inches] or larger) is
drilled to a relatively impermeable layer of wide areal extent or to
the water table. The well is uncased in consolidated material, but
in unconsolidated material, a perforated casing or screen should be
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set from the bottom to about 1.5 meters (5 feet) below the ground
surface. The well should be developed by pouring water into it
while surging and bailing prior to the testing for intake capacity.

Before the observation wells are drilled, a test run of the intake
well should be made to determine the maximum height, H, of the
column of water in the intake pipe above the top of the imperme-
able stratum that is possible to maintain with available pumping
equipment (figure 10-15). The spacing of the observation wells can
be determined from this test run. A 25- to 32-millimeter (1- to
1-1/4-inch) observation pipe should be inserted near the bottom of
the intake well to facilitate water-level measurements.

A minimum of three observation wells should be installed, by
jetting or some other method, to the top of the impermeable
stratum. Suitable pipe, perforated for the bottom 3 to 4.5 meters
(10 to 15 feet), should be set to the bottom of these wells. The
observation wells should be set from the intake well at distances
equal to multiples of one-half the height, H, of the water column
which it is possible to maintain in the intake well.

The elevations of the top of the impermeable strata or water
table in each well are determined, and the test is started. If the
saturated thickness is small compared to the height of the water
column that can be maintained in the hole, a water table will act
as an impermeable layer for purposes of this test. Mter water has
been poured into the intake at a constant rate for an hour ,
measurements are made of water levels in the observation wells.
Measurements are made at 15-minute intervals thereafter, and
each set of measurements is plotted on semi-log paper with the
square of the height of the water level above the top of the
impermeable bed, hz, against the distance from the intake well to
the observation holes, r, for each hole (see figure 10-16). When the
plot of a set of measurements permits a straight line to be drawn
through the points within the limits of plotting, stable conditions
prevail and the permeability may be computed.

The data recorded in each test are as follows:

Ground elevations at sites of intake well and observation
wells

.Elevations of reference points at intake well and
observation wells, meters (feet)
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I ntoke well

Observation wells\
Observation pipe J (GrOUnd surfoce )

~L /~
~

/
/

- - -€j-
Top of relatively

impermeable
bed r3

K= 2.30 log 1'"2
1T(h 2-h 2)2 3

K= coefficient of permeability, m(ft) per second under a unit

gradient
a= uniform flow into intake well, m~.s (ft3/s)
rl'r2' and r3= distance from intake Ylell to observation

holes, m (ft)
h(,h2'and h3=height of water in observation holes r(,r2,and

r3 respectively, above elevation of top of impermeable

layer, m(ft)
H= height of column of water in intake pipe above top of

impermeable stratum, m(ft)
U= distance from ground surface to impermeable bed, m(ft)

Figure 10-15.-Gravity pernleability test (method 4) (Zangar, 1953).



PERMEABILITY TESTS IN INDIVIDUAL DRILL HOLES AND \NELLS 361

h2 -SQUARE FEET

300 4000 100 600200 500 700
100

8024

r3 18 60

12

3
40

rz-

6 20
~ tii

w
U-

,
...

U)
c:
w
1-
W
~

""'"
~~

3

?

10

8

~

1.8 6

1.2 4

.6 2

.3 1
630 18 27 36 45

h2 -SQUARE METERS

9 54

Figure lO-l6.-Plot of h2 versus r for
gravity permeability test (method 4).

.Distances from center of observation wells to CE:nter of
intake well, r p r 2' and r 3' meters (feet)

Elevation of top of impermeable bed at intake well and
observation wells, meters (feet)
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.Depths of water below reference point in intake well and
observation wells at 15-minute intervals, meters (feet)

.Uniform flow of water, Q, introduced into well, m3/s (ft3/S}

.Time pumping is started and time each measurement is
made

Example 11:
Method 4
Given: U = 50 feet, Q = 1 ft3/S, H = 30 feet, r 1 :~ 15 feet,

r2 = 30 feet, r3 = 60 feet, h1 = 23.24 feet, h2 = 17.89 feet,
h3 = 10.0 feet, h12 = 540 ft2, h22 = 320 ft2, and
h32 = 100 ft2

A plot of r against h2, as shown on figure 10-16, shows that a
straight line can be drawn through the plotted points which means
that stable conditions exist and the permeability may be computed.

From figure 10-15:

r
2.3 Q tog -3-

r2 10-13
K=

1t (hi -hi)

73 73 7Zlog -= 0.3010, log -= 0.6021, also log --= 0.3010

72 71 71

10-14
2 2

1t(hl -h3) 7t(h~ -h'!;)1t(hi -hi)

K = (2.3)(l)(0.30l0)

10-4. Falling Head Tests.-Falling head test:, are used
primarily in open holes in consolidated rock. Thf!y are performed
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using inflatable packers identical to those described under pressure
testing (section 10-2) and can be used as an alternate method
under some circumstances when the pressure transducer or other
instrumentation fails. The method of cleaning the holE! is the same
as that described under pressure testing.

(a) Tests Below the Static Water Level in the Hole.-

.Use inflatable straddle packers, with 3-meter {lO-foot)
isolated intervals on a 32-millimeter {1-1/4-inch) standard
size drop pipe {inside diameter = 35 millimeters,

[1.38 inches]). Set initially at the bottom of the hole and
inflate packers to 2,068 KpA {300 lb/in2) of differential

pressure.

.After packers are inflated, measure water level in drop pipe
three or more times at 5-minute intervals until water level
stabilizes. Stabilized level will be at the static ]level of
water in the test section.

.After stabilization of level, pour in 8 liters (2 gallons) or
more of water as rapidly as possible into the drop pipe.
Four liters (1 gallon) of water will raise the water level in a
32-millimeter (1-1/4-inch) pipe 4.1 meters (12.9 feet) if the
section is tight.

.Measure water level as soon as possible after water is
poured in. Measure initial depth to water and 1;ime
measurement as soon as possible and at two 5-minute
intervals thereafter. If rate of decline exceeds 4:.5 meters
(15 feet) in 13 minutes, the transmissivity of a :J-meter
(10-foot) test section is greater than 18 m2 per year (200 ft2
per year), or an average permeability greater th,an 6 meters
per year (20 feet per year).

.The value of transmissivity so determined is only an
approximation but is sufficiently accurate for many
engineering purposes.
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The test is based on an adaptation of the slug method by Ferris
and Knowles (1962), The equation for analysis is:

10-15v
T=-

21tsdt

where:

T = transmissivity of test section, m2/s (ft2/S)
V = volume of water entering test section in pE!riod L\t, m3 (ft~)

(300-millimeter [l-foot] decline in 32-millimeter
[1-1/4-inch] pipe = 0.000283 m3 [0.01 ft3])

s = decline in water level in period L\t, meters (feet)
L\t = period of time, seconds, between successive water-level

measurements (i.e., tl -to, t2 -tl' etc.)

.If the log indicates the test section is uniform without
obvious points of probable concentrated leakage, the
average permeability of the test section in meters per
second (feet per second) can be estimated fr'om K = T / A,
where A is the length of the test section in meters (feet). If
the log indicates a predominantly impervious test section
but with a zone or zones of probable concentrated flow, the
average K of the zones can be estimated from K = T / A ,

where A' is the thickness of the permeable zone or zones in
meters (feet).

.After each test, deflate packers, raise test string 3 meters
(10 feet), and repeat until entire hole below the static water
level has been tested.

(b) Tests in Unsaturated Materials Above the Water Table.-
Tests above the water table require different procedures and
analyses than tests in the saturated zone. Tests made in sections
straddling the water table or slightly above it will give high
computed values if the equations in section 10-4(a:i are used and
low computed values if the following equations 10-16 and 10-17 are
used. For tests above the water table, the following procedure is
used:

.Install a 3-meter (10-foot) straddle packer at the bottom of
the hole if the hole is dry or with the top of the bottom
packer at the water table if it contains water. Inflate the
packer .
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.Fill the drop pipe with water to the surface if possible,
otherwise to the level permitted by pump capacjlty.

.Measure water level in the drop pipe and recorcl with time
of measurement. Make two or more similar me,asurements
while water-table declines.

.Upon completion of a test, raise the packer 3 meters
(10 feet) and repeat this procedure until all of the encased
or uncemented hole is tested.

.The equation for analysis of each test section is an adapta-
tion of one derived by Jarvis (1953):

10-16

where:

K = average permeability of the test section, meter per
second (ft/s)

A = length of test section, meters (feet)
r1 = inside radius of drop pipe, millimeters (feet)

(17.25 millimeters [0.0575 foot] for 32-millimeter [1-
1/4-inch] pipe)

r e = effective radius of test section, millimeters (feet)
(37.5 millimeters [0.125 foot] for a 75-millimeter [3-inch]
hole)

Llt = time intervals (t1-tO' t2-tJ, seconds
sink .1 = inverse hyperbolic sine

in = natural logarithm
H = length of water column from bottom of test interval to

water surface in standpipe, meters (feet) (Ho, H1, H2
lengths at time of measurements to, t1, t2, etc.)

.For the particular equipment specified, and a 3-meter test
section, equation 10-16 may be simplified as follows:

K = 1.653 x 10-4[2.5 In (~ ) -In ( HIH2 -5H2
)] 10-17

~t H2 -5 H1H2 -5H.
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10-5. Slug Tests.-

(a) Introduction.-Slug testing involves the rapid introduction or
removal of small quantities of water, air injection, packer deflation,
or other method of causing a rapid rise or lowering of the water
level in a well. The time interval for injection or removal must be
sufficiently short to be considered instantaneous. Methods which
cause an initial rise in water level are generally termed slug tests;
methods that cause an initial lowering of the water level are
termed bail tests. Both tests create the same effect. During a slug
or bail test in a steady-state aquifer, a brief pressure pulse is
created at a point in the aquifer and the transien1; response at that
same point is observed and measured. The test measures chiefly
the hydraulic conductivity of the aquifer and, with a lesser degree
of precision, the storage coefficient (Marsily, 1986).

Slug or bail tests are used to obtain estimates of the aquifer
hydraulic conductivity in situations where a pumping test cannot
be completed. This test could be appropriate in areas where the
aquifer will not yield enough water to conduct a pumping test,
where budget constraints preclude full-scale pumping tests on the
number of wells for which permeability data are desired, or in
areas where disposal of large quantities of water would be a
problem, such as hazardous waste sites. In contrast to long-term
pumping tests, which provide information on the aquifer over a
fairly extensive area, slug tests give information on hydraulic
conductivity only for the area in the immediate vi.cinity of the well,
This limit may be an advantage if many tests are run because a
better picture of the range in hydraulic conductivities can be
obtained. The values for hydraulic conductivities, however, are
only estimates and may not accurately characterize the aquifer .

A major concern in conducting slug tests is the assurance that
the changes in water level during the test accurately reflect the
aquifer characteristics and are not unduly affected by well
construction. Thus, unless details of well construction are known,
analyzing the test results to give reliable values of hydraulic
conductivity will be impossible.

A number of methods exist to analyze slug or bail tests. The
choice depends upon the hydrologic conditions as well as other
factors. Choice of the slug test procedure and method of analysis
thus requires an evaluation of the geologic and hydrogeologic
conditions at the test site in addition to consideration of well size
and construction.
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(b) Conducting the Slug Test.-The choice of causing a rise or fall
in the water table depends upon the purpose of the test and the
conditions at the site. Where the water level is shallovv and clean
water is readily available, water injection or bailing is often the
easiest method. One limitation of the accuracy is that the initial
direct pulse of injection water is followed by a lesser aInount of
water flowing down the inside walls of the well (Black, 1978).
Causing a rapid rise by displacing water in the well by dropping a
pipe or weight or injecting air may be preferable at reD!lote sites
where clean water may not be readily available. The displacement
or air injection method may also be desirable at locations where
the water level is deep and rapid injection or removal of water may
be difficult, at hazardous waste sites where disposal of any water
removed is difficult, or at well sites that are being usec[ for
chemical sampling.

Prior to introducing the slug, the well bore or test cavity needs to
be as clean as possible to remove anything that will impede
movement of water from the cavity to the surrounding aquifer
material. The cavity length and diameter need to be recorded as
accurately as possible. The static water level should then be
carefully measured and recorded. Water-level measure,ments must
begin immediately following introduction of the slug. 'Vhere the
water level changes occur slowly, measurements may be made by
hand using a water-level indicator. However, the most reliable
method is to use a pressure transducer connected to an automatic
data logger. This method permits much more frequent and precise
measurements and leads to greater reliability of estimates of
hydraulic conductivity.

(c) Analysis.-Several slug test analysis methods are commonly
used. These methods include Hvorslev (1951), Bouwer and Rice
(1989), and Cooper, Bredehoeft, and Papadopulos (1967).
Wang et al. (1977) and Barker and Black (1983) have d.eveloped
methods for analyzing slug tests in fissured aquifers. j\. number of
other investigators have modified these methods or developed other
methods. Computer programs are available from various sources
to analyze data (e.g. Dawson and Istok [1991]).

(d) Hvorslev.-The simplest method of analysis is that of
Hvorslev (1951) and Chirlin (1989). This analysis assumes a
homogeneous, isotropic, infinite medium in which both soil and
water are incompressible. It neglects wellbore storage and thus
may not be as accurate where a gravel pack is present. A sketch of
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the geometry of this test and the method of analys,is are shown on
figure 10-17. This method may be used where the slug test is
conducted below an existing water table.

(0 ( b)

Figure lO-l7.-Hvorslev piezometer test: (a) geometry;
(b) method of analysis.

Analysis of this test requires graphing the well head changes
versus time. Well head changes are given by (H-l~)/(H-Ho)
(figure 10-17(a» and should be plotted against time of each
reading. Plotting this field data on a semi-log graph (with
[H-h]/[H-Ho] on the y axis as a log scale) should approximate a
straight line (figure 10-17b). At the point where (H-h)/(H-Ho) =
0.37, the corresponding time value on the x axis is equal to T 0'
which is defined by Hvorslev as the basic time la~~ (see Freeze and
Cherry [1979] for details on solution). Using the j~aphical solution
for T 0' the dimensions for the test cavity, and the appropriate
shape factor, F, a solution for hydraulic conductivity can be found
by:
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1tr2

FTO

10-18K=

The U.S. Department of the Navy Naval Facilities Engineering
Command Design Manual 7.1 (1992) gives equations for
calculating F for various hole and casing dimensions. These
dimensions are shown on figure 10-18 and selecting the proper
configuration for the shape factor calculation, F, is important.

where:

L,

yo

Yt
t

rw

rc

R.

= length of the screened, perforated, or otherwise open
section of the well

= the vertical distance difference between water level inside
the well and the static water table at time zero

= y at time t
= time of reading
= radius of the well plus gravel or developed zone
= inside radius of the well casing
= effective radial distance, the distance over which y returns

to the static level
= length from the water table to the bottom of the wellLw

See figure 10-19 for configuration.

Values of Re, the effective radial distance, were determined using
an electrical resistance analog network. The effective radial
distance is influenced by well diameter, well screen length, the

(e) Bouwer (1989a and b).-This method assumes no aquifer
storage and finite wellbore storage. The wells can be partially
penetrating and partially screened. The method was originally
developed for unconfined aquifers but can also be used for confined
or stratified aquifers if the top of the screen or perforated section is
located some distance below the upper confining layer. The
analysis is based on the Thiem equation and determines hydraulic
conductivity, K, of the aquifer around the well from the equation:
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Figure lO-l8.-Shape factors for computation of permeability
from variable head tests.

depth of the well, and the thickness of the aquifer. Various values
for r W' L., Lw, and H were used in the analog network for analysis
of their impacts on Re.

The term In(R. / r w) is related to the geometry of the test zone and
the amount of aquifer penetration of the well. Two separate
solutions are required to address partially penetrating wells and
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Figure 10-19.-Geometry and symbols for slug test on partially
penetrating, screened well in unconfined aquifer with gravel
pack and/or developed zone around screen (Bouwer, 1989).

fully penetrating wells. For the partially penetrating case, an
empirical equation relating In{Re I r w) to the geometry of the test
zone is:
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In this equation, A and B are dimensionless coefficients that can
be read on figure 10-20. It should be noted that an effective upper
limit ofln[(H-LuJ/rwJ is 6. Ifthe computed value ofln[(H-LuJ/rwJ
is greater than 6, then 6 should be used in the equation for
In(R/rw). When H = Lw, or the well is fully penetrating, then the
value of C should be used from figure 10-20 in thE~ equation:

R [ 1 -1 In--.!= 1.1 + C

r w In(Ljr.) L.fr w J

Values of the field test data should be plotted al~ recovery , y,
versus time for each data point reading. The vahLes of y should be
plotted on a y-axis log scale, and values for corresponding time
should be plotted on the x axis. The points shoul<l approximate a
straight line, which indicates good test data. Areas of the data
that plot a curved line (usually at the beginning of the test or near
the end of the test) should not be used in the computation.

Numerical computer analysis and solutions to the Bouwer and
Rice method are available from various vendors. "Using the
computer solution may be much easier; however, it is important to
recognize the limitations of the solutions and the :ippropriate cases
where the tests apply.

(I) Cooper, Bredehoeft, and Papadopulos (1967).--This method of
analysis is used for slug tests on a confined aquifer. The
assumptions for solution are:

.Aquifer is confined

.Aquifer has infinite areal extent

.Aquifer is homogeneous, isotropic, and of uniform thickness

.Aquifer potentiometric surface is initially h.orizontal

Volume of water, V, is injected or withdra"rn
instantaneously

.Pumping well is fully penetrating

.Flow to pumping well is horizontal

Flow is unsteady
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Figure 10-20.-Dimensionless parameters A, B, and C as a function of
Le/r w (F for calculation of In(Re/r J. From: Bouwer, Herman, 1989,

The Bouwer and Rice Slug Test -An Update, Ground Water,
vol. 27, No.3, May-June, p. 305.

Water is released instantaneously from storage with decline
of hydraulic head

.Diameter of well is very small so that storage in the well
can be neglected.

From the field test data, a plot of the ratio of H / Ho (head in well
at time t/head in well at t = 0) versus time at each head reading is
constructed on a semi-log graph. The time value is plotted on the
horizontal logarithmic axis and H / Ho is plotted on the vertical
arithmetic axis. The procedure then is to match this curve to a set
of type curves (figure 10-21), and select a point on the field curve
that fits the type curve at Tt / ~ = 1.0. The time value, t, is then
selected from the field curve graph, and the equation Tt / ~ = 1.0 is
solved for T. The hydraulic conductivity is then T divided by the
aquifer thickness. The storage coefficient is solved from the
particular type curve that is matched by using the curve value, a,
and substituting into the equation:
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Figure 10-21.-Type curves for instantaneous charge in well of
finite diameter (Cooper et al., 1967).

2

arc

2
r s

10-22s=

where:

a = a value from 10-1 to 10-1°
rc2 = radius of well casing
r .2 = radius of well screen
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The shape cu.rve varies only slightly between orders of
magnitude and, therefore, determining S by this method can be
difficult. Computer software programs are also available for this
analysis.

(g) Barker and Black (1983).-This method for determining
hydraulic conductivity in fissured rocks considers two cases:
(1) where the rock matrix is relatively impermeable and (2) where
the diffusivity of the rock matrix is large or the slab thickness is
small. A schematic of the slug test is shown on figure 10-22. The
initial piezometric surface is taken to be horizontal, and the head
in the borehole is assumed to be instantaneously increased by an
amount Ho at time t = 0. The ratio of Hi/ Ho depends on three
dimensionless parameters, a, 13, y, in addition to time; many
combinations of these dimensionless parameters produce almost
identical curves. However, in case (1) the parameter 13 is small,
and the Cooper, Bredehoeft and Papadopulos (1967) analysis can
be used. In case (2), y is small, the rock matrix is in near-
equilibrium with the fissures, and the aquifer behaves as would a
homogeneous aquifer with a storage coefficient equal to the sum of
the storage coefficient of the fissure and the matrix. The storage
coefficient of the matrix usually dominates in such cases.

10-6. Auger-Hole Test for Hydraulic Conductivity .-

(a) Introduction.-The auger-hole test measures the average
horizontal hydraulic conductivity of the soil profile from the static
water table to the bottom of the hole. This test can be run in the
presence of a barrier either at or below the bottom of the hole. It
is most useful in fine-textured soils at shallow depths.

This section describes the equipment, procedures, and calcula-
tions used in performing this test. The development of the
analytical details of the auger-hole test are given in a paper by
Maasland and Haskew (1958).

(b) Equipment.-Equipment requirements for the auger-hole test
are flexible, but the following items have been used successfully:

An BO-millimeter (nominal 3-inch) diameter auger with
three 1.5-meter (5-foot) extension handles and a
110-millimeter (nominaI4-inch) diameter auger.-An
BO-millimeter-diameter auger is used initially for the auger-
hole test. In the finer textured soils, the pressure required
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Figure 10-22.-Schematic representation of a E;lug test in a
fissured aquifer (Barker and Black, 1983).

for the initial augering causes a thin, dense seal to form on
the sides of the hole. This seal is hard to remove even with
a hole scratcher.

However, reaming the 80-millimeter hole with a 110-milli-
meter-diameter auger applies less pressure to the sides of
the hole, and the resulting seal is very thin and easier to
remove. The removal of this thin seal is ~~ssential to obtain
reliable data from the test. Three 1.5-me1;er extension
handles for the augers are usually sufficient for most test
holes.
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The Durango- and Orchard-type augers are suitable for
most soils, but the Dutch-type auger is preferable for some
of the high clay and cohesive soils. Samples from the
Durango-type auger are less disturbed than those from the
other two types, thus permitting a more reliable evaluation
of soil structure. Figure 10-23 shows photographs of the
different types of soil augers generally used in drainage
investigations.

.Equipment used to record changes in water-table
elevation.-Two types of equipment have been used to
record the recovery of the water table. The first type
consists of a data logger with a preprogrammed logarithmic
sampling schedule connected to a pressure transducer. The
second type consists of a recorder board, recording tape, and
float apparatus. The data logger setup can record recovery
data points beginning at time zero, which is impossible to
do using the float and recorder board. This capability
allows the test to be conducted in materials with higher
hydraulic conductivity rates than can be done with a float
apparatus.

Water-table recovery data collected on a data logger can be
downloaded directly to a computer. A spreadsheet can then
be set up to compute test results.

Recorder board, recording tape, and float apparatus.-This
equipment is preferable to manual measuring equipment
such as anelectric sounder because it is less expensive,
easier to construct, simpler tooperate, and provides a
permanent record. The board commonly used is
50 millimeters (2 inches) thick by 100 millimeters (4 inches)
wide by 250 millimeters (10 inches) long. A notch
65 millimeters (2-1/2 inches) long and wide enough to hold a
nylon roller is made 25 millimeters ( 1 inch) from one end
and 15 millimeters (l/2-inch) from a side. A nylon roller,
which can be taken from a regular chair caster, is installed
in the notch and fastened in place.A pointer is fastened
directly over the roller to act as a reference point during the
test. A 50-millimeter (2-inch) diameter recess is drilled
near the roller to hold the stopwatch and is located so that
the operator can observe the stopwatch and mark on the
recording tape without looking up from the stopwatch. A
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Dutch or open Orchard.

Durango. Ship or helical.

Figure 10-23. -Types of hand soil augers.
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threaded metal plate for attaching a tripod is attached to
the underside of the board on the opposite end from the
roller and stopwatch.

The float should be less than 75 millimeters (3 inches) in
diameter and weighted at the bottom. It should also be
sufficiently buoyant and counterbalanced to prevent any lag
in the rise of the float as the water-table rises in the hole.
A counterweight that weighs slightly less than the float is
used to keep the float string tight. The float should have
sloping shoulders so it will be less likely to catch on pebbles
or roots on the sides of the open hole or on the joints and
perforations in the casing.

Recorder tapes are made from 1.5-meter (5-foot) graph
paper strips cut 20 millimeters (3/4 inch) wide and backed
with strapping tape. Paper staples are fastened at both
ends so the strip can be connected to the float and
counterweight. Figure 10-24 shows a schematic of the
equipment setup for the auger~hole test.

.Tripod.-Any rigidly constructed tripod can be used.
Planetable tripods furnish a rigid support and allow fast
setting up and leveling of the recording board.

.Measuring rod or tape.-A measuring rod can be made, or a
tape with a weight on the bottom can be used.

.Hole scratcher .-A hole scratcher can be made in a number
of ways. The easiest method uses a wooden cylinder ,
85 millimeters (3-1/2 inches) in diameter by 75 millimeters
(3 inches) long, with small nails protruding as necessary for
the auger being used. The heads of the nails, after they
have been driven into the cylinder, are cut off to create
sharp edges which will break the seal around the periphery
of the hole. A 13-millimeter (1/2-inch) coupler attached to
the wooden cylinder allows the scratcher to use the same
extension handles as the augers. A more efficient hole
scratcher can be made from an 85-millimeter (3-1/2-inch)
outside-diameter black iron pipe cut 125 millimeters
(5 inches) long. A 13-millimeter coupling is then welded to
an 85-millimeter diameter by 7-millimeter (1/4-inch) thick
plate which, in turn, is welded to one end of the pipe. Holes
3 millimeters ( 1/8 inch) in diameter are then drilled into the
pipe in a staggered pattern. Concrete nails are then
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Figure lO-24.-Equipment setup for the au€:er-hole
or piezometer test.
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inserted through each drilled hole from the inside of the
pipe. The length of the nails used depends on the diameter
of the auger to be used. A wooden block, 80 millimeters
(3-1/4 inch) in diameter and 125 millimeters (5 inches) long,
is then placed inside the pipe to hold the nails in place.
The block can be held in position by drilling a few holes at
the pipe ends for holding screws. As different auger-hole
diameters are required, longer or shorter nails can be
placed in the scratcher. A typical hole scratcher is shown
on figure 10-25.

.Bailer or pump.-A bailer can be made from a 1-meter
length of 85-millimeter (nominal 3-1/2-inch) diameter, thin-
walled conduit with a rubber or metal foot valve at one end
and a handle at the other end. Bailers longer than 1 meter
are difficult to insert and remove from the auger hole. The
hole in the foot valve should be large enough to allow water
to enter as rapidly as possible. The bailer should be
weighted at the bottom to increase its ability to submerge.
Present-day requirements for water quality sampling have
made many types of commercial bailers available. They are
manufactured from a variety of materials which range from
teflon to stainless steel. A lightweight stirrup pump,
similar to the one shown on figure 10-25, capable of
pumping about 1.5 liters per second (20 gallons per minute),
is preferable to the bailer .

.Stopwatch.-Any standard stopwatch or digital watch with
seconds registered is satisfactory when using the float
apparatus. All readings should be made from a single
reference time, which is the beginning of bailing, and all
time should be accounted for during the test.

.Inside calipers.-An ordinary pair of inside calipers can be
used to determine the diameter of the hole. To prevent the
points of the caliper legs from gouging the walls of the
auger hole, small flat plates should be welded to the legs.
An extension rod screwed into the top of the calipers is used
to measure the hole diameter at various depths. The
average hole diameter is used in the calculations. The
diameter is difficult to measure below the water table with
ordinary inside calipers because the water surface reflects
light and prevents visual determination of the contact of the
calipers with the sides of the hole. For this reason, the
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Figure 10-25.-Equipment for auger-hole test. Item (1) perforated
casing, (2) wire-wound well screen, (3) stirrup !pump, and

(4) hole scratcher.
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average hole diameter can be determined by the measure-
ments made about 0.3 meter (1 foot) below the ground
surface and just above the water table.

.Burlap.-Burlap or a similar permeable material will
prevent soils from entering at the bottom of the hole. Each
hole requires a piece measuring about 0.6 m2 (2 ft2).

.Perforated casing or wire-wound well screen.--This
protection is necessary for auger holes in unstable soils.
The casing or screen should have the same or ;a slightly
larger outside diameter than the hand auger. As the screen
or casing is pushed into the ground, the casing" and the
periphery of the hole make definite contact. Commercial
well screen with at least a 10-percent perforated area is the
most desirable; however, if this material is not available, a
thin-walled downspout casing with 4- to 5-perc:ent perfora-
tions is satisfactory. In most agricultural soils, about 200 5-
by 25-millimeter hacksaw perforations per me1;er will give
4- to 5-percent perforations. Commercially available slotted
polyvinylchloride casing has also proven adequate for
conducting auger-hole tests. Figure 10-25 shows a typical
perforated casing and wire-wound well screen.

.Mirror or strong flashlight.-Either one of thel3e items can
be used to examine the sides of the auger hole and facilitate
measurements with the calipers.

Windshield.-When wind protection is requireld, a wind-
shield consisting of a 1- by 1-meter sheet of pl:'{Wood has
been used satisfactorily.

(c) Procedure.-The most efficient team for perform:ing the auger-
hole field test for hydraulic conductivity consists of t\'Iro people.
One operates the recorder board, puts the float in the hole, and
operates the stopwatch, and the other operates the bailer or pump.
After the water level in the hole has stabilized, an experienced
team can perform the entire test in 10 to 15 minutes in most soils.

At sites where detailed soil profile data do not exist, a pilot hole
will have to be drilled and logged, and test zones muElt be selected

The hole should be augered vertically and as straight as possible
to the required depth. If the soil is homogeneous throughout the
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profile, the hole can be excavated to the total depth to be tested.
When the soil is heterogeneous, tests should be made for each
change in texture, structure, and color. If the ma"terial is highly
permeable throughout the profile to be tested, it if; best to stop the
hole about 0.6 or 1.0 meter (2 to 3 feet) below the water table so
that one bailing will draw the water down to aboult the bottom of
the hole. Upon completion of the augering, the sides of the hole
should be scratched to break up any sealing effect caused by the
auger. Scratching is not necessary in the coarser t;extured soils.
Burlap is then forced to the bottom of the hole and tamped lightly
to prevent any soils from entering the bottom. Tble sealing effect
can be overcome by allowing the water table to ri~;e to the static
water level, and then gently pumping or bailing the water out to
develop the best flow characteristic. Afterward, time must be
allowed for the water table to reach static level bE!fore running the
test. Prior to starting the test, the depth to the s1;atic water table
from the ground surface, the total depth of the hole, and the
distance from the static water table to the bottom of the hole
should be measured carefully.

Figure 10-26 shows a sample data and computation sheet for the
test. To begin the test, the tripod with the recorder board,
recording tapes, and float apparatus is placed near the hole so the
float can be centered over the hole and moved freely into it. The
float is then lowered into the hole until it floats on the static water
table level. Mter a short time period, to allow thE! water to return
to static level, a zero mark is made on the tape, and the counter-
weight is positioned so the full change of water-table level can be
recorded. This positioning may require that the counterweight
hang inside the casing. The float is then removecl, and the water
is bailed or pumped from the hole as quickly as possible to
minimize the amount of water which returns before the readings
are started. For best results, sufficient water should be bailed or
pumped from the hole so all readings can be completed before the
water-level rises to half its original height, or 0.5 H. One or two
passes with the bailer are usually sufficient for most agricultural
soils. As the last bail is withdrawn from the hole, or the pump
starts drawing air, the float should be placed in tJ:le hole as quickly
as possible. When the water-level rises rapidly, the float can be
left in the hole and below the bailer or foot valve, which will
minimize the amount of water returning into the hole before the
first reading can be made. The stopwatch is star1;ed at the moment
the first bailer is withdrawn, or when pumping bE!gins, and should
run continuouslv until comoletion of the test.
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HOLE NO. E-4 LOCAnON SAMPLEFARM

OBSERVER D.M.S. DATE ~UGUST6.1992

HOLE: CASED (R] UNCASED D

HOLE DIAMETER 1QL MILLIMETERS <i-inches)

Yn = 0.960+0.759 =0.860 m~

2 (2.82 feet)

~ y = 0.0335 meter (0.11 ft)

f.t = 10 seconds

y
-E- = .Q&@. = 16.86
r 0.051

C = 390 (from chan)

AYK=C- = 1.31 meters (4.3 feet) per day
At

or 5.45 centimeters (2151 inches) per hour

Figure lO-26.-Data and computation sheet on auger-hole test
for hydraulic conductivity.
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When using the recorder board and float mechanism, using equal
time intervals is convenient, starting from the initial tick mark on
the recorder tape. As equal time intervals are read on the
stopwatch, the operator marks the tape opposite .~he pointer .
Measurements are continued until recovery of wa.ter in the hole
equals about 0.2 of the depth initially bailed out or, stated another
way, until a reading on the measuring tape of Ya has been reached
(Ya is the distance the water in the hole was lowered by bailing).
Upon completion of the test, the final time is recorded at the last
tick mark on the recorder tape. Any irregularitiE:s in the record
can be quickly observed on the recorder tape, and if readings are
highly irregular, the test should be rerun after the static water
table has been re-established. Only the period covering the
regularly spaced tick marks below 0.8Ya is used in the
computations. One irregular spacing usually occurs at the
beginning of the test while the float is steadying. As the water
rises above 0.8Ya, the marks will no longer be equally spaced, but
will become closer together with each successive J"eading. The
beginning ofthe shorter spacings usually will occllr around 0.8Ya,
but two or three extra readings are recommendecl to show that the
spacings are definitely getting closer together .

The use of a pressure transducer and a data lol~ger eliminates or
greatly reduces many of the problems related to recording water-
table recovery discussed in the above paragraphs. With this
equipment, the pressure transducer is placed near the bottom of
the hole and calibrated to the static water level. The data logger is
started just prior to removing the bailer from the hole. Running
the data logger until 50-percent recovery has occurred will provide
adequate data for computation of the hydraulic conductivity rate.

(d) Calculations.-Upon completion of the auger-hole field test
for hydraulic conductivity, the time intervals and the corres-
ponding distances between tick marks on the recorder tape are
transferred to the computation sheet. Sample CoJ:nputations are
shown on figure 10-26. The initial y n for time zero can be
computed or extrapolated from a y n versus time <:urve if the time
from start of pumping to the first tick mark is less than
10 seconds.

Determining the initial y n is necessary only when the time
interval between the starting time and the first measurement is
longer than about 5 seconds and the water-level recovery rate is
very fast. Extrapolating the data to determine Y", or the initial y n'
is not always reliable. Every effort should be made to keep the
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time interval between the start of pumping and the first tick mark
as short as possible. This short-time interval is particularly
important in sand and gravel with rapid recovery rates.

Care should be taken in selecting consistent, consecutive time
intervals and water-table rises to be used in determining the
average distance from static water table to the water surface in the
hole during the test period, y n; the average incremental rise during
incremental time intervals, I1Y; and the average incremental time
interval between ticks, I1t. Water-table recovery data collected by a
data logger using a properly programmed logarithmic sampling
schedule will provide data points beginning at time zero. This
early time data greatly reduces, if not eliminates, the concerns
discussed in the preceding paragraphs. Because it is difficult to
start the data logger at the exact time water-table recovery begins,
the early time data should be plotted to determine the point when
computations should begin. The C value needed in the computa-
tions shown on figure 10-26 is determined from the graphs of
figures 10-27 or 10-28, which are intended for use where the
barrier is considered to be at infinity or at zero distance below the
bottom of t!!e hole. The C values plotted against the dimensionless
parameter Yn I r sil!!plify the determination of C for a wide range of
values of Hlr andYnlr. For the usual case where no barrier is
present, or the barrier is equal to or greater than H below the
bottom of the hole, figure 10-27 should be used to determine C. If
the hole has been terminated on a slowly permeable zone,
figure 10-28 should be used. If the hole penetrates into a slowly
permeable zone below a permeable zone, figure 10-28 should be
used with H as the distance from the level of the static water table
to the slowly permeable layer instead of to the bottom of the hole,
as is the usual case. The hydraulic conductivity can then be
determined by multiplying the C factor by I1Y Il1t. The resulting
hydraulic conductivity has units of meters per day (feet per day) or
centimeters per second (inches per hour).

(e) Limitations.-The auger-hole test furnishes reliable hydraulic
conductivity data for most conditions; however, the results are
entirely unreliable when the hole penetrates into a zone under
piezometric pressure. Small sand lenses occurring between less
permeable layers make the test more difficult to perform and may
yield unreliable data. Water flowing into the hole through the
lenses falls on the float apparatus and causes erratic readings.
The auger-hole test also cannot be used when the water table is at
or above the ground surface because surface water or water
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Figure 10-27.-Values of C when barrier is b,elow bottom
of hole during auger-hole test (Massland and Haskew, 1958).

running through permeable surface layers will cause erroneous
readings. A depth of more than 5 meters (20 feE~t) to water table,
although not a limitation as far as obtaining valid data is
concerned, makes obtaining reliable data extremely difficult.

Comparatively high hydraulic conductivity rates, in the
magnitude of 6 meters per day (10 inches per hour) or more, make
the auger-hole test difficult to perform because t;he bailer cannot
remove the water as fast as it enters. A pump ,vill remove the



PERMEABILITY TESTS IN INDIVIDUAL DRILL HOLES AND WI:LLS 389

()

2 2.5 3 4 5 6 7 8 910 4 5 6 78910'
H/r

Figure 10-28.-Values ofC when barrier is at bottom of hole
during auger-hole test (Massland and Haskew, 1958).

water from the hole rapidly, but in very permeable soils only one
or two readings can be obtained before recovery exceeds 0.2 of the
initial drawdown. A hydraulic conductivity can be calculated from
only one or two readings, but the results could be erroneous. The
use of a data logger to collect water-table recovery data will solve
this problem, which occurs when using float-activated equipment.
Tests have been successfully run in alluvial materials having
hydraulic conductivity rates of over 30 meters per day (50 inches
per hour) using a data logger.
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At the other extreme, auger-hole tests in soils 'with hydraulic
conductivity rates in the range of 0.0606 to O.OOEI meter per day
<0.001 to 0.01 inch per hour) usually give such erratic readings
that accurate values cannot be obtained. Howev,er, the results can
be important in determination of drainage requirements even
though exact values are not obtained. However, the knowledge
that hydraulic conductivities are very high or very low can be
useful from a practical standpoint.

The difficulty usually encountered in augering or digging a hole
of uniform size through rocky or coarse-gravel material can prevent
the performance of an auger-hole test. Casing c~m sometimes be
used to stabilize the walls of the hole if a test is needed in these
materials.

(f) Step Tests in Layered Soils.-Step tests are used to determine
the hydraulic conductivity of layered soils. Step tests are simply a
series of auger-hole tests in or near the same hole location but at
different depths. The hole is initially augered to within 75 to
100 millimeters (3 or 4 inches) of the bottom of the first texture
change below the water table, and then the first auger-hole test is
run and the hydraulic conductivity is computed. The hole is then
augered to within 75 to 100 millimeters of the bottom of the next
texture change, the second test is run; and the a"l[erage hydraulic
conductivity for both layers can then be determined. The
procedure continues until the last layer to be tested has been
reached. The hydraulic conductivity value calculated for each step
will be the average value from the water table to' the depth of the
hole.

The hydraulic conductivity for the individual texture is found
from the formula:

10-23

where:

Kn"x = hydraulic conductivity to be determined
Kn = hydraulic conductivity obtained in the Ilth step of test
Kn-l = hydraulic conductivity obtained in the (n-l) step
dn = thickness of the nth stratum (Dn -Dn-J
Dn = total thickness of the nth step from the static water level
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Dn-l = total thickness from the static water level for the (n-l)

step
n = number of the test
x = step number

Test errors may produce negative results, and the test should be
rerun. If the results are still negative after a rerun, the
piezometer test described in section 10- 7 should be used. A sample
calculation sheet for the step test is shown on figure 10-29.

10-7. Piezometer Test for Hydraulic Conductivity .-

(a) Introduction.-The piezometer test measures the horizontal
hydraulic conductivity of individual soil layers below a water table.
This test is preferred over the auger-hole test when the soil layers
to be tested are less than 0.5 meter (18 inches) thick and when
individual layers below the water table are to be tested. In
ground-water investigations, an important application of this test
is to provide data for determining which layer below the free water
table functions as the effective barrier layer. This test also
provides reliable hydraulic conductivity data for any soil layer
below the water table.

(b) Equipment.-Suggested equipment required for the
piezometer test is:

.Casing of 25- to 50-millimeter (1- to 2-inch} inside diameter
is recommended, consisting of a thin-walled electrical
conduit for depths to 4 meters and black iron pipe with
smooth inside walls for depths greater than 4 meters.

.Ship auger which fits inside the casing.

.Pipe-driving hammer, consisting of a piece of 50-millimeter
(2-inch) iron pipe which fits over the casing with a
5-kilogram (10-pound) weight fixed to the pipe. A small
sledge hammer can be used in place of the 5-kilogram
weight. The casing may also be pushed with a small drill
rig.

.Hand-operated pitcher pump with hose and foot valve, or a
bailer which will fit inside the casing.
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Figure lO-29.-Data and computation sheet on step test
for hydraulic conductivity.

Recorder board, recording tapes, and float apparatus or an
electrical sounder. The float resembles the float made for
the auger-hole test but is of smaller size to fit into the
smaller diameter casing. The counterwei~:ht must be
adjusted accordingly. A transducer and d:lta logger may be
used as in the auger-hole test.

.Computation sheets, clipboard, stopwatch, measuring tape
or rod, windshield, and casing puller .
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.Bottle or vegetable brush for cleaning soil film from inside
of test pipe. The brush should be fitted with a coupler that
attaches to the auger handle.

(c) Procedure.-A two-man team is desirable in performing the
piezometer field test for hydraulic conductivity. The test layer
should be at least 300 millimeters (12 inches) thick so that a
100-millimeter (4-inch) length of encased hole, or cavity, can be
placed in the middle of it. This placement is especially important
if a marked difference in the texture, structure, or density of the
layers exists above and below the test layer. Mter the test layer
has been selected, the topsoil is removed from the ground surface,
and a hole is augered to within 0.5 meter (2 feet) of the test layer .
Some operators prefer to auger 150 to 300 millimeters (6 to
12 inches), then drive the casing and repeat this process for the
entire depth of the hole. However, this method is slow, and
experience shows its use is generally not warranted. Other
operators jet the casing to within 0.5 to 0.75 meter (2 to 3 feet) of
the test layer and then auger and drive the casing the remaining
distance. This procedure requires additional equipment that
usually cannot be moved into a waterlogged field. The augering
and driving procedure is always used for the last 0.5 meter (2 feet)
to assure a good seal and also to minimize soil disturbance. The
casing is stopped at the depth selected for the top of the
100-millimeter- (4-inch-) long cavity, and the cavity is then
augered below the casing. Mter some recovery has occurred, the
pipe should be cleaned with a bottle brush to remove the soil film
that the float may cling to.

The size and shape of the cavity are important in the test, so
care should be taken to assure that the cavity has the predeter-
mined length and diameter. If the soil in the test layer is so
unstable that the cavity will not remain open during the test,
screens should be made that can be pushed down inside the casing.
For a 25-millimeter (l-inch) inside-diameter casing and a
100-millimeter (4-inch) cavity, the screen should be 125 millimeters
(5 inches) long and have a 24-millimeter (15/16-inch) outside
diameter. A rigid point should be welded on the bottom of the
screen to facilitate pushing it down inside the casing. A pole about
20 millimeters (3/4-inch) in diameter can be used to push the
screen to the bottom of the cavity. A small bent nail or hook
placed on the opposite end of the pole will allow the screen to be
reclaimed at the end of the test by hooking the nail into the screen
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and pulling it out. The cavity is clearied by gentl:'{ pumping or
bailing water and sediment out of the hole until the discharge is
clear .

After the water table has returned to equilibrium, the recorder
board and float apparatus are set up, and the float is dropped
down the casing. Figure 10-24 shows the equipment setup. When
the float comes to rest, the pointer is set at zero (]n the recorder
tape, the float is removed from the hole, and the 'h'ater is pumped
or bailed out. A small foot valve for the suction line can be made
similar to larger commercial types, or a bailer similar to that used
in the auger-hole test can be made. After pumping or bailing tl'le
water, the float is immediately dropped down the casing. When
the float starts to rise, a tick mark is made on the recorder tape
and at the same time the stopwatch is started. Select a convenient
time interval between observations and make cor:responding tick
marks on the recorder tape. Removal of all of thE! water from the
piezometer is not essential because measurement:g can be obtained
and used anywhere between the static water-tabLe level and the
initial bailed-out level. Obtaining three or four readings during
the first half of the water rise will give consistent results.

(d) Calculations.-Mter completion of the piezometer test, the
hydraulic conductivity is calculated from the equ~ltion developed by
Kirkham (1945):

10-24

where:

K = hydraulic conductivity in centimetE;rs per hour
(inches per hour)

y 1 and y 2 = distance from static water level to water level at
times t1 and t2 in centimeters (inches)

= diameter of casing in centimeters (inches)
= time for water level to change from y 1 to y 2 (seconds)
= a constant for a given flow geomeb'y in centimeters

(inches)

D
t2 -t]
A

A sample calculation using this equation is shown on
FIgure 10-30. The constant A may be taken from the
curves shown on figures 10-30 or 10-31.
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The curve on figure 10-30 is valid when d and b are both large
compared to w (d = distance from the static water level to bottom
of piezometer; b = distance below bottom of cavity to top of the
next zone; and w = length of cavity). According to Luthin and
Kirkham (1949), when b = 0 and d is much greater than w, the
curve will give an A factor foro w = 4 and d = 1, which will be about
25 percent too large.

The chart on figure 10-31 is used for determining A when
piezometric pressures exist in the test zone. When pressures are
present, additional piezometers must be installed. The tip of the
second piezometer should be placed just below the contact between
layers in a layered soil (figure 10-32). In deep uniform soils, the
second piezometer tip should be placed an arbitrary distance below
the test cavity.

Mer installing the piezometer, the following measurements
should be made:

.Distance, H, in meters (feet), between piezometer tips

.Difference, Ll, in meters (feet), between water levels in the
piezometer at static conditions

.Distance, d', in meters (feet), between center of the lower
piezometer cavity and the contact between soil layers in
layered soils

The A value from fiwl.re 10-31 is used in equation 10-24 to
determine the hydraul:.~ conductivity.

(e) Limitations.-Installation and sealing difficulties encountered
in gravel or coarse sand material comprise one of the principal
limitations of the piezometer test for hydraulic conductivity. Also,
when the casing bottoms in coarse gravel, a satisfactory cavity
cannot be obtained. The practical limit of hole depth is about
6 meters (20 feet), both for installation and water removal with a
stirrup pump. Duplicate tests in soils of very low hydraulic
conductivity (0.0025 to 0.025 cm/h) are always in the low range,
but can vary as much as 100 percent. However, this much
variation has little consequence in this low range. Test layers less
than about 250 to 300 millimeters (10 to 12 inches) thick and lying
between more permeable materials will not give reliable results
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Figure lO-32.-Sample calculation for piezometer
test with upward pressure in the test ~;one.

because of the influence of the more permeable m.aterials. The size
of the casing is a matter of preference, as long as it is
25 millimeters (1 inch) or more in diameter. Field experience has
shown that a 38-millimeter (1-1/2-inch) inside-diameter piezometer
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provides adequate open area for float operation. Pipe diameters
greater than 50 millimeters (2 inches} are difficult to install
properly.

10-8. Pomona Well Point Method.-This method resembles
the piezometer test discussed in the preceding paragraphs, except
that this method measures discharge for a fixed drawdown rather
than the water-table recovery rate. These differences allow data
collection in unstable materials where an open cavity is difficult to
maintain. This test method can also be used in materials where
the water recovery rate is very rapid.

The setup may be identical to the piezometer test or it may
employ a driven well point.

After installation is complete and the well has been developed,
the test is conducted by pumping at a rate to maintain a fixed
drawdown. The discharge is measured for lout of every 5 minutes
until a steady rate is obtained. When the system reaches
equilibrium, the discharge rate is measured. The hydraulic
conductivity rate is determined by:

10-25K = QIAh

where:

K = hydraulic conductivity
Q = discharge rate
A = a constant for a given flow geometry (figures 10-30 and

10-31)
h = head difference

Layered soils can easily be investigated, and the soil need not
support a cavity if a screened well point is used. Even when the
cavity is unsupported, as in the piezometer setup, substantially
less hydrostatic pressure is exerted on the cavity than in the
piezometer test. The primary limitations are the time required to
conduct the test and the impracticality of measuring low
permeabilities.

10-9. Single Well Drawdown Test for Hydraulic
Conductivity .-Coarse sands and gravel -"ually make the auger-
hole (pump-out) and piezometer tests difficult to run. An
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alternative pump-out test can be made to obtain a rough estimate
of hydraulic conductivities in these materials. Th,~ test is a small-
scale version of a regular pump test for large well;~.

Equipment for the test is the same as that used for the auger-
hole test except the recorder board and tripod are not used. A
gasoline-driven pump with a valved discharge should be used. A
calibrated bucket and a stopwatch should be used to determine
flow rate.

Hole preparation is much the same as for the auger-hole test;
however, hand augering is usually too difficult. Once the hole is
prepared and the static water level is measured, vvater is pumped
from the hole at a constant rate. Mter some time, the water level
in the hole will reach a steady-state level. Steady state can be
assumed to exist when the water level in the hole drops less than
30 millimeters (0.1 foot) in 2 hours. When steady-state conditions
exist, the flow rate and depth of water in the hole are recorded.
These data, along with the distance from the statjc water level to
the bottom of the hole, are used in one of the equ~ltions shown on
figure 10-33. Use the equation that most nearly approaches the
test conditions.

This method should be used only in highly permeable sands and
gravel to obtain an estimate of hydraulic conductivity when the
auger-hole or piezometer tests fail to give satisfactory results.

10-10. Shallow Well Pump-In Test for Hydraulic
Conductivity.-

(a) Introduction.-The shallow well pump-in test for hydraulic
conductivity, also known as the well perimeter te~lt, is used when
the water table is located below the zone to be tested. Essentially,
this test consists of measuring the volume of wat~!r flowing
laterally from a well in which a constant head of 'Hater is
maintained. The lateral hydraulic conductivity determined by this
test is a composite rate for the full depth of the tested hole.

(b) Equipment.-Equipment requirements for the shallow well
pump-in test include the following items previously described for
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Q loge {R/r)
K-

-7t {H2- h2 )

Assume R = 500 x r
for most cases. .

(a) Pumping from a uniform unconfmed stratum,
water table in stratum being pumped.

(b) Pumping from a confmed stratum, water table
above stratwn being pumped.

K = Hydraulic conductivity, m3/m2/day (ft3/ft2/da.y)
Q = Flow rate at steady state conditions, ~/day (ft'/day)
y = Drawdown from static water surface = H-h, m (ft)
H = Height of static water table above bottom of hole, m (ft)
h = Depth of water in hole at steady state pumping

conditions, m (ft)
D= Flow thickness of strata between bottom of the hole

and overlying (confIning) stratum, m (ft)
R = Distance from centerline of well to point of zero

drawdowm, m (ft)
r = Effective radius of well, m (ft)

Figure lO-33.-Determination of hydraulic conductivity by
pumping from a uniform or confined stratum.
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the auger-hole test in section 10-5: 75- and 100-millimeter (3- and
4-inch nominal) diameter soil augers, hole scratcher, perforated
casing, burlap, and wristwatch with a second hand. Additional
equipment items are:

.Water-supply tank truck of at least 1,200-J.iter (350-gallon)
capacity with gasoline-powered water pump.

.Calibrated head tank, 200-liter (50-gallon) minimum. This
tank should have fittings so that two or more tanks can be
connected when required.

An 8-meter (25-foot) long 25- to 50-millimE~ter (1- to 2-inch)
diameter, heavy-walled hose for rapid filling of head tank
from supply tank.

.Wooden platform to keep head tank off the ground and to

prevent rusting.

.A 25-millimeter (l-inch) diameter pipe, 1 meter long, to be
driven into the ground and wired to head tank to keep tank

in position.

.Constant-level float valve (carburetor), which must fit
inside the casing.

.A rod threaded to fit the threads on top of the carburetor ,
used to regulate the depth that the float valve is lowered
into the hole.

.Sufficient 10- or 12.5-millimeter (3/8- or 1'2-inch} inside
diameter flexible rubber tubing to connect tank to
carburetor.

.Plexiglas cover, 300- by 300-millimeter (12- by 12-inch) by
3 millimeters (1/8 inch) thick, with hole irl center for
carburetor rod, and two other holes, one for rubber tubing
and one for measuring water level and temperature of
water in the hole.

.Filter tank and filter material.

.Steel fencepost with post driver, four required per site.
About 25 meters (80 feet) of fencing wire {needed only when
site must be fenced).
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.Thermometer which can be lowered into hole, Celsius scale

preferred.

.A 3-meter (10-foot) steel tape, clipboard, computation sheet,
and a 400-millimeter (16-inch) tiling spade.

Figure 10-34 shows a schematic of the equipment setup for this
test.

The constant-level float valve (carburetor) suggested for use in
this test and in the ring perimeter test, described later, can be
constructed out of various materials arid can be made in different
shapes. The only requirements are that it must fit inside a
100-millimeter (4-inch) diameter hole, have adequate capacity,
cause minimum aeration of water, and control the water level
within :!:15 millimeters. Material to construct a carburetor that
has proven satisfactory consists of the following:

1/2 meter (20 inches) of 20- by 3-millimeter (3/4- by
1/8-inch) metal strap

.One large tractor carburetor, needle valve, a needle valve
seat at least 3 millimeters (1/8 inch) in diameter and a float
made of styrofoam

.Two 20- by 6-millimeter (3/4- by 1/4-inch} bushings

.One 20-millimeter (3/4-inch) coupling

A photograph of a typical carburetor is shown on figure 10-35.

(c) Procedure.-A two-man team can efficiently install the
equipment and conduct the shallow well pump-in test. The hole
for the test should first be hand augered with a 75-millimeter
(3-inch nominal) diameter auger and then reamed with the
lOO-millimeter (4-inch nominal) diameter auger. A complete log,
including texture, structure, mottling, and color, should be
obtained for use in interpreting and projecting results. The hole
should be carefully scratched after completion to the desired depth
to break up any compaction caused by the lOO-millimeter auger
and to remove any loose material on the sides. In unstable soils, a
thin-walled perforated casing should be installed, with perforations
extending from the bottom of the hole up to the predetermined
controlled water level. A commercial well screen or slotted-PVC
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Figure lO-35.-Typical constant-level float valve used in hydraulic
conductivity tests. Fully assembled float valve is shown on the right.
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casing should be used, but when not available, a 100-millimeter
(4-inch nominal) diameter, thin-walled casing with about
180 uniformly spaced, hand-cut perforations per meter ,
3 millimeters wide by 25 millimeters long (1/8 in<:h wide by 1 inch
long), will be satisfactory for most soils. The constant-level float
valve should be installed and approximately posi1;ioned. The float
valve is then connected with tubing to the head t;ank, which is
located on an anchored platform beside the hole. The 10- or
12.5-millimeter (3/8- or 1/2-inch) tubing will allo~r sufficient water
to flow into the carburetor when testing modera~~ly permeable
soils. The hole should then be filled with water to about the
bottom of the carburetor. The valve on the head tank is then
opened, and the height of the carburetor is carefullly adjusted to
maintain the desired water level. The Plexiglas <:over will keep
small animals and debris out of the hole, hold thE~ carburetor float
adjusting rod, and allow observation of the carburetor during the
test. The time and the reading on the tank gaug.e are recorded
after all equipment is operating satisfactorily. The tank should be
refilled when necessary. Each time the test site ilS visited, a record
should be kept of the time, tank gauge readings, and volume of
water added. Reading times are determined by the type of
material being tested and will range from 15 minutes to 2 hours.
Although not a necessity, the use of automatic recorders is
desirable so that a complete record may be kept of water
movement into the hole. When water temperature fluctuations
exceed 2 °C, viscosity corrections should be appliE~d. If the test
water contains suspended material, a filter tank should be
installed between the head tank and the carbure1~or. Polyurethane
foam is a satisfactory filter material. In-line millc filter socks have
also been used successfully.

Figure 10-36 shows a typical filter tank and material. The
nomographs shown on figures 10-37a and 10-37b are used to
estimate the minimum and maximum volume of water to be
discharged during a pump-in hydraulic conductivity test. These
nomographs provide an excellent guide to determine the amount of
water that should be discharged into the hole before the readings
become unreliable. The nomographs are especially useful in sands
because the minimum amount of water will be discharged into the
hole in a very short time. Readings should be taken as soon as
the minimum is reached. To use the nomograph, the specific yield
must be estimated from the hydraulic conductivi1;y, texture, and
structure of the soil. Knowing the depth of wateT maintained from
the bottom of the hole, h, and the radius of the hole, r, the
minimum and maximum amounts of water need(!d to meet the
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Figure 10-36.- Typical filter tank and filter material.

conditions set up in the mathematical model can be determined.
When the minimum amount has been discharged into the soil, the
hydraulic conductivity should be computed following each reading.
The test can be terminated when a relatively constant hydraulic
conductivity value has been reached and the total volume
discharged into the soil is not greater than the maximum value
taken from the nomograph.

(d) Calculations.-A sample computation sheet for the shallow
well pump-in test is shown on figure 10-38. Figures 10-39a,
10-39b, 10-40a, and 10-40b show equations and nomograph used in
the computations. The use of these figures depends upon the
depth of water maintained from the bottom of the hole, h, and the
depth of the water table or depth to an impervious strata from the
surface of water maintained, T u. The h value can be determined
accurately, but the depth to an impervious or restrictive zone, T u'
requires a deep pilot hole near the test site. Any zone which
appears, from visual inspection, to have a much lower hydraulic
conductivity than the zone above should be considered as a
restrictive zone for determining T u. A water table should also be
considered a barrier when estimating T u. If an in-place hydraulic
conductivity test in this zone indicates the zone is not restrictive,
the hydraulic conductivity can be recomputed using a larger T u
value and the appropriate equation or nomograph.
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Figure lO-37a.-Nomograph for estimating the minimum and
maximum volume of water to be discharged during a pump-in

hydraulic conductivity test (metric units).
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a K
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EXAMPLE:

h = 0.76m

r =0.05Im
h/r = 15

Q = 0.0000.34 m"/day
K = 0.0.32m/day

CONDITION I

Tu ~ 3h

K (m /day) = 1440 ~oge (~ +/(bJ:i)-~ Q

2fTh2

Figure lO-39a.-Nomograph for determining hydraulic conductivity
from shallow well pump-in test data for condition I (metric units).
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CONDITION I

Tu ~ :\h

Exoll1ple :

h=2.5ft
r=O.167ft
h/r=15
Q=O.OOI2 ft3/min
K=O.O6 in /h

Figure lO-39b.-Nomograph for determining hydraulic conductivity
from shallow well pump-in test data for condition I

(U.S. customary units).
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Example:
h= 3.5 ft CONDITION n

T u -4.5 ft
h/Tu=0.78 3h ~Tu~ h
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r=0.167ft
h/r = 20.96

K=OS5 in/h

Figure lO-40b.-Nomograph for determining hydraulic conductivity
from shallow well pump-in test data for condition II

(U.S. customary units).
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(e) Limitations.-The time required to set up the equipment and
complete the test constitutes the principal limitation of this test.
Also, a relatively large amount of water is required, especially if
the material has a hydraulic conductivity over 4 to 6 cm/h. In soils
high in sodium, the water used should contain 1,500 to 2,000 mg/L
of salts, preferably calcium. Rocky material or coarse gravel may
prevent augering the hole to accurate dimensions. Also, compari-
sons of electric analog test results with values from the auger-hole
test show that the h/r ratio must be equal to or greater than 10.

Water moving outward from the hole sometimes causes the fines
near the surface to form a seal before a constant hydraulic
conductivity rate has been reached. If a constant rate cannot be
obtained by the time the estimated maximum flow has occurred,
the fines can be flushed back into the hole by removing the
equipment and bailing all water out of the hole or by gently
surging the hole with a solid sUrge block and then pumping the
water out. This procedure is not always successful, but should be
tried before abandoning the test site. Use of a filter on the supply
line will generally prevent this problem.

10-11. Test for Determining Infiltration Rate.-Although
most ground-water investigations concentrate on testing the
hydraulic conductivity of aquifers and aquitards, the infiltration
rates of surface soils must sometimes be considered in order to
know the recharge potential of a study area. Several procedures
have been developed for measuring infiltration rates through the
vadose zone and vertical hydraulic conductivities in saturated soils.
Because they are seldom used in ground-water investigations, they
are not presented here. Those wishing to investigate these
parameters are referred to the Drainage Manual (Bureau of
Reclamation, 1993) where several tests are described in detail.
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«Chapter XI

WELL DESIGN, COMPONENTS, AND SPECIFICATIONS

II-I. General.-Chapter VI discussed relationships and con-
ditions in ideal, isotropic, homogeneous aquifers of uniform
thickness and infinite areal extent and the response of such
aquifers to the discharge of ideal, fully penetrating wells.
However, ideal aquifer conditions are seldom encountered, and
wells must be designed with practical aspects in mind to
economically use an aquifer. The more important of these practical
aspects are discussed in this chapter .

A generally accepted, all-inclusive standard for water well design
is not available. The American Water Works Association
Publication, AWWA-A100 (1990), describes a number of commonly
used design standards. The material is too extensive to describe
all the different standards or even a majority of those in common
use in this publication. Water well design involves the considera-
tion of many factors, including: desired yield and pump size;
casing diameters, wall thicknesses, and lengths; screen materials,
diameters, and slot sizes; percentages of open area and length; the
type and characteristics of the aquifer or aquifers to be developed;
sanitation; control of corrosion and encrustation; local well drilling
designs and practices; and State and local statutes and regulations.
These factors might be assumed to preclude standardization;
however, many of them are basic to all wells and these common
factors make possible a degree of design standardization.
Figures 11-1 through 11-8 illustrate this degree of standardiza-
tion for drilled wells involving different types of construction.

The basic information desired before undertaking the design of a
well is:

.Thickness, character, and sequence of materials above the
water-table or at the top of a confined aquifer

.Thickness, character, and sequence of the aquifer(s), nature of
the permeability (interstitial or resulting from secondary
voids), and the degree of confinement of the aquifer

.Size and gradation of aquifer materials
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£OUnd surfoce

Grout seal

/Pump chamber

casing

Reducer

~ I

I Well screen

SiNGLE STRING CONSTRUCTION
USING A REOUCER

Figure 11-7.-Straight wall,
rotary drilled well for single
string construction using a

reducer.

TELESCOPING CONSTI~UCTION
USING A REDUCER

Figure 11-8.-Straight wall,
rotary drilled well for tele-
scoping construction using

a reducer.

.Transmissivity and storativity of the aquifer

.Water-level conditions and trends

.Quality of water

.Design and construction features of wells previously con-
structed in the area
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.Operation and maintenance history of previously constructed
wells

.Purpose and desired yield of the proposed well

Unfortunately, all the information desired is seldom available,
even in a developed area. In an undeveloped area, all that may be
known initially is the approximate location of the proposed well
and the desired yield.

For major wells {yields greater than 400 to 500 liters per minute
[100 to 125 gal/min]), the designer should obtain all available
information on existing wells, and aquifer transmissivity
characteristics as described in chapters V and IX should be
determined. These data should be supplemented by a geological
investigation and the drilling of a pilot hole. A properly drilled
and sampled pilot hole will furnish an accurate lithologic log,
aquifer samples for mechanical analyses, information on static
water-Ievels, water samples for analyses, and the type of aquifer
present. The site, if found to be inadequate for any reason, can be
abandoned without the major cost of drilling a producing well. If
the site is found to be satisfactory, a design can be prepared and
specifications written. Pilot hole data permit the preparation of
firm design and specifications features which minimize the
unknown factors and the risks during construction. Consequently,
the contractor can foresee many problems, assemble necessary
equipment and materials, and more accurately schedule the
construction program. Contract savings resulting from data gained
in drilling a pilot hole may far exceed the cost of the pilot hole.

For minor wells, the well drilling costs may be about the same as
for a pilot hole; thus, the latter may not be economil::al. The recom-
mended procedure for the design of such wells is to make a
preliminary design based on the desired yield, readily available
information, and evaluation of existing geological krlowledge of the
area. Additions or changes in the preliminary design, such as in
pump chamber depth and screen slot size and setting, can be made
on the basis of information obtained during the drilling.

The designations used for various components of ~l well are not
standardized. Various terms are used for similar components in
different publications and in different parts of the country .In the
following sections, the terminology favored by the Bureau of
Reclamation is used, but other terms commonly enc,ountered are
also noted.
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11-2. Corrosion.-Metal screens, casings, and. pumps used in
wells may be subjected to deterioration and even1;ual destruction
by reaction with the environment in which they are placed. This
destructive process is called corrosion. For purp<J'ses of this
discussion, corrosion of well components can be considered either
chemical or galvanic. Chemical corrosion results from chemical
reaction of the metals with components of the soil or water in
which they are placed. Chemical corrosion usually results in the
corroded metal going into solution and being canied away from the
point of attack. Galvanic corrosion arises from the action of
electrolytic cells formed between dissimilar metals or surface
conditions in the well, which results in attack and corrosion of
metals at anodic points and frequently the deposi.tion of the
corrosion products at the cathodes. Organism-induced corrosion is
initiated, accelerated, and aggravated by certain algae, fungi, and
bacteria. These organisms do not attack the metal directly but
cause environmental changes which, in conjunction with the
byproducts of their metabolism, cause chemical and galvanic
corrosion (Kuhlman, 1959; Moehrl, 1961; Pennin!~on, 1965).

Corrosion, to some degree, is inevitable in any well installation.
Accurate prediction of the type of corrosion and the intensity of
attack to be expected is difficult to impossible. Where additional
wells are to be constructed in locations where tht!re are existing
wells, discussion with well owners, well drillers, :md well service
and supply companies will usually establish the presence or
absence of prevailing aggressive corrosion conditions in an area
and possibly the cause. In areas where no experience record exists,
the designer has little guidance. Analysis and interpretation of
water samples generally will indicate whether the water will cause
chemical corrosion or be conducive to galvanic corrosion but may
give little information regarding the intensity or severity of the
effects (Kuhlman, 1959; Moehrl, 1961).

As a general guide, chemical corrosion can be anticipated when
C02, HC03, O2, H2S, HC, C2, H2SO4, or salts of tblese substances
are present in excess of 5 to 10 milligrams per litoer (mg/L), the pH
of the water is below 7, and the Ryznar Index is above 9 (Ryznar ,
1944). If the Ryznar Index is above 9, the pH below 7.8, and the
total dissolved solids content above about 300 mg'/L, galvanic
corrosion may occur. With galvanic corrosion, the products of the
attack on the anodic areas are frequently deposited on the cathodic
areas, causing blocking of screen slots and water channels in

pumps.
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Bacterial corrosion is more difficult to predict or anticipate.
Whether the bacteria are present everywhere in an aquifer or
whether they are introduced into a well during drilling or servicing
is not known, but substantial evidence exists that the latter does
occur. Some so-called iron bacteria not only foster corrosion but
also block screens and give a disagreeable taste and odor to the
water. Other types of bacteria are not so readily rE!cognized and
can be identified only by special sampling, incubati,on, and study
techniques, which are expensive and time consuming. Determina-
tions, therefore, are not usually made unless experience in an area
shows that such investigations are necessary .Because so little is
known of the origin or control of bacterial corrosion, good practice
requires sterilization of every well on completion of drilling and at
the time the permanent pump is installed (Grange and Lund, 1969;
Moehrl, 1961).

In the following galvanic series tabulation, metals and alloys are
arranged in order of increasing resistance to corrosion. Galvanic
corrosion between two adjacent metals or alloys in the tabulation is
low. The farther two metals are apart in the list, the greater the
potential which will develop between them and the more
aggravated the corrosion attack will be on the anodic material.
Because surface area is also important if two dissimilar materials
must be used, the more cathodic material should have as small a
surface area as possible, and the anodic material should have as
large a surface area as possible to diffuse and spre~ld out the
attack.

When corrosive environments are known to be present,
consideration should be given to the use of corrosive-resistant
metals in the screen and in various parts of the pump.

Except under unusual conditions, using less costl:y metals and
increasing the wall thickness of the casing and column pipe is
generally more economical than using the more costly metals. The
increased wall thickness provides more metal to resist corrosion
and thus increases the life of the casing and column pipe
(Pennington, 1965).

When the well screen is installed by telescoping, it may be
possible to remove and replace the screen. In this situation, the
choice of metal for the screen becomes a problem of balancing the
cost of the more expensive metal against the replacement cost of
the less exDensive metal. When the well screen is attached
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directly to the casing, a dielectric coupling should be provided
between the two components if they are of dissimilar metals to
provide corrosion protection to both.

The use of corrosive-resistant metals in the manufacture of
different parts of the pump to be installed in the well must also be
considered. Here the problem is additionally complicated because
not only are the individual parts attacked by chemical corrosion,
but also dissimilar metals in contact with each other are conducive
to galvanic corrosion. When corrosion is known t~ be present, the
metals of the pump parts must be chosen with regard to their
location in the tabulation as related to the intens"ity of corrosion
expected.

Galvanic Series
(Arranged in order of increasing resistance to corrosion}

Anodic-corroded end Cathodic-protective end
Magtlesium lnconel (active}
Magnesium alloys Brass or copper
Zinc Bronze
Aluminum 2S Monel
Cadmium Silver solder
Aluminum 17ST Nickel (passive}
Steel, iron, or cast iron lnconel (passive}
Chromium-iron (active} Chromium-iron (passive}
Ni-resist Chromium-nickel-iron (passive}
Chromium-nickel-iron (active} Silver
Lead, tin, or lead-tin solders Gold or platinum
Nickel (active}

11-3. Encrustation.-Encrustation may be considered the
opposite of corrosion insofar as it is characterized by the
accumulation of minerals deposited primarily in and about
openings in the screen and in the voids of the for:mations
surrounding the well. This accumulation hinders water from
entering the well, eventually the efficiency of the well declines, the
drawdown increases, and the discharge decreases. The rate of
mineral deposition depends upon the character and quality of the
water involved and apparently increases with increased drawdown
and the entrance velocity of the water. In some ,vells, a screen
may be completely blocked within a few months or a year, whereas
in others, the deposition is so low that the effects are not
recognizable over many years. As far as can be determined, the
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materials of which the well and screen are constructed have little
influence upon the rate or character of the deposition unless
galvanic corrosion is associated with the encrustation.

A total dissolved solids value in excess of 150 mg/L, high calcium
and iron bicarbonate content, a Ryznar Index below 7, and a pH
above 7.5 are indicative of possible encrustation problems (Ryznar ,
1944).

The most common forms of mineral encrustation encountered in
wells are summarized as follows:

.Precipitation of iron and calcium carbonates in the form of a
hard, brittle, cement-like material adhering to the screen and
frequently cementing the gravel pack or aquifer particles for
some distance from the screen.

.An accumulation of iron and manganese hydroxides or
hydrated oxides on the screen or in the formation immediately
adjacent to the screen. The hydroxides are insoluble, jelly-like
masses unless oxygen is present, in which case, they are
oxidized into oxides or hydrated oxides having a black, brown,
or reddish granular appearance.

.Occasionally, silts and clays in suspension are deposited about
the screen and reduce the entrance of water. These deposits
are a relatively conlnlon occurrence in sonle types of
gravel-pack construction, particularly when the pack is too
coarse or developnlent of the well has been inadequate.

.In some parts of the Western United States where lignite beds
are prevalent, decomposition of the lignite results in the
formation of a slimy black or brown viscous material about the
screen and in the adjacent aquifer.

Although mineral encrustation cannot be avoided entirely in an
area where conditions are favorable for its formation, some
practices can retard encrustation. The simplest practice is to
ensure maximum inlet area in the screen and consequently
minimum inlet velocity of the water. In addition to having
maximum inlet area, the screen should have uniform openings over
the entire surface; these openings should be clean cut without
burrs or rough edges which encourage deposition.
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The second important factor is proper development of the well to
ensure that as many fines as possible are withdrawn from the
aquifer in the immediate vicinity of the screen. If used, a gravel
pack should have a permeability sufficiently higher than the
aquifer so that a reduction in velocity occurs as the water passes
through the pack. This practice ensures minimuDl velocity and
maximum open area in the formation and the gravel pack.

11-4. Surface Casing {Soil Casing, Conductor Casing,
Outer Casing) ,-

(a) Description and Purpose.-Steel surface casing mayor may
not be used, depending upon local conditions, established drilling
practices, and Government regulations. The casil1lg may be
temporary and may be removed when completing the well, or it
may be a permanent part of the structure. Surfa('e casing is
installed, where possible, from near the ground surface through
unstable, unconsolidated, or fractured materials a short distance
into a firm, stable (or massive), and relatively impermeable
material. The purpose of surface casing is to:

.Simplify and facilitate drilling a well by supporting unstable
materials so they will not cave and fall into the hole

.Minimize washing and erosion of the side of the hole by
drilling fluids and tools

Reduce loss of drilling fluids

Facilitate installing or pulling back other casing

.Facilitate placing a sanitary seal

.Serve as a reserv~ir for gravel pack and under some
circumstances to provide a degree of protection against
upward caving around the well

.Seal against artesian leakage, erosion, cratering, and eventual
loss of control of flow

.Provide a structural base for the well from which other casing,
screen, etc., may be suspended

.Protect other above-ground components of the, well from
damage
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.Facilitate drilling a straight and plumb hole below the casing

.Provide for re-entry into the well to rehabilitate or replace
portions of the casing or other components such as screens

Table 11-1 gives the recommended minimum diameters of
surface casing for various pump chamber casing diameters.
Temporary surface casing normally is pulled from the hole on
completion of the well.

Concurrent with pulling the temporary casing, the annular space
about the permanent casing is normally filled with grout as
described in section 15-3.

When permanent surface casing is installed, the first operation
in construction of the well is to drill an oversized hole and to
install, center, and grout the surface casing. Table 11-2 shows the
minimum hole diameter for different casing sizes. After the
surface casing has been installed and the grout has set, the well is
drilled deeper through the bottom of the surface casing. The hole
drilled is usually about 50 millimeters (2 inches) smaller in
diameter than the outside diameter of the surface casing.

In gravel-packed wells of the depth and diameter of most Bureau
of Reclamation wells, the gravel pack is usually placed through
nominal 50- to 100-millimeter (2- to 4-inch) coupled tremie pipes.
To permit insertion of these pipes, the annular space between the
wall of the hole and pump chamber casing must be adequate to
permit passage of the pipe couplings.

Schedule 10 or 20 weight pipe is usually adequate for permanent
surface casing to depths shown in table 11-3. For setting depths
greater than those shown in table 11-3, heavier casing should be
used.

In areas where unstable material extends to depths beyond normal
surface casing placement, the casing may have to be supported at
the ground surface. I-beams welded to the casing may provide ade-
quate support, as shown on figure 11-9.

(b) Design Particulars for Surface Casing.-The wall thickness,
depth of setting, and weight of temporary surface casing is usually
left to the discretion of the contractor whose responsibility includes
its installation and removal. However, the minimum diameter
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Table 11-2.-Minimum hole diameter required for adequate
grout thickness around different sizes of casing

Hole diameter for
casing with

welded

joints

Nominal pump
chamber casing

diameter

Hole diameter
for casing with

couplingsl

in inmm mm mm in

150

200

250

300

350

400

450

500

550

600

650

700

750

800

850

900

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

36

260

315

10-3/8

12-7/8

9-5/8

11-5/8

13-3/4

15-3/4

17

19

21

23

25

27

29

31

33

35

37

39

2!10

290

3L15

3~}5

4~!5

4~75

5~!5

5~75

6~!5

6~75

7~!5

7,75

8~~5

8,'5

9~~5

9,'5

1 Coupled pipes are not normally available or used.

must be large enough not only to give a minimum 38-millimeter
(1-1/2-inch) thick grout seal about the pump housing casing but
also to permit the installation of the tremie pipe. Table 11-4 shows
suggested minimum temporary surface casing diameters to use
with various nominal pipe sizes of pump chamber casing and
nominal 25 millimeter (l-inch) diameter tremie pipe.
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Table 11-3.-Permanent surface casing -wall thickness, diameter, and maximum depth of setting

ASA
schedule

no or
class

Maximum

depth
of setting

Nominal
diameter

Wall
thickness Weight- plain end

ftin mmm

6

6

6

6

6

6

10

10

10

10

12

12

12

12

12

0250

0.250

0.250

0.250

0.250

0.250

0.375

0.375

0.375

0.375

0500

0500

0500

0500

0500

126

70

42

32

21

15

36

28

21

16

32

26

21

18

15

420

235

140

105

70

50

120

95

70

55

105

85

70

60

50

200

250

300

350

400

450

500

550

600

650

700

750

800

850

900

20

20

20

10

10

10

20

20

20

Std

20

20

20

20

20

Permanent surface casing is usually installed with a minimum
stickup of 0.3 meter (1 foot) above the original ground surface.
However, the design of surface facilities may require more or less

stickup.

When drilling with rotary rigs using water or o1;her drilling fluid,
a hole is normally cut in the surface casing to permit fluid flow
between the slush pit and the well. Grouting is, 1;herefore, usually
stopped when the grout approaches this hole. On completion of the
well, a patch of the same weight material as the (:asing should be
welded over the hole. When the foundation is pmlred, the unfilled
space about the top of the casing is then filled wi1;h concrete.
Minimum depth of setting, diameter wall thickness, and weight of
permanent surface casing should be given in the :specifications. In
some instances, to facilitate operation, contractors may elect to
install, at their own expense, casing exceeding the minimum

requirements.

8

10

12

14

16

18

20

22

24

26

28

30

32

34

36
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-<.., A

.cut to shape
and web welded
to ca~)ing

-<-' A

Length as required far suppor1"
~..

SECTION A -A

Figure 11-9.-Support of a casing by I-beams.
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Table 11-4.-Minimum temporary surface casing diameters to permit

grout around pump housing casing with 25-mm (l-ir.) grout pipes

Temporary surface casing

diameter (welded joints on

pump chamber casing)

Nominal pump chamber

casing diameter

I Add 50 mm (2 in) to the diameter to accommodate pump chamber casing with

coupled joints.

11-5. Pump Chamber Casing (Pump HousiIlg Casing,
Working Casing, Inner Casing, Flow Pipe Pr(.tective Casing}.-

(a) Description and Purpose.-Pump chamber casing is an
essential part of every well. In single string construction of
uniform diameter, it comprises all casing above the screen. In
other types of construction, it is the casing within which the pump
bowls will be set.

The pump chamber casing furnishes a direct cormection between
the surface and the aquifer, and when permanent surface casing is
not used, it seals out undesirable surface or shall<Jw ground water
and supports the side of the hole. Materials used for casing are
commonly steel, plastic, or fiberglass. Steel or plastic is usually
required by regulation.

(b) Design Particulars for Pump Chamber Casin,g .-Pipe
conforming to API Standard 5L (American Petroleum Institute,
1963), either Grade A or B, is commonly used for pump chamber
casing. Pipe conforming to ASA Standard for Wrought Steel Pipe,
ASA B36.10-59 Schedules 30 and 40, or to standaJ-d weight pipe in
regard to weight and wall thickness, are also used for well casing.
A wall thickness of less than 6.35 millimeters (0.250 inch) is not
recommended because of corrosion possibilities. Where hard
driving, deep setting in unconsolidated materials, or aggressive
corrosion attack is anticipated, heavier casing should be used.
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Lighter weight pipe may be used for temporary ins1;allations in
shallow wells and when pipe is set in an open hole in stable
consolidated rock. Tables 11-5a and 11-5b gives data on commonly
used pipe of various diameters and weights and suggested
maximum setting depths.

Couplings may be available on casing up to 305 IJlillimeters
(12 inches) in diameter, but most casing joints are 'Nelded. Plain
ends beveled for welding and threaded ends should conform to API
Standard 5L, Sections 7 and 8 (American PetroleulJtl Institute,
1963). Other threads and couplings can be used, bllt the API
Standards are recommended because of their desirable design
characteristics. Threads on all pipe and couplings 13hould be
undamaged and brushed clean and doped before joining. They
should be joined without cross-threading and tightE~ned to the
maximum possible to ensure watertight joints. Welds should be
multiple pass, fully penetrating, continuous running welds, and the
weld should be brushed with a steel brush and peened to remove
slag and stresses between each pass. When stainless steel or other
alloys are used, welding rods and procedures recommended by the
manufacturer should be used. Welding, braising, or sweating of
joints between dissimilar metals or alloys such as stainless and low
carbon steel or brass should be avoided. Such mat4~rials should be
insulated from each other by a dielectric coupling to avoid galvanic
corrosion.

In areas of the Southwestern United States, two-ply casing com-
posed of 6- to 12-gauge sheet steel in diameters between 200 and
750 millimeters (8 and 30 inches) is commonly used in wells drilled
with mud scows (see tables 11-6a and 11-6b). This casing is
manufactured in 1.5-meter (5-foot) lengths, each of which
telescopes one-half of its length into the next section. The casing is
forced down the hole by hydraulic jacks, and the Otlter overlap is
welded to the telescoping casing. The casing is usually perforated
in place. Numerous successful wells have been constructed with
such casing. Thiscasing is not generally accepted in other parts of
the country, however, nor is it recommended for use in wells of a
permanent nature.

Aggressive corrosion, heavy encrustation, or both, often suggest
use of special alloys, nonmetallic pipes, or special coatings of low
carbon steel pipes for pump housing and other casing. Coatings
are not recommended. Installing a casing without breaking the
coating on the outside of the casing or installing a pump without
breaking the coating on the inside of the casing is practically
impossible. Where the coating is broken, a point of aggressive,
concentrated corrosion attack may result.
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Table 1l-5(a)-Data on standard and line pipe commonly used fo)r water well casing

130 L40

L49

235

262

309

342

395

388

473

5.60

462

605

685

741

5.08

632

7.55

8.76

5.82

724

8.65

1L45

6.55

8.16

976

1L35

1449

7.29

1087

1440

17.02

8.03

1L98

1558

8.77

13.09

17.47

2367

1L86

14.19

1883

12.78

15.27

2031

2527

357

318

212

255

126

158

208

70

123

174

42

96

130

154

32

58

105

148

21

42

72

148

15

30

51

81

148

10

38

88

134

9

28

66

6

21

72

123

9

16

40

8

14

32

63

150 166 185

200 216 241

250 269 294

319 350

350 350 375

400 400 425

450 450 475

500 525

550

60iJ

650 650

700 700

Note See footnotes at end of table
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Table 11-5(a)-Data.,n atandard and line pi," commonly used for water well casing-continued

13.70

1641

2179

n12

1463

17.52

2324

2896

15.55

1862

24.74

3081

1647

1973

26.22

3266

6

10

26

51

6

9

21

42

4

8

18

34

3

6

15

30

800

900 900

, ASA Standard 83610 schedule numbers (S) indicat.. standard weight pipe; .indicatA!s a non-AP1 standard
, Maximum settings were estimated for the worst posaible conditions in unconsolidated fo,.mation. A design factor

"f approximat..ly lS was used for steel with yield strength less than 2.612 kg/cm' A SO-percerlt increase in depth of
.etting beyond those given is considered safe under favorab1e conditions

Plastic pipe such as polyvinyl chloride (PVC), polyethylene,
acrylonitrile-butadiene-styrene (ABS), or rubber modified plastics
offer many advantages such as light weight, ease of installation,
corrosion resistance, and low price. Pipe of diameters up to
150 millimeters (6 inches) has been used successfully in water
wells in firm, consolidated rock to depths in excess of 240 meters
(800 feet). However, these materials lack the tensile!, yield, and
impact strengths; elasticity; and the ease of joining of low carbon
steel pipe. Plastic pipe is manufactured of suitable wall thick-
nesses and in diameters up to about 250 to 300 millimeters (10 to
12 inches) for a setting depth of about 50 meters (150 feet) in
unconsolidated formations.

Fiberglass reinforced plastic pipe up to 250 millimeters
(10 inches) in diameter with 4.5- to 5-millimeter (0.180- to
0.200-inch) wall thickness has been used extensively in water wells
in some areas to depths of about 100 meters (300 feet). However .
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Table 11-5(b)-Data on atandard and line pipe commonly used for water well casing

Outs;de
d;ameter,
couplings

(;n)

Weight per
foot..

plain end

Ob£"

Sugges~
max;mum

setting'
(m)

Normal

aize

(in)

Outside

diameter

(in)

Wall
thickness

(in)

Inside
diameter

<in)
Schedule
or class ,

52 10.10

1079

17.02

1897

2236

2470

2855

2804

3424

4048

3338

4377

4956

5356

3671

4568

5457

6337

4205

5236

6258

8277

4739

5903

7059

8206

10476

5273

7860

10413

12306

5807

8661

11481

6341

9462

14080

17U7

8573

10263

13617

9241

11041

14685

18273

1.190

1.060

705

850

420

525

695

235

410

580

140

320

435

515

105

195

350

495

70

140

240

495

50

100

170

270

495

35

125

295

445

30

96

220

20

70

240

410

30

55

135

25

45

105

210

40

40(S)

20

30

40(S)

20

30

40(S)

20

30

(S)

40.

10

20

30(S)

40

10

20

30(S)

40

10

20

(S)

30

40

10

20(S)

30

40.

10

20(S)

30

10

20(S)

30

40

10

(S)

20

10.

(S)

20

30

86 96

12 128 14.0

18 180 190

20 200 21.0

22 220

24 240

26 260

28 280

Note See footnotes at end of table
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Table ll-5<b).-Data on atandard and line pipe commonly used for water well .:asing-continued

, ASA Standard 83610 schedule numbers (S) indicate standard weight pipe; .indicatea a non-AP! standard
, Maximum settings were estimated for the worst po"sihle conditions in unconsolidated formation A design factor

, r approximately 15 was used ror steel with yield strength less than 40,000 I"'in' A 50-pen:ent increase in depth or
'etting beyond those given is considered .are under ravorllble condition.

the conditions are exceptional, and collapse under normal
development procedures has been reported to be a problem. The
pipe offers all the advantages of plastic pipe plus gI'eater collapse
strength but is not as strong as steel.

Stainless steel and various copper alloys are satisfactory well
casing from nearly all standpoints. However, they ,are expensive
and justifiable only in permanent wells in very corrosive
environments.

The collapse resistance of pipe increases with the wall thickness,
the elasticity, and the yield strength of the material and decreases
with an increase in pipe diameter. From all standpoints except
corrosion resistance, low carbon steel pipe is the most satisfactory
material. Pennington (1965) determined that the corrosion
resistance follows an exponential curve such that doubling the wall
thickness extends the life of the pipe about four times.
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Table 1l-6(a).-Recommended maximum depth in metera of setting for California stovepipe
and similar sheet steel and steel-plate fabricated casing

'rhickness (millimerers)

5 6 8 10

f}.!.~g:~ 12 10 8 6

D2 S2 D S D D

Diamewr,
(millimewr)

x'

x

117

75

50

34

26

18

14

10

8

x

x

x

x

82

57

42

32

24

18

12

x

96

54

34

22

16

10

X

6

X

3

x

216

130

81

54

38

27

X

15

X

8

x

x

262

159

108

78

54

X

30

X

15

x

x

x

x

189

134

96

X

56

X

28

200

250

300

350

400

450

500

550

600

650

750

102

45

30

18

12

9

6

38

18

10

6

4

225

117

68

42

27

20

14

10

8

6

3

78

40

22

14

9

6

Table 11-6(b).-Recommended maximum depth in feet of setting for Cwifomia stovepipe
and similar sheet steel and steel-plate fabricatAJd casing

~~~'- 12 10 8 6

D's. D S D D

Thickness (inches}

3/16 1/4 5/16 3/8
Diameter
(inches)

125

60

35

20

15

750

390

225

140

90

65

45

35

25

20

10

260

135

75

45

30

20

x'

x

390

250

165

115

85

60

45

35

25

x

x

x

x

275

190

140

105

80

60

40

x x

320 750

180 435

115 270

75 180

55 125

35 90

X X

20 50

X X

10 25

x

x

875

530

360

260

180

X

100

X

50

x

x

x

x

630

445

320

X

185

X

95

8

10

12

14

16

18

20

22

24

26

30

340

150

100

60

40

30

20

I U.S standard gauge.

2 D ; wlescoping
3 S ; single thickness.

.X; not commonly made in these sizes
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In view of these advantages, the low carbon steel casing with
increased wall thickness is, in most cases, the most satisfactory
and economical material to use in areas of moderat;e corrosion.
However, these criteria do not apply to perforated casing.

The pump chamber casing should have a nominal diameter at
least 50 millimeters (2 inches) larger than the nominal diameter of
the pump bowls of the required capacity. Table 11-1 shows
recommended minimum diameters for various desired yields using
deep-well turbine pumps of standard manufacture. The diameter
should be increased to 100 millimeters (4 inches) for deep settings
of the larger pumps.

The top of the pump housing casing should be set at least
0.3 meter (1 foot) above the proposed top elevation of the pump
foundation. Any excess may be cut off when the permanent pump
is installed.

Depth of setting of a pump, hence depth of the pump chamber
casing, is determined by estimating projected pumping levels
(section 15-9) and considering the following factors:

.Present static water-level

.Minimum static water-level of record in area

.Long-time water-level trends in the area

.Probable drawdown at desired yield

.Possible interference by other wells or boundary conditions

.Required pump submergence

Ten pipe diameters between the suction cone of the pump and
the top of any reduction in pipe size (desirable but not
essential)

The presence of any telescoping overlap

In some areas, one or more of these factors may not be in
harmony and compromise will be necessary. The controlling
factors in permanent well installations are usually sanitation,
stability, and an estimated minimum usable well life of 25 years.
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Pump housing casing should always be installed plumb and
straight. Deviation from the vertical should not e:{ceed two-thirds
of the inside diameter of the casing per 30 meters (100 feet) of
depth. A 12-meter (40-foot) long dolly 12.5 millimeters (1/2 inch)
smaller than the inside diameter, should pass through the casing
without binding (section 16- 7). If used, surface casing should be
installed plumb and straight and the pump housing casing should
be centered in the casing. If the pump chamber casing is longer
than about 15 meters (50 feet) and the annular space is greater
than 25 millimeters (1 inch), the casing should ha"le centering
guides at the bottom and at 12-meter (40-foot) intervals up to the
surface, where it should be firmly anchored unti11;he foundation is
placed and set. Where hard driving is required in setting casing,
such as with a cable tool rig, several reductions in size of the pump
chamber casing may be necessary so that the desired diameter can
be set at the required depth by telescoping. With the exception of
telescoping nominal 12-inch into nominal 14-inch pipe, all standard
weight and thinner walled pipes with couplings and drive shoes
will telescope into the next larger size. Twelve-iru::h pipe with
welded joints and no drive shoe will telescope into some 14-inch

pipe.

Pump chamber casing should be grouted in except when it is run
inside a grouted-in surface casing. This grouting may be done as
the temporary surface casing is withdrawn if such casing is used,
or an oversized hole may be drilled with rotary equipment.

In areas of thick, unstable materials, a pump chamber casing
may have to be supported from the surface in a manner similar to
surface casing (section 11-2(a) and figure 11-9).

Pump chamber casing is sometimes perforated, or screened
sections are included in it, above the pump bowls. This practice
should be avoided if possible in permanent installations. If the
drawdown increases to depths below the screened section,
cascading results in entrained air in the discharge, which may
cause pump cavitation and other adverse effects. Also, periodic
exposure of a screen to the atmosphere is conduci've not only to
corrosion but also to growth of organisms which may plug the
screen.
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11-6. Screen Assembly.-

(a) Description and Purpose.-The purposes of a screen are to:

.Stabilize the sides of the hole,

.Keep sand out of the well,

.Facilitate flow into and within the well, and

.Permit development of the aquifer adjacent to the screen.

The screen proper may range from pipe perforated in place to
carefully fabricated, cage-type, wire-wound screen with accurately
sized slot openings. The screen assembly may consist of only a
screen or perforated section, or of a screen, associated blank casing,
bottom seals, etc.

Formerly, most drilled water wells were constructed with cable
tools and finished by perforating the casing in place with a Mills
knife or other similar tool. However, this practice is rapidly
declining. The size of the openings resulting from in-place
perforating cannot be accurately controlled, and the sizes range
from 3 to 12 millimeters (1/8 inch to 1/2 inch) wide and from 25 to
50 millimeters (linch to 2 inches) long. The perforations are large
and irregular and have rough, ragged edges that encourage
corrosion attack and encrustation. On heavier wall casing, the per-
forators sometimes do not make an opening but only dimple the
pipe. Maximum percentage of open area is about 3 to 4 percent.
Good development is almost impossible, and wells so perforated are
usually sand pumpers unless the aquifer is compri:sed of relatively
clean, coarse sand and gravels.

Perforated casing made by sawing, machining, or torch cutting
the slots in the casing is commonly used in wells. Slot openings
range from about 0.25 to 6.25 millimeters (0.010 to 0.250 inch),
and the maximum percentage of open area is about 12 percent for
the larger slots. Sawed and machine-cut slots are satisfactory if
properly sized and if entrance velocity limits can be met. In some
instances, entrance velocity limits can be met by enlarging the
diameter of the well and screen or increasing the depth of the well
and the length of the screen. Torch-cut slots usually have rough
edges and slag remnants adhering to them. The finest possible
slot is about 3 millimeters (0.125 inch). Wells screened with
perforated pipe of any kind are usually more difficult to develop
than wells that use continuous slot or louvre screens, and if slots
are not accurately sized to the aquifer, the wells Il1lay be sand

pumpers.



GROUND WATER MANUAL444

Numerous screens are manufactured with punched or stamped
perforations. Slots range from 1.5 to 6 millimeters (0.060 to
0.250 inch) and they often have rough and ragged edges.
Maximum percentage of open area is about 20 percent. Some of
these screens are made of 8-gauge and lighter stoc:k and are not
suitable for settings at depths much greater than 30 to 45 meters
(100 to 150 feet), depending upon diameter.

A number of louvre-type screens are manufactured of 7 -gauge or
heavier materials and are available in six- or eight-slot sizes
ranging from about 0.75 to 3.75 millimeters (0.030 to 0.150 inch).
The slots are usually accurately sized and wire brushed to remove
roughness or irregularities. Open areas range from about 3 per-
cent for the smaller slot sizes to about 20 percent for the larger .

Some types of screen are made by winding wire around a
perforated pipe base with or without spacers between the wires
and the pipe. Almost any slot size can be readily obtained and
open area in those made with spacers compares fa.vorably with
that of louvre-type screen of the same slot size. Such screens are
satisfactory in clean, rather coarse materials with few or no fines.
However, where aquifers contain a large percentage of fines, the
channels between the spacers between the pipe and wire wrapping
may become clogged and seriously reduce the entrance area. The
pipe base is often made by winding stainless steel wire on a low
carbon steel pipe. In corrosive waters, this combination may result
in rapid corrosion of the pipe base. Such screens should always be
made of a single metal or alloy. The only real advantage of
pipe-base screens is their superior tensile and collapse strengths.

Cage-type wire-wound screens consist of a continuous winding of
round or specially shaped wire on a cage of vertical rods. The wire
is attached to the rods by welding or using dovetailed connections.
Almost any slot size is readily available, usually in increments of
about 0.125 millimeter (0.005 inch) from 0.150 to 6.25 millimeters
(0.006 to 0.250 inch). Screens are made in both telescoping and
pipe sizes. The former will just telescope through a casing of the
same nominal size of the screen, whereas the latter has the same
inside diameter as the casing and may be joined to it by welding or
coupling. Cage-type wire-wound screens are the Inost efficient
available. Open areas are the largest obtainable and slot sizes can
be closely matched to aquifer gradations. Although such screens
are more expensive initially than other types of s(:reen, they are
usually more economical, especially when used in thin but highly

productive aquifers.
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Most screens are made in lengths ranging from 1.5 to 6 meters
(5 to 20 feet) which can be joined by welding or couplings to give
almost any length of screen and combination of slot sizes desired.
Couplings and welding materials should be composed of the same
materials as the screen.

Screens are available in diameters ranging from 1-1/4 to
60 inches. Screen diameters should be selected on the basis of
the desired yield from the well and thickness of the aquifer .
Table 11-7 gives the recommended minimum diameters for various
well capacities. These diameters may be increased to obtain
acceptable entrance velocities if necessary, and sm~lller diameters
are sometimes specified in the interest of economy. With smaller
diameters, the initial cost is lower, but well efficiency is also
lowered. Smaller diameters are not recommended for permanent
installations. However, equal efficiency as well as ,certain other
advantages may result when installing 9 meters (30 feet) or more
of screen by increasing the diameter toward the top of the well
provided that a satisfactory average entrance velocity results
(e.g., the screen might consist of 3-meter [10-foot] lengths of 8-,
10-, and 12-inch diameters connected by reducers, with the topmost
screen of the minimum diameter recommended in table 11-7 for
the desired yield).

In uniform aquifers, a continuous length of screen is normally in-
stalled. In thick, nonuniform aquifers, however, usual practice is
to set the screen opposite only the best aquifer materials and set
blank pipe opposite the poorer materials between the screen
sections. The blank sections between screens should be pipe size
where pipe size screens are used or flush tubing wllere telescoping
size screens are used. Blank pipe or flush tube extensions may
extend from the top of the screen up to the pump chamber casing,
to which it may be attached by welding, a coupling, a reducer, or
the extensions may telescope for 1.5 meters (5 ft) or more into the
casing. Where the extension is relatively short, it is sometimes
referred to as a flush tube extension or overlap pipe; otherwise, it
is called a riser pipe. Installation of a bottom sump consisting of
1.5 to 3 meters (5 to 10 ft) of blank casing or a flush tube extension
below the bottom of the lowest screened section in the well is
recommended. Use of the bottom sump in well design is not
common, but it offers several advantages. During development,
materials drawn into the well settle in the sump and do not
encroach on the screen. In addition, sand enters an wells in
unconsolidated materials when they are pumped. 1:'he sump
provides a storage space for sand, which settles to the bottom and
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Table 11-7. -Recommended minimum sl~reen
assembly diameters

Minimum nominal
scrt!en assembly

diameterDischarge

inUmin gal/mill mIJl

2

4

6

8

10

12

14

16

18

20

Up to 190

190 to 475

475 to 1,330

1,330 to 3,040

3,040 to 5,320

5,320 to 9,500

9,500 to 13,300

13,300 to 19,000

19,000 to 26,600

26,600 to 34,200

50

50 to 125

125 to 350

350 to 800

800 to 1,400

1,400 to 2,500

2,500 to 3,500

3,500 to 5,000

5,000 to 7,000

7,000 to 9,000

50

100

150

200

250

300

350

400

450

500

prolongs the effective operation of the total screen. The sump also
provides a suitable place for the attachment of centering guides at
the bottom of the screen assembly.

Screen assemblies set in unconsolidated materials should have a
bottom seal. This seal may consist of steel plate welded to the
bottom, a bail bottom which is welded or coupled to the bottom of
the assembly and has a bail on the upper surface, to facilitate
installation, any of a variety of float shoes, bail down shoes, self-
sealing jets, and other special fixtures, or a concrete plug. The
bottom seal not only precludes heaving of materi:lls up into the
well under certain circumstances but also provides a bearing area
for support of the screen assembly.

Screens may be made of many different metals and metal alloys,
plastics, fiberglass-reinforced plastic (fiberglass), and coated base
metals. The least expensive and most commonly available screens
are fabricated of low carbon steel. Screens made from the
nonferrous metals and alloys, plastics, fiberglass" and exotic
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materials are used in areas of aggressive corrosion and
encrustation to prolong well life and efficiency or where
permanence and continuous service are essential.

A well screen is particularly susceptible to corrosion attack and
encrustation by mineral deposits. The perforations expose more
surface area to a reactive environment than a pipe of similar size.
In addition, water flowing to and through a screen brings a
constantly renewed supply of reactive materials into contact with it
and at the same time removes protective coatings or corrosive
products which otherwise would offer some protection against
further attack. Minimum hydrostatic pressure and maximum
water velocity occur at the well face, which may ref;ult in release of
carbon dioxide and other dissolved gases, some of ~lhich are
aggressive corrosion agents. These and related factors also upset
the chemical balance of the water so that carbonates of calcium,
magnesium, iron, and other minerals may deposit on the screen
and in the formation adjacent to it, blocking the slots and reducing
the open area. Encrustation is commonly remedied by acidizing
the well. However, even when inhibited acids are used, such
treatment results in some corrosion of the screen.

Concrete, vitrified clay, and several other materials have been
and in some parts of the world still are used for well casing and
screen. However, they are rarely used in modern society and so
will not be discussed here.

Plastic and fiberglass screens are practically immune to corrosion
attack. Though unavoidable, encrustation is repor1;ed to be less
troublesome and can be removed without damage to the screen.
However, these screens commonly have relatively Low percentages
of open area. Nonreinforced plastics are subject to creep under
sustained load with resultant changes in slot sizes. The collapse
resistance of plastic screens in unconsolidated materials is
questionable, particularly in wells deeper than abolllt 45 meters
(150 feet), unless wall thicknesses are properly sizE!d to resist
stresses. Increasing the wall thickness increases the cost to where
stainless steel or other similar alloys may be cost competitive and
more satisfactory.

Coated steel or other base metal screens are not recommended.
To be effective, the coating would have to be applied after the per-
forations were made. The coating would change the slot sizes an
indeterminate amount. Moreover, a coated screen cannot be
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installed in a well without some of the coating being scratched or
otherwise damaged. These spots, or holidays, then become points
for aggressive, concentrated corrosion attack.

When all factors are considered, the most satisfactory screen ma-
terials, except under unusual conditions, are steel, stainless steel,
or some of the metal alloys.

(b) Design Particulars of Screen Assemblies.-Ac"hieving a satis-
factory screen design generally is not possible until a pilot hole or
the well has been drilled, logged, sampled, mechanical analyses
have been made of the formation samples, and chemical analyses
have been made of water samples. In addition, if other wells are
present in the area, the depth, design, and history of such wells
should be examined for data on corrosion and encrustation
experience, sand pumping, and drawdown.

Casing in a typical well normally consists of low carbon steel
pipe of adequate wall thickness, not only to SUppOJ':t the hole but
also to give a satisfactory life span consistent with the corrosion
potential. Screens are a different matter, however, because of their
construction. Corrosion resistance cannot readily be accomplished
by increasing the weight of the screen as in casin~: because of the
critical role of slot width. Instead, corrosion resis1;ance for screens
is increased by using a suitable corrosion-resistan1; material.

Table 11-8 shows the more commonly used metallic screen
materials in order of increasing costs. As mentioned previously,
plastic and fiberglass screens have high corrosion resistance, but
their use should be limited to relatively shallow, small diameter
wells of low capacity or in unusual applications wJ:lere other
materials are unsuitable.

Yt'here exceptionally deep settings or unstable ground is
encountered which would require extra column stJ.ength and
collapse resistance, some of the wire-wound screens are available
in extra strength designs. These screens have a reduced
percentage of open area compared to the standard designs but are
still superior to other types. Where perforated casing is used,
extra strength can be gained by increasing the wall thickness of
the casing

The hydraulic advantages of various patterns and types of slots
or Derforations are discussed in section 3-8. Although these factors
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Table 11-8.-Well screen material

Corrosion
resistance in

normal ground
waterMaterial1 Acid resistance

Low carbon steel
Toncan and Armco iron
Admiralty red brass
Silicon red brass
304 stainless steel
Everdure bronze
Monel metal
Super nickel

Poor 2,3

Flair 2,3
(}ood 3

(}ood 3

Very good
Very good 4

Very good 4

Very good 4

Poor

Poor

Good

Good

Good

Very

Very

Very

1 Other materials are available for use under special situations such as

installations in aquifers containing high-temperature corrosive brines.
2 Not recommended for permanent installations where in,crustation is a

serious problem.
3 Not recommended for permanent installations where sulfate-reducing

or similar bacteria are present or where water contains mort~ than
60 p/m 8O4.

4 Recommended only in areas where corrosion is very agg'ressive.

are significant, the most important characteristics of a screen are
the slot size and amount of open area. Slot size is determined from
the mechanical analyses of the formation samples obtained from
the pilot hole or well.

If the uniformity coefficient of a sample for a nat11rally developed
well is 5 or less, a slot size should be selected which will retain
from 40 to 50 percent of the aquifer. If representation of the
sample is questionable, or if corrosion may be a problem, a slot size
which will retain 40 to 45 percent of the aquifer should be used. If
the sample is representative and corrosion is not a problem but
encrustation is anticipated, a slot size is selected which will retain
from 45 to 50 percent of the aquifer .

If the uniformity coefficient of a sample is greater than 5, a slot
si1.e which will retain from 30 to 50 percent of the ~lquifer should
be selected. Thirty-to 40-percent retention is used if the sample is

good

good

good
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representative, corrosion is not a problem, or if eJlcrustation is
anticipated. Forty to 50 percent is used if there is doubt that the
sample is representative or if corrosion is a problem. The upper
limit of retention in each case is the extreme, andl if screens are
not available in a standard slot size, the next smluler standard
size should be selected. Slot sizes are commonly described in
0.001 inch (0.025 millimeter); thus, a No.60 slot ]Gas a 0.060-inch
(1.5 millimeter) slot width. Figure 11-10 shows slot sizes for some
representative screens.

Most aquifers are not homogeneous and uniforIJl but consist of
layers containing granular materials of different J~adation, size,
and uniformity coefficient. Consequently, a single slot size is
seldom suitable for use throughout a well. A suggested method of
treating this usual occurrence in large capacity wells is to arrange
a table based on the log and mechanical analyses of the samples in
descending order as they were encountered in the, hole. Blank
casing is set opposite zones consisting of clay or silt or in which
more than 20 percent of the grains pass the 100-mesh screen. The
selected slot size is then entered on the table adjacent to the
interval represented by each usable aquifer sample. If coarser
materials in beds 1.5 meters (5 feet) or less in thickness are
interlayered with finer aquifer material, attempting to screen them
separately is seldom worthwhile, so screen suitable for the finest is
used throughout.

Aquifers pack and settle during development of a well and a fine
sand may migrate downward to a point opposite a screen which is
too coarse. Therefore, where finer material overlies coarser
material, the finer screen should be extended do~7nward into the
coarser material at least 10 percent of the thickness of the coarser
material.

The diameter of the pump chamber is determined by the size of
the pump required to discharge the desired yield. The diameter of
the screen, however, is determined by the desired yield. Table 11-7
indicates the recommended minimum diameters of screen for a
range of discharges. In Bureau of Reclamation wells, pump
chamber diameter is usually 50 or moremillimeters (2 or more in)
larger than the screen diameter, and pipe size screen assemblies
are generally used because they will telescope through the larger
diameter pump chamber casing.
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When the minimum diameter and slot sizes of the screen have
been determined, the average entrance velocity cam be estimated
by dividing the desired yield in cubic meters (cubic feet) per second
by the total open area of the screen in square me1;ers (feet).

Table 11-9 gives minimum open areas of some representative
screens of various slot sizes and diameter in square meters per
meter (square feet per foot) of length. Estimates based on
interpolation are usually adequate for combinatio[ls between those
shown in the table.

The values given in table 11-9 were computed fj-om the manu-
facturer's published data. The square meters (feet) and percentage
open area for louvre or shutter screens, perforated screens, and
slotted pipe are believed to be accurate within a fi~w percent. On
wire-wound screen, the open area may be more tblan 30 percent
less than shown because of the manufacturer's method of stating
open area and lack of data on vertical wire sizes used. In selecting
diameters and open areas for cage-type wire-wound screen, a
smaller diameter or slot size may actually have mlore open area
because of changes in wire size to maintain strenl~h. Some
savings in cost may be realized in some instances by selecting a
smaller diameter screen or slot size and at the sa:me time obtaining
an equal or greater open area.

The average entrance velocity through the SCreE!nS, neglecting
blockage by aquifer or gravel pack material, shou]ld be 0.03 meter
(0.1 foot) per second or less. If this velocity is exceeded by more
than about 0.015 meter (0.005 foot) per second, th.e screen diameter
should be increased or the screen lengthened if possible to give the
desired maximum entrance velocity. The greater the percentage
of screen open area, the shorter the length of SCreE!n required to
obtain an acceptable entrance velocity. Consideraltion should also
be given to the effect of percentage of open hole as discussed in
section 6-7. In confined aquifers, full penetration and maximum
percentage of open hole are recommended where aquifer depth and
thickness make such construction economically fe:3.sible. Where
aquifers are deep and thick, judgment should be used to determine
the most economical combination of penetration and open hole. In
unconfined aquifers, full penetration and a 35- to 50-percent open
hole at the bottom of the well are recommended, depending upon
the thickness, stratigraphy, productivity of the aquifer, and the
economy of such construction. Where the aquifer is deep and
thick, judgment is again necessary to determine the most
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Table 11-9.-Minimum open areas of screens in square feet
per linear foot and the percentage of open area 1

!Cage-type wire-wound screen-telescoping sizes (from Johnson Division, UOP Inc.l)

4 0.139

14.1

0.160

14.3
0.180

14.4
0.194

14.1

0.208
14.1

0.194

9.9
0.249

10.0

0.291

9.8
0.264

8.2

0.298

7.8

0.305

7.9

0.340
7.9

0.347

8.0
0.263

5.5

0,319

5.3

0.243

24.7

0.278

25.0

0.312

25.0

0.347

25.2

0.368

24.9

0.354

18.0

0.451.

18.1

0.534

18.1

0.493

15.3

0.555

14.6

0.576

15.0

0.638

14.9

0.645

14.9

0.479

10.0

0.596

10.0

0.389

39.6

0.444

39.9

0.493

39.6

0.548

39.8

0.451

30.6

0.604

30.7

0.763

30.6

0.902

30.6

0.847

26.4

0.964

25.3

0.992

25.8

1.110

26.0

1.117

25.8

0.881

18.4

1.097

18.5

0.493

50.2

0.555

49.9

0.618

49.6

0.687

49.9

0.590

40.0

0.784

39.9

0.992

39.8

0.999

33.9

1.1l0

34.5

1.263

33.2

1.298

33.8

1.450

33.9

1.464

33.8

1.221

25.5

1.513

25.5

0.555

56.5

0.632

56.8

0.701

56.3

0.784

57.0

0.694

47.1

0.916

46.6

1.166

46.8

1.200

40.7

1.339

41.7

1.527

40.2

1.568

40.9

1.749

40.9

1.763

40.7

1.499

31.3

1.874

31.6

0.514

52.3

0.583

52.4

0.752

52.4

0.722

52.5

0.777

52.7

1.027

52.2

1.312

52.7

1.367

46.3

1.513

47.1

1.735

45.6

1.776

46.3

1.985

46.5

1.999

46.2

1.721

36.0

2.138

36.0

0.611

62.2

0.694

62.3

0.777

62.4

0.861

62.6

0.916

62.1

1.110

56.5

1.409

56.6

1.666

56.5

1.853

57.7

2.110

55.5

2.165

56.5

2.415

56.6

2.443

56.6

2.193

45.8

2.727

46.0

4.5

5

5.625

6

8

10

12

14

16

16 sp

18

18 sp

20

24

1 Top value shown is 1\2/1\ and bottom value is percent.
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Table 11-9.-Minimum open areas of screens in square feet
per linear foot and the percentage of open area'-col1tinued

(Cage-type wire-wound screen-pipe size screen Ifrorn Johnson Division, UOP Inc.])

Slot size, thousandth of an inchScreen

size,
inches

80 100 15020 40 6010

0.6E0

56.1

0.812

46.8

1.0f,5

46.7

1.lf,2

40.9

1.3E;7

40.9

1.5::7

41.6

1.7'!9

41.7

0.639

52.7

0.916

52.8

1.187

52.5

1.305

46.3

1.548

46.3

1.735

47.3

1.985

47.3

0.756

62.4

0.986

56.8

1.277

56.5

1.596

56.7

1.888

56.5

2.110

47.5

2.415

57.6

0.174

14.3

0.174

5.7

0.222

9.8

0.285

10.1

0.264

7.8

0.298

81

0.340

8.1

0.305

25.2

0.319

18.4

0.410

18.1

0.514

18.2

0.500

14.9

0.555

15.1

0.639

15.2

0.472

38.9

0.534

30.8

0.694

30.7

0.868

30.8

0.868

25.9

0.965

26.3

1.110

26.4

0.597

49.2

0.694

40.0

0.902

39.9

0.958

34.0

1.131

33.8

1.263

34.4

1.450

34.6

6

8

10

Top value shown is ft'/ft and bottom value is percenL

Table 11.9.-Minimum open areas of screens in square feet
per linear foot and the percentage of open area '.co,tinued

(Cage.type wire.wound screen-pipe size screen (from Johnson Dr,ision. UOP Incl)

Slot size, thousandth of al1 inch

Screen size, inches 70 80 90 100 12530 40 50 60

0.52

.63

.75

.87

.98

0.60

.72

.80

.99

1.12

0.32

.39

.46

.53

.60

0.37

.45

.53

.61

.69

0.41

.50

.59

.68

.78

O.4i5

.5:5

.65

.75

.85

0.49

.59

.70

.81

.92

8

10
12
14

16

Approximate
percent open area

0.21

.26

.31

.35

.40

0.27

.33

.39

.45

.51

19.:; 21.2 22.8 26.09.2 11.7 13.9 16.0 17.9

I Top value shown in ft'/ft and bottom value is percenL
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WELL DESIGN, COMPONENTS, AND SPECIFICATIONS 463

Table 11-9.-Minimum open areas of screens in square feet per linear
foot and the percentage of open areal-continued

(Punched screens-grsvel guard well screen, 025-inch wall [from Doerr N[etal ProductsJ)

Slot size, inchScreen

size,
inches

1/32 1/16 1/8 3/16

8 0.054

2.5

0.069

2.6

0.084

2.7

0.098

2.7

0.111

2.7

0.126

2.7

0.160

2.5

0.120

5.7

0.153

5.8

0.185

5.9

0.218

5.9

0.245

5.9

0.278

5.9

1[).352

5.6

0.263

12.5

0.335

12.8

0.407

12.9

0.478

13.0

0.538

12.8

0.610

12.9

0.773

12.3

0.410

19.5

0.522

19.9

0.634

20.1

0.746

20.2

0.839

20.0

0.951

20.2

1.21

19.2

10

12

14

16

18

24

I Top value shown is 1\211\ and value is percent.

Table 11-9.-Minimum open areas of screens in square feet j:~r linear
foot and the percentage of open area l-continued

(Slotted pipe'-horizontally slotted casing)

Slot size, inchPipe
size,

inches 1/8 5/32 3/16 1/4

10 0.061

2.1

0.074

2.2

0.085

2.3

0.098

2.3

0.109

2.3

0.115

2.2

0.076

2.7

0.092

2.8

0.106

2.9

0.122

2.9

0.136

2.9

0.144

2.8

0.090

3.2

0.109

3.3

0.127

3.5

0.145

3.5

0.163

3.5

0.173

3.3

0.120
4.3
0.145

4.3

0.167
4.6

0.192

4.6

0.216

4.6

0.228
4.3

16

20

I Top value shown is n'/n and value is percenL
, Slots are 15 inches long on 6-3/8-inch centers ,on a plane around the pipe or 011 1-1/4-inch centers

vertically with each horizontal row staggered
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economical combination. Basically, the screen shou]ld always be
placed at the bottom of the well, and the screen length should not
be less than 35 percent of the estimated thickness of the aquifer
penetrated by the well.

Screen components such as blank sections of pipe or flush tube
extensions, bottom plates, float-down or jetting shoe,s, centering
guides, and other accessories should be fabricated fi'om the same
material as the screen; otherwise, plastic or concretl~ components
should be used, Dissimilar metals should never be incorporated in
the screen assembly, When the screen assembly is fabricated from
nonferrous metals, the assembly should be separated from the low
carbon steel pump housing casing by neoprene, plastic, cement,
other nonmetallic materials or couplings.

In straight wall wells where the diameter of the lJlole results in
an annular space about the screen greater than about 50 milli-
meters (2 inches), a formation stabilizer should be tLsed
(section 11-11(b)),

A common misconception holds that straightness and plumbness
are unimportant in the screen assembly because the pump is not
set in the assembly. The hole should be straight enough, however ,
to permit installing the screen without having to force or drive the
screen down. If installed crooked or too much out of plumb, the
screen is subject to bending stresses that may causE~ slot
enlargement or collapse. Plumbness of the screen therefore should
meet the same criteria as the casing in not deviating from the
vertical more than two-thirds of the inside diameter of the screen
per 30 meters (100 feet) and the axis of the screen ~lssembly should
coincide with that of the pump housing casing or riser pipe in the
vicinity of their junction.

11-7. Drive Shoes.-When casing is driven into place,
particularly in cobbly or bouldery materials, the bottom of the
casing should be reinforced with a hardened steel ring or drive
shoe which is screwed or welded to the casing. The drive shoe
should have an outside diameter and beveled cutting edge that are
about the same as that of couplings for the diameter of pipe being
used. The cutting edge shaves irregularities off the side of the hole
as the casing is driven and will split or force large rocks into the
side of the hole, thus preventing the bottom of the ('asing from
collapsing. Commercially available drive shoes come in two
patterns, regular and Texas. The Texas pattern is longer and
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somewhat more rugged than the regular pattern :lnd is used where
driving is particularly difficult. The selection of the type of shoe to
be used is usually left to the discretion of the con1;ractor .

11-8. Reducers and Overlaps

(a) Description and Purpose.-When drilling wi1;h cable tools, a
point is reached where the casing can be driven no farther because
of skin friction and other factors. When this point is reached, a
smaller casing is telescoped into the installed casing and drilling is
continued using a smaller bit. On completion of the drilling, the
smaller casing may be cut off at a point some dis1;ance above the
bottom of the larger casing. On some deep holes, six or more such
reductions may be required. The starter casing s]:1ould always be
of suitable diameter so that the diameter of the pump chamber
casing at the depth of pump setting will be adequate.

In other designs, particularly when the hole is drilled uncased as
with most rotary rigs, the pump chamber casing may be directly
attached to the screen assembly riser pipe or extension by a
coupling or reducer. The entire casing and screen assembly is then
lowered into the well as a continuous string of pipe, and additional
lengths are added at the surface as the string is 1Dwered. If the
string is allowed to rest on the bottom, the weigh1; of the entire
string is carried by the screen, which is the weakest section. Thus,
the possibility of buckling or collapse of the screen is increased.
Because of this hazard, single string construction should provide
for maintaining the casing and screen string in tension until the
well is developed and permanently anchored at tb,e surface. This
construction technique is particularly important iJtl wells exceeding
about a 30-meter (100-foot) depth. Designs in which the screen
assembly is telescoped into place offer some advantage because the
screen does not support the entire column weight, If necessary,
the sc.reen can be withdrawn and replaced, an operation which is
impossible with a solidly connected line of pipe (see sec-
tion 11-2(a).

(b) Design Particulars of Reducers and Overlaps.-A commonly
used length of overlap between casing and screen assembly is
1.5 to 3 meters (5 to 10 feet). In extremely deep ,veIls or where the
possibility of settlement of the screen assembly is present, more
overlap may be necessary (Ahrens, 1970; Reinke ~md Kill, 1970;
Driscoll, 1986). An overlap should always be sealed as described in
section 11-7.
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Reducers used between the casing and the screen assembly are,
in many instances, fabricated by the contractor or local shops, both
of which have a tendency to use flat conical sectiorls. From the
standpoint of hydraulic efficiency and strength, the upper straight
end and conical section of reducers should be fabril::ated of the
same weight or wall thickness and material as the larger pipe to
which they will be attached. The conical section oj' the reducer
should have a length at least 10 times the difference in diameter of
the two pipes which it will connect.

11-9. Seals.-

(a) Description and Purpose.-The grout seal commonly placed
around the permanent surface casing or the pump chamber casing
is primarily a sanitary seal which should be of sufficient thickness,
depth, and imperviousness to prevent any surface-'water or poor
quality ground water from entering the well. Native clay,
bentonite, and other materials are also used as grCIUt and may be
satisfactory from the sealing standpoint. However, a good
cement-based grout mixed with a proper amount of bentonite or
aluminum powder will produce a better seal as wen as serve other
useful functions. Such a mixture protects the casing against
corrosion attack, and if the casing is removed by corrosion, the
grout serves as a concrete casing. If correctly inst~uled, grout
forms a bond between the casing and the soil, stabilizes the soil
about the well, and sometimes acts as a keystone to limit the
extent of upward caving. From the standpoint of a sanitary seal,
grouting the full length of casing is probably unne(:essary; but in
view of the other functions the grout performs, the practice is
recommended. Once the placement equipment is installed, addi-
tional amounts of grout are relatively inexpensive. Care must be
used when grouting plastic casing with neat-cement grout. The
heat of hydration can cause the plastic casing to weaken.
Typically, the grout should not be more than 50 mjlllimeters
(2 inches) thick to avoid this condition (Driscoll, 1986).

Where casings or screen assemblies are telescop(!d down the hole,
a seal should be placed at the top of each telescoped section. Two
types of seals or packers are commonly used. A commercial,
swaged lead seal fits on the top of the smaller casi:ng and is
swaged out with a special tool against the inside oj: the larger
casing. A correctly installed swaged lead seal is practically
leakproof so far as permitting the entrance of water from outside
the casing. In addition, the seal prevents sand and gravel from
being carried up the annular space and into the well when the well
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is pumped. A swaged lead seal also permits casing and screen
assemblies to be pulled out of a well if necessary .The installation
of a swaged lead seal will not be permitted for drinking water
wells.

Neoprene rubber seals are vulcanized around the smaller casing
at the factory. The outside diameter of the seals, which has
flexible lips, is slightly larger than the inside diameter of the
larger casing. If the inside of the casing is wet w}len the smaller
casing is telescoped in place, the seals slide down readily. When in
place, they form a tight seal which keeps out undE!sirable water
and stops upward movement of sand or gravel in 1;he annular
space. In addition, seals act as insulation, separa1:ing dissimilar
materials which otherwise would cause galvanic corrosion. They
permit easier removal of casing or screen assemblies, if necessary,
than other seals. Where insulation as well as sea]ling is desired,
usual practice is to use two or more of the seals spaced about
0.45 to 0.90 meter (1-1/2 to 3 feet) apart to ensure separation of the
dissimilar metals in the overlap.

Where the difference in diameter of the overlapping casings is
sufficient to permit insertion of a 15-millimeter (L'2-inch) or larger
pipe into the annular space, a neat cement-bentonite grout seal
may be placed. The grout acts also as an insulation. It has
sufficient strength to resist the flow of water but is readily broken
if the lower casing needs to be pulled.

Designs may be encountered in which a grout sE~al is placed in
the annular space between a surface casing and the pump chamber
casing and the surface casing is not grouted in. The theory is that
caving of unstable materials will create a positive seal about the
surface casing. This theory cannot be depended upon, so
permanent surface casing should always be groutE~d in. However ,
the top of the annular space between the surface <:asing and the
pump chamber casing should always be tightly se;iled with an
expanding packer, a concrete plug, or a steel ring welded to the
wall of the pump chamber casing and the top of the surface casing
(Ahrens, 1970; Reinke and Kill, 1970; Driscoll, 1986).

(b) Design Particulars for Seals.-The grout seal around surface
or pump chamber casing should have a minimum thickness of
40 millimeters (1-1/2 inches) about the pipe or about the couplings,
if they are used. The annular space should be flu:5hed with water
before commencing the grouting operations. The I~out should be
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introduced at the bottom of the space to be grouted and should be
placed in a continuous operation. If cement grout is used, it
should be entirely placed before the occurrence of iIlitial set.
AWWA-AlOO-66, Standard for Deep Wells, Section Al-8.4, outlines
various acceptable methods used for placing grout. For most water
wells, however, placement through a tremie pipe is acceptable.

11-10. Gravel or Concrete Base.-When a well is bottomed in
fine sands, plastic clay, or other soft or unstable material, a recom-
mended practice is to overdrill the well 0.9 to 1.2 meters (3 to
4 feet). This interval should be filled with coarse gravel or
concrete to provide a firm base for the casing and sl::reen.

11-11. Centering Guides.-Where casing or screen assemblies
over 12 meters ( 40 feet) long are installed in holes having nominal
diameters 50 millimeters (2 inches) or larger than the outer
diameter of the casing, centering guides should be installed. The
guides hold the casing in the center of the hole as vrell as offer
support against bending and buckling because of ~:ial and
unbalanced horizontal loads. Centering guides are essential for
centering casing and screens for grouting and gravE!l packing. The
guides should be placed at the bottom and at about 12- to 15-meter
(40- to 50-foot) intervals up the hole. In gravel packed wells, care
should be exercised to keep the centering guides on approximately
straight lines from top to bottom so as not to interfere with the
insertion of tremie pipes. Centering guides should not be welded
directly to the screen proper if avoidable. Preferably, a short
section of blank casing to which the centering guidE!s can be welded
should be inserted in the screen at approximately the desired
intervals. Centering guides may be of wood, plastic', strap steel, or
alloy. Wood guides may not be permitted in drinking water wells.
Metallic guides should always be of the same alloy as the casing or
screen assembly to which they are attached. The guides are set in
a plane around the casing at 90- or 120-degree intervals.
Figures 11-11 and 11-12 show designs of acceptable centering
guides (Ahrens, 1970; Driscoll, 1986).

11-12. Tremie Pipes.-In gravel packed wells, the pack
material is generally installed through one or two temporary
tremie pipes which are withdrawn in stages as the pack is placed.
Tremie pipes consist of nominal 50- to 100-millimeter (2- to 4-inch}
coupled steel pipe. The diameter depends on the pack, grain size,
clearance, and other factors. The design of the welJ must provide
for adequate annular space to permit passage of the tremie pipes
including couplings. Many different designs are used for
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accommodating gravel packs in wells. Most designs provide for the
gravel pack to be extended at least 6 meters (20 feet) above the top
of the uppermost screen. In some designs, the annular space above
the pack is filled with grout and no provision is made for the
addition of gravel pack if required.

Prudent design calls for both adequate and pro1;ected storage for
the gravel pack by continuing the pack for at leaE,t 3 meters
(10 feet) above the top of the screen. Also, a means of permanent
replenishment of the pack from the surface shoulli be provided.
Such features minimize the possibility of direct aquifer contact
with the screen in the event of excessive pack settlement. Storage
can be provided between the pump chamber and surface casings.
Replenishment can be accomplished through perIJ1anent tremie
pipes installed when the well is completed. One or two permanent
tremie pipes are installed between the surface and pump chamber
casing and extending to the desired depth. If req uired, a concrete
seal is then placed around them. The top of permanent tremie
pipes should always be threaded and sealed with a screw cap
(Ahrens, 1970; Driscoll, 1986).

Sizes of temporary tremie pipe may be left to the discretion of
the contractor, but permanent tremie pipe should be of adequate
size and weight for permanent service.

11-13. Gravel Packs and Formation Stabiliizers.-

(a) Description and Purpose.-Where casing and screen is set in
an oversized hole where the annular space is lar~:er than 50 milli-
meters (2 inches) but gravel pack construction is not intended, a
formation stabilizer should be placed in the annular space. The
stabilizer does not need to be carefully selected in regard to
gradation as long as the smaller grains are larger than the screen
slot size and the largest are 9 millimeters (3/8 inc~h) or less. The
purpose of the formation stabilizer is to support the pipe
againstunbalanced forces which might arise during development of
the well and to facilitate development of the well (Driscoll, 1986).

The principal functions of a gravel pack are to:

Stabilize the aquifer and minimize sand pumping

.Permit use of the largest possible screen slot with resultant
maximum open area
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.Provide an annular zone of high permeability, thus
increasing the effective radius of the well and 1the yield

A gravel pack normally should not be used unless aquifer
conditions make pack use unusually advantageous. Use of a pack
usually increases the cost and difficulty of constructing a well.

Gravel packs should be designed to have a small coefficient of
uniformity, and grain sizes should be carefully selected to match
the aquifer material. Screens should then be selecj;ed to pass not
more than 5 percent of the pack material. Maximum grain size of
a pack should be 9 millimeters (3/8 inch) if placed j;hrough a
nominal 100-millimeter (4-inch) tremie pipe. Minimum design
thickness depends on the ability to place the pack. A 12-millimeter
(1/2-inch) thick pack is theoretically adequate. Ma:!(imum design
thickness should be 200 millimeters (8 inches) because of the
difficulty of development through a thicker pack (Ahrens, 1970;
Campbell and Lehr, 1973; Kruse, 1960; Reinke and Kill, 1970;
Driscoll, 1986; Walton, 1970).

Conditions which especially favor the use of a pa,:k include:

.Presence of a fine, uniform sand aquifer

.Presence of a layered aquifer with alternating sand and clay

layers

A requirement for maximum yield from a marJpnal aquifer

Presence of a friable sandstone or similar aquifer

(b) Placement Procedures and Design of Gravel Packs.-If the
design permits, the screen assembly should be supported at the
surface and kept under tension while the gravel pack is being
placed.

Gravel pack should be placed in a manner which ensures
complete filling of the annular space and minimizes bridging and
segregation. In wells drilled to depths of up to 150, meters
(500 feet), gravel pack is best placed through two tremie pipes
placed 180 degrees apart and extending initially to within about
1.5 meters (5 feet) from the bottom of the hole. The inside
diameter of the tremie pipes should be at least 12 times the
diameter of the coarsest pack material if placed by gravity and
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10 times if pumped. As the pack is being placed, the tremie pipes
are raised in such a manner that the free fall of pack material
below the bottom of the pipe does not exceed 1.5 I11eters (5 feet).
The placement of gravel should be continued at a uniform rate
until completed. Gravel may be poured or shovelE~d into the tremie
pipes dry or may be washed or pumped in. If washed in, a
constant flow of gravel and clean, sediment-free water is fed into
each tremie pipe. If pumped in, the gravel-water ratio should be
0.75 cubic meter (1 cubic yard) of gravel to 6,800 1;0 11,400 liters
(1,800 to 3,000 gallons) of water. The gravel-water ratio will
depend upon the stability of the hole walls, the grain size of the
gravel pack, and the type and size of pump available that will
permit a uniform, constant pumping rate without causing caving of
the wall of the hole.

In rotary drilled holes, the fluid in the hole should be circulated
and the viscosity reduced by dilution with water until the Marsh
Funnel velocity is less than 30 seconds before gra,rel is introduced
into the well. A desirable practice, if well design :md available
equipment permit, is to pump fluid from the bottom of the well as
the gravel pack is pumped in. To avoid collapse of the hole after
the drilling fluid has been thinned, the pumping rate should be
adjusted to maintain the water-level in the well above the static
water-level. In some cases, however, the aquifer may be too
permeable to permit building up an adequate head above the static
water-level.

Other methods have been devised to place gravel pack in deep
rotary drilled wells where use of tremie pipes would be
impracticable. Such equipment as the crossover tool permits
pumping of gravel through the drill pipe and into the annulus.

Numerous formulas based on standard mechanil::al analyses of
grain size have been developed for the selection of gravel pack
gradations. None are entirely satisfactory, but those described in
this discussion are usually adequate. A number of terms
commonly used in the literature must be carefully examined in
regard to their meaning. In most ground-water li1;erature, the
grain size terms, Dlo, D60' Dloo, etc., refer to the percent retained
sizes. Bureau of Reclamation practice is to refer to them as the
percent passing or the percent smaller than (e.g., 1the uniformity
coefficient, Cu, in Bureau of Reclamation terminology, is the D~D1O
size ratio; in most other literature, it is referred to as the D4r/D90
~ize ratio).
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The terminology used in most ground-water literature is used in
the following discussion, and all references to an MA plot refer to
the percent retained values on the right side of Bureau of
Reclamation form 7-1415 (figure 7-10). The criteria for (1) and (2)
below generally have been taken from Kruse 1960, but have been
modified to conform to Bureau of Reclamation field experience.
Criteria for (3) have been taken from Driscoll (1986;).

( 1) Where the uniformity coefficient, Cu, of aquifer material is
less than 2.5:

(a) Gravel pack material with Cu between 1 and 2.5 is
preferable, and the 50-percent size should be a
maximum of 6 times the 50-percent size of the aquifer
material.

(b) If uniform pack material is not readily available, use of
gravel pack material with a Cu between :2.5 and 5 is
acceptable. Select the gravel pack to ha',e a 50-percent
size not greater than 9 times the 50-perc:ent size of the
aquifer .

(c) Normally, the screen slots should not pass more than 10
percent of the pack material.

(2) Where the uniformity coefficient, Cu, of aquifer material is
between 2.5 and 5:

(a) Gravel pack material with Cu between 1 and 2.5 is
preferable, and the 50-percent size of palck material
should be not more than 9 times the 50-percent size of
the formation.

(b) An acceptable but less desirable criterion is to use gravel
pack material with C" between 2.5 and [i, and the
50-percent size of the pack material should be not more
than 12 times the 50-percent size of the formation.

(c) The screen slots should not pass more than 10 percent of
the pack material unless conditions permit.

Conditions la and 2a are the most efficient packs and most readily
developed, but pack material with a low uniformity coefficient is
sometimes not readily available and may be costly.
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(3) Where the uniformity coefficient, Cu, of the formation is
greater than 5:

(a) Multiply the 70-percent retained size o:r the formation by
6 and 9 and locate the points on the graph.

(b) Through these points, draw two parallE!llines
representing materials having uniformj.ty coefficients of
2.5 or less.

(c) Prepare specifications for gravel pack r[laterial falling
between the two lines.

(d) Select a screen slot size which will reta.in 90 percent or
more of the pack material.

Regardless of the criteria used in selecting the J;ravel pack, the
gravel should be washed, screened, rounded where possible,
abrasive-resistant, dense, and of siliceous materials with less than
5-percent flat grains. The pack should contain not more than
5-percent earthy or soft materials such as clay, shale, or anhydrite,
or readily soluble materials such as limestone or :gypsum.
Regulations usually require the pack material and any water used
to be disinfected before being introduced in the well.

A mechanical analysis should be run on three random samples of
the pack material. Each sample should be taken from a different
part of the shipment to ensure conformance to th,a gravel pack
gradation requirements. The gravel is acceptable if 95 percent
passes the coarsest designated screen, plus or miJ:lus 8 percent of
that designated is held on smaller screens, and not more than
10 percent passes the finest designated screen.

Bureau of Reclamation form 7-1415 (figure 3-10), although based
on the U.S. Standard Series (fourth root of two ratio), does not
include all the screen sizes available. Uniformity coefficients of
materials plotting between two of the adjacent solid lines on form
7-1415 will be around 1.55 to 1.60 and between v.vo alternate solid
lines between about 2 and 2.8. At times, closer approximations
may be desirable in selecting slot sizes and similllr values.
Table 11-10 lists the approximate volume of the ~mnulus between
various sizes of holes and casings.
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11-14. Pump Foundations.-Surface-mounted pumps must be
supported on foundations capable of resisting all tJ1rust and torque
loads. Supporting pumps by mounting them direc1Gly onto well
casings is not recommended. Foundations generally should be
constructed of minimum 25,900-kilopascal (3,750-pounds-per-
square-inch) concrete placed on solid ground. A typical schematic
section of a pump foundation is shown on figure 1Jl-13. The sleeve
shown on the right mounting bolt option is meant to provide
flexibility of the bolt because the holes in the sole plate seldom line
up exactly with the bolts. The sleeve can also be llsed with the IIJ"
bolt option shown on the left.

Steel reinforcement of the concrete foundation is recommended.
The pump should be secured to the foundation with anchor bolts.
Setting plans indicating head base dimensions are available from
pump manufacturers. Where necessary, a pump fc)undation
pedestal should be constructed 1;0 raise the pump base above the
elevation of any probable flood waters or surface rlllnoff which
might inundate the area. If a foundation pad is constructed about
the pedestal, it should be an integral part of the pedestal, and its
surface should slope gently away from the pedestal so water will
not accumulate around it. Pump pits are restricted in most States,
especially for domestic or municipal water supplies, and are not
recommended for Bureau of Reclamation installations. If
protection of the pump is required, a surface pumphouse is pre-
ferred to a pump pit.

11-15. Special Well Types.--

(a) Drainage Wells.-Drainage wells are usually conventional
ground-water wells designed for the special purpose of relieving
and controlling a high water-table. For drainage purposes, wells
are designed to prevent the water-table from encroaching within a
certain depth below the land surface and are deliberately located to
interfere with each other to accomplish this purpose.

For an area to be susceptible to drainage by we1Js, a suitable
aquifer must be present and the soil lying betweel1l the root zone
and the aquifer must have adequate vertical permeability to
permit deep percolation.

Little basic difference exists in the design of a well for drainage
and the design of a well for the production of water. However, a
distinct difference exists in the criteria used in the, design. In
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drainage wells, the basic purpose is to lower and rnaintain the
water-level to a given depth within a given period of time. A given
volume of water must be removed to accomplish this purpose.
Three factors-volume, drawdown, and time-are the parameters
that, along with the aquifer characteristics, will give the most
economical installation from the standpoint of initial and
operational costs.

(b) Inverted Wells.-A special type of well, calledl an inverted,
recharge, or injection well, is used to return SurplllS or unwanted
surface-water to an aquifer. Such wells usually operate by gravity
and have been used, where geological conditions are favorable, to
dispose of irrigation waste. Other applications in<:lude injection of
fresh water to build a barrier against intrusion of saltwater ,
disposal of industrial wastes and treated sewage e:ffluent, and
recharge of ground water .

The design and construction methods used for inverted wells that
operate by gravity are similar to methods used for pumping wells.
Where injection pressures are used, however, special design
features may be necessary to control such pressures. Inverted
wells may be designed with backwashing and flushing features to
permit cleaning the wells if they become plugged by silt or other
foreign matter being carried into them with the rE!charge water .
When large volumes of surface-water must be recharged through
inverted wells, settling ponds and filters usually a.re used to reduce
the sediment load. Water quality standards may require the
recharge water to be chlorinated or otherwise trealted. Federal,
State, and local regulations should be checked early in the
planning process.

(c) Pressure Relief Wells.-Another special purpose well, called a
pressure relief well, is used to reduce and control excessive
artesian head. As the name implies, the purpose of this type of
well is to reduce the pressure in artesian aquifers, thereby
reducing the upward leakage of ground water through the
overlying materials or reducing hydraulic uplift. :Such wells have
been used to drain agricultural lands and reduce :pressure under
engineering structures such as dams and powerplants and unstable
earth masses such as landslides.

(d) Collector Wells.-In many areas, aquifers are too thin, contain
poor quality water, or for other reasons cannot furnish water in the
desired quantity or quality to a standard well. U]:lder such circum-
stances, a collector well may be a solution. A collector well
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commonly consists of a concrete caisson 2 to 5 meters (6 to 15 feet)
in diameter which is sunk to an adequate depth to directly
intercept a thin aquifer or to permit horizontal screens to be
extended radially into such an aquifer (Campbell and Lehr, 1973;
Walton, 1970).

Drawdown resulting from such a well is spread over a relatively
large area and is less than that which would result from a single
well pumping the same volume. Also, temperature and quality of
the water may be subject to a degree of control. The collecting-
type well requires intensive local exploration and testing to
determine conditions and data for design purposes. Construction,
which may take 10 months to a year, requires special skill,
knowledge, and equipment, and is usually expensive. However ,
many installations have been constructed and operated
economically where conditions were such that other types of
development were impracticable.

11-16. Purposes of Well Specifications and A.vailable
Standards.-Specification of water wells is a critical element in
the procurement process and one which must be undertaken with
great care. Clear and explicit requirements result in:

.Full and open competition leading to more favorable bids

A sound baseline upon which contractors can develop their
bids

.Sound standards by which to evaluate the contractors'
performance

Wells with the desired yield, discharge, and drawdown

characteristics

The desired results can be accomplished if the specifications
clearly define the requirements, including time, in language that
lends itself to only one reasonable interpretation, and clearly state
the means to determine quality and conformance to contract
requirements prior to acceptance. As a minimum, each set of
specifications must include a description of the finished product,
any performance standards that the product must meet, the time
allowed for construction, and basis for payment. Beyond these
basic elements, each water well specification will be tailored to the
needs to be filled and the source aquifer .
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Two basic formats for contracts may be used foJr: well
construction. One is where a pilot hole has been drilled, a log and
mechanical analysis of samples are available, and. a firm design
can be made. From this information, the amount and nature of
drilling, materials, and related items can be specified. Lump-sum
bids can be requested for definite work and unit price bids
requested for the remainder of the work. Where 13uch
specifications can be prepared, bids are usually lower and more
realistic because the contractor knows the drillin~r condition that
will be encountered, the equipment needed, and the amount of
materials to order. The amount of risk involved in well drilling,
which is usually reflected in the bids, may be me~lsurably reduced
by providing the bidders with definitive information.

The second format is where the contractor musl; either drill and
log a pilot hole and design the well from that information, or drill
the well and base the design of the screen, casing, and pump
components on that information. In this case the bids will usually
reflect the uncertainties that exist as well as anticipated standby
time while decisions are made and approved.

Each set of specifications must meet or exceed ~ul applicable
Federal, State, and local codes and standards. A few years ago,
good judgment and a little care would "get you through." Now, a
multitude of regulations have been designed to protect both
quantity and quality of ground water, and the list. grows almost
daily. These regulations are intended to protect the natural
resources from depletion and pollution. Table 11-11 provides
current information as of this writing, but the de~:igner should
independently verify the information case by case. The American
Water Well Association and Environmental Prote4~tion Agency are
also primary sources of information.

The following paragraphs will provide some gui,dance in the
preparation of specifications, but the designer must use
independent judgment to arrive at the desired col:lclusion. A
sample specification is included in the "Well Construction" module
of the Bureau of Reclamation's Comprehensive Co;~struction
Training Program.

(a) Materials.-Well specifications should provide that the
completed well will be constructed of material whJich will be
compatible with the environment and which will ~:ive an adequate
wel1life. The qualities of common well constructi,()n materials,
except for water and concrete, were discussed earlier in this
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Table 11-II-Summary of State ground-water monitoring well construction requirement..

Licensing! I Construction I PermiV registration standardsl notice

required guidelines required
Reports
requiredState Agency contact

Alabama No Yes No Yes Uround Water Section
Uept. of Environmental Management
1751 Federal Drive
Montgomery AL 36130
(205) 271-7B32

Alaska No No No No uround Water Section
Dept. of Environmental Conservation
POBoxO
Juneau AK 99811-1800
(907) 465-2653

Arizona Yes Yes Yes Yes uept ofWater Resources
15 S. 15th Ave.
Phoenix A2 85007
(602) 542-1581

Arkansas Yes Yes No Yes Arkansas Water Well Commission
Une Capitol Mall, Ste 2C
Little Rock AH 72201
(501) 682-1025

California Yes Yes Yes Yes Uept. of Water Resources
PO Box 942836
~acrament<, CA 94236-0001
(916) 327-1641

Colorado Yes Yes Yes Yes Div. of Waler Resources
1313 Shernlan SI
uenver CO 80203
(303) 866-3581

No Yes Yes Yes !Jept. of Environmental Protection
tlazardoUB Waste Section
165 Capitol Ave.
Hartford CT 06106
(203) 566-1B48

Connecticut

Delaware Yes Yes Yes Yes uept. of Natural Resources and
Environmental Control

Div. of Water Resources
PO Box 1401
Uover DE 19903
(302) 736-3665

Florida Yes Yes Yes Yes uept. of Environmental Regulation
Twin Towers Office Bldg
2600 Blairstone Rd.
TallahasseE' FL 32399-2400

Georgia No Yes No Yes .;nvironmental Protection Div.

lieorgia Geologic Survey
19 Martin Luther King Jr. Dr., S. W.
Atlanta GA 30334
(404) 656-3214
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Table 11-11.--Summary of State ground-water monitoring well construction requirement..

Licensing/ I Construction I Permitl registration standardsl notice

required guidelines required

Reports
requiredState Agency contact

Hawaii Yes No Yes Yes JJept. ofCommerce and Consumer
Affainl

1010 Richard St.
Honolulu HI 96813
(808) 5~8-7637

Idaho Yes Yes Yes Yes Uept. or Water Resources
uround Water Protection Section
351 N Orchard
Boise m 83704
(208) 3::7-7900

uept. or Public Healtb
535 W. Jefferson
"pringf,eld IL 62761

1(217) 7!15-4306

Illinois Yes No Yes Yes

Indiana Yes Yes No Yes uept. orNatural Resources
Division of Water
2475 Djrector's Row
Indianspolis IN 46241
(317) 232-4176

Iowa Yes No Yes Yes JJept, ol'Natural Resource.
WallacE Bldg,
ue. Moines IA 50309
(515) 2!11-8693

Kansas Yes Yes Yes Yes uept" ol'Health and Env"
"ureau of Water Protection
Forbes ~ield
"l"opeka KS 66620
(913) 2!16-1500

Kentucky Yes No Yes Yes lJept. or Surface Mining Reclamation
and Enforcement

Capital Plaza Tower
18 Reilly Rd.
rrankf"rt KY 40601

Louisiana Yes Yes No Yes IJept. ol'Transportation and

Develupment
Office of Public Works
PO Box 94245
!iaton ltouge LA 70804-9245
(504) 3~.9-1434

Maine No Yes Yes Yes J.Jept. or Environmental Protection
S~tehouse S~tion 17
AUgust" ME 04333
(207) 289-2651

Maryland Yes Yes Yes Yes Hoard cfWarer Well Drillers
uept. ol'Env.
2500 Broening Hwy
Baltimore MD 21224

(301) 631-3168
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Table 11-11.-Summary of State ground-water monitoring well construction requirements

Licensing/ I Construction I Pennit/ Iregistration standardsl notice Reports

reQuired roidelines required reQuiredState Al!;ency contact

Yes Yes No YesMassachusetts UIV. of Water Resources

100 Cambridge St

Boston MA 02202

(617) 727-32~ -

Michigan No Yes Yes Yes uept. of Public Healtb
ljround Water Quality Control

Section
PO Box 30035
Lansing MI 48909
(517) 335-8300

Yes Yes No YesMinnesota Uept. of Health
Div of Environmental Health
717 Delaware SL, S.E.
Minneapolis MN 55440
(612) 623-5339

jjureau of Land and Water RAJsources
uept. of Natural RAJsources
PO Box 10631
Jackson MS 39209
(601) 961-5200

Mississippi Yes Yes No Yes

uept. of Natural Resources
Div. of Geology and Land Survey
PO Box 250
Rolia MO 65401
(314) 364-1752

Missouri No No No No

Montana Yes Yes No Yes Jjoard of Water Well Contracwrs
1520 E Sixth Ave.
Helena MT 59620
(406) 444-6643

Nebraska Yes Yes No Yes vept. of Health
Div. of Environmental
Health/Housing Surveillance
nox 95007, State Office Bldg
Lincoln NE 68509
(402) 471-2541

Nevada Yes Yes Yes Yes Div of Water Resources
201 S. Fall St.
"arson City NV 89710
(702) 885-4380

New Hampshire Yes No No Yes NH Water Well Board
PO Box 208
l;oncord NH 03301
(603) 271-3406

New Jersey Yes Yes Yes Yes uept. of Environmental Protection
Div. of Water Resources
"ureau of Water Allocation
CN.029
.Tenton NJ 08625
1(609) 984.6831
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Table 11-11.-Swnmary of State ground-water monitoring well (:onstru:tion requirements

Licensing/ I Construction I Pennit/ registration standardsi notice

required- -~idelines required

Reports
required Ae.ency con~ctStat..

StAte EJ1gineer's Office
Water F:ights Div
lIataan Memorial Bldg
SantA Fe NM 87503
(505) 827-6120

Yes YesNew Mexico Yes Yes

No No 1JepL of Environmental Conservation
nureau of Municipal WasOO
50 Wolf Rd.
Albany NY 12233
1(518) 4f7-2051

New York No Yes

Yes JJiv of ];;nvironmental Management
,jroundwater Section
PO Box 27687
Raleigh NC 27611
(919) 7,:3.5083

Yes Yes YesNorth Carolina

Yes ~taOO Board of Water Well
ContrilcWrS

900 E Blvd
Dlsmar:k ND 58505-0187
(701) 2:~4-2754

Yes Yes NoNorth Dakota

YesNo Yes YesOhio Ohio E]>A

Div. of Ground Wawr

11800 WawrMark

IColumbusO~66

No Yes IWater ]~sources Board
l;round Water Division
PO Bo. 53585
1000 NE lOth
Oklahoma City OK 73152
(405) 2'71-2516

Oklahoma Yes Yes

Water i:tesources Dept
3850 P"rtland Rd" NE.
Salem OR 97310
(503) 378-8456

Yes Yes Yes YesOregon

Yes Yes Uept of Environmental Resources

'InureaIJ ofTopo and Geo Survey

PO Bm,2357

Inarrisl)urg PA 17120

~~828

Pennsylvania Yes Yes

Yes No Yes Uepl of Environmental Management
Air arul Hazardous Materials Div.
75 Davis St
provid"nce RI 02908

(40!)277-2797

Rhode Island No

Doard of Certification of Env System

Operators
2221 [;evine St" Ste 320
Columbia SC 29205
(803) 734-9140

Yes YesSouth Carolina Yes Yes
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Table 11-11--Swnmary of State ground-water monitoring well constructiorl requirements

Licensing/ I Construction I Pennitl registration standards! notice

required ~idelines ~a!,ired

Repom
requiredStare Agency contact

South Dakota Yes Yes No Yes UepL of Wal"r and Natural
Resources

Water Rights Div.
Joe Foss Bldg.
Pierre SD 57501
(605) 773-3352

Tennessee No No No No uround Water Protection Div.
IJept. of Health and Environment
TERRA BId!:" 5th Fl.
150 9th Ave" N
Nashville TN 37219.5404
(615) 741-0690

Texas Yes Yes No Yes Water Well IDrillers Board
PO Box 13087
Austin TX ,'8711
(512) 463-7999

Utah Yes Yes Yes Yes Div. of Water Righ!B
1636 W. North Temple
Salt Lake City UT 84116
(801) 538-7242

No'errnont Yes No Yes Uept. of Water Resources and
r;nvironmental Engineering
Water Quality Div
103 S. Main St
Waterbury '"1' 05676
(802) 244-5638

Virginia No Yes No No Div of Techllical Services
uept ofHealth
1l00 Monroe Bldg.
101 N 14th St.
Richmond VA 23219
(804) 786-17.50

Washington Yes Yes No Yes Uept. of Ecology
Mail Stop PV-ll
Olympia WA 98504

1(206) 459-6045

West Virginia Yes Yes Yes No Office of Envc Health
(804) 558-2981

Wisconsin No Yes No Yes Hureau of SCJJid and Hazardous
Waste Management

dox 7921

IMadison ~53707

Wyoming No Yes Yes Yes !Slate Engineers Office
tierschler Bldg. 122 W 25th
Cheyenne wy 82002
(307) 777-731)4
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chapter. What is important here is to ensure that the
specifications adequately convey to the prospective bidders exactly
which materials will be acceptable and why. Local contractors
often are accustomed to designing the wells they construct and
they may not be aware of the special requirements of the job. For
instance, if stainless steel screen is required for longevity, a
contractor who does not normally use stainless st;eel may not
realize that a black iron casing will be sacrificialJy destroyed by
corrosion if connected directly to the screen.

Water used to prepare sealing mixtures should generally be of
drinking water quality, compatible with the type of sealing
material used, free of petroleum and petroleum products, and free
of suspended matter. In some cases, water considered nonpotable,
with a maximum of 2,000 mg/L chloride and 1,5(]'0 mg/L sulfate,
can be used for cement-based sealing mixtures. 'rhe quality of
water to be used for sealing mixtures shall be de'termined where
unknown.

Cement used in sealing mixtures shall meet the requirements of
American Society for Testing and Materials C150, Standard
Specification for Portland Cement, including the Latest revision
thereof. Types of Portland cement available under ASTM C150 for
general construction are:

Typel-
General purpose. Similar to American Petrolellm Institute
Class A.

Type II -
Moderate resistance to sulfate. Lower heat of "hydration than
Type I. Similar to API Class B.

Type III -
High early strength. Reduced curing time but higher heat of
hydration than Type I. Similar to API Class C.

Type IV -
Extended setting time. Lower heat of hydration than Types I
and III.

TypeV-
High sulfate resistance.
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Special cement setting accelerators and retardants and other
additives may be used in some cases. Special field additives for
Portland cement mixtures shall meet the requirements of ASTM
C494, Standard Specification for Chemical Admixtures for
Concrete, and latest revision thereof.

(b) Methods of Construction.-The method of construction is
usually best left to the contractor. Each contractor has certain
methods which have worked well; requiring a change will almost
certainly raise the bid. It may also invoke protests, thereby
causing delays and possibly award to a lesser qualified bidder .
Unless definable reasons exist for using a certain method
(i.e., possible contamination of an aquifer or the need for a specific
logging procedure), the added costs usually cannot be justified.
When a method of construction is specified, it must~ be clear as to
what is expected, it must be compatible with any common
procedures which will be used on other work items, and reasons
should be stated for the restrictions. At times, specified methods
may be unavoidable or even desirable, but they should be used
with discretion.

(c) Time of Performance.-The time of performance should be as
flexible as possible and still meet the needs of the project. Well
construction is a high risk process because of the infinite
variability of geologic formations. Weather conditions may also be
a factor. If the bidders feel that adequate time is available to
cover hidden contingencies, the bids will usually be more favorable
than if time is unduly limited. Time limits are necessary and
appropriate for any contract, but for best results they must not be
arbitrarily short.

(d) Payment Process.-The method of measuring progress for
payment items must be clearly stated and fair to both parties.
Some items can be easily measured. The length of casing or screen
used is very apparent. Some items are ambiguous, such as the
cost of standby time. The specifications should be 'very clear as to
how each item will be paid. Ifit is clear, the bidders can account
for it in any way they wish; if not, claims, delays, and added costs
will result.
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«Chapter XII

WATER WELL DRILLING AND DEVELOPMENT

12-1. Introduction.-Most wells are drilled by mechanically
powered equipment normally referred to as drill rigs. This chapter
is intended to acquaint the reader with the major types of drill rigs
and the capabilities and limitations of such rigs. The well drilling
methodology used should fit the subsurface conditions, as well as
the desired diameter and depth of the well. Well development,
which stimulates the completed well and increases its production,
is also discussed. It involves surging the water up and down and
bailing the well to remove drilling muds and stabilize the gravel
pack and aquifer. Finally, the well is sterilized to prevent
corrosion and inhibit organic organisms. A more detailed
description of well sterilization is included.

12-2. Drilling and Sampling with Cable Tool Rigs and
Variations.-

(a) Drilling Methods.-The cable tool method of drilling, often
referred to as the standard method, churn drill, percussion method,
or facetiously referred to as the yo-yo, is one of the oldest, most
versatile, and simplest drilling devices (Gordon, 1958).

The cable tool drills by lifting and dropping a string of tools sus-
pended on a cable. A bit at the bottom of the tool string strikes
the bottom of the hole, crushing, breaking, and mixing the
cuttings. A string of tools in ascending order consists of a bit, a
drill stem, jars, and a swivel socket, which is attached to the cable.
Cuttings are removed from the hole with a bailer or a scow.

In stable rock, an open hole can be drilled, but in unconsolidated
or raveling formations, casing must be driven down the hole during
the drilling. Above the water table or in otherwise dry formations,
water is added to the hole to form a slurry of the cuttings so they
may be readily removed by a bailer. The bottom of the casing is
usually fitted with a drive shoe to protect the casing during
driving.

In some unconsolidated formations, casing can be sunk by merely
bailing and driving so that samples are relatively unbroken and
representative.
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As casing is driven in unconsolidated formatioru~, the vibration
causes the sides of the hole to collapse against the casing and
compact. Frictional forces increase until it is no longer possible to
drive the casing. When this occurs, a smaller dia:meter casing is
telescoped inside of the casing already in place, and drilling is
continued using a smaller diameter bit. On deep holes, as many as
four or five reductions in casing may be required.

Cable tool rigs are generally limited to drilling maximum hole
diameters of 600 to 750 millimeters (24 to 30 inclJles) and to depths
of less than 600 meters (2,000 feet).

The cable tool rig is probably the most versatile of all rigs in its
ability to drill satisfactorily under a wide range of conditions. Its
major drawback, compared to some other rigs, is -its slower rate of
progress and depth limitations.

The initial cost of a cable tool rig complete with tools is one-half
to two-thirds that of a rotary rig of equivalent capacity. The rigs
are usually compact, require less accessory equipment than other
types, and are more readily moved in rugged terrain. The
simplicity of design, ruggedness, and ease of maintenance and
repair of the rigs and tools are particularly advantageous in
isolated areas. They generally require less skilled operators and a
smaller crew than other rigs of similar capacity. The low
horsepower requirements are reflected in lower fuel consumption,
an important aspect where fuel costs are high or sources of fuel are
remote.

Although slower than other rigs in drilling some formations,
cable tool rigs can usually drill through boulders and fractured,
fissured, broken, or cavernous rocks which often are beyond the
capabilities of other rigs. In addition, much less water is required
for drilling than with most other commonly used rigs, an important
consideration in arid and semiarid zones. Also, sampling and
formation logging are simpler and more accurate with the cable
tool rig. The cuttings bailed from each drilled in'terval usually
represent about a 1.5-meter (5-foot) zone. When casing is used,
there is little chance of contamination of the sample. A skilled
driller can usually recognize a change in formation by the response
of the rig to the changed drilling condition and c;m then take
samples at a shorter interval.

The samples are not greatly contaminated by clrilling mud and
clay; shale and silt fractions are less likely to be lost by dispersion
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in the drilling fluid. Cuttings of unconsolidated formations are
usually not finely pulverized, and cuttings are usually of sufficient
size to permit ready identification and description. A more reliable
method of sampling involves the use of a drive barrel sampler
driven by drilling jars. This method provides a means of obtaining
representative to undisturbed samples from moderate to great
depths. When promising aquifer materials are encountered, they
are readily tested for yield and quality of water by bailing or, if of
sufficient importance, by pumping.

The disadvantages of a relatively slow rate of progress and the
economical and physical limitations on depth and diameter have
been mentioned previously. A further disadvantage of the cable
tool rig is the necessity of driving casing coincideni; with drilling in
unconsolidated materials. This requirement prechLdes the use of
electric logs, which are desirable in many instance:3. Gamma logs
may be taken inside a casing although the practice: is not
recommended. The driving of casing necessitates a heavier wall
pipe than would otherwise be required in some installations. Also,
screens often must be set by pullback or bail-down methods. The
pullback method in deep or large diameter wells is sometimes
extremely difficult, and the bail-down method may cause alignment
problems and cannot be used in hard bedrock.

Mud scow drilling (Driscoll, 1986; National Water Well
Association, 1971; and Campbell and Lehr, 1973) lLses a heavy
scow in place of a bit for drilling large diameter holes in gravel and
finer materials. The scow is a heavy pipe, 3 meters (10 feet) or
more in length, fitted at the bottom with a heavy shoe similar to a
drive shoe and generally fitted with a heavy steel knife blade
welded across the diameter of the shoe. The scow is often fitted
with a flapper valve to create a "suction" on the upstroke to move
formation material into suspension for easy bailing. Typically,
bailing is performed with the scow. When drilling with a mud
scow, the casing used is usually California double-'walled stovepipe
(see section 10-3) in 1- to 1.5-meter (3- to 5-foot) lengths which are
jacked down as drilling proceeds. The method is used mostly in
the Southwestern part of the United States.

The cable tool rig is readily adapted to drilling 50- to 100-
millimeter (2- to 4-inch) diameter holes with jet or hollow-rod tools
in soft formations such as clay or sand. Jet drilling (Speedstar
Division, 1967; Bennison, 1947; Gibson and Singer, 1969; National
Water Well Association, 1971; Campbell and Lehr, 1973) is
basically a percussion method combined with a pressure pump.
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The drill pipe is lifted and dropped, which chops up material at the
bottom of the hole. The water helps to jet the bro]ten material
loose and carries the cuttings up the hole where they are
discharged into the pit. The method is useful in installing observa-
tion holes and small capacity water wells.

Both the ho11ow-rod and jetting methods have the disadvantages
of the direct circulation rotary rig discussed below in regard to
sampling of formations and water and the measurement of static
water levels.

(b) Sampling.-The accessories and equipment f,(}r cable tool rigs
are fairly uniform and standard, although the sampling procedures
of different drillers are variable. To ensure obtaining good samples
meeting a minimum standard, Bureau of Reclamation
specifications usually require that they be taken at each 1- to
1.5-meter (3- to 5-foot) interval or at each change -in material,
whichever is less. To ensure reliable sampling, Bllreau of
Reclamation requires samples to be deposited in a sample box.
One such box contains four separate sample comp:~rtments. Each
sample batch is mixed and quartered until a 2-litE~r (2-quart)
representative sample remains. This sample is placed in two
separate l-liter (l-quart) containers, each marked with the well
designation, the date, and the drilled interval it represents. After
the sample is obtained, the compartment is thoroughly cleaned and
flushed before another sample is placed in it. A t~1pical sample box
is shown on figure 12-1.

12-3. Drilling and Sampling with Direct Circulation
Rotary Rigs and Variations.-

(a) Drilling Methods.-The rotary rig drills by tllrning a fishtail,
toothed cone, or similar bit at the bottom of a striJrlg of drill pipe.
The typical string consists of a bit which scrapes, grinds, fractures,
or otherwise breaks the formation drilled; a drill c'ollar of heavy-
walled pipe which adds weight to the bit and helps to maintain a
straight hole; and a drill pipe which extends to a kelly (shaft) near
the surface which imparts rotation. As the bit is turned, drilling
fluid (mud) is pumped down the pipe to lubricate and cool the bit,
jet material from the bottom of the hole, and to cLean the hole by
transporting the cuttings to the surface in the amlular space
between the hole wall and the drill pipe. The drilling fluid also
forms a thin layer of mud on the wall of the hole 'Nhich reduces
seepage losses and, together with the hydrostatic head exerted by
the mud column, holds the hole open (Speedstar Division, 1967;
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u.s. Department of the Army, 1965; Driscoll, 1986; Bennison,
1947; Gibson and Singer, 1969; National Water Vrell Association,
1971; and Campbell and Lehr, 1973).

The selection of the correct mud and the maintenance of mud
weight, viscosity, jelling strength, and a low percentage of
suspended solids, together with a suitable uphole velocity,
contribute to rapid, trouble-free drilling. Numerous drilling fluids
are used, but for water wells, a suspension of bentonite or similar
clays in water is most commonly used.

The cost of a rotary rig is considerably greater iGhan that of a
cable tool rig of equal capacity. Operation of the rotary rig
requires much more training and skill than a cable tool rig and
requires a larger crew. Maintenance and repair are more complex,
and more water is required for drilling when using drilling fluids.
Also, if the permeability of the aquifer is much gI'eater than about
15 meters per day (50 feet per day), mud may invade the aquifer
and jell at some distance from the wall of the hole. Although
chemicals are available to break down the mud, full development of
a water well in which mud has invaded the aquifer is frequently
impossible.

Clayey materials are frequently mixed and incorporated in the
drilling fluid and may not be recognized. Cutting's are usually fine,
and because of a variable rate of travel in the mud stream, become
mixed and separated and are not always representative. Because
of the mud-filled hole and dispersal of cuttings in the return flow,
possible aquifer materials may be overlooked in the drilling. Static
water levels, water samples, and pumping tests are not readily
obtained from aquifers without special equipmen1;. An electric log
is usually desirable in conjunction with the driller's formation log
when interpreting the results of rotary drilling for well design
purposes.

Despite the above disadvantages, the direct cir(:ulation rotary rig
offers relatively rapid drilling in most formations, greater depth
capacities, and an open hole which simplifies installation of casing,
screen, and grout and permits the use of most geophysical well-
logging equipment.

Although plain water is often used as a drilling fluid, the fluid
usually consists of a suspension of native clay, bentonite, or
organic thickeners in water. Native clays are seldom a satisfactory
mud base. Bentonite is far more effective and efficient.
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particularly when the better grades are used. The desirable
properties obtainable with bentonite are high viscosity, jelling
strength, and a relatively low solids content in the mud. Organic
bases have little or no jell strength but excellent vi~;cous properties.
They degrade with time instead of jelling and permit more rapid
and thorough development of a well. For water wells, mud weight
is usually 1 to 1.1 kilograms per liter (9 to 9-1/2 polmds per
gallons), and the viscosity is 32 to 36 seconds from a marsh funnel.
The sand content of the drilling fluid, where it is picked up by the
mud pump, should not exceed about 2 percent. Drilling fluid
should be tested at about 4-hour intervals for weight and viscosity.
If it cannot be treated to obtain the desired properties, the old mud
should be discarded and a new batch should be miJj:ed. The use of
bentonite or biodegradable drilling additives may be prohibited by
State law.

Where a pilot hole has been drilled and suitable aquifers found,
the pilot hole is normally reamed to the desired diameter .

(b) Sampling.-The method of sampling required by Bureau of
Reclamation is to drill 1 to 1.5 meters (3 to 5 feet), raise the bit
from the bottom of the hole, and continue circulation until all
cuttings from the sample interval are cleared from the hole and
caught in a sample catcher. Drilling is then resum"ed for another 1
to 1.5 meters (3 to 5 feet). The sample is then removed from the
catcher and the sample catcher is thoroughly cleaned prior to
drilling the next interval. The sample is mixed and quartered
until about a 2-liter (2-quart) representative sample remains. This
sample is placed in a pail or drum to which about :20 liters
(5 gallons) of clear water are added, stirred, and permitted to settle
for about 20 minutes. The muddy water is then dE!canted and the
sample is placed in two l-liter (l-qt) containers, each of which is
clearly marked to show the well designation, the depth interval
represented, and the date the sample was taken. Sampling by
rotary methods using clay-based muds is not recommended as a
basis for the design of wells in granular materials. An exception is
drive sampling. Figure 12-2 shows a typical sample catcher. A
convenient arrangement which saves considerable time is to use
two sample catchers in parallel with a diversion gate at the end of
the ditch, which permits the return flow to be diverted into either
catcher. The cleaning of one catcher is then possible while the
other is being used.
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Figure 12-2.-Cuttings sample catcher J:Or use
with a direct circulation rotary drill.

12-4. Air Rotary Drilling.-Air rotary drillin~~ (Speedstar
Division, 1967; National Water Well Association, "L971; Campbell
and Lehr , 1973) was developed primarily in respo:tlse to the need
for a rapid drilling technique in hard rock in arid areas. The rig,
bits, etc. are essentially the same as for direct cir<:ulation rotary
drilling except the fluid channels in the bit are of uniform diameter
rather than jets, and the mud pump is replaced b:{ an air
compressor. Air is circulated down the drill strin~~ to cool the bit
and to blow the cuttings to the surface.

When initially developed, the air rotary method was used for
relatively small diameter holes in hard rock. Lar~~er holes have
become possible through use of foams and oilier air additives, and
diameters up to about 200 millimeters (8 inches) have been drilled
successfully.

Sampling of cuttings is not adequate or practical for well design
because some delay occurs in bringing cuttings to the surface.
During this delay, considerable mixing of cuttings from various
depths occurs. The rigs are mostly applicable to hLard rock terrains
where water is encountered in fractures or similaJ' openings and
wells are completed as open holes.
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Shortly after the development of air rotary drilling, the down-
the-hole hammer bit was developed. This technique consists of a
maximum 200-millimeter {8-inches) diameter bit working on the
principle of the jackhammer, which replaces the conventional bit at
the bottom of the drill string. This arrangement efllciently
combines some of the advantages of the cable tool and rotary rig.
The air used to activate the bit either blows the cuttings to the
surface or lifts them by the principles of the airlift pump when
drilling below the water table. The bit is particularly applicable to
rapid drilling of hard rock.

Both rotary air and down-the-hole drilling in sat\J.rated materials
are limited in depth by the available air pressure, which must be
greater than that exerted by the column of water in the hole if the
rig is to function.

12-5. Drilling and Sampling with Reverse Circulation
Rotary Drills.-

(a) Drilling Methods.-The reverse circulation rotary rig operates
essentially the same as a direct circulation rotary rilg except that
the water is pumped up through the drill pipe rather than down
through it. Large capacity centrifugal or jet pumps similar to
those used on gravel dredges are used. The discharge is directed
into a large pit in which the cuttings settle out. The water then
runs through a ditch and into the hole so that the water level in
the hole is maintained at the ground surface (Speedstar Division,
1967; U.S. Department of the Army, 1965; Driscoll, 1986; National
Water Well Association, 1971; Campbell and Lehr, 1973).

Velocity of water down the hole cannot exceed about a meter per
minute to avoid erosion of the side of the hole at the restricted
annulus around each flange joint. Consequently, tble minimum
hole diameter is about 400 millimeters (16 inches). The drag bits
range in diameter from about 0.4 to 1.8 meters (16 to 72 inches).
When boulders or cobbles too large to pass through the drill pipe
are encountered, the bit is pulled from the hole and the larger
rocks are removed with an orangepeel bucket. Recently, compound
bits consisting of combinations of cones similar to the bits used in
direct circulation rotary drilling and the use of drill collars have
made drilling in rock more feasible.

The water velocity up the drill pipe is usually in excess of
120 meters per minute (400 feet per minute) and se:paration of
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cuttings is at a minimum. Samples caught are representative of
the formation being drilled within depths of about 75 millimeters
(a few inches) at most.

A differential head of 2.5 to 4 meters (8 to 13 fE~et) is required to
maintain a stable hole. If the static water level is less than this
range, an arrangement to increase the head mus1; be devised.

The reverse circulation rig is probably the most. rapid drilling
equipment available for unconsolidated formations, but it requires
a large volume of water which must be constantl~1 replenished
because drilling mud is seldom used.

Where the water table is in excess of 6 meters 1:20 feet) below
ground surface, surface casing should be installe(l and grouted to
minimize loss of water. The column of water in the hole acts to
keep the hole open in a manner similar to the drilling fluid used in
a direct circulation rotary rig. Because of the large hole diameters,
reverse circulation drilled holes are usually gravE!1 packed. The
minimum hole diameter is 300 millimeters (12 inches).

The normally equipped reverse circulation rig can drill to a depth
of about 135 meters ( 450 feet) at sea level. Deep'er drilling is
usually not possible because friction losses in the drill pipe and the
weight of the cuttings-charged column of water become too great
for the suction lift of the pump. However, by introducing air into
the lower third of the drill pipe and using airlift pumping rather
than centrifugal pumping, wells have been drilled to more than
360 meters (1,200 feet) at elevations of over 1500 meters
(5000 feet) using this method.

(b) Sampling .-A common method of obtaining samples with a
reverse circulation rig is to catch them either in :1 bucket or with a
screen at the end of the discharge pipe. However, such samples
are never representative.

The large volume of water discharging at a high velocity tends to
wash fines over the edge of the bucket or through the screen mesh.
To overcome this problem, the sampler shown on figure 12-3 was
developed by the Cope Drilling Company of Idaho Falls, Idaho.
This sampler permits the catching of representative samples
without loss of fines.
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Original model was made of welded Smm (3/,6in) steel plate; however, if general measurements
are followed, model could be made from wood. Discharge hose from Reverse Circulation Pump is
connected to 1S0mm (Sin) pipe so all materials go through sampler. Materials can be observed in
open SOOmm (24in) discharge without cover. Sampler is mounted on heavy sawhorses or similar
supports with about a 1S0mm (Sin) slope towards the slush pip into which material is discharged.
To obtain sample, control gate is thrown open against splitter to divert sample through chute and
into 210L (SSgal) drum.

Figure 12-3.-Cope cuttings sample catcher J:Or use

with a reverse circulation rotary drill.

Several drums are used so that samples may be caught at
frequent intervals when drilling in a thick aquifer. Each sample is
allowed to stand for about 10 minutes to permit the fines to settle
to the bottom. The water is then decanted and the I~ample dumped
on a clean plywood panel or similar surface, where it is mixed and
quartered until a 2-liter (2-quart) representative sample remains.
The sample is placed in two l-liter (l-quart) containers, which are
clearly marked with the well designation, the depth represented,
and the date.

12-6. Other Drilling Methods.-Sonic or rotary-vibratory
drilling is used as an alternative to direct or reversE! rotary
drilling. In sonic drilling, the drill head contains a ]mechanism to
produce high frequency vibrations in the drill line. The drill bit is
physically vibrating in addition to the rotation and downward
pressure. This vibrating action causes unconsolidated materials to
liquify. It also enhances drilling speeds in most consolidated
materials by adding the force of high frequency vibration to normal
rotary action. The drill head is vibrated between 40 and 120 cycles
per second (Roussy, 1994) creating a resonance in the drill line
that results in maximum vibration of the bit. The frequency of
vibration is adjusted to match the length of the drilJlline so that
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resonance is achieved. The driller uses hydraulic drive pressure
readings and actual drilling speed to judge when resonance is
occurring. Sampling is the same as in all rotary drilling
operations. Numerous other methods such as aul~er and chilled
shot are used, but most of them have limited dep1th capacities, only
special applications, small diameters, or are slow and costly.

12-7. Plumbness and Alignment Tests.-Each new well
should be checked for conformance to the specific:ltions regarding
plumbness and alignment or straightness.

The measurements made are of the plumbness and straightness
of the cased hole. Thus, an oversized hole may be oUt of line or
plumb, but the casing may fall within the limits of the
specifications. The casing should not be permitted to excessively
encroach on the annulus and hinder placement 01' grout or gravel
pack.

The usual standard for plumbness requires that the axis of the
well casing not deviate from the vertical in excess of two-thirds the
inside diameter of the casing per 30 meters (100 feet) of depth and
that the deviation be reasonably consistent regarding direction.
This requirement applies to both the casing and 1;he screen
(American Water Works Association, 1990).

The usual standard for alignment or straightness requires that a
12-meter (40-foot) long dolly can be passed freely through the
pump housing casing without hanging. The dolly should be rigid
and fitted with O.3-meter (l-foot) wide rings which have a
12-millimeter (1/2-inch) smaller outside diameter than the inside
diameter of the casing or screen being tested. The rings are placed
at each end and in the center of the dolly (Ameril~an Water Works
Association, 1967).

The dolly is hung so it is centered at the top of the well with the
supporting cable attached at the exact center of the dolly. The
cable sheave or support should be adjusted and firmly fixed so that
the cable is vertical between the support and top of the dolly. The
dolly is then lowered in 1.5-meter (5-foot) increml~nts, and the
deviation of the cable from the center of the casing is measured for
amount and direction at each 1.5-meter (5-foot) interval. During
lowering, the cable should be watched to detect any deviation from
the general direction of displacement or other sudden deflection.
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The deviation of the well from the vertical at any depth can be
computed by the equation:

D(H+h)
h

x= 12-1

x = well deviation at any given depth, millimeteJrs (inches)
D = distance the cable departs from the center 01' the casing,

millimeters (inches)
H = distance from the top of the casing to the top of the dolly,

meters (feet)
h = distance from the suspension point of the cable to the top of

the casing, meters (feet)

If the dolly passes freely through the casing and Ideviations from
the vertical are within acceptable limits, the well i~i satisfactory. If
trouble is encountered, it can be checked with a ca~~e (see
figure 12-4).

The cage should be at least 300 millimeters (1 foot) long and
have a minimum outside diameter 12 millimeters (U2 inch)
smaller than the inside diameter of the casing. Thla cage is first
set in the top of the casing and centered. Deviations of the casing
from the vertical and the direction of deviation can be determined
by measuring the distance and direction of mOVemE!nt of the cable
from the center of the casing and applying equation 12-1. A
special template, as shown on figure 12-5, can be u:sed if desired to
simplify measurement of the direction and amount of movement of
the cable. The computed deviation can then be plotted on graph
paper to determine conformance to the specifications or the
location of any difficulty encountered.

A number of methods have been developed, including laser beam,
gyroscope, single shot and multishot systems and magnetic
systems to name a few. When properly used, each of these
methods will produce accurate borehole surveys.

12-8. Well Development.-The primary purpose of well
development or stimulation is to obtain maximum production effi-
ciency from the well. Incidental benefits are stabilization of the
structure, minimization of sand pumping, and reduction in the
potential for future corrosion and encrustation conditions.
Development also removes the mud cake from the face of the hole
and breaks down the compacted annulus about the hole caused by
drilling. Fines are removed from the pack and the aquifer, thus
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Figure 12-5.-Template for measuring deviation of a well.

increasing the porosity and the permeability of the pack and
aquifer. Water is made to surge back and forth through the
screen, pack, and aquifer and to flow into the well at higher
velocities than during pumping at design rates. Material which is
brought to stability under high development velocities and surging
will remain stable under velocities present during normal pumping
operations.

Proper and careful development will improve the performance of
most wells. Well development is not expensive in view of the
benefits derived and only under unusual circumstances or
improper methods will it cause harm.

Quite frequently, when a screen is selected to reduce sand
pumping in sandy gravel formations found in the Southwest,
development will provide no measurable improvement in the
specific capacity of the well.

Depending upon the circumstances, a number of methods and
supplemental chemicals may be used in developing :1 well. Some of
the common methods and the conditions for which they are used
are described in the following sections.
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12-9. Development of Wells in Unconsolidated Aquifers.-

(a) Overpumping.-Pumping a well at a discharge rate
considerably higher than design capacity is often the only well
development procedure used. However, except in thin, relatively
uniform grained, permeable aquifers, this metho(l alone is not
recommended. The pump is normally set above the top of the
screen; hence, development is primarily concentrated in the upper
one-quarter or one-half the screen length. With 1;he water moving
in one direction only, stable bridging of the sand grains occurs so
long as pumping continues. When pumping is stopped, the water
in the column pipe drops back into the well, causing a reverse flow
which destroys the bridging. When the well is a~[ain pumped, sand
will enter the well until stable bridging is re-established. A well so
developed may pump sand for several minutes each time the pump
is started. This may continue for months or eveI1. years but may
eventually clear up.

(b) Rawhiding (Pumping and Surging) .-The arrangement for
rawhiding is similar to that for overpumping. However, the pump
must not be equipped with either a rachet or other device that
could prevent reverse rotation of the pump, and no check valve is
used. The well is pumped in steps (e.g., one-quaJter, one-half, one,
one and one-half, and two times the design capacity). At the
beginning of each step, the well is pumped until1;he discharge is
relatively sand free. The power is then shut off and the water in
the column pipe is allowed to surge back into the well to break up
bridging. The well may be surged one or more additional times by
operating the pump until clear water is discharged at the surface
and then stopping the pump. The rate of discharge is then
increased and the same procedure is followed at each of the higher
rates, with the final rate being at the maximum I~apacity of the
pump or well. Rawhiding is definitely superior to simple
overpumping, but when used alone will usually r,~sult in
development of only the upper portion of the screened aquifer.
Rawhiding is recommended as a finishing proced'lJre following
initial development by any of the methods described in the
following subsections (c), (d), and (e) of this section.

During final development by rawhiding, the amount of sand dis-
charged by the well is measured when pumping is resumed after
each cycle of surging. The initial discharge on resumption of
pumping is usually almost sand free. Within a few seconds or
minutes, depending upon the rate of discharge arld the depth of the
well, the sand will increase to a maximum. This condition will
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usually persist for a short period, and then the amount of sand will
begin to decrease until the discharge is practically sand free. At
this time, the well should be surged again.

The approximate concentration of sand being disc][}arged can be
estimated by looking through the discharge stream. The sand will
be concentrated at the bottom of the stream where it issues from a
discharge pipe with free discharge. It will look like a dark gray or
brown layer. If an orifice is attached to the end of the pipe, the
sand will appear as a dark vein in the center of the jet. The orifice
should always be removed to avoid sand cutting its ,edge during
rawhiding.

The time of maximum concentration of sand can b,e judged
closely by observing discharge flow at the beginning of each rate of
discharge. A sample is taken when the sand discharge is
maximum.

Sand traps are available which will permit relatively accurate
determination of sand content of the discharge, but l~hey are
expensive, heavy pieces of equipment. An Imhoff cone is commonly
used to catch samples (see figure 12-6). The cone shlould be held
firmly with both hands, and the outside lip of the cone should be
slipped into the bottom of the discharge stream to the center of the
sand concentration. The cone fills in a fraction of a second, and
the entire procedure must be done rapidly.

The cone is then set in a holder to permit the contents to settle
for a few minutes, and then the sand content by volume is
estimated.

The smallest division on a cone
one-tenth of the smallest division
10 mg/L by volume or 20 mg/L by
purposes, multiply the volume by
content for various purposes is as

Municipal, domestic, and industrial supply -0.01 mL or
20 mg/L by weight

.Sprinkler irrigation -0.025 mL or 50 mg/L by weight

.Other irrigation (furrow, flooding, etc.) -0.07!) mL or
150 mg/L by weight

is 0.1 milliliter (0.006 in3). About
on the scale is apIJ'roximately
weight. For estirnLating
2 to get weight. Acceptable sand
follows:
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mg/L (p/m)

40,000

101000

51000

11000
500

100
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Two factors will yield high sand measurements r4~sulting in
artificially high calculations-first, the sand is mea.sured during
the period of highest concentration; second, the Imhoff cone is
typically brought into the discharge stream from the bottom where
concentrations of sand are highest. The error caus,ed by these
factors can be reduced by taking numerous cone ml~asurements
during discharge periods, beginning when sand is first noticed in
the discharge and continuing until sand pumping has stabilized or
discontinued. Cone measurements can be averaged or simply used
to note how long sand pumping occurs. Because tl1le sample is
taken during the period of highest sand concentration in the
discharge, the estimated sand content is probably high and on the
safe side.

Rawhiding, pumping, and sampling should be coJtltinued at the
maximum discharge rate until the desired sand content is reached.

Imhoff cones are made in two styles-one has a rounded bottom
and the other has a more pointed bottom. The model with the
pointed bottom is preferable for estimating small volumes of
material. Most Imhoff cones are made of glass and the breakage is
sometimes high, particularly when sampling high c~apacity wells.
Plastic models which are less expensive, easier to (:lean, and less
prone to breakage are available with a pointed bottom and a plug
to facilitate easy emptying (U .S. Department of the Army, 1965;
Driscoll, 1986; Gibson and Singer, 1969).

(c) Surge Block Development.-The surge block if; one of the
oldest and most effective methods of well development. Such
blocks are particularly applicable for use with a cable tool rig, and
often such a rig equipped with a surge block is use!d to develop a
well drilled by other methods. Most surge blocks are made by well
drilling contractors to fit their drill and the well uJtlder
construction. The advantages of surging over pumlp development is
that surging is a more vigorous development techIJlique that settles
the gravel pack and has a greater potential to remove the mudpack
from the wall of the boring.

Solid, vented, and spring-loaded surge blocks are used. The solid
and vented blocks consist of a body block 25 to 50 millimeters (1 to
2 inches) smaller in diameter than the well screen, and fitted with
as many as four 6- to 12-millimeter (1/4- to 1/2-inch) thick disks of
belting, rubber, or other tough material having a diameter the
same as the inside diameter of the screen in which they will be
used.
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The solid surge block has a solid body, whereas the vented one
has a number of holes drilled through the body parallel to the axis.
The top of the body is fitted with rubber or similar flap valve
which seals the holes on the upward stroke and pE!rmits water to
move through them on the downstroke. Figure 12- 7 shows a
design for a vented surge block for use in a 200-millimeter (8-inch}
diameter well screen. The same general design can be used for
screens from 100 to 300 millimeters (4 to 12 inches} in diameter.
Figure 12-8 shows a design for a larger diameter E.pring-loaded
vented surge block. Similar designs can be used £Jr solid surge
blocks by eliminating the vents and flap valves.

The principle of surging is to draw fine grained "material out of
the formation and into the well on the upstroke aILd reduce or
break sand bridging on the downstroke. As the block is moved up
and down in the screen, the solid surge block imp~Lrts a surging
action to the water which is about equal in both dJlrections. The
gentler downstroke of the vented surge block causl~s only sufficient
backwash to break up any bridging which may occur, and the
stronger upstroke pulls in the sand grains freed b~r the destruction
of the bridging. The solid surge block is usually most effective in
dirty sands containing large percentages of clay, sjllt, and organic
matter; the vented surge block is best in cleaner s;a.nds.

The spring-loaded surge block may be vented or solid, is more
effective than the other two blocks, and offers some advantage in
avoiding sand or locking in the screen.

Before surging is begun, the well should be bailed clean and the
surge block cable should be marked to identify the bottom of the
well and top of the screen.

The surge block is attached to the bottom of a dJ:"ill stem of
adequate weight to ensure a fairly rapid downstroke under the
action of gravity. Surging should be started above, the screen to
bring in the initial flow of sand, thus minimizing 1;he hazard of
sand locking the block in the screen.

Surging is then continued at the bottom of the screen using the
longest stroke and slowest rate of which the rig is capable. The
surge block is raised slowly through the screen as surging
progresses until all the screen has been surged. The procedure is
then repeated using a faster stroke. Several passes should be
made until the maximum stroke rate is attained at which the line
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Q) API Pin joint, collar tapped and threaded for shaft.

0 One 5mm ~/16in) or 12mm (V2in) shaft of reqlJired length,
threaded at both ends.

0 Two 142mm (51/2in) dia. retaining washers, 10mm (3/sin) thick,
center hole drilled to fit shaft. Four 7mm (9/32in) dia. alinement
holes 902 apart drilled on a 124mm (415/16in) ,jia. circle about
center.

0 Flap valve, 6mm (1/4in) to 12mm (1/2in) thick flexible belting or
impregnated fabric, 300mm {12in) o.d., center hole drilled to
fit shaft, Four 7mm f/32in) alinement holes 902 apart drilled on
a 124mm {415/16in) dia. circle about center. {Desirable that at
least two spare flop valves be available at thl3 rig.)

0 Six retainer plates 10mm {3/8in) steel, 300mm {12in) o.d.,
center hole drilled to fit shaft. Four 7mm {9/3jn) alinement
holes 902 apart drilled on a 124mm {415/16in) ,jia. circle about
center. Six 25mm {1 in) dia. vent holes 602 ar'art drilled on a
190mm {75/8in) dia. circle about center.

~ Three "leathers,"6mm to 12mm (V4 to V2in) thick belting,
331 mm (131/4in) o.d., center hole drilled to fit shaft. Four 7mm
(9/32in) alinement holes 902 apart drilled on a 124mm (415/16in)
dia. circle about center. Six 25mm (1in) dia. 'tent holes 602
apar1 drilled on a 190mm (75/sin) dia. circle about center.

0 Alinement bolts. Four 70mm (23/4in), 56mm x 6mm (21/4in x
V4in), with lock washers and nuts.

Two coiled steel compression springs with squared ends,
max. 100mm (4in) o.d., 12mm (V2in) or heavier spring stock,
installed under load. (Automobile coil springs have been
satisfactory).

0 Heavy nut and lock nut threaded to fit shaft or castellated nut
with cotter pin lock.

Figure 12-8.-Design of a spring-loaded, vented surge block (sheet 2 of 2).
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can be maintained in tension on the downstroke. 'I'he drill
stem should not be permitted to fall out of plumb be!cause of the
hazard of falling against and possibly damaging the screen.

After each upward pass of surging, the block should be lowered
to the bottom of the well to check the accumulation of material.
When the material accumulated at the bottom begins to encroach
upon the screen, the block should be pulled and thE~ hole should be
bailed clean. The rate of accumulation should be recorded to
provide data on the progress of development.

Each time the surge block is removed from the well, the disks
should be measured, and if they have worn so that their diameter
is 20 millimeters (3/4 inch) smaller than the inside diameter of the
screen, they should be replaced.

Surging is often done with a flap valve bailer. The action is
similar to a vented surge block; if the difference be1;ween the
diameter of the bail and inside diameter of the pipe is
25 millimeter (I inch) or less, it is almost as effecti've as a surge
block. If the difference in diameters is greater than 25 millimeters
(I in), use of a bailer for surging is relatively ineffective. Smaller
diameter bailers are often built up with wrappings of burlap,
clamp-on rings, etc., to fit the inside diameter of the pipe more
closely.

The time required to properly surge a well depends upon the
character of the aquifer material and its apparent response to de-
velopment. As a guide, if the thickness of material accumulated at
the bottom of the well is less than one-third of the inside diameter
of the screen during 1/2 hour of surging on each 6 meters (20 feet)
of screen, development with the surge block is probably adequate.
On completion of surging, the well should be bailed clean to the
bottom. Final development by rawhiding should precede testing of
the well.

Development by a surge block should be started at the slowest
possible rate and should be increased as the well develops. An
overly vigorous initial development, particularly in clayey
formations, can damage a well rather than improvE~ it (U .8.
Department of the Army, 1965; Driscoll, 1986; National Water Well
Association, 1971; Campbell and Lehr, 1973).

Swabbing is a violent method which is not recommended for
initial well development because it may pack fines tightly around a
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screen. However, swabbing of wells which do not respond to
normal surging or chemical treatment is frequently effective in
breaking down a heavy wall cake or particularly tight annulus.
Normal development is usually possible once these are broken
down. Swabbing should be used only as a last reE,ort and never
used in wells cased or screened with thin-walled pipe, California
stovepipe, plastic, or similar materials because these lighter
casings are likely to collapse. Swabbing is done using a surge
block which is lowered to the bottom of the screen and then pulled
up as rapidly as possible until suction is broken o.r the block comes
out of the casing.

(d) Development with Air .-Development of wells using com-
pressed air is an effective method that requires c<J,nsiderable equip-
ment and skill on the part of the operator. Figure 12-9 shows
typical installations for development of wells by air. Two methods,
backwashing and surging, are generally used (Driscoll, 1986):

.In the backwashing method, water is alternately pumped
from the well by airlift and then forced tm'ough the screen
and into the water-bearing formation by compressed air
introduced through a tight seal at the top of the casing.
The three-way valve (figure 12-9, arrangeltlent A) is turned
to deliver air down the air line, which pumps water out of
the well through the discharge pipe.

The bottom of the discharge pipe is usuall:'1 set about
1/2 meter (1 to 2 feet) above the top of the screen. When
the discharged water becomes clear, the supply of air is cut
off and the air cock is opened. The water in the well is
allowed to return to the static level, which can be
determined by listening to the escape of air through the air
cock as the water rises in the casing.

When air ceases to flow from the air cock, the water no
longer rises in the well. The air cock is tb.en closed and the
three-way valve is turned to direct the air supply down the
bypass into the well above the static wate.r level. This air
forces the water back through the aquifer, agitating it and
breaking down bridges of sand grains. W]len the water
surface in the well is lowered to the bottom of the drop pipe,
the air escapes through the drop pipe and the water is not
depressed to any greater depth, thus avoiding air logging of
the formation. When water reaches the b,Dttom of the drop
pipe, air can be heard escaping from the discharge pipe and
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the pressure gauge will show no increase ]In pressure with
time. At this point, the supply of air is cut off and the air
cock is opened to allow the water to return to its static
level. Then the three-way valve is turned and the air
supply is again directed down the air line to pump the well.
This procedure is repeated until the well is thoroughly
developed. The well should be sounded and, if necessary,
bailed to remove any sand which may have accumulated on
the bottom of the hole during the development operation.
This method is not very effective except on short lengths of
screen and open hole because developmen't is limited to the
upper part of longer screens or open hole.

.Figure 12-9, arrangement B, shows the arrangement and
equipment necessary for development with air by the
surging method. It should be noted that in this method, the
drop pipe is placed inside the screen. For the best
operation, the drop pipe should have a submergence of at
least 60 percent (i.e., 60 percent of the total length of the
drop pipe should be beneath the water suJ-face when the
well is pumping). However, a good operator can do an
acceptable job of pumping with as little as 35-percent
submergence. Development consists of a (:ombination of
surging and pumping. The sudden release of large volumes
of air produces a strong surge within the ,¥ell, and pumping
is accomplished as with an ordinary airlift; pump.

At the start of development, the drop pipe is lo'Nered to within
about 1!2 meter (2 feet) of the bottom of the scre~!n, and the air
line is lowered within it so that its lower end is about 1!3 meter
(1 foot) above the bottom of the drop pipe. Air is turned on and the
well is pumped until the water discharged is free of sand. The air
tank is then pumped to maximum pressure while the air line is
lowered 1!3 meter (a foot) below the bottom of the drop pipe. When
the air tank is full, the quick-opening valve is thrown open,
allowing the air in the tank to rush with great force into the well.
This rushing air causes a brief but forceful surge of the water. The
air line is immediately pulled back so that its lo,,'er end is again
about 1!3 meter (1 foot) above the bottom of the drop pipe.
Pumping by airlift is then resumed until the water is again free of
sand, and the cycle is repeated until little or no sand is evident on
pumping immediately after surging. The drop pipe is then raised
about two screen diameters and the cycles of sur~~ng and pumping
are repeated until the entire length of the screen has been
developed. The drop pipe and air line should then be lowered to
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the bottom of the well and an effort should be made to pump out
any sand which may have accumulated at the bottom of the screen.
If this effort is not successful, it may be necessary to use a sand
pump in the well to remove any accumulation of sand.

Under certain conditions, the foregoing procedures should be
used with caution because of the potential hazard of air binding of
the aquifer. A safer procedure is to maintain the aLir pipe about
1 meter (3 feet) up within the drop pipe and accomplish the
surging by the falling column of water within the clrop pipe.

In deep wells with water at a considerable depth, the use of
compressed air may be limited by the volume and ]pressure
capacities of available compressors. For example, a compressor
with a 1,035-kPA (150 lb/in2) pressure rating would be
counterbalanced by a depth of water of 105 meters (350 feet). For
the best results, a volume of free air at the ratio of 5-1/2:1 is
required for pumping water. When surging and pumping with air,
the discharge should be directed into a fairly large tank in which
the sand discharged can be collected so that the degree of
effectiveness and progress of development can be determined.

When developing by backwashing or surging witJ:l air, an
arrangement should be made which will permit peJriodic measure-
ment of the volume of sand accumulating in the bottom of the well.
Should sand begin to encroach on the screen, development should
be stopped and the well should be bailed or pumped clean before
resuming the operation. On completion of development, the well
should be bailed or pumped clean (Driscoll, 1986).

Figure 12-10 shows an effective arrangement for developing wells
with long screen sections by surging with air. The double packer is
set at the base of the eductor pipe, and all surging and pumping is
done within the double packer. The double packer maximizes the
effectiveness by confining the action to a specific length of the
screen.

(e) Hydraulic Jetting.-Hydraulic jetting is most effective in open
rock holes and in wells having cage-type wire-wound screen and
some types of louvre screen. The jetting tool consists of a head
with two or more 5- to 12-millimeter (3/16- to 1/2-i:nch) jet nozzles
equally spaced in a plane about the circumference (see
figure 12-11). The head is attached to the bottom IJf a string of
30-millimeter (1-1/4-inch) or larger pipe that is connected through
a swivel and hole to a high pressure, high capacity pump. Water
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30mm (1 V.in) Edge ,jistance
1/(

AL
--Upper steel ring 10mm (3/sin) thick

6 to 13mm (V4 to '/2in) Upper rubber
gasket (belting material) o.d. to be 6mm
(V4in) less than i.d. of well screen

.10mm (3/ain)

I' ~dUct°' pipe

-+-

~

PLAN

UPPER PACKER

~
--

Eductor pipe -about 300mm {12in) long,
?-v- threaded for coupler

10mm {3/sin)

10mm {3/sin) Steel ring
,,:::--"t

'- 6 to 12mm (Y. to Y2irl) Rubber gasket

~ 2Smm (1in) I ron rocl, 1.6Sm (Sft 6in)
long threaded 12Smm (Sin) each
end. (4 required)

25mm (1in) Hex. nut

10mm (3/ain) Steel ring

6 to 13mm (V4 to V2in) Rubber gasket
10mm (3/ain) Iron plate disk

SECTION A-A

NOTE: This assembly is governed by the i.d. of the 'NeIl screen
It should be made so that the 6 to 13mm (V4 to 1/2in)
rubber gaskets (belting material) are about 6mm (V4in)
diameter less than the i.d. of the well screen to be used.

Figure 12-10.-Double packer air development assembly.
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is pumped down the pipe in sufficient quantity and at sufficient
pressure to give a nozzle velocity of 45 meters per second (150 feet
per second) or more. Tables 12-1(a) abd 12-1(b) indicates the
discharge rate for various exit velocities of different size nozzles
and the required pressures in the jet head. Pumping pressures
may have to be higher, depending on the number of nozzles, the
required volume, and the sizes and arrangement of the plumbing.

For small diameter wells of 75 millimeters (3 in) and less, an
efficient jetting tool can be made by attaching a coupling and plug
to the bottom of the air line. Two or four 5-millimeter (3/16-inch)
diameter holes are drilled through the coupling t() serve as nozzles.

The jet head is turned at 1 revolution per minute or less but
should not be maintained for more than 2 minutes at a given
setting. The tool is successively raised a distance equal to about
one-half the screen diameter after completion of jetting at each
setting until the entire surface of the screen or the open hole has
been developed. During jetting, the jet head should always be
rotated. The sand-bearing water returning to the well is picked up
by the jet stream, and if a jet impinges on one spot or a
circumference for only a few minutes, it may erode a hole in the
screen or even cut it.

The jetting tool has been effective in removing stubborn mud
cakes from some holes and in opening up formations of dirty sand
which have been plugged by too rapid and vigorous development by
surging. The jet is particularly effective in developing gravel-
packed wells.

If possible, water should be pumped from the well during dev-
elopment by jetting. Ideally, the pump discharge should exceed the
jet discharge by 1.5 to 2 times. This practice removes the fines as
they are washed into the screen and keeps ground water flowing
into the well, thus avoiding the buildup of positive head in the well
which acts to force the fines back into the formatilon. An airlift
pump is usually used for this purpose.

The pump should discharge into a large tank which permits an
appraisal of the effectiveness of the jetting on the basis of the
materials collected in the bottom of the tank. The tank also
permits recirculation of the water to the jet head, which is
advantageous when chemical additives are used (Driscoll, 1986).
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12-10. Development of Wells in Hard Rock.--Open hole
wells drilled in hard rock supposedly do not benefi1; from
development, but experience has shown this suppo:~ition to be in
error. In consolidated granular materials, a mud cake forms and
fines are forced into the walls of the hole by the drilling operation.
In fractured and jointed rocks where water yields (lepend upon the
interception by the well bore of water-filled cracks or solution
openings, such openings are frequently sealed by much the same
action as well as by mud invasion. Practically all1;he methods
used in developing screened wells can be used effe(:tively in open-
hole hard-rock wells. Under some circumstances, however, some
additional practices may also be effective.

Wells in carbonate rock are often developed by the addition of
sulfamic acid or muriatic acid, which attack the caJrbonate rock and
enlarge existing openings and create new openings. When the acid
is spent, it is pumped to waste and the well is treated with
polyphosphates and surging or jetting. Under some circumstances,
shooting a well in limestone with dynamite or other explosives
using 20- to 50-kilogram (50- to 100-pound) charge:3 of 60-percent
gelatin or equivalent every 1.5 meters (5 feet) to fracture the rock
has been effective. Hydrofracturing may also be effective. A
definite risk is associated with all of these procedures, and they
should be planned and carried out only under experienced and
informed direction using adequate equipment and safeguards.

Wells in sandstone drilled with cable tools or dovvn-the-hole tools
should be developed using polyphosphates and vigorous surging.
Wells drilled with rotary rigs are sometimes under-reamed about
12 millimeters (IJ2-inch) using plain water as a drilling fluid, after
which the well is bailed clean. The well is further developed using
polyphosphates and strong surging. In very compe,tent, cemented
sandstones, shooting with 2- to 4-kilogram (5- to 10-pound) charges
of 50-percent gelatin at 1.5-meter (5-foot) intervals along the hole
to enlarge it, or shooting with a few heavier chargE!S to break and
fracture the rock, are sometimes effective.

Regardless of the method of drilling, wells in basalt and
crystalline rocks should be developed using polyphosphates and
jetting, vigorous surging, or both. Spot shooting sE!lected portions
of the hole with 20 to 50 kilograms (50 to 100 pounds) of
50-percent gelatin is sometimes effective in increa~;ing yields.

Hydraulic fracturing has been of limited effectiveness in
increasing yields of sedimentary, crystalline, and volcanic rocks,
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Inflatable packers on a pipe leading to the surface are used to
isolate 1.5- to 3-meter (5- to 10-foot) lengths of the hole. The pipe
and isolated section are filled with water and pump pressure is
applied to fracture the rock. Continued pumping may result in
another buildup in pressure and additional fracturilng. Sand
fracturing, a refinement of the method, consists of pumping
selected sizes and types of sand into the fractures 1;0 prop them
and keep them open. Some wells have showed an -increase in yield
of as much as 200 percent as a result of fracturing, but in all cases,
the initial yield was small, from less than 3 to pos~~ibly 10 liters
per minute (1 to possibly 3 gallons per minute) (Driscoll, 1986).

12-11. Chemicals Used in Well Developmeni;.-Numerous
chemicals are used to aid in well development. The most
commonly used chemicals are the polyphosphates. Polyphosphates
act as deflocculants and dispersion agents for clays: and other fine
particles and help considerably in removing clays that occur
naturally in the formation or that are introduced iJ:lto the borehole
through the use of drilling muds.

Two types of polyphosphates are generally used jcn developing
wells. The crystalline polyphosphates consist of sodium
tripolyphosphate (STP)(Na5P2OlJ, sodium acid pyrlDphosphate
(SAPP)(Na4P2O7)' and tetrasodium pyrophosphate ~:TSPP)(NalP2OJ.
Sodium hexametaphosphate (SHMP)(N aPO2)6 is also commonly
used and is a glassy polyphosphate. The action of the
polyphosphates is enhanced by the addition of chelating agents for
removing heavy metals, and by the addition of wetting agents to
increase the disaggregation of the clays. A chlorine solution, such
as sodium hypochlorite, is frequently added to the polyphosphate
mixture to control the bacterial growth that is often promoted by
the presence of polyphosphates (Driscoll, 1986).

The polyphosphate mixture should be premixed before
introduction into the borehole because the polyphosphates do not
mix well in low temperature waters. The mixture should be left in
the well long enough for the mixture to completely disaggregate
and disperse the clays, usually overnight, before the well is
developed.

Anyone of the polyphosphates can be used, but .~he mixture
usually used by Bureau of Reclamation consists of 7 kilograms
(16 pounds) of STP, 1.8 kilograms (4 pounds) of soldium carbonate
(a chelating agent), and lliter (1 quart) of 5.25-percent sodium
hypochlorite for each 380 liters (100 gallons) of water in the screen
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and casing. A wetting agent, such as Pluronic F-~i8 or equivalent,
is also added at the rate of 0.5 kilogram (1 pound) per 380 liters
(100 gallons) of water when developing dirty form;3.tions.

When polyphosphates or commercially produced development
compounds are not available, the common household phosphate-
based detergents are a usable but expensive substitute. Most
detergents have the disadvantage of containing a foaming agent,
and excessive foaming may result when the well is pumped.

Polyphosphates and wetting agents should not be used in
formations that contain thinly bedded clays and s:mds because the
chemical action of the polyphosphates and wettin~~ agents tends to
make the clays near the borehole unstable and causes them to mix
with the sand. This mixing reduces the hydraulic conductivity of
the material near the borehole and results in clay being
continually passed into the borehole with each pumping cycle.

12-12. Well Sterilization.-Many States and local political
subdivisions require the sterilization of domestic and municipal
water-supply wells to ensure the absence of pathoigenic bacteria.
All wells, regardless of the water use, should be st;erilized on
completion to prevent or retard the growth of coroDsion or
encrustation fostering organisms. Many of these organisms are not
harmful, but they can accelerate and aggravate corrosion and
encrustation problems and reduce the life of a well. Although
sterilization may not always eliminate such problE!ms, it is a
worthwhile and relatively inexpensive precautionslry measure.

12-13. Chlorination.-Sterilization is usually accomplished by
introducing chlorine, or a compound yielding chlorine, into the
water in the well and the immediate aquifer surrounding the well.
Chlorine gas may be used, but the safest and usu~uly most readily
available materials to furnish chlorine for field operations are
calcium hypochlorite (Ca(C1O)2) or sodium hypochlorite (NaC1O)
and chlorinated lime. Calcium hypochlorite is ava.ilable in
granular or tablet form and contains about 70-per,cent available
chlorine by weight. Sodium hypochlorite is available commercially
in aqueous solutions ranging from about 3- to 15-percent chlorine.
Commercially available chloride of lime is not a pure compound
and does not have a definite formula but usually contains about
23-percent available chlorine.

Calcium hypochlorite is probably the least costly and most
convenient material to use for st~rilization. However, if the



WATER WELL DRILUI\jG AND DEVELOPMENT 529

calcium in the ground water plus that added in the hypochlorite
solution exceeds about 300 mg/L, a precipitate of calcium hydroxide
may form which may reduce the permeability of thE! aquifer
adjacent to the wen. If the sterilization solution is mixed to give
1,000 mg/L available chlorine, about 280 mg/L calcium would be
present which, when combined with the calcium already present in
the natural water, could result in precipitation of calcium
hydroxide. Because the percentage of calcium is ml.1ch higher in
chlorinated lime, the danger of such a similar occurrence is even
greater. Consequently, sodium hypochlorite is recoJmmended for
use in wen sterilization. Numerous household blea,ch solutions
containing sodium hypochlorite are commonly available. These
solutions usuany contain about 3- to 5.25-percent a"'lailable
chlorine. Commercial solutions which may be purc]tlased from
chemical supply houses contain 15- to 20-percent cl:Llorine. Thus,
in using sodium hypochlorite, the chlorine content E;hould always
be determined if not shown on the container. Also, because sodium
hypochlorite deteriorates with age, the freshness and concentration
should be considered in its purchase and use.

The trade percentage may be converted to milligrams per liter of
chl~rine by the following equation:

milligrams per liter = (trade percent) (10,000)

Thus, a 5.25-percent solution would be equivalen1; to
approximately 52,500 mg/L chlorine.

For well sterilization for pathogens, usually 50 to 100 mg/L
available chlorine and a contact time of from 30 minutes to 2 hours
are specified. Many organisms, however, such as sulfate-reducing
and filamentous iron bacteria, require 400 mg/L or more available
chlorine and contact times up to 24 hours for an efl:ective kill
(Speedstar Division, 1967; U.S. Department of the ,t\rmy, 1965;
Driscoll, 1986).

Wells may contain oil and other organic materialis which combine
with and neutralize the effectiveness of the chlorine. In addition,
an unknown amount of dilution takes place in the 1Nell. Therefore,
to ensure an adequate concentration of chlorine in -the well, the
volume of water in the screen, casing, and gravel pack should be
estimated and sufficient chlorine should be added to yield a
chlorine concentration of about 1,000 mg/L.
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The amount of various additives to use to obtain about
1,000 mg/L of chlorine in a well could be estimated as in the
following example:

Metric example:
Known: well depth

casing size
130 meters

0 to 90 meters; 440 millimeters
90 to 130 meters; 350 millimeters

60 metersstatic water level

Using table 12-2, find the volume of water in the well.

60 to 90 meters = 30 meters of 400-millimeter casing at 117.85 Urn
90 to 130 meters = 40 meters of 350-millimeter casing at 88.91 Urn

then:
(30 X 117.85) + (40 x 88.91) = 7091.9 or 7,0921iters

Using 70-percent calcium hypochlorite:

English example:
Known: well depth

casing size
425 feet

0 to 31:>0 feet; 16 inches
300 to 4'25 feet; 14 inches

190 feetstatic water level
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Using table 12-2, find the volume of water in the 'Hell.

190 to 300 feet = 110 feet of 16-inch casing at 9.49 gaVft
300 to 425 feet = 125 feet of 14-inch casing at 7.16 gaVft

then:
(110 x 949) + (125 x 7.16) = 1,939 gal

Table 12-2.-Volume of water in well per meter (feet) of depth

Casing size Volume Casing size Volume

(mm) (UM) (in) (gaVft)

8.20
12.91
18.63
33.03
52.03
77.02
88.91

117.85
148.52
182.92
223.40
267.98

4

5

6

8

10

12

14

16

18

20

22

24

0.66
1.04
1.50
2.66
4.19
5.80
7.16
9.49

11.96
14.73
17.99
21.58

100
125
150
200
250
300
350
400
450
500
550
600

Using 70-percent calcium hypochlorite:

The. solution should be. thoroughly mixed in the well by surging
with a bailer or other similar tool from the bottom ,()f the well to
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the water surface or by surging with the pump. The solution
should remain in the well for at least 6 hours, during which time
the well should be surged at about 2-hour interv~us.

In wells containing considerable oil or organic material in the
water, or in which the aquifer contains considerable organic
matter, the solution should be tested for residual chlorine after
each cycle of surging and mixing. If the residual chlorine falls
below the desired concentration, additional compounds should be
added to bring it up to the desired concentration.

If the pump is in the well, the well should be pumped at the
expiration of the contact time and the discharge I;hould be diverted
to flow back into the well to thoroughly flush the inside of the
casing, the column pipe, and gravel pack, if preSE!nt, for at least
30 minutes. The well should then be pumped to waste until there
is )it tIe or no odor or taste of chlorine in the discharge (Campbell
and Lehr , 1973).

To add calcium hypochlorite or chlorinated lime, the required
amount is first determined from the volume of w:lter in the well
(see table 12-2). This amount of the compound iE: then placed in a
bailor similar tool through which water can flow. The tool is then
raised and lowered between the bottom of the well and the water
level until the material is completely dissolved. ,\1though this
method is effective, it may require considerable time.

A more rapid method involves dissolving the cl:tlorine compound
in clear water using 8 liters of water per kilogram of compound or
1 gallon of water per pound. Depending upon temperature and the
quality of the water, all the compound may not go into solution,
but if some solid material remains, it can be bro1~en up and stirred
into suspension at the time the solution is poured into the well. It
will readily dissolve in the well water:

If sodium hypochlorite is used, the solution may be poured into
the well as received (U .S. Department of the Army, 1965).

Table 12-3 shows chlorine compounds and water required to give
various concentrations of chlorine.

Sterilization of a well, except possibly for some pathogens, is
seldom lOO-percent effective. Organisms may be covered with
encrustation or corrosion products or lodged in crevices not readily
penetrated by the sterilizing solution, Although most such
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Table 12.3.-Chlorine compounds and water required to ~ive
various concentrations of chlorine

Units of water treated
by one (Ib) of dry

ca1=ium hypochlorite -

70% available

Units of water treated
by one unit of 5.25%
sodium hypochlorite

L gal

19,950 5,250
9,975 2,625
6,650 1,750
4,997 1,315
3,990 1,050
3,325 875
2,850 750
2,508 660
2,223 585
1,995 525

200 52

Units of water treated
by one unit of 10%

sodium hypochloriteChlorine

gal

10,000
5,000
3,300
2,500
2,000
1,650
1,420
1,250
1,110
1,000

100

LL

70,000
35,000
23,335
17 ,500
14,000
11,670
10,000
8,750
7,780
7,000

700

8,400
4,200
2,800
2,100
1,680
1,400
1,200
1,050

935
840
84

10

20

30

40

50

60

70

80
90

100

1.000

38,000
19,000
12,540
9,500
7,600
6,270
5,396
4,750
4,218
3,800

380

organisms may be destroyed, the few remaining col1ltinue to
multiply and, depending upon conditions, periodic sterilization may
be required to control them.

In some instances, continuous chlorination may be required to
control mineral encrustation in addition to organisIJ(ls. When
chlorination is necessary, chlorine gas should be di~icharged
continuously through a suitable pipe to the bottom of the well.
Where pathogenic contamination is present, chlorine should be
injected into the pump discharge pipe and sufficien1G storage
capacity should be provided to permit adequate contact time.

Sterilization of a new well is best deferred until i]rlstallation of
the permanent pump unless excessive delay is incu:rred. The
required amount of sterilant should be added to the! well just prior
to installing the pump. Mter the pump is installed, but before it is
bolted down permanently, the pump may be used to surge the well
periodically to increase the effectiveness of the solution and flush
the casing, pump column, and gravel pack, where present.

When sterilizing an existing well where both encrustation and
organic fouling are present, it is generally required that acid is
first added to remove encrustation, which will allo~T subsequent
chlorine treatments to contact the organisms.

1'l.-14. Other Sterilants.-A number of other sterilants are
equal or superior to chlorine or chlorine compounds for controlling
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certain organisms. Such sterilants are usually mLore expensive and
less readily available than chlorine and some are too toxic for use
in potable water-supply wells. Some of those sterilants which are
suitable in potable water supplies are:

A mixture of a polyphosphate detergent amd anthium
dioxide (chlorine dioxide) for control of filamentous algae

.Cocomines and cocodiamines for sulfate-reducing bacteria

Quaternary ammonium chloride compounds for general use

Most of these compounds are sold under proprietary names. The
manufacturers should be consulted regarding re4::ommended
concentrations to use, contact time, and other factors.

Other sterilants not recommended for use in ~'ater-supply wells
but which might be used in waste disposal or similar wells are:

.Copper sulfate

.Formaldehyde

.Some mercury compounds

12-15. Sterilization of Gravel Pack.-Whe]~ wells are
constructed using a gravel pack or formation stabilizer ,
sterilization of the pack at the time it is installed in the well is
recommended. A fairly common and acceptable practice, in most
cases, is to mix sterilant in each cubic meter (yd3) of gravel as it is
installed in the well.

Another method is to pour one of the chlorine compound
solutions down the tremie pipes with the gravel. Recommended
approximate amounts per cubic meter or cubic yard of gravel are
as follows:

Metric'

.84,000 mg/L calcium hypochlorite solution (0.45 kg per
3.8 liters of water ), 3.7 liters per cubic meter

.27,000 mg/L chlorinated lime solution (0.45 kg per 3.8 liters
of water)

52,500 mg/L sodium hypochlorite solution (household
bleach), 6.2 liters per cubic meter
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English:

.84,000 p/m calcium hypochlorite solution (lIb per gallon of
water), 3 quarts per cubic yard

.27,000 p/m chlorinated lime solution (lIb per gallon of
water), 2.5 gallons per cubic yard

.52,500 p/m sodium hypochlorite solution (household bleach),
5 quarts per cubic yard

When sterilization is completed, the well should be sealed and
pumped to waste until the discharge has no odor or taste of
chlorine. The waste solution may require treatment or other
special disposition to minimize ecological effects.
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'«Chapter XIII

INFIL TRATION GALLERIES AND HORIZOINTAL WELLS

13-1. Introduction.-The distinction between iJrlfiltration
galleries and horizontal wells is indistinct and broad enough to
allow considerable overlap. For the purposes of this manual,
infiltration galleries are specifically intended to ex1;ract water from
a surface-water body, usually a stream, to meet a ,vater
requirement by creating a gradient through the bed or bank of the
surface-water body, toward the collection facility. A horizontal well
is intended to extract water from a shallow aquifer to provide a
water supply or some other purpose such as dewatering,
stabilization, or skimming contaminants from the I~ound water .

13.2. Basic Components of an Infiltration Gallery .-
Infiltration galleries usually are constructed to disl::harge into a
sump at a point some distance above the bottom of the sump. The
sump may be of almost any dimensions but commonly is a circular
or square structure 1.2 to 2.5 meters (4 to 8 feet) iJtl diameter or on
a side. Depth should be adequate to permit the ptLmp bowls to be
set with adequate submergence and clearance.

The basic components of the sump and gallery dl~sign will depend
upon type of water-supply needs (quality and quaIJltity), local site
conditions, and local construction standards. NorIJaally, a solid
collector pipe, tightly sealed to the infiltration gallery installation,
conveys water to the inlet pipe of a sump. The act;ual infiltration
gallery may be an agricultural horizontal drain (Bureau of
Reclamation, 1993), horizontal infiltration tunnel, or suitable
conduit into which water can infiltrate to be collected and
transported to a central collection point.

13-3. Types of Infiltration Gallery Installations.-Lakes or
perennial streams may not be suitable for simple jntake structure
pumping directly from the open water body. Where direct stream
diversion of surface water is adversely affected by sediment-colloid
content, an infiltration gallery becomes a practical economical
alternative. Silt load, shoreline slope, presence of inert and physio-
logically harmless contaminants, rapid and unpredictable changes
in water level, excessive wave action, and ice pressure are
circumstances that make direct pumping difficult.
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In any of these or similar cases, if minimum water depth is
predictable, an infiltration gallery may provide aIJ adequate and
suitable water supply. The type of installation wjll depend upon
the nature and permeability of the streambed or lakebed involved.
In the case of a relatively impermeable bed, the gallery is placed
beneath the channel or lakebed in a suitable excavation which is
backfilled to completely surround and cover the g;illery with
selected gravel pack, which serves as an artificial aquifer .

The decision to place the gallery adjacent to or lLlnder the water
surface depends on requirements of yield, quality, and site
conditions for construction and maintenance. Normally , the
subsurface geologic conditions of streambeds allovl for economical
near-surface installations within alluvial deposits (Bureau of
Reclamation, 1992). Results of Bureau of Reclamation's Mariaville
Test provided 0.04 to 0.05 m3!sec (1.5 to 1.7 ftisec) under gravity
flow of sediment-free ground water per 305 meters (1,000 feet) of
gallery from the Niobrara River alluvium.

Many ephemeral or intermittent streams are dry during a
significant part of the year, but the channels are underlain by sand
and gravel containing a significant and perennial underflow which
may be captured more readily and completely by an infiltration
gallery than by wells. These variable conditions dictate, to a large
extent, the type of structure that will be required.

Instream infiltration galleries can be designed to divert
substantial flows within environmental guidelines on wild and
scenic rivers where concrete structures, steel grates, and noise
from pumps are unacceptable.

13-4. Design of Infiltration Galleries.-Des]ign considerations
here will focus on infiltration galleries within shallow alluvial
aquifers.

Design considerations for the actual sump should include:
removal of unwanted entrapped air caused by cascading water
conditions; pump(s) setting as to submergence and clearance,
pump(s) bowl levels, and cycling criteria; mainteIJlanCe accessibility
of pumps and controllers; and suitable site location. The sump is
usually cased with concrete or corrugated metal pipe, although
wood shoring, brick, or concrete block have been l.lsed. The bottom
is sealed with concrete or a metal plate. The top is finished with a
reinforced concrete slab incorporating an inspection and clean out
manhole and a hole through which the pump is installed
(figure 13-1).
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All points of possible leakage through the top ar,e sealed with
mastic, compression seals, or other waterstops. TIle top of the
sump should be located at an elevation which will preclude its
submergence by any floodflows or surface runoff.

The conductor pipe, usually fabricated of corrugated metal pipe,
leads from the sump, to which it is tightly sealed, to the screen or
manifold of the gallery. The pipe may be horizontal or may slope
slightly downward toward the sump. Where more than one screen
is used, the conductor pipe may connect to a manifold from which
two or more screens, possibly of smaller diameter, extend into the
permeable material. If only one screen is used, it should have the
same diameter as that of the conductor pipe and raay be normal to
it or an extension of it. Depending upon conditions and purpose,
the screen may be perforated corrugated culvert, (:age-type
wire-wound screen, slotted concrete, plastic, or other perforated
materials.

Unless placed in very clean, permeable gravels, the screen should
always be gravel packed. The same criteria are used in selecting
the gravel pack and screen slot sizes as are used for gravel packed
wells (section 11-11) or suitable agricultural drain envelope
(Bureau of Reclamation, 1993). Other criteria are used in
determining the thickness of the pack.

Under some circumstances, the gravel pack is protected by an
overlying layer or a diversion wall of riprap.

If the screen is to be subjected to direct pumping pressure,
provision should be made to permit back flushing of the gallery
from a fairly large capacity storage tank or by direct pumping of
clear stream or lake water into the sump.

The design of any infiltration gallery should provide for an
average entrance velocity of 0.03 meter per second (0.1 foot per
second) or less. The smaller the entrance velocity, within
economical and physical limits, the better (ZangaJ- , 1948).

Depth beneath the minimum water surface, whether surface or
ground water, should be as great as physically possible and
economically practical.

Permeability and storativity of a natural aquifer should be deter-
mined by pumpout tests, if possible. Where such tests are not
feasible, permeability can sometimes be determined by
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permeability tests (see chapter X), and storativity can be approxi-
mated on a judgment basis from a number of representative
samples of the material. Where galleries are placed in relatively
impermeable streambed or lakebed material, the permeability of
the gravel pack should be determined by laborator)' tests on two or
more representative samples.

Recommended minimum diameter of screen and I::onductor pipe
is 450 millimeters (18 inches), although smaller sizes have been
used successfully for domestic supplies in some areas. When
installed in impermeable lakebeds or streambeds, or other places
where a gravel pack is used, or where a relatively impermeable
base underlies the gravel or sand, the invert of the screen should
be located a distance equal to at least 1 diameter of the screen
above the bottom of the excavation.

Because sealing by silt and the resultant decline in yield are
common occurrences, infiltration galleries are coml1llonly over-
designed by increasing the screen diameter or lenglth to
compensate for decline in yield. The screens may also be fitted
with a back-flushing mechanism using air, water, or both.

Estimates of yield are made with one of the follo,¥ing applicable
equations:

.For a gallery surrounded by highly permeable gravel pack
in slowly permeable material with minimum depth of water
above streambed, channel, or lakebed.-Under this
condition, the river or lake is assumed to have direct access
to the gravel pack or backfill. The flow mov.es directly
downward from the water body into the pack and then into
the pipe (Zangar, 1948) (figure 3-2). The equation for
determining the length of screen necessary Ito yield a given
volume is:

L=~

KHB

13-1
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L"-
KHB

L = length of screen required. m (ft)
Q = desired discharge. m3/ s (ft3/ s)
d = orstance from river bed to center of pipe. m (ft)
K c coefficient of permeability of gravel backfill. m/s (ft/s)

H. head acting on the center of the pipe (distance between minimum water
surface elevation and the center of the pipe). m (ft)

B = average width of the trench backfilled with gravel

Figure 13-2.-Factors influencing flows to an infiltration gallery
screen placed in gravel backfill in a slowly perme::ible streambed.

where:

L = length of screen required, meters (feet)
Q = desired discharge, m3!s (ft3!S)
d = vertical distance between riverbed and center of screen,

meters (feet)
K = coefficient of permeability of the gravel ba(:kfill, meters per

second (feet per second)
H = head acting on the center of the pipe (verljcal distance

between minimum water surface elevation and the center of
the pipe), meters (feet)

B = average width of the trench backfilled witll gravel, meters
(feet)
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The axis of the gallery is commonly placed normal to the
bank or shore, but it could be placed at any angle between
parallel and normal so long as the minimum water-level
requirements are met.

For a gallery in permeable riverbed or lakebed with
minimum depth of water above the bed (Zangar, 1948)
(figure 13-3).-The equation for computing the length of
screen required is:

13-2Qln(~)
r

L =

21tKH

Q In 2d/,.

L-
27lKI-j

l = computed length of screen to yield desired discharge. m (ft)
Q = desired discharge. m3/s (ft3/S)
In ~ natural logarithm

r .radius of pipe. m (ftJ
K .coefficient of permeability of channel fill or lake bottom m aterial. m/ s (ft/ sJ
H .depth of water in the river at low flow. m (ftJ
d = distance from river bed to center of pipe. m (ftJ

Figure 13-3.-Factors influencing flows to an iinfiltration

gallery screen in a permeable streambed.
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where:

L = computed length of screen required to yield the desired rate
discharge, meters (feet)

Q = desired rate of discharge, m3/s (ft3/S)
in = naturallog
d = vertical distance from bed of river to center of the pipe,

meters (feet)
r = radius of the pipe, meters (feet)
K = permeability of the channel fill or lake bottom material

meters per second (feet per second)
H = minimum depth of water above the lake or channel bed,

meters (feet)

Depending upon the gradation of the sand ,ind gravel, a
gravel pack mayor may not be required. VVhen not
required, the pipe is covered and the excavation backfilled
with the materials removed from it. When the pack is
required, the same criteria are used in selecting the gravel
pack as were described for wells (section 11-11),

For a gallery located in an ephemeral or inltermittent
stream channel filled with permeable mate]rial through
which a perennial underflow is moving (Moody and Ribbens,
1965).-Under such conditions, the gallery is located normal
to the axis of the channel and as far benea1:h the water
table as is practical while still leaving a distance equal to at
least one screen diameter thickness of pernleable material
beneath the invert of the screen. The yield per unit length
of the gallery is estimated using equation 13-4, which has
been rearranged from equation 13-3 derived by Moody and
Ribbens (1965).
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where:

s = distance between the water table and the top of the
screen, meters (feet)

q = yield for a linear unit length of gallery, ml3/s (ft3/S)
K = permeability of the aquifer, meters per second (feet per

second)
t = time since pumping began on any pumping schedule,

seconds
exp = exponential function, exp x = ex
erf = error or probability function:

Tables for this function can be found in most standard
mathematical tables publications.

M = undisturbed saturated thickness of the aquifer, meters

(feet)
r = radius of the screen, feet
S = storativity of the aquifer, dimensionless
T = KM = transmissivity of the aquifer, m2/s (ft;2/S)
1t = 3.1416, e = 2.71828, and In = naturallog limits: S~O.lM

Because the equation gives the yield, q, per unit length, the
required length for a desired Q is Q / q , where Q is the desired or

required yield.

If s is larger than about 10 pE!rCent of M, Q will be smaller than
estimated.

If the width and average depth of the saturated channel fill, the
gradient of the top of the saturated underflow zone, and the
permeability of the fill are known, the volume of underflow can be
estimated from:

erfx = -~ JX e-x2dx;

l1to
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where:

Qt = total underflow, m3/s (ft3/S)
K = permeability, meters per second (feet pE~r second)
A = cross-sectional area, m2 (ft2)
h1-h2 = elevations of the tops at the saturated section at any two

points along a flowline approaching the gallery, meters
(feet)

L = distance between h1 and h2, meters (feet)

The total estimated underflow would be the maKimum
recoverable, but seldom more than 60 to 75 perceJrlt of the total
underflow can be intercepted.

The value ofr has a small influence on the val\Jle ofs and Q.
Also, s and Q decrease with time until Q = QI or E)Q to 75 percent of
Q, at which time the system stabilizes. When using the equation
to design a gallery, three or four different combinations ofs, t, and
Q may be required to estimate a satisfactory rela1;ionship necessary
to intercept the desired or available discharge.

13-5. Horizontal Wells.-Horizontal wells are used for a
variety of purposes, including water supply, dewatering for
construction, hazardous waste cleanup, and beach erosion control.
The technology has advanced significantly in recent years to a
point where horizontal wells are both economical to install and
reliable as permanent installations. Horizontal ,,'ells provide the
ability to develop relatively thin aquifers where vertical wells are
inefficient. The wells can also be used in coastal areas, to skim
fresh water from aquifers where saline water has intruded in the
lower reaches.

Typically, water-supply installations use 150- to 200-millimeter
(6- to 8-inch) corrugated, perforated plastic pipe, laid at depths of
4.5 to 6 meters (15 to 20 feet). Lengths from 120 to 250 meters
(400 to 800 feet) are common. A pumping riser iE provided at one
end and a clean-out riser is provided at the opposite end (Bowman
and Justice, 1992). Actual areal configuration of the well depends
on geology and other site conditions. Rigid well screen and casing
can be used for horizontal wells, but at the loss of the economy
factor.

The hydrodynamics of horizontal wells are in the development
stage as of'this writing. However, an installation described by
Bowman and Justice (1992) provides some insighlG to the
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magnitude of installations that are practical. The installation
included 178 meters (593 feet) of 150-millimeter (6-inch)
polyethylene pipe with a 200-millimeter (8-inch) pumping header
and a 150-millimeter (6-inch) clean-out. The pipe vras installed at
a depth of about 4.9 meters (16 feet) in a highly permeable strata.
A 20-horsepower submersible pump, capable of producing
1,600 liters per minute (420 gallons per minute) at 275 kPa
(39 lbslin2) was installed. The actual production rate was
1,265 liters per minute (333 gallons per minute).

Where aquifer materials have good permeability but a relatively
thin fresh water lens that is underlain by salt or brackish water ,
(figure 13-4) as is common near many coastal areas) the well is
placed normal to the direction of flow of the ground water and at a
depth which will preclude drawdowns great enough for saltwater to
come up into the well.

Equation 13-4 is used to determine the optimum depth of the
well, except M represents the thickness of the fresh water layer .
However, s must be limited so that saltwater does Jrlot come up to
the screen. The Ghyben-Herzberg principle is usually adequate to
determine the maximum value ofs (Walton, 1970):

h = ~h 13-7
s f

ds -dl

where:

h. = distance below mean sea level of the saltwater point head
at the fresh water, saltwater interface

h, = distance from top of the fresh water table to mean sea level
or the point saltwater head

ds = density of the saltwater
d, = density of the fresh water

For seawater of average density of 1.027 and freE,h water of
average density of 1.000:

1.0~~7 13-8h =s h -
1.027 -1.000 f -38.0hf

The depth to the interface is about 38 times the distance between
the water table and mean sea level or the saltwater piezometric
surface at the point of measurement. For example, if hf was
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Screen

Shore line

Monhole
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Q (Ground surface
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Figure 13-4.-Schematic section of an infiltrat;ion gallery
constructed to obtain fresh water near a seacoast.

0.9 meter (3 feet), the interface would be located about 35 meters
(114 feet) below the water table. If an infiltration gallery lowered
the water table 0.75 meter (2.5 feet), hf would be 0.15 meter
(0.5 foot), and the saltwater could come up to only 5.7 meters
(19 feet) below the drawdown.

hs~

,

SECTION ~ffterfOCe
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The saltwater, fresh water interface is not a shar:p contact but a
zone of brackish water between the fresh and saltwater bodies.
Approximate saltwater point head, ks, may be determined by
installing a piezometer to below the brackish zone; slowly pump or
bail water out of the casing until it is completely filled with
saltwater, and permit the level to stabilize. The water-table
elevation can be determined in a shallow observation well. The
shallow fresh water-table elevation minus the elevation of the
point head of saltwater equals kt

Advantages offered by horizontal wells include economical
development of shallow, thin aquifers and the abili1;y to selectively
extract water from aquifers having stratified water quality. Saline
water often intrudes on the lower layers of coastal :lquifers while
the shallower layers maintain fresh water through recharge from
the surface. Pumping of the saline water can be avoided by
completing horizontal wells in the shallow strata above the fresh
water-saline water interface. In hazardous waste cleanup work,
horizontal wells can be used to skim light nonaqueous phase
liquids from the top of the water table.

Difficulties that may be experienced with horizontal wells
include the possibility of collapsing the pipe, disturbance of large
areas of land surface compared to vertical wells, and dewatering of
the zone above the pipe. Pressure differences between the aquifer
and the negative pressure inside the pipe caused b:{ pumping can
exceed the collapse strength of the pipe if flow into the pipe is
restricted. The condition may develop as a result of filter clogging,
particularly where a synthetic filter sock is employed on the
collector pipe. The aquifer above the horizontal well may be
dewatered if aquifer characteristics are insufficient to transport
replacement water at or above the pumping rate. J:f the dewatered
zone reaches the collector pipe, aerated water will enter the pipe
and create a cavitation hazard for the pump. Also, production
rates will be sharply reduced. The pumping rate s]Gould be
regulated to avoid the dewatered condition to the extent possible.
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.« Chapter XIV

DEWATERING SYSTEMS

14-1. Purposes of Dewatering Systems.-De'Hatering is
necessary in many construction projects to prevent one or more of
the following conditions:

.Unstable natural or excavated slopes

.Unstable, unworkable, or unsuitable subgrade

.Boils, springs, blowouts, or seeps on the slope~; or subgrade

.Flooding of excavations or subgrade structureEi

.Uplift beneath and disturbance of constructed features
(example, concrete slabs)

.Dilution, corrosion, or other adverse effects on concrete,
metals, or other construction materials

.Threat to the stability of nearby structures

.Threat to the availability and water-levels of Eiurrounding
surface and ground water

.Instability of cutoff facilities (example, cofferd;lms)

.Loss of fines from the foundation

.Threat to life and property

.Construction delays and increased costs

The last two conditions are, of course, a result oj'the first
10 conditions.

If artesian conditions exist, dewatering may be required even
where no water is encountered in the excavation. Water under
piezometric head can be pumped to the surface by soil vibrations
generated by construction equipment. A properly designed and
constructed dewatering system will lower the watE~r-table or
l)iezometric surface adequately to permit safe and dry construction.
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The depth to which the piezometric surface must be lowered is
influenced by soil texture. Fine texture soils will pump water
higher than will coarse textured soils.

In Bureau of Reclamation terminology , dewatering is defined as
the removal of ground water or seepage from bel(],w the surface of
the ground or other constructed surfaces, and the control of such
water. Removal of ponded or flowing surface-water is termed
unwatering. The two methods are often used co~junctively in
construction operations.

14-2. Methods of Dewatering and Soil Stabilization.-In
some small excavations, dewatering is done by al1;ernate stage
excavation and subsequent gravity drainage to di'tches and sumps
in the excavation (figure 14-1). In some instances, this process is
supplemented by sheet or similar types of piling driven at the edge
of the excavation and, if possible, into an impermeable underlying
bed (figure 14-2). Similar methods have been used in the past on
larger excavations. Over several decades, improvements and
developments in well points, pumps, well constru~~tion techniques,
and increased knowledge of ground-water hydraulics have led to
the design of better, more efficient methods using well points, deep
well systems, horizontal drains, sand drains, and vacuum and
electro-osmosis techniques.

Methods of dewatering include: (1) well-point systems, either
standard or educator-type, (2) deep wells, (3) horilontal drains,
(4) electro-osmosis, and (5) vertical sand drains or stone columns.
Where artesian conditions exist, relief wells to reduce artesian
pressures may be used. Depending on conditions, these wells may
be pumped, or they may be drained through gravity flow in a
collector system. Dewatering of the downstream 1;oe of dams using
horizontal drains is frequently used to reduce uplift pressures.
Artificial barriers, such as sheet piling, cutoff walls, slurry
trenches, freezing soils, or grouting are also used to reduce flow.

In massive hardrock, interception and disposal of water is the
principal requirement of a dewatering system. Where the
permeability of the rock consists primarily of fractures and other
similar openings, grouting may be required in conjunction with the
dewatering procedures CDriscoll, 1986).

The choice of dewatering method is determined by local geologic
and hydrologic conditions, reason for dewatering, and to some
extent, equipment readily available. Where fine-~:rained soils are
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Figure 14-1.-Schematic sections showing dewatering by
pumping from sumps and well-point systems.

involved, closer well spacing and longer time perio.ds will be
required. Layered materials are also likely to be more complicated
to dewater. In such cases, it is very important to have a contractor
experienced in dewatering to design and operate tJl1e system. In
addition, where dewatering occurs at the toe of dams or other
critical areas, dewatering methods or pumping rates should be
chosen to minimize removal of fines from the dam or dam
foundation.
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I (
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Figure 14-2.-Dewatering by drainage UIlder or
through shoring to a sump.
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Driscoll (1986) lists the two most important considerations in the
design of a well dewatering system as storativity and
transmissivity because these factors control the volume of ground
water in the area to be dewatered and the rate at vvhich it can be
removed. However, many Bureau of Reclamation projects are in
relatively narrow river valleys where boundary conditions rather
than transmissivity and storativity may control all but initial
stages of inflow to the dewatering system. In such conditions,
conducting one or more tests involving simultaneous pumping of
several closely spaced wells may be advisable to ob1~ain a clearer
picture of interference and boundary effects.

(a) Well-Point Systems.-A well point is a 1-1/2- to 3-1/2-inch-
diameter well screen, usually 0.5 to 1 meter (18 to .~o inches} long
(figure 14-3}. Well points may be jetted (figure 14-,0, driven,
gravel packed, installed in open holes, or otherwise emplaced.
Numerous types of well points are manufactured. :,ome use wire
screen of various types that cover perforated pipe, ~md others are
wire wound, slotted, or perforated. The percentage of open area is
variable, and the slots are usually fixed to a relatively small
number of sizes. The wire-wound type offers the gI'eatest
flexibility in slot size as well as the greatest percentage of open
area and most efficient distribution of slots. In some types of
installation, regular 102- to 152-millimeter (4- to 6-inch-diameter}
well screens and casing may be set. The well point is usually
attached to a riser pipe which may be 38 to 76 millimeters (1-1/2 to
3 inches} in diameter. Well-point systems for dewatering consist of
a number of well points placed at 0.5 to 2 meters (~:- to 6-foot}
intervals along a line. The riser pipes are connected to a header
usually 150 to 200 millimeters (6 to 8 in} in diameter (figure 14-5}
with a swing connection (figure 14-6} which can rotate through
360° horizontally and about 270° vertically.

The swing connector contains a valve that controls water
withdrawal from the well point. The yield may vary between well
points in any system; consequently, the discharge of each well
point must be controlled by adjusting the valve so that drawdown
is not large enough to expose the top of the screen Imd draw air
into the system. The header pipe may be up to 183 meters
(600 feet) long and placed as straight and level as possible. The
pipe is usually <;onnected to a centrifugal pump located in about
the middle of the header and which can develop from 5 to 7 meters
(15 to 22 feet) of suction lift. Well points operating by suction lift
are placed with the top of the screen at depths 5 to 6 meters (15 to
18 feet) below the static water-level.
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Details of connecting fitting frorn riser pipe to header pipe. \I1ade up of 25 to
65 mm (1 to 2'12 in.) pipe fittings. the connection may be swung
horizontally and vertically to meet the top of the riser pipe. This flexibility is
important since, in practice. the well point and its riser pipe generally will
not match the calculated position.

Figure 14-6.-Swing connection fittings for riser pipe to

header pipe connection (UOP Johnson Division, 1969).

An excavation is usually dug to within a few centimeters of the
water-table before installing a well-point system so that maximum
advantage may be made of the suction lift available (figures 14-1
and 14- 7). Standard well-point systems are effecti"/e only to a
depth of about 5 to 6 meters (15 to 20 feet) because they operate on
a suction system. However, the total depth of exc3,vation
dewatered by well points can be significantly larger using a
stepped or stage system, with each successive stagle about 5 meters
(15 feet) below the previous step (figures 14-7 and 14-8). When
more than two stages are involved, supplemental v'lells and well
points may be required to control certain unstable spots in the
excavation (figure 14-9).

(b) Jet Eductor Systems.-Jet eductor systems (sometimes called
jet ejector systems) are used primarily where standard well-point
systems or wells are likely to be ineffective because of the presence
of fine-grained materials. The systems can be either two-pipe or
single-pipe systems.

The system operates using a venturi. Supply wa.ter at high
pressure travels down the well through the supply pipe to the
tapered nozzle. The supply water exits the nozzle tip at less than
atmospheric pressure, creating a partial vacuum in the suction
chamber. This vacuum draws ground water into tJl1e suction
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Figure 14-7.-Single stage well-point s:{stem
(UOP Johnson Division, 1969).

chamber, where it passes into ti:e venturi. The decrease in velocity
in the venturi creates a sufficient increase in preE:SUre to transport
the combined flow to the ground surface (Powers, 1981).

Although educator systems are more expensive to install,
operate, and maintain than standard well-point s:ystems, in certain
cases their advantages may offset the increased costs. They can
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Figure 14-9.-Multistage well-point and combin£~d systems. A
system combining a deep well pump and a well..point system
that may be used as an alternative to a multistage well-point

system (Driscoll, 1986).
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lift water from depths of 30 meters (100 feet) or more, and thus
may obviate the necessity for a multistage system in deep
excavations.

Dewatering of one well in the system does not clisrupt system
operation, as is the case in standard well-point systems. Thus,
they have applications where lithologic conditions are variable
within the site. Also, in fine-grained material, neither standard
well points nor wells are very effective in lowerinl~ water-levels
over a large area. The vacuum-type educator sys1;em creates
negative pore pressure or tension in the soil, and thus aids
drainage of the fine-grained soils.

Construction details of an educator well are shown on
figure 14-10. The well should be gravel packed from the bottom of
the hole to within a few meters of the surface of the slowly
permeable material. The remainder of the hole, the top of the
slowly permeable material, should be sealed with bentonite or
other impermeable soil. By maintaining a vacuUln in the well
screen and pack, flow toward the well or well pOiIltS is increased,
particularly in stratified soils. The system normally requires use
of closely spaced well points, and pumping capaci1;y is usually
small. Vacuum booster pumps may be required on the headers of
individual wells for effective operation.

(c) Horizontal Drains.-Where excavations are located on slopes
or where landslides have occurred, the excavations may be
dewatered and stabilized with horizontal wells or drains. Drains
can be installed with drills especially designed fol' horizontal
drilling. The first horizontal drain should be inst;alled near an
existing observation well in which the influence and effect of the
drawdown can be observed. Using the principle of superposition,
approximate drain spacing to achieve an adequate drawdown can
be estimated. Gravel packing should be used whE!never possible
because the pack increases efficiency several fold. Dewatering can
usually be accomplished by gravity flow, but pumping can be used
if necessary {Moody and Ribbens, 1965). Horizon1;al drains are also
used to dewater the downstream toe of dams. Th,ese drains are
often polyvinyl chloride {PVC) pipe laid in graded gravel envelope
designed to enhance hydraulic flow properties around the pipe
while stabilizing the base soils. These drains ma~, consist of
perforated pipe on plain pipe laid with open jointE: {Bureau of
Reclamation, 1987). These toe drains are often installed using
special trenching machines. Bureau of Reclamati()n experience
indicates that when drains are constructed using specially adapted
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Figure 14-10.-Use of a vacuum to increase well-point efficiency.
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trenching machines, fewer problems are encountered when the
piezometric level along drain centerline has been lowered in
advance of excavation to within 1 meter ( 4 feet) 8lbove drain
subgrade or when excavation, drainage tubing, and envelope
installation proceeds in a continuous fashion and at a constant rate
exceeding 1.5 meters (5 feet) per minute. Contin'llous flow of
envelope material must be maintained within the! trenching shield
and about the drainage tubing during drain cons1;ruction to ensure
that the constructed drain lies within a continuous envelope. One
small gap in the envelope can destroy the entire drain. High
piezometric pressures and slow installation rates may cause
blockages of the envelope material in the shield. The Bureau of
Reclamation Drainage Manual (1993) and the Pipe Drains Module
of Reclamation's Comprehensive Construction Training Program
contain an indepth discussion of this subject.

(d) Electro-osmosis.-Electro-osmosis has been used to drain and
stabilize saturated fine-grained soils. The installation and
operation and maintenance costs are usually higher than with a
well-point system, but the electro-osmosis system may accomplish
the purpose where a well-point system will not. J\n electro-osmosis
system consists of negative and positive electrodes installed at
spacings of 3 to 30 meters (10 to 100 feet). The cathodes (negative
electrodes) consist of smaller diameter well point~; because the rate
of discharge is usually small and intermittent. A small suction
pump is usually used on the manifold. The anodes (positive
electrodes) may be iron or steel pipe, rails, or other available
conductors placed midway between the cathodes, or separate lines
of cathodes and anodes may be placed 5 to 6 metE!rS (15 to 20 feet)
apart (figure 14-11). The current requirement may be relatively
high because, even with spacing of about 6 meters (20 feet), 25 or
more amperes are required to produce 130 to 150 liters (35 to
40 gallons) per day per well point. Detailed design procedures are
not included herein because the system is seldom used (Mansur
and Kaufman, 1962; Terzaghi and Peck, 1967).

re) Vertical Sand Drains.-Vertical sand drains have been used
in conjunction with well points to facilitate drainage in stratified
soils. The usual installation calls for 400- to 500-millimeter (16- to
20-inch) diameter sand drains to be installed on 2- to 3-meter (6- to
10-foot) centers through the materials to be stabilized and
extended to the underlying permeable layer where the well points
or other wells are placed. Under such conditions, the well points
or wells are usually gravel packed and may be desigried for
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Swing connector-.. "

Figure 14-11.-Use of the electro-osmosis technique for dewatering.

vacuum drainage as well. The sand drain backfill is selected
according to the same criteria used in selecting a gravel pack
(section 14-11) (Driscoll, 1986).

(f) Drainage Wells.-Drainage wells are occasionally used as an
alternative to or supplement for deep, open, or buried pipe drains
for subsurface drainage. Drainage wells differ little from
conventional water-supply wells except that the pro'vision of water
is incidental to the lowering of the water-table. Ho,vever ,
conditions must be especially favorable to justify consideration of
drainage wells as an alternative to conventional drains.
Conditions include:

.Presence of a productive aquifer

.Presence of adequate vertical permeability in all materials
between the root zone and the aquifer

.Availability of pumping energy (unless artesian flow is
adequate to provide the necessary ~rainage)

In multiwell drainage, the wells are usually spaced to provide
mutual interference to maximize the drawdown at the critical
midpoint areas between wells.

Investigations necessary to determine the feasibility of using
drainage wells generally are extensive and costly. Primary basic
data needed include:
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.Aquifer transmissivity and storativity

.Areal extent, thickness, and homogeneity of 1;he aquifer

.Mode of occurrence of ground water-whether unconfined,
confined, or leaky

.Estimated recharge caused by precipitation, jlrrigation, and
other sources

.Boundary conditions

.Water quality data

The total capacity of wells in a drainage well field must exceed
the estimated average recharge to the aquifer to maintain an
acceptable depth to the water-table. Capacity up to 1.5 to 2 times
greater than the recharge may be necessary in some cases to:

.Establish an initial gradient to the wells

.Permit rapid lowering of the water-table prior to the irrigation
season where pumping is not continued year around

.Permit rapid lowering of the water-table in local areas where
unforeseen rises in water-levels are caused b~{ above normal
precipitation, surface flooding, well failure, or other similar
factors

.Permit adequate control within the drained areas

(g) Deep Wells for Pumps.-When artesian pressures are involved
or where the soil to be dewatered is part of a relatively uniform
thick and permeable aquifer, dewatering can freql.1ently be
accomplished with a few deep, high-capacity well~, equipped with
deep well turbine or other similar pumps. If the j;ransmissivity
and storativity of the aquifer can be determined, application of the
principle of superposition (section 5-20) can be used to determine
approximate well capacity, depth, and spacing req,uired to
accomplish the dewatering. The principle is the same as for
drainage wells except drainage wells are operated in a free water-
table condition. An advantage of deep wells rathe'r than well
points is that they often may be located outside the boundaries of
the excavation and, hence, offer little or no interft!rence with the
excavation operations (figure 14-12).
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Figure 14-12.-Use of deep wells and high lift pumps for dewatering.

(h) Relief Wells.-Relief wells are used at the toe of dams and
levees and other structures such as stilling basins and outlet
structures to relieve excess hydrostatic or uplift pressures and
stabilize the structure, soils, or strata. They reduce the potential
for liquefaction ("sand boils") caused by increased head or seismic
activity, and for piping or internal erosion. They aJ.e used
extensively downstream from dams or on the land\'i'ard side of
levees where pervious materials are overlain by an impervious or
semipervious layer which creates confined conditions in the
pervious materials. Where they are used to reduce existing
hydrostatic head, a collection system is required to lower the water
to an acceptable level. In these cases, a gravity drain system is
preferred because of the high cost of continuously pumping a
number of wells. Relief wells are often used in combination with
underseepage control measures such as upstream blankets,
downstream seepage berms, and grouting. In plamling relief wells,
the ground-water hydrologist thus often must work closely with
geotechnical and drainage engineers.

A relief well system is a flexible control measure because the
number of wells can be increased if hydrostatic levE~ls increase. In
addition, wells can be pumped if necessary. Relief 'wells can also
be used to monitor changes in chemical quality which might
indicate solutioning or piping. However, maintenance of relief well
systems can be high. The conditions inherent in relief well
systems are conducive to the growth of iron-related bacteria, and
clogging from this or other sources is common. ThE~refore, special
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attention should be given to operation, rehabilita'tion, and
maintenance problems at the time the wells are designed.

Where relief wells are installed as a safety prec:aution in the
event of seismic loading, potential pore pressure 4::hanges will need
to be determined. In layered deposits, considerable difference may
exist in pore pressures in various layers.

Careful records of flow rates in relief wells and corresponding
reservoir levels need to be kept to evaluate the effectiveness of the
wells. Piezometers should be installed at midpoiJ:lts between wells
to provide information on water-levels in the main water-bearing
strata. If declines in well discharges are accomplmied by declines
in water-levels, siltation in the reservoir is probably reducing
seepage. However, if water-levels rise while production declines,
wells are probably clogging and losing their effec1;iveness. If so,
wells should be treated or redeveloped. Additional wells may need
to be installed if treatment and redevelopment do not result in
increased flow and reduced piezometric levels.

Installation of relief wells may result in increaEied seepage
discharge. If seepage discharge becomes excessive, alternative
solutions to provide stability, such as loading berms, may be
necessary.

Stone columns are sometimes used as an alternative to relief
wells to provide dissipation of pressures in layered deposits at the
toe of dams CU .S. Army Corps of Engineers, 1993 and 1994).

(1) Design.-Design of relief wells must take into account
geologic and hydrologic conditions at the site. If layered strata are
present, care should be taken not to interconnect separate zones
because such a procedure could potentially create higher uplift
pressures in previously unaffected zones. Also, c]:lemical
constituents of the underseepage should be considered when
selecting casing because the water may be corros:lve or encrusting.

In general, relief wells should be designed to fully penetrate the
permeable zone. However, where impervious ma'terial is at great
depth, this penetration may not be practical. In 'these cases, well
depths should be determined by the geologic and hydrologic
conditions at the site.

Screen length and slot size should be sufficient to minimize head
losses in the well. A graded filter should be inst~uled to minimize
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removal of fines. If the collection system is located below ground
level, the casing should still extend to the ground slllrface for
inspection and maintenance. A check valve and rubber gasket
should be provided at the top of the well to protect the well from
back flooding by silty surface-water CSingh and Sharma, 1976). In
general, the criteria used for design are similar to those used for
design of a production well except that surface casing for sanitary
protection is not always required. Development of 1;he well is
important to assure adequate waterflow through the system.

(2) System Design.-The spacing of relief wells is determined
by the aquifer parameters and geology and by the required
reduction in pore pressure or piezometric head. Wl:Lere deposits
are lenticular, closer spacing of wells may be necess.ary to increase
the interception of local zones of high hydrostatic pressure.

A line system or well field system may be used, a:lthough a line
system is usually sufficient. The spacing should be sufficiently
small that the required drawdown can be easily obtained at the
midpoint between wells. Computer programs can b,e used to
estimate drawdowns from a well field.

14-3. Field Investigation for Dewatering Systems.-The
amount of investigation necessary to permit design of a satisfactory
dewatering system depends upon the geologic and hydrologic
complexity of the area and the depth and areal extent of the
excavation.

The scope of all activities associated with dewatering projects
includes:

.Site review

.Site investigations

.Data collection

.Data interpretation, evaluation, and presentation

.Compiling specifications paragraphs

.Construction considerations

.Supervision or overview of the operations

.Monitoring and evaluation of the operations

.Documentation of results (e.g., final constructioJ[l report)

Because adequate and appropriate subsurface dat;:l are essential
to the proper design, installation, and operation of the dewatering
facilities, an investigation program cannot be established in detail
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until some reconnaissance level drilling has been done and general
ground-water geologic and hydrologic conditions a"re determined.

Construction sites that require control of grouncl water for
construction or proper operation of the facility must be identified
as early in the planning or design process as possible (Bureau of
Reclamation, 1988).

The procedures for field testing and data analysis have been
described and discussed in previous chapters. The principles and
procedures discussed are directed primarily toward design,
maintenance, and operation of permanent production wells. In de-
watering an unconfined aquifer, the equations and formulas
previously discussed are not always applicable. Drawdowns are
usually in excess of 65 percent of the unconfined aquifer
thicknesses. Furthermore, well points are closely spaced and
estimates of yield, drawdown, interference, and similar factors do
not conform to equations usually used. Much depends upon the
judgment and experience of the technician, use of empirical
equations, and the results of specific investigations conducted prior
to design and installation of a dewatering system. If possible, such
investigations should be initiated a year or more before
construction is undertaken so that data may be obtained on
seasonal and annual variation of ground-water le,'els. The
response of ground-water levels to precipitation and to the
variation in water stages of adjacent lakes and streams can then
be quantified. These data are obtained by periodic measurement of
observation holes and piezometers and from water records of
surface-water levels and precipitation. Drilling, clJmpletion of
observation wells, and piezometers are discussed iln sections 3-11
and 3-12.

In and adjacent to the area of excavation, exploJration holes
should be drilled to a depth 1 to 2 times the proposed depth of the
excavation. The holes should be carefully logged :md, ideally,
samples should be taken at 1.5-meter (5-foot) intervals or at each
change in formation, whichever is less. Mechanical analyses
should be made on samples consisting of silt or coarser materials.
When more than one aquifer is encountered in the holes, static
water-levels should be measured in each aquifer by means of
piezometers. Pumpout aquifer tests, possibly with multiple wells
pumping simultaneously, to determine transmissivity, storativity,
and boundary conditions should be performed on the aquifers

present.
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Where use of well points is planned, a test installation may be
desirable to determine response to the pumping of one or more well

points.

On completion of the exploration program, a thrE!e-dimensional
diagram of the area of excavation and adjacent land, based on
available geologic and hydrologic data, should be prepared and
studied as a basis for design of a dewatering program and possible
location of additional observation wells. Key exploration holes,
both in and adjacent to the proposed excavation, should be
completed as observation wells and piezometers (figure 14-13).
These locations should be measured periodically prior to
construction. As many observation wells as possible should be
preserved during construction and measured frequently during
construction as a check on the performance of the dewatering

system.
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Figure 14-13.-Use of piezometers and observation wells to
delineate complex ground-water condit.ions.

14-4. Design of Dewatering System.-Values of many of the
aquifer parameters will be estimates only, and th~! resulting
computatiJn of water volume should be taken as a.n estimate only.
It is advisable to use ranges of values of the parameters so that the
maximum and minimum potential volume can be estimated.
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The volume of water that a dewatering system has to pump to
produce a certain drawdown can be determined w~ing the following
equations for an unconfined aquifer (Driscoll, 19813):

K (H2 -h2 )Q = Metric 14-1

0.733 log R/r

or:

where:

Q = Discharge, ill3/day {gaI!illin)
K = Hydraulic conductivity, m/day {gpd/ft2)
H = Saturated thickness of aquifer before pumping, ill {ft)
h = Depth of water in well while pumping, ill (ft)
R = Radius of cone of depression, ill (ft)
r = Radius of well, ill {ft)

Equation for a confined aquifer:

Kb (H -h)

0.366 lag R/r
Q= Metric

or:

Kb (H -h) EnglishQ = 528 lag R/r

where:

b = Thickness of aquifer, m (ft)
H = Distance from the static water-level to th(! bottom of the

aquifer, m (ft)

The equation for the drawdown at any point wi1;hin the cone of
depression:

0.366 Q log R/r
s =

Kb

or:
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528 Q log R/rs =

Kb
14-6

If the dewatering project is extensive, a computer program may
be desirable to design the system. This procedure is particularly
advisable in many Bureau of Reclamation projects, where complex
hydrologic boundaries may result in a complicated ilmage-well
development and little precision in estimates of aqtLifer
parameters.

The following procedure can be used to estimate 1;he number ,
spacing, and pumping rate required for relief well alrrays:

.Select a value for transmissivity, T, in liters (g"allons) per day
per meter (feet) (use data from pumping tests if available or
check literature for T values in that formation or area).
Because the calculated value for drawdown is ilnversely
proportional to T, it is important to remember that the value
of T in the well array can be significantly different from the
value used in the calculation, even when the v;a.lue comes from
a pumping test in the general vicinity. This djfference can be
caused by variations in lithology , structure, well construction,
or other factors. Also, in water-table aquifers, T decreases as
the water-table declines because of the decreased aquifer
thickness. Calculating drawdowns using a range of T values
may therefore be advisable. A doubling or hal',ing of the T
value, which is a very real possibility in alluvial aquifers,
would approximately halve or double the calcu:lated
drawdown.

Choose a time, t, in days, at which you want t(]1 know
drawdown (generally should be based on the time in which a
certain drawdown needs to occur).

.Choose a pumping rate Q, in liters {gallons) per minute, based
on reasonable yields from the aquifer or any other reasonable
value.

.Choose a coefficient of storage, S, (dimensionle~3s) based on
pumping tests or lithology. General range is 0.00001
(artesian aquifers) to 0.25 (clean gravel in watE!r-table
aquifers).



GROUND WATER MANUAL574

.Compute drawdown, s, for at least two values of distance, ~ ,
(say 1 meter and 30 meters) using Jacob's approximation,
given below. Jacob's formula is valid for smlul values of
radius and large values of time, so some error occurs at large
distances. However, considering the possibility of error
occurring in choosing T and S, the accuracy is sufficient.

~.25~ ) Metric 14- 7

r2S

or

s = (~) Log (~) English

where;

s = Drawdown at distance r
Q = Pumping rate in liters (gallons) per minute
T = Transmissivity of the aquifer
t = Time in days
r = Radius at drawdown measurement point
S = Coefficient of storage

.Plot s versus r on semilog paper. Because the result is a
straight-Iine plot, only two values of s need to be computed;
however, as a check, it is wise to compute s at a third r .

.Choose a well spacing, d, and number of welJls such that
drawdown in any well, from pumping that well and all other
wells in the array at the pumping rate per well, Q, does not
exceed the maximum drawdown at which the well can operate
effectively Ci.e., drawdown cannot exceed depth of well, which
depends upon geologic conditions and other factors).

.Using the plot developed earlier, compute thl~ drawdown
midway between wells to check that it is suf1ficient to dewater .

.Adjust Q, d, and number of wells so that drawdown at the well
is not excessive, but drawdown at midpoints is sufficient.

It is im~ortant to realize that the calculated drawdowns are only
approximate. Boundary conditions such as recha.rge areas,
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impermeable layers, valley walls, depth to bedroc1;:, etc., will affect
the flow to the wells. Errors in coefficient of stora.ge also affect the
computation. An order of magnitude difference in S, which is quite
possible in artesian aquifers and also possible in vvater-table
aquifers where a pronounced change in lithology exists, could affect
the drawdown computation by as much as 50 percent.

14-5. Design of Well Points and Similar De'watering
Systems.-

(a) Suction Lift Well-Point Systems.~The most basic installation
is probably that of a single line of well points necE~ssary to dewater
a relatively shallow trench for a pipeline or similar installation.
The tops of the well points are usually set a minirllum of 1 meter
( 4 feet) below the bottom of the excavation and as close to the edge
of the trench as possible without interfering with the work. In
some very permeable materials, a line of well poiIJlts on each side of
the excavation may be required to provide adequate dewatering.

An excavation that is large in all directions is u:sually outlined by
a dewatering system.

In relatively low permeability soils such as silty clays, silts, and
fine sands, or where such materials overlie a more permeable
layer, the well points should be gravel packed excl~pt for about 1 to
1.5 meters (4 to 5 feet) at the top of the hole, whi<:h is tightly
sealed. This construction permits the developmeIJt of a vacuum in
the deeper portions of the hole which encourages Jl1orizontal
migration of water to the gravel pack and then down the hole to
the well point. The amount of water removed ma:y be small, but in
many instances it is sufficient to stabilize an otherwise unstable
material (figure 14-10). Gravel packing may also be used where
clay beds are irregularly distributed through the saturated mass of
material to be drained. The selection of screen slot sizes,
gravel-pack gradations, etc., is based on the same criteria outlined
in section 14-11. Driscoll (1986) gives theoretical and empirical
steady-state equations for use in the design of suction lift well-
point systems. Calculating the size and shape of the area of
influence of this type of well-point system is seldom practical.
Drawdowns are usually too great for the usual equations to be
applicable, and partial penetration and anisotropy may further
complicate the problem.

The depth to which suction lift is effective decre,ases with
increasing altitude. Standard well-point pumps cannot lower the
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absolute pressure below about 1.6 meters of water (5 inches Hg),
although special pumps can lower the absolute pressure to
1.0 meter of water (3 inches Hg) (Powers, 1981).

The vacuum that can be developed is the atmospheric pressure
less the absolute pressure in the system. At sea level the
atmospheric pressure is about 10.3 meters (33.9 feet) of water, but
at an elevation of 1500 meters (5000 feet), normal atmospheric
pressure is only about 8.7 meters of water (25 inclles Hg). In
practice, the suction lift of a well-point system is reduced about
0.3 meter (1 foot) for every 300-meter (1000-foot) i"tlcrease in
elevation. The suction lift is further decreased by system losses
caused by factors such as pump efficiency, air entrainment, and
possible cavitation in the water pump. In practice, well-point
systems at sea level operate at vacuums of 6.2 to j' .6 meters of
water (11 to 22 inches Hg), although occasionally higher vacuums
are obtained when pumping small quantities of water (Powers,
1981).

Well-point spacing is selected primarily on the basis of judgment
and operating experience. In silt and fine sands, 0.5 to 0.75 meters
(2- to 2-1/2 feet) is the usual spacing, and as the coarseness of the
materials increases, spacing may be increased to about 2 meters
(6 feet). Thickness of the aquifer and percent of penetration are
also controlling factors. In tJlin aquifers of less th:rn 5 meters
(15 feet), and when the percent of penetration in thicker aquifers is
less than about 25 percent, spacing is also small (0.5 to. 75 meters
[2 to 2-1/2 feet]). Spacing may be increased as the transmissivity
and percent of penetration increase.

For silt and other fine-grained materials, well points with
diameters of 40 millimeters (1-1/2 inches) generall:'{ are
satisfactory. The diameter should be increased for more permeable
materials. Riser pipes of 25-millimeter (l-inch) diameter are
suitable for the smaller diameter well points and should be
increased to 50 to 60 millimeters (2- to 2-1/2 inche:s) for well-point
diameters up to 90 millimeters (3-1/2 inches) on sulction lift
systems.

The well points of the first stage should be set 1 to 1.5 meters
(3 to 5 feet) below the bottom of the proposed excavation with
maximum drawdown at about 5 meters (15 feet) below the water-
table. Following dewatering by the first stage, the excavation is
carried to within about 300 millimeters (1 foot) of the water-table,
and the second stage is then installed. Theoretica]lly, the
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procedure could be carried to almost any depth in a thick
homogeneous aquifer, but the dewatered thickness j.s relatively
thin on the side of the slope relative to the adjacent saturated
thickness (figure 14-8). When three or more stages are required,
seepage pressures may cause slope instability. Under such
conditions, supplemental deep wells, a deep-well system alone, or a
supplemental well-point system should be used.

Where an excavation is underlain by a relatively impermeable
bed which limits the drawdown, sufficient dewatering may
sometimes be obtained by drilling 300- to 350-milliIlrleter (12- to
14-inch) diameter relatively shallow holes into the impermeable
bed, setting the well points into the holes in the impermeable
material, and gravel packing around the well points (figure 14-14).

Ca Discharge

G~aund surface" ~

Static water ~-
",ser pipe

,

Grovel PoCk

Well point or

Figure 14-14.-Dewatering a thin aquifer overlying an
impermeable material.

An excavation may be underlain by a confining la:yer of relatively
impermeable material which, in turn, is underlain by an aquifer.
Water in this aquifer may be under similar or higher head than
water above the confining layer. If the material abo,ve the layer is
dewatered and the bottom of the excavation is lowered, a point
may be reached where either the bottom of the excavation will
heave or blowout, or boils will occur in areas where the confining
layer is thin. Under such conditions, relief wells or well points
should be installed in the underlying aquifer to reduLce the
pressure and stabilize the bottom of the excavation (figure 14-15).

The maximum suction lift which can be obtained \vith available
pumps is about 6 to 7.5 meters (20 to 25 feet); howe"ler, friction
losses in the system may reduce this lift to about 5 1;0 5.5 meters
(15 to 18 feet). To keep the loss of suction head to a minimum,
well points, riser pipes, swing connections, and header pipes should
be sized generously. In addition, all joints in the syf;tem should be
made airtight.
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Figure 14-15.-Factors contributing to blowouts or

boils in an excavation.

The pumping and other tests recommended previously in this
section should permit an estimate of the probable discharge which
will be obtained for well points. From this estim.ate, required pipe
diameters to keep friction losses at a minimum ~Lnd pump
capacities can be estimated. If the thickness, permeability, and
storativity of an aquifer are known, a line of cloE,ely spaced well
points may be considered as a drain, and the equations given in
section 14-4 may be used to compute the time required for
dewatering (Mansur and Kaufman, 1962). Each line of well points
is considered a drain or collector .

(b) Jet Eductor Well-Point Systems.-In some (:ases, well-point
systems are installed using a jet eductor pump (sometimes called
jet ejector pump) in each riser pipe rather than ];>umping by suction
lift. Jet eductor pumps operate by an induced Sllction created by
flow of water through a venturi, in addition to normal suction from
centrifugal and vacuum pumps. Jet eductor well points have only
about a 25- to 35-percent efficiency, but they can lift water from
depths of 18 to 30 meters (60 to 100 feet) and dE~velop a vacuum of
5.5 to 6 meters (18- to 20-feet) of head in each hole. The discharge
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is usually in the range of 45 to 60 liters (12 to 15 gallons) per
minute. Well-point spacing is usually 1 to 3 meter:, (4 to 10 feet).

Two headers are employed. One delivers water under pressure
to the venturi in each pump and the other provides discharge.

The riser pipes are usually 90 millimeters (3-1/2 inches) in
diameter or larger to permit installation of the jet educator pumps
whose intake is usually located a meter above the top of the screen
or well point. Well points or screens may be as long as 3 to
4.5 meters (10- to 15-feet) and as much as 150 mill:lmeters
(6 inches) in diameter .

At times, particularly in smaller installations, submersible
pumps may be used rather than jet educator pump:,.

(c) Deep- Well Dewatering Systems.-Deep wells c~m be used for
dewatering thick homogeneous aquifers and to lowE~r heads in
underlying artesian aquifers which might give rise to heaving or
boils in the floor of an excavation. The design and installation of
the wells generally are the same as described in chiipter XI except
that lower design standards may be adequate becalLse of the
temporary nature of the wells. If storativity, transmissivity,
boundary conditions, and aquifer thickness are kno'wn, wells can
usually be located outside the excavation limits.

14-6. Monitoring.-Monitoring to assure that dJrawdown is
occurring as anticipated is an important part of the dewatering
program. The monitoring wells should be installed in various
locations: (1) at points where drawdown resulting from the system
is estimated to be a minimum, (2) at short distance:;; outside the
system, and (3) at locations where aquifer parametE!rS may differ
significantly from those anticipated. Differences may be caused by
individual well or well-point operation or effectiveness, use of
values for parameters that do not correspond with ~lctual values, or
local geohydrological conditions which differ significantly from
those estimated. The cause of the discrepancy should be
investigated.

Water-levels should be measured and reviewed d~Lily or, where
adequate drawdown is critical from a safety standpoint, twice per
shift. If the monitoring wells or other conditions indicate
drawdowns are not sufficient, additional wells or well points may
n~~d to be installed or pumping rates may need to be increased. In
critical situations, a dewatering specialist should be on site at all
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times to review conditions. In such situations, equipment,
supplies, and operating personnel should be readily available to
install additional wells or well points, if necessar~T .

14-7. Installation of Dewatering Wells and Well Points.-
Well points are made to be driven in place, jetted down, or
installed in open holes. For dewatering purposes, the points are
seldom driven. A more common practice is to jet the well point
down to the desired depth, flush out the fines lea'ring the coarser
fraction of material to collect in the bottom of the hole, and then
drive the point into this coarser material. Additional gravel may
be added to fill the hole near or to the ground surface or a seal
may be placed over the pack in the upper 600 to ~)oo millimeters
(2 to 3 feet).

A method used in some unstable material consil3ts of jetting
down or otherwise sinking temporary casing, into which the well
point and riser pipe are installed. As the casing is pulled, gravel
may be placed around the well point.

Major dewatering contractors have developed equipment and
techniques for mass installation of dewatering wells of all types.

Regardless of the method of installation, developing a well point
by pumping, surging, or other means is desirable prior to use.

14-8. Pumps for Dewatering SystemS.-PUD1pS for suction
lift well-point systems should have adequate air handling capacity
and be capable of producing a high vacuum. Well-point system
pumps are usually self-priming centrifugal pumps with an
auxiliary vacuum pump which permits developing a vacuum of 6 to
7 meters (20 to 25 feet) of water. The intake of tile pump should
be as close to the bottom of the excavation as pra(:ticable (Mansur
and Kaufman, 1962).

Submersible pumps and jet educator pumps are usually standard
off-the-shelf items selected for the estimated yields and lifts
involved.

Good engineering practice requires excess capacity in the pumps
and standby units in the event of pump failure.

14-9. Artificial Ground-Water Barriers.-Natural ground-
water dams caused by faulting, dikes, and similar features are
frequently encountered in ground-water investiga1;ions. Similar
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barriers may be constructed artificially for the purposes of ground-
water control, such as seepage under dams, protection of
excavation, and the raising or maintenance of ground-water levels.

(a) Sheet Piling.-Sheet piling is a commonly used method, but of
questionable effectiveness in some aspects, for construction of
ground-water barriers. If completely interlocking affid driven to an
impermeable barrier, sheet piling is an effective means of
controlling piping and instability but not of stopping subsurface
flow. The interlocking of sheet piling does not give a watertight
joint and if 10-percent open area is present, about '70 percent of the
water will flow through the piling. Although sheet piling barriers
may have relatively small effect in decreasing the flow of water ,
they do cause an increase or dispersal of the exit aTea with a
consequent decrease in the possibility of the forma1;ion of boils and
development of piping.

Sealed joint pilings that are vibrated into place rather than
driven can create an effective vertical barrier. In these
installations, a rubber gasket is inserted into the joints between
sheets. The sheets, which are flexible, are carried down with a
steel driving shoe. The shoe is then extracted, leaving the piling in
place.

Where boulders and cobbles are present, sheet piling generally is
not feasible, and concrete soldier piles may have to be set in pre-
excavated holes.

(b) Cutoff Walls .-Cutoff walls are often placed beneath dams
located on permeable foundations. The integrity oj'such cutoff
walls seldom presents a problem because they are commonly
placed in open cuts dewatered by wells or well points and protected
by cofferdams. To be entirely effective, cutoff walls should provide
for lOO-percent closure, which may be economically or physically
impossible in some instances. Under such conditions, a careful
study of soil condition, permeabilities, etc., should be made, usually
in combination with flow net analyses, to determine the best
design from the standpoint of leakage and stability.

(c) Slurry Trenches.-The recent development of slurry trenches
has provided a safer and less expensive method of installing
ground-water barriers in unconsolidated materials. Draglines or
backhoes, depending upon the depth and size of the excavation, are
used to excavate the trench, which is kept full of a bentonite-based
fluid. This fluid, which has a weight of 4 to 4.5 kilograms per liter
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(9-1/2 to 10 pounds per gallon), develops a filter cake on the side of
the trench which reduces seepage of the fluid away from the
excavation and exerts hydraulic pressure on the ~:ide of the trench
which minimizes caving. Excavation by such a process has been
carried to depths of up to 30 meters (100 feet). "Then reaching the
top of bedrock, the excavation may be cleaned of pockets of sand by
operation of an airlift pump.

The completed excavation can be filled with col1,crete placed
through tremie pipes extending to the bottom. A:; the concrete is
pumped in, the bentonite-based fluid is displaced and flows out at
the surface. The trench may also be excavated and backfilled in
sections, with the bentonite being diverted to the next section as
the completed section is being backfilled.

Another procedure is to displace the bentonite in the trench with
the sand and coarser fractions of the excavated mlaterial, thus
creating a clayey-sand mixture. This procedure results in a
watertight and permanent ground-water barrier. In using the
slurry trench method, an engineer experienced in the handling of
mud should be available to advise on proper use ;md treatment of
the slurry.

(d) Freezing of Soils.-In certain cases, freezing of soils may be
effective in reducing ground-water flow. The usual method is to
install a row of vertical freeze pipes. The surrounding earth
freezes in a vertical cylinder around the pipes. The cylinders then
gradually enlarge until a continuous wall is formed. If the freezing
process continues, the wall may increase in thickJCless. In
saturated sands, pore water freezes rapidly and stabilization can
occur at only a few degrees below freezing. HOWE!Ver, in clay soils,
some of the water is molecularly bonded to the s(Jil particles,
inhibiting rapid freezing. Thus, stabilization ma)' require longer
times and lower temperatures (Powers, 1981).

(e) Grouting.-The formation of impermeable barriers to water
seepage by grouting is an established practice. Grouting consists
of introducing sealing compounds or mixtures, usually under
pressure, into rock and soil to fill fractures and voids with stable,
insoluble materials. Grouting has usually been successful in
fractured hard rocks; however, the results in unconsolidated
materials have been variable. Native clays, bentonite, silts, and
sand are natural materials which have been used for grouting.
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Cement, various chemicals such as combined sodiuI1tl silicate and
calcium chloride, tar, asphalt, and various epoxies have also been
used.

The nature of the openings, their size and contin\:lity, the velocity
of waterflow through the openings, and other factors influence the
type of grouting materials to be used and the method of injection.
Injection pressures should be carefully regulated because excessive
pressures can cause fracturing that could result in iDcreased,
rather than decreased, flow.

Successful grouting is both an art and a science and should be
undertaken only under the direction of an experieru::ed and knowl-
edgeable engineer .
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«Chapter XV

WATER \NELL PUMPS

15-1. Introduction.-The function of a pump is to transfer
energy from a power source to a fluid thereby creating flow or
simply creating greater pressures on a fluid. Punlps are installed
in water wells to lift the water in the well to the ~:Tound surface
and deliver it to the point of use.

A variety of pumps are available to remove water from wells.
There are several basic types of pumps:

.Centrifugal pumps.-Contain a rotating impeller mounted on a
shaft turned by a power source. They can be vertical turbine
or submersible.

.Jet pumps.-Used for shallow water-levels in small-diameter
holes. They are actually combined centrifugal and ejector
pumps.

.Pneumatic pumps.-Operate on air pressure. They can be
bladder-type or displacement-type.

.Airlift pumps.-Use compressed air injected itlto a discharge
line lowered into the well.

.Positive displacement pumps.-They can be piston pumps,
often operated by hand or windmill, or rotary peristaltic
pumps, used to take water samples from monitoring wells.

.Suction lift pumps.-Generally used in dewatering operations.

15-2. Conventional Vertical Turbine Pumps.-Vertical
turbine pumps have the motor installed on the discharge head at
ground surface and require a drive shaft extending down the well
to the pump located below the water surface.

(a) Turbine Pump Principles.-The vertical turbine pump is often
the most suitable pump for ground-water applicat:ions, especially
for moderate to large discharge rates. Improved materials and
design, combined with increased efficiency, have !:-reatly broadened
the field of vertical turbine pump application. There are very few
ground-water pumping problems that cannot be solved efficiently
by using the vertical turbine pump.
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Pump selection varies with the type and temperature of the fluid
being pumped. The following discussion is based on the pumping
of water at temperatures in the range of 4 ° to 27 oC ( 40° to 80 OF),

which includes most ground-water applications.

The capacity, head (pressure), efficiency, and power requirements
of a vertical turbine pump depend on the design of the impeller
and bowl assembly, the diameter of the impeller, and the operating
speed of the pump.

Choosing a pump with performance characteris1tics best suited
for the application will result in the most efficien1; application. The
basic principles upon which vertical turbine pump characteristics
are determined will be discussed briefly to show the effect of
different requirements on design.

The pressure developed by a vertical turbine p\J.mp is a function
of the peripheral velocity of the impeller, which in turn is a
function of the impeller diameter and rate of rotation. The
pressure is usually expressed in meters (feet) of vrater. The
rotating impeller imparts energy to the water, and the directional
vanes in the bowl surrounding the impeller convert this energy to
pressure and guide the fluid vertically so that thE! flow becomes
axial with the pump shaft.

(b) Turbine Pump Operating Characteristics.-Pump performance
characteristics determined by tests in the manufslcturer's
laboratory and plotted on a graph furnish an understandable
picture of the performance of a particular impeller design. This
graph, called a performance curve, is the key to selecting the type
of impeller to suit the pumping requirements. The performance
curves for two 300-millimeter (12-inch} pumps, shown on figure
15-1, were plotted for a constant speed of 1,760 revolutions per
minute (r/min}. The difference in the performance curves for the
two pumps of the same size and rate of rotation is due to the
differences in impeller and bowl design. On figure 15-1, the head-
capacity curves vary from the shutoff head on thE! left of the graph
to the maximum capacity to the right. The discharge of the pump
can be completely stopped (shut off) by closing the discharge valve.
This, however, should not be done for any length of time because
the pump bearings are water cooled and will overheat. A
performance curve is generally based on the operating
characteristics of one stage and shows the relationships between
the head capacity, horsepower, and efficiency of s. stage. The
horsepower curve represents the brake horsepower required at
various head capacities.
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In the examples that follow, the relationships of capacity, head,
and horsepower, as shown on figure 15-1, are valid provided that
the rotational speed is constant at 1,760 revolutions per minute. If
the speed is changed, the capacity, head, and horl;epower will
change as follows:

N1/N2 = Ql/Q2 = H12/H22 = bhp13/bhp23

where:

Q = capacity (or discharge)
H = total head
bhp = brake horsepower
N = rate of rotation

Theoretically, the efficiency does not change. However, in field
service, the efficiency will decrease slightly depending on mech-
anicallosses and other factors. With a variable-speed driver, the
rotation speed of a pump may usually be varied as much as 20 per-
cent below the design value without serious loss of efficiency. To
illustrate the effect of speed on pump characterist;ics, calculate the
change in head, capacity, and horsepower on the pump shown by
the dashed lines on figure 15-1 when the speed is reduced from
1, 760 to 1,400 revolutions per minute. From the curves, which are
based on the higher speed, at the BEP (point of maximum
efficiency.

For operation at 1,760 r/min:

Capacity = 3,800 Umin (1,000 gaVmin)
Head = 15.6 meters (52 feet)
Power = 12.7 kw (17 bhp)

For operation at 1,400 r/min:

Capacity varies directly with the speed:

3,800 Umin (1,000 gal!min) x (1,400/1,760) = 3,020 L/min (795 gal!min)

Head varies as the square of the speed:

15.6 meters (52 feet) x (1,400/1,760)2 = 9.9 meters (3~!.9 feet)
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Power varies as the cube of the speed:

12.7 kw (17 bhp) x (1,400/1,760)3 = 6.4 kw (8.6 bhp)

The capacity, head, and horsepower relationships for a particular
impeller and bowl operating at constant speed can also be varied
by changing the diameter of the impeller. This is known as
trimming. The impeller should not be trimmed in the field without
first consulting the pump manufacturer to determine the effects of
trimming.

A steep head-capacity characteristic curve and a flat efficiency
curve are desirable for deep-well turbine pumps a~; the water-level
in the well may vary considerably during the life of the pump. As
the water-level declines in the well, the head incre!ases, but the
capacity d~creases only slightly in proportion. Also, with this type
impeller, the brake horsepower curve is almost flat, with the power
input highest at highest pump efficiency. This characteristic is
desirable for protection of the motor from overloading. A steep
head-capacity curve is more desirable for service ~,here the
capacity is varied slightly by operation of a valve in the discharge
line.

(c) Net Positive Suction Head and Submergence.--Net Positive
Suction Head (NPSH) is defined as the suction he:id above vapor
pressure at the eye of the impeller. The NPSH available is
calculated from the following equation:

NPSH=H +H -H , -H p .v

where:

Hp = normal barometric pressure for the elevation of the
installation, in meters (feet); see table 15-1

H. = distance in meters (feet) from the eye of thle lowest impeller
to the surface of the water in the well whi:le pumping (the
water-level must be at least this high); a IJ'ositive value
indicates submergence of the eye of the impeller and a
negative value indicates a suction

H, = head lost through the suction piping, in m,eters (feet)

HII = vapor pressure of the water, in meters (feEi); see table 15-2
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Table 15-1.-Normal barometric pressure at various elevations

Barometric

pressure, H2OBarometric

pressure, H2O

meters feet

AltitudeAltitude

feetfeet metersfeet metersmeters

10.4
10.2
10.0
9.8
6.9
9.4
9.3
9.1
9.0
8.8
8.6
8.5
8.3
8.1
8.0

34.0
33.4
32.8
32.2
31.6
31.0
30.5
29.9
29.4
28.8
28.3
27.8
27.3
26.7
26.2

Table 15-2.-Vapor pressure of water at various tE,mperatures

Vapor pressure,

-H2O
meters feet

Vapor pressure,
H2O

meters feet °c oF°c oF

0.62
0.64
0.66
0.68
0.71
0.73
0.75
0.79
0.81
0.84
0.86
0.90
0.93
0.96
0.99
1.02
1.06
1.10
1.14
1.17

0.28
0.29
0.30
0.32
0.33
0.34
0.35
0.37
0.38
0.40
0.41
0.43
0.44
0.46
0.48
0.50
0.51
0.53

0.55
0.57

0.189

0.195
0.201
0.207
0.216
0.223
0.229
0.241
0.247
0.256
0.262
0.274
0.283
0.293

0.302
0.311
0.323
0.335

0.347
0.357

0.085
0.088
0.091
0.097
0.101
0.104
0.107
0.113
0.116
0.122
0.125
0.131
0.134
0.140
0.146
0.152
0.155
0.162
0.168
0.174
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A particular pump design requires a certain minimum NPSH to
prevent cavitation. The available NPSH at the sit~ must be equal
to or greater than the required NPSH. Thus, a requirement for a
higher value of NPSH is satisfied by lowering the ];>ump in the
well. The NSPH is given on the pump performance curve.

Turbine pumps will operate with a suction lift. The pump
suction can be equipped with a length of suction pipe which
extends below the waterlevel. The pump bowl assembly must,
however, be submerged at startup of the pump. It is advisable for
the pump bowls to be submerged when the pump is operating.
Submergence avoids corrosion problems resulting jTom the bowls
being alternately submerged and exposed to the atmosphere and
eliminates the suction pipe. The pump should be set at a depth
such that the top of the bowls is 1.5 meters (5 feet) or more below
the estimated lowest water elevation when the we]ll is pumping.
Some pumps may require deeper settings because of net positive
suction head requirements.

(d) Turbine Pump Construction Features.-Turbine pumps were
originally designed for use in drilled wells; thus, the nominal
diameter of the bowls are designated by standard well casing sizes.
The pump size designation (4,6,8 , etc.) indicates the smallest
diameter of a well casing of standard size (section 9-3(b)) into
which the pump can be installed. For clearance plllrposes, the
outside diameter of the pump bowl is manufacture,d a few fractions
of an inch smaller than the inside diameter of the nominal size
casing. In actual design and practice, however, m,ore clearance
than this is usually specified. A minimum clearance of 1 inch
around the pump bowls (casing diameter of2 inches larger than
the pump diameter) is recommended. More clearance may be
required for large pumps or very deep settings.

Where several stages (bowls) are assembled in series on a
common shaft, they constitute a multistage pump. The head
produced is directly proportional to the number of stages. For
example, if the head requirement is 42 meters (140 feet) at
1,900 liters (500 gallons) per minute and one bowl and impeller
develop 22 meters (72 feet) of head at 1,900 liters (500 gallons) per
minute, then two stages are required to furnish the required
performance. As the velocity is converted into pressure in one
stage and guided to the next stage, additional pre:3SUre energy is
added by the second stage and the required horsepower is
increased equally by each additional stage.
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Deep-well turbine pumps have the line shaft lubricated by oil or
water. In oil-lubricated pumps, the line shaft ancl bearings are en-
closed in a tube into which oil is dripped (while the pump is op-
erating) from an oil reservoir mounted on the pUl1tlp base or
discharge hea.d. In a water-lubricated pump, the tube enclosing
the shaft and bearings is omitted and the water flowing up the
pump column acts as the lubricant. The bearings in an
oil-lubricated pump are usually bronze, while those in the
water-lubricated pump are made of special types I()f rubber .
Oil-lubricated pumps are generally used when the depth-to-water
is 15 meters (50 feet) or more, and water-lubricated pumps are
generally used when the depth-to-water is less than 15 meters
(50 feet). Water-lubricated pumps can be used where the depth-to-
water is more than 15 meters (50 feet), but they must be equipped
with a means of prelubricating the bearings before the pump is
started. Use of oil-lubricated pumps results in leakage of oil into
the well. Thus, oil-lubricated pumps should not be used in
situations where contamination of the well water is of concern.

Step drawdown tests are made after completion and development
of a well to determine the pumping lift for various discharges.
These data must be known to select the correct plJ.Inp for the well
(section 9-15).

(e) Selection of Pump Bowl and Impeller.-With the required
discharge and head known, the pump can be sele4~ted from a
manufacturer's pump performance curves. To ob1;ain the lowest
initial cost and most economical operation of the pump, the rate of
rotation should be kept as high as possible without sacrificing
efficiency. The smaller diameter pumps will usually require more
stages and will have lower efficiency than the larl~er pumps. The
pump should be selected which will more closely approach the
required capacity at the maximum head with the highest
efficiencies over the estimated range of heads andl the smallest
number of bowls.

(f) Discharge Heads.-Discharge heads are com]ponents which
convey the pump discharge from the vertical colu:mn pipe to the
horizontal discharge. The discharge head is mounted above and
attached to the column pipe and below the pump driver. Discharge
heads are made of cast iron or fabricated steel, depending on the
pump discharge pressure and type of driver. MoE,t are
standardized to National Electrical Manufacturers' Association
(NEMA) standard dimensions and will permit thE! use of a
matching NEMA standard motor, a right-angle gear drive, a belt
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drive, or a combination drive. Most heads are desiJ~ed for a single
type of drive, but combination heads are available 'Nhich permit
the use of both a vertical motor and a right-angle g'ear or belt
drive. This permits the use of an engine drive as standby power in
the event of an electrical power outage.

Discharge head nomenclature is based on nomin~tl drive base and
column and discharge pipe dimensions. For example, a pump may
require a motor having a base diameter of either 16 or 20 inches
(NEMA motors will have a choice of 2 or 3 base dialmeters for any
size motor) and an 8-inch diameter column pipe and discharge
pipe. The discharge head for such an installation ,vould be
designated as a 1608 or 2008, or 8 x 8 x 16 or 8 x ~\ x 20. The
horizontal discharge pipe connection is normally threaded up
through 4 inches and flanged for larger pipes. Manufacturers'
catalogs for pumping equipment usually contain instructions on
the selection of discharge heads for various pump sizes and

horsepower requirements.

15-3. Submersible Pumps:-The term "submersible" {also
termed submergible) is applied to turbine pumps w'here the motor
is close-coupled beneath the bowl assembly of the pump and both
are installed under water. This type of construction eliminates the
surface motor, long drive shaft, shaft bearings, and lubrication
system of the conventional turbine pump; however, the electrical
connections are submerged. Submersible pumps aJ.e especially
useful for high-head, low-capacity applications such as domestic
water-supply. With the exception of the factors diE,cussed below,
the selection of submersible pUmps is identical to that of
conventional deep-well turbine pumps.

The entire weight of the pump, cable, drop pipe, and column of
water within the pipe must be supported by the drop pipe.
Therefore, the drop pipe and couplings should be composed of a
good quality galvanized steel. Cast-iron fittings should not be used
where they support pumps and pump columns.

The motors are cooled by the water flowing past the motor to the
pump intake. This cooling system permits a different motor design
than is possible with air-cooled motors. The submerged motors are
designed much longer and of smaller diameter than surface motors
of the same horsepower and speed so they can be itlstalled in the
well.
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To avoid high head losses in flow past the moto"r and into the
pump intake, the pump chamber should be large enough so that
velocity of flow does not exceed 1.5 meters (5 feet) per second, and
should preferably be nearer 0.3 meter (1 foot) per second. A
minimum velocity of 0.3 meter (1 foot) per second is needed to
ensure adequate cooling of the motor. Head losses due to high
velocities in restricted annular spaces may result in a reduction of
the available NPSH at the pump. This may be compensated for by
increasing the submergence of the unit below the pumping water-
level.

Where the use of large capacity submersible pumps
(3,000 gaI/min or 400 hp) is contemplated, the manufacturer
should be consulted regarding desirable submergence, pump
chamber diameter, and length of the pump and motor assembly.

15-4. Jet Pumps.-The jet pump combines two principles of
pumping, that of the injector (jet) and that of the centrifugal pump.
The jet is actually a pump in itself being powered by the water
under pressure from a centrifugal pump (Anderson, 1973). The job
of the jet is to create pressure. In shallow wells (depths to
7.5 meters [25 feet] ), the jet is built into the pump and raises the
pressure to the desirable limits. Thereas in a deep-well (depth
from 7.5 meters [25 feet] to 27 meters [90 feet]), the jet is
suspended on two pipes and its pressure forces water up to the
ground-level pump, which pumps the water into the distribution
system (Anderson, 1973).

Jet pumps may be installed directly over the WE!11 or alongside it.
Since there are no moving parts in the well, straiJ~htness and
plumpness do not affect the performance of the wl;!ll. The weight of
the equipment in the well is relatively light, bein~~ mostly pipe
(often plastic), so the load is easily supported by at sanitary well
seal (Environmental Protection Agency, 1975). A "pitless adapter"
or a "pitless unit" can be designed for the jet pump system.

Jet pumps are inefficient when compared with ordinary
centrifugal pumps, but this is not necessarily bad in domestic
installations because of other favorable features, such as:
(1) adaptability to small wells, down to 50 millimeters (2 inches)
inside diameter in deep-lift installations; (2) simple design
combined with relatively low equipment and maintenance costs;
(3) accessibility at ground surface to all moving parts; (4) and
capability of being installed with the moving part3 offset from the
well (Driscoll, 1986). In some locations, jet pumps may not be
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completely satisfactory , such as where water-levels are subject to
large seasonal variations or where severe corrosion or encrustation
causes enlargement or plugging of the nozzle (Driscoll, 1986).

The principal cause of trouble usually occurs during initial
installation due to carelessness, permitting foreign material to
enter pipes that causes plugged jets (Anderson, 1973). Other
common faults are incomplete priming and insufficient operating
or discharge pressure.

15-5. Pneumatic pumps.-Pneumatic pumps operate using air
pressure and are generally used under special conditions such as
contaminant cleanup and monitoring. They are used for purging,
sampling, product-only pumping, product pumping with drawdown,
gradient control pumping, and low- to moderate-flo'N pumping.
Unlike submersible pumps, they do not require liqtlid cooling, and
thus do not burn out if fluid level drops below pump level. They
have no down-hole electrical connections. They are particularly
suitable for low flow intermittent pumping.

Pneumatic pumps can be bladder-type or displacE~ment-type.
Bladder-type pneumatic pumps have flow rates of only a few liters
per minute and are used primarily for sampling, although in some
cases, they can be used for purging as well. They can be used for
micropurging to minimize the amount of purge water when
sampling. Studies have indicated that reproducibility of analytical
results is very good when bladder pumps are used.
(Muska et al., 1986).

When the bladder pump is operated, water enterl, the flexible
bladder from the bottom and is squeezed up to the surface through
a discharge line by gas pressure applied to the outE'ide of the
bladder. The separate bladder chamber prevents CjJntact between
the pump's air supply and the liquid being pumped, thereby
eliminating volatile organic compound (VOC) air emissions when
pumping liquids with VOC. Bladder pumps can be set up with
timers to control flow.

Cleaning the inner components of bladder pumps may be
difficult. Where contaminants are present or SUspE!cted, it is
advisable to dedicate any bladder pump for usage in a particular
well.

The displacement-type pumps are frequently use,cl in purging and
in pump-and-treat or other ground-water extraction operations.
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They can handle liquids with high solids content, and have higher
flow rates (up to 50 Umin or more) than the bladder-type pumps.
They have no moving parts except check valves. They do not need
surface controls or mechanical timers, but will pu.mp as they are
filled. An internal float rises up as the pump is filled, tripping a
check valve which opens the air line. The air displaces the water ,
which then opens up the fluid discharge. The flO:lt then falls back
down the pump, and the cycle is repeated. The pump requires a
compressed air supply and three lines: an air-supply line, a fluid
discharge line, and an air-exhaust hose.

Advantages of pneumatic pumps include'

No shock or explosion hazard

Lower maintenance-few moving parts

Ease of installation-are lightweight and can be installed by
one person without specialized tools

Disadvantages of pneumatic pumps include:

.Will generally handle only low flows (25 Umin [6.5 ga1!min] or
less), although certain models can handle up to about 50 Umin
(13 ga1!min)

15-6. Airlift Pumps.-Water can be pumped from a well by
releasing compressed air into a discharge pipe C~ir line) lowered
into a well CDriscoll, 1986). The air will mix with the water and
the specific gravity of the water column is lifted to the surface.
Because airlift pumping is so inefficient and rather cumbersome
and expensive in comparison with the other pumping methods, this
method of pumping is rarely used for permanent :pumping systems
CDriscoll, 1986).

Airlift pumping is generally used only to test well production or
take water samples for testing for major constituE!nts. It should
not be used where VOC are a concern. A minimum submergence
of 30-40 percent of the total tube length is requirE!d; however, if
submergence is too great, the air pressure may not be sufficient to
overcome the head. In such a case, the air tube should be
withdrawn somewhat.

15.1. Positive Displacement Pumps.-The positive
displacement pump forces or displaces the water 1;hrough a
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pumping mechanism. There are several types of positive
displacement pumps. In this section, piston pump (reciprocating)
and the rotary peristaltic pump will be discussed.

.Piston pumps are used most often in hand-operated wells and
windmills. They may be single, double, or triple acting, and
are generally small diameter. When the pistoJtl is drawn
upward, the check valve at the base of the piston is closed by
gravity and the water pressure. Pressure is lowered by the
moving piston and water flows through the in1;ake valve into
the pump cylinder as a result of the pressure differential
caused by the stroke of the piston. When the piston moves
downward, the valve opens and then closes again when the
pressure above it exceeds the pressure below it and the
discharge valve opens when the pressure belo'N it exceeds that
above it; therefore, the water trapped in the c:'{linder during
the downstroke is forced upward from the pis1;on to the
discharge pipe in the next upstroke.

.Rotor peristaltic pumps are actually modifications of the rotor
pump. The original rotor pump was designed using gears.
The gears fit closely in the housing of the pUD1p and mesh with
little clearance. When rotated, the gears squeeze the water
from between the teeth of the gears as they mesh together,
bringing in a replacement supply of water along the outer
surface of the housing at the inlet side of the moving teeth of
the gears.

.Lemoineau-Type Pump.-The Lemoineau-type pump is a
specially designed positive displacement pum'p available in
both mounted and submersible models. The most widely used
pumping element consists of a hard-surfaced, corrosion-
resistant, helical-contoured metal rotor which revolves inside a
tough, abrasion-resistant, double helical-contoured, flexible
rubber stator. At the prescribed speed of rotation, discharge is
practically constant regardless of the lift, although the
horsepower requirement increases with incre:ased lift.
Conversely, since this is a positive displacem~~nt pump,
discharge varies almost directly with the spe,~d. The power
unit and the column pipe and shaft above the pumping unit
are similar to those of a water-lubricated purtlp of the same
capacity, and features of the submersible type are similar to a
submersible turbine pump. The design of the pump results in
high resistance to electrolytic corrosion and clam age hy
sediment-laden water at high heads but low capacities.
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15-8. Suction Pumps.-Suction pumps are limited by the
suction lift which can be developed. This is depe[ldent upon the
atmospheric pressure, and thus is affected by the elevation above
sea level. The vacuum that can be developed is the atmospheric
pressure less the absolute pressure in the system, which generally
is a minimum of about 1.6 meters (5.3 feet) of water. At sea level,
the normal barometer reading is about 10.3 meters (34 feet) water,
and the theoretical vacuum which can be develop.ed is about
8.7 meters (29 feet) of water. However, the theoretical suction lift
is reduced at higher elevations due to the decreal~e in atmospheric
pressure. As a rule of thumb, the theoretical suction lift is reduced
by about 0.1 meter (0.3 foot) of water for every 100 meters
(330 feet) of elevation increase. In practice, the Eiuction lift
is usually limited to where the water-table is about 7 meters
(22 feet).

15-9. Estimating Projected Pumping Levels.-Projections of
anticipated future ground-water-levels are often ,:lifficult and unre-
liable because of poorly known sources and magnitudes of factors
which influence such levels. However, reasonably reliable
estimates within the range of pump operation can be made.
Seasonal and long-time increases or decreases in static ground-
water-Ievels occur because of seasonal variations in precipitation
and long-time changes in the climatic cycle. Long-time declines
due to withdrawals imposed on natural fluctuations may reflect
normal aquifer development. An extended period of pumping from
any well is accompanied by a continuous, slow decline at a
constantly diminishing rate unless recharge balances withdrawals.
Interference from existing or future wells, instal]ation of recharge
facilities, or a change in boundary conditions may cause a change
in pumping levels. Deterioration of a well due to corrosion and
encrustation may cause a significant decrease in the specific
capacity. All these factors should be considered in estimating
probable maximum and minimum pumping leve]s.

Projections of static water-levels in conjunctiol1l with analysis of
results of pumping tests and the probable pumping schedule are
made to determine the required pump characteristics and setting.
The drawdown for a given discharge over any period of pumping
under conditions prevailing at the time of the test can be approx-
imated by extending the straight-line portion of ;1 semilog
time-drawdown plot (sections 9-14 and 9-15). This estimated
drawdown is adjusted to compensate for the projected decrease or
increase in saturated thickness or the static water-level present at
the time of the tests (section 5-1). A judgment estimate of the
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possible influence of well interference is added to tble adjusted
estimated drawdown to obtain a value of possible maximum and
minimum pumping elevations over the projected fut;ure. This
analysis gives an estimate of the minimum and ma:cimum pumping
levels for a given minimum discharge for a specific pumping
schedule.

15-10. Analysis of Basic Data on Well and P\lmp
Performance.-To amplify the previous discussion, a summary of
the procedures and methods in a hypothetical situa'tion is given in
this section.

(a) In a developed area, a review of existing well per-
formance hydrographs and logs of wells in the vicinity
prior to drilling the pilot hole indicated that the desired
yield could be obtained from a well within thE~ following
range of conditions:

(1) Depth to static water-level 245 to 285 feet
(2) Annual fluctuation in static water-level 6 to 8 feet
(3) Probable drawdown @ 900 gal/min 25 to 40 feet
(4) Average annual water-level

decline during a 6-year trend. 5 feet per year
(5) Depth of existing wells. 400 to 500 feet
(6) Thickness of saturated aquifer. 200 to 250 feet
(7) Average age of wells. 15 years
(8) Problems from encrustation or

corrosion. little lor none reported

(b) The pilot hole showed the following conditions at the
well site:

(1) Depth to static water-level 254 feet
(2) Thickness of saturated aquifer. 226 feet
(3) Depth to bottom of aquifer. 480 feet
( 4) Mechanical analyses of the aquifer mateTial and

study of the log showed an adequate thickness of
materials was present opposite which al 0.050-inch slot
(No.50) screen could be set to furnish 1;he desired
yield. In an undeveloped area, the pilot hole
information would probably be supplemented by a
pumping test to determine aquifer characteristics.
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(5) Chemical analysis of the water indica1;ed total
dissolved solids content of 300 parts per million, pH of
7.2, and favorable Ryzner and Langlj.er corrosion and
encrustation indices.

(c) Basic well design:

(1) Required minimum yield. 900 gaI/min
(2) Minimum pump bowl nominal

diameter 10toI2inches
(3) Minimum pump chamber diameter. ...12 to 16 inches
(4) Pump chamber depth:

a. Present static water-level (b)(I) 254 feet
b. Possible maximum drawdown (a)(3) 40 feet
c. Decline in static water-level in

20 years (a)(4) 100feet
d. Decline in pumping level in 20 years due to

1-percent annual deterioration of well
(judgment estimate) 2.48 feet

e. Overlap between screen assembly ~md pump
chamber (standard for this type of well) ..10 feet

f. Estimated total depth of pump chamber
casing required: Sum of a. through e. above
76.2+12+30+2.4+3 412feet
(254 + 40 + 100 + 8 + 10)

Since the aquifer thickness is 226 feet
and the maximum desirable
drawdown is 65 percent, the
maximum drawdown is:
226 x 0.65 = 147 feet.

The maximum desirable pumping
level would then be: 254 + 147 =
401 feet.

The maximum pump chamber dep1;h is:
40 + 10 feet overlap = 411 feet
or 120.2 meters (401 feet)
of usable pump chamber depth.

(5) Screen assembly:
a. 10-inch telescoping screen

(recommended diameter for
900 gaI/min from table 11-7 in
section 11-4) with 0.050-inch, No.50
slot has about 125 to 130 in2
per linear foot, see table 11-9,
section 11-4. To estimate gaI/miEl
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per linear foot of screen at
0.1 ftJs entrance velocity,
multiply square inches of open
area per linear foot of screen by
0.31. This factor is derived by
(0.1 ftls x 7.48 gal/ft3 x
60 seclmin)/(144 in2/ft2 = 0.31).

For an average area of 127.5 in2/ft
and an entrance velocity of
0.1 ftls, the amount of water
entering the well is 127.5 x
0.31 = 39.5 gal/min. Length of
screen = 900 gal/min/39.5 =
22.8 feet (minimum), use 30 feet.

b. As dictated by aquifer conditions, set
two 15-foot-long screen sections
separated by a 39-foot-long flush
tube section between depths of
411 and 480 feet.

c. 10-foot section of flush tube overlap.
d. Sump: 10 feet of blank flush tube extension

on bottom of screen with closed bail
bottom or other seal.

(6) Total well depth:
a. Pump chamber depth (c)(4)f 411 feet
b. Casing and screen assembly below

pump chamber including 10-foot
sump: Sum of{c)(5) a. through d.
30+39+10+10 89feet

Total depth of well: Sum of a. + b. above less
10-footoverlap 490feet

(7) Estimated pump requirements:
a. Q = 900 gal/min (discharge)
b. Drawdown (at end of 5 years)

(c)(4)b. + (a)(4) + (c)(4)d.
40+25+2 67feet

c. Drawdown (at end of 20 years)
(c)(4)b. + (c)(4)c. + (c)(4)d.
40+100+8 148feet

d. Pump lift (at end of 5 years)
(b)(l) + (c)(7)b.
254+67 321feet

e. Initial bowl setting for first 5 years
(c)(7)d. rounded to standard column
lengths 325feet
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(8) Estimated probable pump head losses:
a. Length of 8-inch column with

IV2-inchshaft 325feet
b. Column loss at 900 gal/min 10.4 feet
c. Discharge head loss. 0.03 foot
d. Total pump head loss b.+ c. 10.7 feet

(9) Estimated surface losses:
a. Elevation of bottom of storage tank. 550 feet
b. Elevation of shutoff elevation of

storagetank 56feet
c. Effective length 8-inch pipe and

fittings 104feet
d. Pipe head loss " 0.3foot
e. Maximum surface head requirement

b.+d " 59feet
(10) Estimated total hea(l:

(c)(7)d. + (c)(8)d. + (c)(9)e.
321+10.7+59) 391feet

(11) Probable pump (from manufacturer's d;lta):
Bowl diameter. 12-inch nominal
Head per stage 80.5 feet
Numberofstages 5
Horsepowerperstage 22
Bowlefficiency 82percent

(12) For 12-inch nominal bowls use 16-inch
casing. The clearance between 14-inch by
0.375-inch wall thickness with i.d. of
13.25 inches and bowls with o.d. of
11.5 inches would be inadequate.

(13) Final well design:
a. Casing: 16-inch casing from +1 foot to

depth of 411 feet.
b. Screen and casing assembly: 30 feet of 10-inch

by 0.050-inch slot screen and 59 £~et
of 10-inch casing from 401 feet to
490 feet.

(d) Results of step and 72-hour production tesb, on
completion of well and development:

5011 feet(1) Elevation of well head. (2) Static water-Ievel start of test (low wa1;er

period) (3) Thickness of aquifer. (4) Temperature ofwater
266
224
.5

feet
feet

4 oF
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(5) Step test: 3 steps at 387, 701, and
1,001 gal/min, each step runs 4 hours.

(6) Pump schedule may call for 30-day
continuous pumping. Projection of
drawdown through 900 gal/min parallel to
plot of first step indicates a 22-foot
drawdown in 30 days. Projection of 72-hour
pumping test drawdown to 30 days
indicates 24 feet.

(e) Refinement of pump requirements for first 5 years:

(1) Static water-level at end of 5 years:
(d)(2) + 5 x (a)(4) = 256 + 5 x 5 = 281 feet

(2) Thickness of aquifer in 5 years:
(b)(3) -(e)(I) = 480 -281 = 199 feet

(3) Drawdown for 900 gal/min for 30 days
at end of 5 years: (d)(6) x = (24) = 27 feet

(4) Pump lift at end of 5 years-no deterioration:
(e)(I) + (e)(3) = 281 + 27 = 308 feet

(5) Pump lift at end of 5 years and 1 percent a
year well deterioration: (e)(I) + (e)(3) x
1.05 = 281 + 27 x 1.05 = 309 feet

(f) Estimate of pump and well performance for first 5 years:

{1) Present water conditions Minimum pump lift

a. Static water-level {d){2) 256 feet

b. Aquifer thickness {d){3) 224 feet

c. Drawdown at 900 ga1/min (d){6) 24 feet

d. Pumplifta.+c. 280feet

(2) Low water conditions in 5 years:

a. Low static water-level (e)(I) b. Thickness of aquifer (e){2) c. Drawdown at 900 ga1/min, 30 days:

(e)(3) d. Pump lift (e)(4) plus I-percent

deterioration for 5 years. {3) bhp = gal/min times total head in feet divided

by 3,960 times efficiency of the pumping

unit: Efficiency of pumping unit is equal to

.281 feet

.199 feet

27 feet

309 feet
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the product of the bowl and motor efficiency:
(0.82)(0.90) = 0.74, use 75 percent

(900)(379) = 115hpbhp = <3:960)(0.75)

( 4) Shaft loss bhp = 4
(5) Total bhp = 119, use 125-bhp (93-kw) motor.

(g) NPSH required:

.15

.0.4

28.2

28.6

13.6

(1) Net positive suction head required at

900 gaI/min (2) Vapor pressure of water at 50 oF. (3) Barometric pressure at 5000 feet elevation .

(4) Available net positive suction head (3) + (2)

(5) Excessive net positive suction head (4) -(1) .

Theoretically this pump could operate with a 3.9-meter (13-feet)
plus suction lift; but for other reasons, it is preferable that the
bowls be submerged. The 97.5-meter (325-foot) bowl setting
originally estimated will be satisfactory.

The well with the above pump would perform satisfactorily for
5 years or more if the projections regarding aquifE~r thickness, etc.,
are realized. Eventually, an additional bowl would have to be
added, the bowl setting increased, and a larger motor installed. If
the decrease in aquifer thickness continued, at some still later
date, the yield would have to be reduced and a sec~ond well drilled
if the minimum yield requirements were to be met. Before any
such changes were made, a step test of the well would be desirable,
followed by rehabilitation if necessary, and a subsequent step test
before the new pump is specified.

When the basic pump bowls have been selected, the above data
and the charts and tables in the manufacturer's technical manual
permit estimates of additional values for use in the preparation of
designs and specification of components.

15-11. Additional Factors in Pumping Equipment
Design.-The hypothetical situation in section 15-10 covered
selection of the basic pumping equipment for the particular
application. Additional data on complete design include diameter
of the column pipe, diameter of the drive shaft, dil;charge head size

feet

foot

feet

feet

feet
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and type, lubrication, power selection, and type of drive. Most of
these items have been standardized by the industry, imd methods
of determining the required components are included in the
catalogs of pump curves and equipment issued by the various
pump manufacturers.

Most large pump installations use weatherproof electric motors
and control equipment. However, a pumphouse may be necessary
under certain conditions. To facilitate pulling the pu.mp, a roof
hatch located over the well or a removable roof shoulll be provided
in the design of a pumphouse.

A pit installation below the ground may be advanta.geous in some
instances; however, such installations are particularl:r susceptible
to flooding and are prohibited by some State regulations.

Pumps operating in corrosive waters may require use of
corrosion-resistant metals. The general conditions governing the
use of such metals are covered in the discussion on corrosion and
encrustation (chapter XVI). Specific solutions for a particular case
should be discussed with corrosion specialists and thE! pump
manufacturer.

The type of power unit selected usually depends on the
availability and cost of fuel. If electric service is available within a
reasonable distance, an electric motor is generally preferred
because of lower first cost, lower maintenance cost, a:tld its
reliability without regular servicing and periodic attendance. If
electric service is not available, an engine fueled with gasoline,
diesel fuel, natural gas, or liquid petroleum gas usuaUy must be
chosen. Such an engine can either be belted or geared to the pump
and can be fitted with many different appurtenances. Small
pumps can be powered by windmills where wind conditions are
favorable.

15-12. Measuring Pump Performance.-Cost oj' energy is one
of the principal expenses incurred in the operation of pumps.
Therefore, pumps should be monitored to ensure that; they are
operating at or near peak efficiency. Three factors must be
measured to check pump efficiency: (I) total head, (~:) input
horsepower, and (3) quantity of water pumped. Whe.[l internal
combustion engines are used, it is also to be taken si:multaneously
when the flow, head, and speed are steady. Other flow rates must
determine if the whole performance curve of the pump is desired.
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15-13. Estimating Total Pumping Head.-The total dynamic
head against which the pump is operating includes the vertical
distance from the water-level in the well while pumping to the
center of the free-flowing discharge, plus all losses in the line
between the point of entry of the water and the point of discharge.

If the discharge is maintained under pressure, the pressure
required at the pump head to operate the system is added to the
lift and line losses to obtain the total head.

Losses in pipe and fittings can be obtained from a hydraulics
handbook and pump-column losses from pump manufacturer
catalogs or from Standards of the Hydraulic Institute.

15-14. Estimating Horsepower Input.-A convenient method
of measuring the power input to electric motors ~,ithout
interrupting their operation is with a hook-on voltameter. Usually
there is enough slack in the wires in the motor st;arter box to
permit reading each phase. The method given hE!re pertains to
three-phase circuits but can be adapted to others" The power input
is obtained by dividing the average current of the, three phases by
the full load amperes as stamped on the nameplate of the motor .
For example, if the average current in the three phases for all
1,800 revolutions per minute, 200-volt, 30-horsepower motor, with
a full load current of 75 amperes, is 50 amperes, then 50 divided
by 75 equals 67 percent of the full load current, amd the power
input is 67 percent of the rated horsepower, or 20 horsepower. The
voltameter is not only convenient for determinin~~ that the motor
nameplate voltage is maintained, but it also will reveal any serious
unbalance between the three phases. This method of power
measurement should usually yield results accurate to within about
3 percent.

Another method of determining power input is with the aid of
the watt-hour meter. A watt-hour meter installed on the pump
control panel can be used. The procedure is simple to count the
number of revolutions of the meter disk for a time interval
(3 minutes is usually enough), during which time water discharge
measurements are also taken. The electrical input to the motor is
given by the formula:

3600RK
,hp input = 746t
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where:

R = number of revolutions of the disk in time t
K = meter constant taken from meter nameplate
t = time in seconds for R revolutions

If current and potential transformers are used, the meter
constant must be multiplied by the current transformer ratio, the
potential transformer ratio, or the product of both, and the
computations would then be made as follows:

3 6OORKM-
,hp input = 746t

where:

M = transformer ratio

Unless one is experienced in the operation and testing of large,
high-voltage motors, a qualified industrial electrician should be
consulted prior to testing for pump performance.

Where an internal-combustion engine is used as the prime mover
for a pump, the input horsepower can be calculated by methods
described in various mechanical engineering handbooks or
manufacturers' catalogs.

15-15. Measuring Pump Discharge.-Several means of
measuring the discharge of a pump are available, but for freely
discharging pumps, a weir or orifice is widely used and each is
adaptable to most field situations. Tables and information on
weirs, as well as on some other measuring devices, are available in
the Bureau of Reclamation Water Measurement Manual (1967), and
orifice plates have been previously described in section 8-9. Where
a closed system is involved, there are several types of flowmeters
which can be used.

15-16. Measuring Pump Efficiency.-With measurements of
total head, input horsepower, and quantity of water pumped, the
efficiency of the installation, expressed as a decimal, may be
determined from the following formula:
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Plant efficiency = Q (gallmin) x total head (ti)

3,960 x input horsepower

The pump efficiency may be determined by dividing the plant
efficiency by the efficiency of the electric motor or of the engine
and drive mechanism:

Pump efficiency = plant efficiency

motor efficiency

The efficiency of an electric motor is usually between 90 and
95 percent, depending on size and type, but an exact value can be
obtained from the information furnished by the manufacturer for
the particular motor. The efficiency of an internal-combustion
engine is more difficult to obtain because it changes as wear
occurs. Plant efficiency (sometimes called wire-to-water efficiency)
should be determined, at least annually, as a means of checking
wear or changes in pumping conditions. In some areas where
power costs are high and pumps are operated a large part of the
year, plant efficiency should be checked every 2 months (Fabrin,
1954; Vertical Turbine Pump Association, 1962).

15-17. Selection of Electric Motors.- The designer should
consult an electrical specialist for advice and assistance on
selecting electric motors. However, the following summary of
motor characteristics is included as a guide.

Electric motors are usually selected according to NEMA's
standards including its definitions of enclosures and cooling
methods.

Dripproof motors are built for a 40 °C ambient temperature rise.
These motors are satisfactory where equipment is installed within
a shelter.

Splashproof motors are built to tolerate a 50 oC ambient
temperature rise. Precipitation coming to the motor at angles less
than 100° from the vertical cannot enter the motor. These motors
are satisfactory for use in the open where rain, snow, and wind
'fel()c.ities are l\()t excessive.
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Weather-protected motors are made with provision for ambient
temperature rise of either 40°C type lor 50°C type II. The Type I
motor has the ventilation openings so constructed as to minimize
the entrance of rain, snow, or airborne particles into the motor .
Most are so constructed as to prevent the insertion of a rod
19 millimeters (3/4-inch) in diameter through the ventilation
openings. These motors are suitable for installation in the open
but screening of the ventilation openings is mandatory. They are
used in relatively unprotected locations where extreme adverse
weather conditions exist (i.e., areas where hurricanes, repetitious
storms, snow, extreme heat, and abundant rain are prevalent).

The number phases, frequencies, and voltage of the motor are
usually established in advance by the power service available.

The motor should be selected to deliver the estimated maximum
power required by the pump without overloading but with
consideration of the service factor and desirable insulation.

Thrust bearings are usually built into the motor and vary in type
of construction consistent with the magnitude of the thrust
expected. Total thrust consists of the weight of the rotating
elements of the pump, the weight of the column of water, and the
hydraulic thrust developed by the pump. Most pump
manufacturers' catalogs furnish thrust and bearing data.

Pump motors should be equipped with nonreverse protection.
This usually consists of a releasing coupling which disengages the
motor when the pump is stopped for cause, such as a power failure.
The coupling allows the pump drive shaft to spin in reverse as
water drains from the column pipe without driving the motor .
This eliminates the possibility of the motor turning in reverse or of
snapping the drive shaft in the event the power outage is only
momentary.

Supply line limitations often limit the amount of inrush power
required as a motor is started. If the supply line permits an
inrush of 600 percent of the full load current, the most economical
control is across-the-line starting. However, if limitations preclude
the 600 percent, a reduce-voltage starter should be used.

An electrical specialist should be consulted on all aspects of
selection, installation, and operation of electrical pumping

equipment
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In summary, in selecting an electric motor, the following factors
should be considered:

Power required by the pump and service factor of the motor

.Compatibility of design rotation rates of pump and motor

.Use of shelters or protected motors

.Adequate thrust bearing capacity

.Self-releasing couplings or other nonreverse protection

.Compatibility of pump discharge head, column pipe, and
motor dimensions

Inclusion of thrust horsepower loss in wire-to-water efficiency

Inrush limitation and need of reduced voltage starting

15-18. Selection of Internal-Combustion Engines.-
Selection of an internal-combustion engine as a source of power for
pumps is more complex than selection of an electric motor .
Internal-combustion engine horsepower ratings are usually given
without consideration for power consumed by accessories and are
rated for sea level operation. rhe developed horsepower decreases
with increase in altitude. The maximum developed horsepower is
usually rated at a given revolutions per minute and varies with
different manufacturers so sheave ratios for belt drives and gear
ratios for gear drives must be selected to give compatibility of
pump and motor speeds. Most internal-combustion engines
undergo up to 25-percent reduction in developed horsepower if
used continuously as compared to intermittent use. When an
engine is adapted to the use of natural gas or other similar fuel,
the BTU rating of the fuel is also a factor in estimating the
developed horsepower. Engine manufacturers can furnish data
which will permit estimates of the horsepower and speed developed
by their engines at various altitudes, BTU content of fuel, and
other factors.
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« Chapter XVI

WELL AND PUMP COSTS, OPERATION AND

MAINTENANCE, AND REHABILITATION

16-1. Well Construction Costs.-Until recently, standards in
the water well drilling industry were largely determined by local
custom. Accordingly, many design and construction practices were
questionable. The situation was further complicated by the
geographic concentrations of drilling contractors, reluctance of
contractors to move more than 65 to 80 kilometers (40 to 50 miles)
from their base of operations, diverse geologic and hydrologic
conditions, diverse drilling methods, and seasonal operations. Well
construction costs that developed under such conditions tended to
be erratic and unpredictable. Although these problems have not
been eliminated entirely, the industry has been stabilized by
several factors, including:

Enactment of minimum well construction standards by many
States

.

Development of more efficient and versatile equipment

Training of contractors in good engineering and business
practices

The organization of State, regional, and national drillers'
associations

Well construction costs show a marked seasonal variation in
much of the country. Costs are usually highest in the early spring
and lowest from early fall to midwinter. Move-in costs for small
wells are usually relatively low, but they can be extremely variable
for larger, more complex jobs. This variation on larger jobs may be
attributable to the unbalancing of bids to obtain operating funds
early in the operation.

The foregoing practices have precluded the establishment of a
meaningful well construction cost index similar to those made
available to the general construction industry by various
engineering publications and reporting services. Consequently,
cost estimates must be based on site-specific market surveys. For
small jobs, such as a water-supply for a campground, the market
survey should be limited to local contractors. Large jobs involving
development of entire well fields for municipalities, for instance,
may justify a nationwide market survey.
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16-2. Pump Costs.-The vertical turbine pump is practically
standard equipment for water wells of moderate to large capacity.
Manufacturers have essentially standardized all motors, motor
controls, pump discharge heads, and column assembly features so
that they are generally interchangeable for pumps of a given size,
capacity, and rotation rate.

A wide variety of off-the-shelf pumping units of standard
construction is available, and some manufacturers offer
off-the-shelf units for use in corrosive environments.

Most manufacturers publish manuals and catalogs describing
their products which contain performance curves showing
head-capacity relationships, bowl efficiencies, horsepower
requirements, pump speeds, and net positive suction head
requirements. Similar publications are available from motor ,
electrical control, valve, and flowmeter manufacturers. A review of
the available literature will usually permit preparation of
specifications which will permit bidding on a competitive basis.

Small wells usually are equipped with jet, lift, or small
submersible pumps. Local distributors can usually furnish
literature on capacities, costs, etc., for the preparation of
specifications and cost estimates.

16-3. Operation and Maintenance Responsibilities.-
Operation and maintenance of wells and pumps are usually the
responsibility of ground-water specialists and mechanical design
personnel. Primary responsibilities may include pump selection,
pump installation, and design of discharge and distribution
facilities including controls and housing. Close coordination
between these two technical groups assures that certain features
will be included in the discharge and distribution facilities to
permit proper monitoring and maintenance of the well and pump.
The more important of these features include:

An outlet in the discharge system to permit diversion from
the system during future test pumping and water sample
collection

A permanent throttling valve on the discharge

A permanent air line with valve and gauge for water-Ievel

reading
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Access into the pump chamber casing which can also be used
to measure water-levels by tape or electric probe

Ready access to the well to pull the pump and maintain the
well

16-4. Operation and Maintenance Basic Records.-All well
installations should incorporate basic documentation. This
documentation includes well construction, well performance tests,
and pump efficiency records. Well construction records include
geologic or formation logs, as-built construction diagrams, and
mechanical analyses of aquifer and gravel pack (if used) samples.
Upon completion, every well should be tested for performance.
Wells should be tested for:

Sand content of the discharge
Drawdown at various yields (step drawdown)
Drawdown at design capacity
Plumbness and alignment
Water quality analyses

Mter the permanent pump is installed and adjusted, its
efficiency should be tested and results should be recorded. A
permanent pump should be tested for wire-to-water efficiency
(actual discharge of pump compared to theoretical discharge con-
sidering amount of energy used), shut-in head, and conformance to
the performance curves furnished by the manufacturer. These
data, together with a copy of the well and pump specifications,
should be included in the permanent record. These data provide
the baseline to which the results of subsequent tests of the entire
installation will be compared so that pump and well conditions can
be evaluated and the need for rehabilitation or other maintenance
can be determined.

The following conditions can generally be assumed for Bureau of
Reclamation installations:

The well was carefully designed, constructed, developed, and
tested after completion to permit the determination of
specific capacity and related characteristics of the well and
the quality of the water .
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The pump was selected to discharge the minimum acceptable
volume of water at the estimated maximum probable pump
lift and within an acceptable range of efficiencies.

The pump was installed in the well and tested for
conformance to the specifications.

The pump and motor have received the service and
maintenance recommended by the supplier .

16-5. Video Well Surveys. -Loss of well efficiency,
development of sand pumping, change in quality of water, or well
failure are all causes of concern and usually require well
rehabilitation or replacement. A video survey of the well is one of
the most economical and helpful tools for determining the nature of
the problem and possible method of rectification.

Closed-circuit video equipment gives excellent black and white or
color views down the well (1ongitudinal) and, with some equipment,
horizontal (radial) views of the side of the hole. The horizontal
views are particularly valuable in close-up viewing of suspected
corrosion or encrustation of screens or perforated zones.

Some equipment will operate in holes as small as 75 millimeters
(3 inches), but generally, a 150- to 200-millimeter (6- to 8-inch)
hole is required. Video surveying services are available from
several Federal agencies and commercial operators.

Prior to making any video survey of a well, an effort should be
made to clarify and reduce the turbidity of water in the well.
Many procedures have been used to address this problem, but none
have been markedly successful. However, the following procedure
is recommended:

If the water has a pH below 7, about 1 kilogram
(2 pounds) of slaked lime, Ca(OH)2, per 4,000 liters
(1,000 gallons) of water in the well should be added
and thoroughly dispersed through the total well depth
by surging before adding the coagulant as described in
the following paragraph.

If the pH of the water is above 7, the alkalizing agent is
not necessary and about 0.25 kilogram (0.5 pound) of
alum (Al2(SO4)3) or ferric sulfate (Fe(SO4)4) per
4,000 liters (1,000 gallons) of water in the casing and
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screen should be added to the well. The well should
then be strongly agitated with a surge block or similar
tool through the entire depth of water for at least
30 minutes for each 30 meters (100 feet) of water in
the well. The surging and agitation will loosen any
existing biomass or even some light mineral deposits
from the well screen. If the intent of the video survey
is to view these deposits, then the video should be
attempted without surging and bailing the well.

The coagulant should be added to the well at least
3 days, and preferably a week, before inserting the
camera into the hole.

If a layer of oil is present on top of the water in the well,
an effort should be made to bail the oil out before adding
the coagulant. This procedure is usually not wholly
successful, so the camera lens should be wetted with a
strong solution of detergent as it is placed in the hole.
This procedure will prevent the lens from being coated
with oil, which would considerably reduce the definition
of the image.

If repairs or rehabilitation are performed on the well, the
video operation should be repeated to provide a record
for comparison on future inspections.

16-6. Routine Observations and Measurements on Large
Capacity Wells.-Irrigation wells and other large capacity wells
are often operated seasonally in conjunction with agricultural
requirements. Proper monitoring and preventive maintenance can
eliminate or substantially reduce operating costs of these wells. A
general monitoring program should include the following
measurements and observations:

Static ground-water-level measurements a week or two
before the pumping season begins.

Measurements for drawdown, discharge, and power usage
shortly after the start of the pumping season. These
measurements should be made after at least 8 hours of
continuous well operation.
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Sand content of the discharge should be measured 5 minutes
and 30 minutes after initial startup. Most wells will produce
a small amount of sand when pumping is initiated after a
long idle period. The sand pumpage should not increase
from year to year and should return to near normal condition
after 30 minutes of pumping.

.

In multiwell fields, each well should be tested individually
and drawdowns in the adjacent wells should be measured
during the test.

Static water-level measurements at intervals of several
months during the pumping season (a minimum of 12 hours
of nonoperation should be allowed before measuring static
levels).

Total seasonal amount of water pumped and power used for
determining wire-to-water efficiency.

End-of-season water sample taken for water quality analysis.

At the end of the pumping season each well should be
measured, if possible, to determine the total depth.

Static water-Ievel measurements each year about midway
between the end of the pumping season and the beginning of
the following pumping season.

Continuous hydrographs should be plotted of the static
levels, pumping levels, and specific capacities of each well

If sand or other material has accumulated in the bottom of a well
to a level where it has encroached on the screen, or may encroach
on the screen during the next pumping season, the pump should be
pulled and inspected, and the well should be bailed clean before
any other tests or measurements are made. Where possible, the
following measurements and tests should be made:

Static water-level

A step test at about the same rates and for the same period
of time as was made when the well was initially completed

Closed-in head.
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Wire-to-water efficiency

. Sand content of the discharge 5 minutes and 30 minutes
after pumping is started

Water samples taken for quality analyses

The tests should be analyzed and the results should be compared
with those of the initial tests made when the well was completed.

Preventive maintenance includes routine lubrication and
servicing of each well installation. During routine lubrication and
servicing, the following should be observed and recorded:

.

.

.

.

.

.

.

.

Any increase in sand content of the discharge
Decrease in discharge
Excessive heating of the motor
Excessive oil consumption
Excessive vibration
Sounds possibly attributable to cavitation
Cracking or uneven settlement of the pump pad or foundation
Settlement or cracking of the ground
Change in ground surface gradient around the well

16-7. Interpretation of Observed or Measured Changes in
Well Performance or Conditions.-As discussed above,
observations made during preventive maintenance and servicing
can reveal changes in well performance or conditions. The
following paragraphs offer some guidance in interpreting changes
in well performance or conditions.

A decrease in specific capacity without a proportional decline
in the static water-level may indicate blockage of the screen
or gravel pack by encrustation, or collapse of casing or
screen.

Should the specific capacity during a step test show a decline of
10 percent or more from the original step test at a given discharge,
the well should be surveyed with a dolly or bailer (section 12-8) to
determine the location and extent of possible contributing
conditions. If collapse appears to be the problem, the well should
be inspected with video equipment (section 16-5) to determine the
location and nature of the collapse. If collapse is not the problem,
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the inside of the well should be scraped and the sediment that was
subsequently bailed from the bottom should be examined to
determine the chemical composition, nature, and extent of the
encrustation material as a basis for a plan or rehabilitation.

An increase in sand content of the discharge, particularly if
it is associated with a measurable accumulation of sand in
the bottom of the well, may indicate enlargement of slot sizes
by corrosion; settlement of gravel pack beneath a bridge
leaving an unpacked zone opposite a screened section; a
break in the casing or screen, usually at a joint; or failure of
a packer seal. Mechanical and mineralogical examination of
a sample bailed from the bottom of the hole and comparison
with the original description of the aquifer and gravel pack
materials made during construction of the well may give
some indication of the nature of the difficulty. If the
material is noticeably smaller in grain size than the grain
size of any aquifer screened in the well, or if the material
contains the full range of sizes of the gravel pack, either the
casing or the screen are probably broken. If all the material
is smaller than the screen slot sizes, a bridge in the gravel
pack has probably developed. If the above interpretations of
grain size and distribution are not applicable, the problem
may be caused by enlargement of a slot size by corrosion. A
problem apparently caused by bridging can frequently be
corrected by redevelopment while pouring water down the
gravel refill tremies and the addition of gravel pack material
(section 11-12). The other problems usually require a video
survey to be made of the well to more clearly assess the
problem. Decisions can then be made concerning the
practicability of rehabilitation and the procedures to be
followed.

Settlement or cratering of the land surface around a well, the
development on the ground surface of small drainage
channels toward the well, and cracking and settlement of
pump pads and foundations are all indicative of settlement of
the well structure. In some areas, the problem may be
associated with land subsidence caused by excessive pumping
of the aquifers. Usually, the problem is related to poor well
design, construction, or development, and results from
excessive pumping of sand. In many instances, the sand
pumping is complicated by collapse of casing or screen,
bridging of gravel packs, and similar deterioration. When
such conditions are encountered and as a basis for
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rehabilitation, the well should be taken out of service,
sounded for depth, and surveyed photographically to
determine whether any structural damage has occurred. If
the well cannot be shut down because of the need for water I
the casing should be temporarily supported by welding heavy
I-beams to it (section 11-2).

The foregoing problems are related primarily to the well and are
the most commonly encountered. Many of them may occur because
of conditions that were not considered in the original well design;
others are caused by inadequate investigation prior to construction
or the attempt to standardize on a particular well design. In any
event, any failure or deterioration should be thoroughly
investigated and recorded along with the rehabilitation program
used and the success of the program. These data should be made a
permanent part of the well records and used as a guide in the
design and construction of wells drilled in the area in the future.

Decline in pump discharge and head may be caused by
deterioration of the pump or simultaneous deterioration of
both the well and the pump. A decrease in shutin head and
significant decrease in discharge without a corresponding
decline in static water-level and specific capacity is a
common occurrence. The condition is usually caused by
(I) improper adjustment of the impeller because of wear or
other causes, (2) a hole in the column pipe, or (3) erosion or
corrosion of the impeller or bowls. The latter condition is
usually associated with considerable vibration when the
pump is running.

Excessive vibration of the pump may result from imbalance
of the impeller or from the pump being installed in a crooked
well. If the condition cannot be corrected by adjusting the
impellers, the pump should be pulled and repaired or
replaced. The cause of the problem should be thoroughly
investigated and made a part of the permanent well and
pump record. If the vibration is caused by a crooked well,
routine maintenance will not cure the problem, and a new
well may be needed.

A pump which makes a crackling noise similar to gravel being
thrown on a tin roof is probably experiencing cavitation, a form of
erosion, of the impellers. This condition is particularly true if
the discharge is surging and irregular and contains considerable
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air. The condition usually results from a decline in the static
water-level, encrustation, or accumulation of sand in the screen.
Any of these conditions results in excessive drawdown for the
pump and a decline below that required in the available net
positive suction head. If the condition is caused by a decline in the
static water-level, it can usually be corrected by lowering the
bowls. Severe cases may require additional stages and a larger
motor in addition to lowering the bowls. The well should also be
checked for possible encrustation of the screen or other causes of
reduced efficiency.

Excessive heating of the motor is occasionally encountered
and is usually associated with an overload condition and the
consumption of excessive electrical energy. Excessive
heating may be caused 'by:

-A poorly adjusted impeller which is dragging on the bowls
-A packing gland that is too tight
-Improper or unbalanced voltage
-Poor electrical connection
-Improper sizing of the motor

Occasionally, excessive heating is caused by trash that has
lodged in the bowls or blockage of the impellers or bowl channels
byproducts of corrosion and encrustation. Correct.ion entails
pulling the pump for repair. These conditions may also be
associated with inadequate discharge. Where overheating is
encountered, the installation should be checked by an electrician,
as a first step, to determine whether the trouble is in the power
system or in the pump rather than in the well.

Occasionally, a noticeable increase in oil consumption is
encountered in oil-lubricated pumps. The excessive
consumption may be caused by a hole in the wall of the oil
tubing or excessive wear on a packing gland in the tubing.
These conditions can result in a decrease in differential
pressure in the oil tubing and loss of oil into the well. The
first condition can result in inflow of water into the tubing
and formation of an emulsion of water and oil. The emulsion
lacks adequate lubricating qualities and can result in
excessive wear or bearing burnout. The escape of oil into the
well can result in the accumulation of oil floating on the
water surface in the casing. With adequate pump
submergence, this latter condition may not cause serious
trouble. However, if drawdown increases for any reason, oil
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may be drawn into the pump, or oil may leak through the
screen to the aquifer causing impairment of water quality.
In addition, the presence of oil may preclude accurate
measurement of static water and pumping water-levels.

Small capacity wells of less than 500 liters per minute
(125 gallons per minute) commonly have 150 millimeters
(6-inch) or smaller casing and screen, and materials used in
their construction are relatively light in weight. Although
the observations and measurements outlined above for large
capacity pumps and wells are equally applicable, they are
usually difficult to justify economically.

.

Pumps may be shaft-driven vertical or submersible turbines,
ejector, cylinder, or suction types of various kinds. The cost
of the well construction is minor compared to a large
capacity well. In many instances, when a small capacity well
fails, replacement is less expensive than rehabilitation.
Although the continued observation and periodic inspection
and testing of small capacity wells can seldom be justified
economically, the wells should be checked at least once a
year for discharge, drawdown, specific capacity, sand content
of discharge, effective depth, and static and pumping water-
levels. Many manufacturers' handbooks give methods of
testing and evaluating the condition of their pumps. The
literature should be consulted and, where practical, the
recommendations should be applied.

16-8. Well Rehabilitation Planning.-Most Reclamation
water storage, conveyance, and control structures are subject to
periodic inspection and testing. However, wells and pumps are
often neglected. Wells deteriorate over time, and the deterioration
may not be readily discernible during operation, thus eluding
recognition until the well fails.

Well deterioration is difficult to monitor because the greater
portion of both well and pump are located beneath the ground
surface. Problems usually develop slowly to a critical point and
then accelerate rapidly to failure. Rehabilitation may be possible if
the deterioration can be recognized before reaching the critical
point. If the deterioration continues too long, the potential of
successful rehabilitation is substantially decreased. A loss of
50 percent or more in well efficiency usually means the well cannot
be successfully rehabilitated by routine redevelopment methods.
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Efficiency may be reduced because of encrustation, corrosion, or
other factors which tend to reduce the intake area of the screen or
permeability of the adjacent aquifer .

Water well rehabilitation includes the repair of wells which:

.

.

.

.

Have experienced failure of the screen or casing,
Have begun to pump sand,
Have experienced a change in water quality, or
Have shown a marked decrease in efficiency

Normally, well rehabilitation does not include deepening or other
major changes in the well structure. Construction of a replacement
well may be necessary if rehabilitation of a well is impracticable.

A major problem in well rehabilitation may be in determining the
exact nature of the deterioration because the screen and other
components most likely to deteriorate are not subject to direct
visual inspection or testing. Accordingly, well rehabilitation
usually involves the risk of further damaging a well or destroying
its usefulness. However, the element of risk can be reduced by
data collection and planning prior to undertaking the work. Data
should include:

(a) Original design and constructioh (as-built conditions)
(1) When drilled
(2) Method of drilling
(3) Materials log
( 4) Geophysicallogs
(5) Casing log

a. Length and diameter
b. Wall thickness
c. Type and location of joints

(6) Screen or perforated casing description
a. Type and material
b. Length and diameter
c. Slot size
d. Depth of settings
e. Type and location of joints

(7) Grout or seals
a. Type and composition
b. How placed

(b) Mechanical analysis of aquifer material and gravel pack
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(c) Relationship of aquifer material or gravel pack to screen slot

opening

(d) Method and completeness of development

(e) Original pump test results: step and constant yield tests,
sand content of discharge

(f) Ground-water hydrographs in the area

(g) Water quality test results

(h) Summary of historical performance and operation

(i) Summary -of needed maintenance and rehabilitation

A number of proprietary methods have been developed to
rehabilitate wells and improve well yields. These methods
generally use specialized mixtures of chemicals, such as hot water
and acid mixtures, liquid carbon dioxide, or specific combinations
of acids, disinfectants, or surfactants. Often, these proprietary
methods also employ specially designed tools, injection nozzles, or
some other physical method to enhance the chemical action.

16-9. Sand Pumping.-Most wells pump sand to some degree.
However, proper design and adequate development usually can
limit sand pumping to an acceptable concentration. Excessive sand
pumping is accompanied by numerous undesirable side effects.
Pump bowls and impellers may be eroded by sand and necessitate
frequent replacement. Not all sand entering a well is pumped out
with the discharge. Some of the larger grained portion of the sand
settles to the bottom of the well where it may encroach on the
screen and reduce well efficiency. This reduction results in
increased drawdowns, increased entrance velocity, and perhaps
accelerated corrosion and encrustation.

The sand in the discharge may collect in pipelines and channels,
thereby reducing their carrying capacity and necessitating periodic
cleaning. Furthermore, sufficient sand may enter a well to create
fairly large cavities in the aquifer around the screen. As the
cavities collapse, the casing or screen may be broken or deformed.
In severe cases, subsidence at the surface may damage the entire
installation. Where sprinkler systems are directly supplied from a
well, excessive sand may block the pipelines and erode the orifices
in the sprinkler heads, which changes the distribution pattern.
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If sand pumping is caused by a broken screen or casing or faulty
packer, the location and nature of the break can usually be
determined by sounding and can be verified by a video survey of
the well. In a few instances, the break may consist only of a
parting of the casing or screen at a point with no offset of the axis.
This break is the easiest type to repair. In most cases, the break
will be associated with displacement of the axis and possibly
deformation of the casing and screen on one or both sides of the
break. The best procedure is to run a hydraulic or mechanical
casing swage into the well to round out and, if possible, realign the
casing or screen. In some instances, the casing and screen may be
so far out of line that realignment may be impossible without
causing buckling of the casing elsewhere. No fully satisfactory
solution exists in this circumstance, although the well possibly can
be modified by inserting a liner to produce sand-free water at a
lower discharge and specific capacity. Where approximate or
complete realignment is possible, the well can be repaired by
inserting a liner through the break and a.'1choring the liner in
place either by using a hydraulic swage or by cementing it in place.
This procedure usually will reduce the yield or specific capacity
and may require the use of a different pump because of the
reduced inside diameter .

If a broken or defective seal is involved, several possibilities for
repair of nontelescoped assemblies may exist. Removing a swaged
lead seal is almost impossible without pulling the casing or screen.
One solution is to telescope 3 meters (10 feet) or more of liner with
neoprene rubber seals sized to both the smaller and larger casings
into the smaller casing. Another solution is to swage a liner into
the smaller casing with the end extending about 0.9 meter (3 feet)
above the original lead packer and then fill the annular space with
a neat cement grout.

If the problem is caused by either localized enlargement of screen
slots or a hole in the casing or screen as a result of corrosion, a
liner can sometimes be swaged in place in the corroded section.
The liner in all cases should be made of the same material as the
casing or screen within which it is placed.

In some instances, because of poor initial slot selection or
enlargement of slot sizes over the greater length of a screen
because of corrosion, insertion of a liner is impractical. If
telescoping construction has been used, the screen may be pulled
and a new screen with smaller slots or casing made of more
corrosion-resistant materials may be installed. This procedure is
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impossible, however, where single string design has been used.
Nevertheless, rehabilitation has been made on single string designs
by ripping the original screen to increase the open area and then
telescoping a smaller diameter screen inside it. This procedure
may be used as a temporary expedient but is not recommended as
a permanent repair. Well efficiency is reduced and will deteriorate
rapidly, although several years' service may be obtained from the
well. In some instances, stainless steel screen has been installed
inside low carbon steel. This practice is not recommended. The
same material should be used as in the original screen; otherwise,
aggravated corrosion of the original screen and blockage of the
inserted screen by incrusting corrosion products are almost certain
to result.

Where sand pumping has resulted from settlement and bridging
of a gravel pack, the best procedure is to vigorously redevelop the
well while injecting large quantities of water into the pack from
the surface. This procedure will usually cause the bridge to
collapse, thereby reestablishing the integrity of the pack.

Additional material should then be added to replenish the pack.
In older wells, the bridging may be a result of local cementation of
the pack and the foregoing procedure may be ineffective. In such a
case, the well should be acidized, and then another attempt should
be made to cause collapse of the bridge.

Where casing settlement has occurred, the structure should first
be supported by welding parallel I-beams of adequate strength and
length to opposite sides of the casing collar at the ground surface
(section 11-4),

The well should then be surged vigorously while water is injected
into the gravel pack or, if no pack is present, water should be
applied to the caved area around the top of the well. Selected
gravel pack material should be added to the pack or to the caved
area around the well as required. This procedure will fill existing
caverns and cause bridging to collapse and ensure a stable
condition before further rehabilitation is undertaken. Excessive
subsurface movement during this work may aggravate the
situation or cause additional casing failure, which may make
further work impractical. During work of this type, care should be
taken to ensure that rapid settlement does not endanger workers
or equipment.
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Collapse from excessive hydraulic differential head may result
from overpumping a well which has inadequate entrance area in
the perforations or screen or from loss of intake area because of
encrustation. This condition is seldom a problem where casing
with an adequate diameter to wall thickness ratio has been used.
Necessary corrective measures may include swaging the affected
component to full diameter or reducing pumping.

16-10. Decline in Discharge.-A decline in discharge and an
increase in drawdown are usually caused by:

A decline in the static water-level

The installation of additional nearby wells that have over-
lapping areas of influence

.

An accumulation of sediment on the bottom of a well
sufficient to cover a significant part of the screen

Collapse of the screen.

Encrustation of the screen and gravel pack.

Where the decline in yield is the result of a decline in the static
water-level or interference from other wells, the situation may be
repairable by merely lowering the pump bowl and, if necessary,
adding additional bowls and a larger motor. If regular measure-
ments are made of static and pumping levels in the well, the cause
is usually apparent.

The possibility of decline in yield caused by accumulation of sand
over part of the screen can be determined by sounding the well.
The solution is to bail the well clean. However, such an
accumulation is usually indicative of other problems. The
discharge should be tested for sand content and, if too high, the
investigations outlined in section 16-7(b) should be made.

If collapse of the casing or screen is suspected, lowering a bailer
or dolly down the hole on a cable will usually show the
approximate location of the problem (section 12- 7). If collapse is
indicated, a television or photographic survey should be made to
determine the nature of the damage and the possibility of repair .
If the casing or screen is not broken, the problem may be corrected
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by using a hydraulic or mechanical casing swage. If a break has
occurred, however, corrective measures should be taken as
described in section 16-9.

16-11. CorrosioD.-Corrosion problems develop in many forms
and from many causes as described in section 11-2. Corrosion that
has caused the screen or casing to fail will result in sand pumping
and accumulations of sand in the bottom of the well. The
corrective measures described in section 16-9 should be taken.
However, before proceeding with repairs, one should ensure that
materials used will be compatible with the original materials
(section 11-2).

16-12. Encrustation.-Section 11-3 deals with encrustation
considerations at the design stage. This information is equally
valuable in maintenance activities but will not be repeated here.

An aggravated mineral encrustation problem in an existing well
can often be overcome by reducing the rate of pumping and,
consequently, the entrance velocity of the water flowing into the
well. This procedure may be accomplished by installing a smaller
pump and operating the well longer to obtain a required quantity.
Where this practice is not possible, the rate of deposition may be
decreased by installing several wells and pumping them at a
relatively low rate to obtain the needed volume of water .

Because encrustation cannot be entirely avoided, rehabilitation of
permanent wells should be anticipated in many cases. Good
practice involves carrying out such rehabilitation at stated
intervals before the problem becomes too acute at anyone well.

Mineral encrustation caused by bacteria often is a factor in the
decline of yield ofa well. Crenothrix or similar organisms form a
slimy, gelatinous mass which accumulates on the screen or other
metal parts in the well. This substance may appear in the well
water as fine, short, reddish-brown filaments in a gelatinous
matrix. The mass not only blocks the screen but gives a
disagreeable taste and odor to the water and fosters aggravated
corrosion of the ferrous metal parts. Where experience has shown
that such organisms infect wells in an area, newly drilled and
serviced wells and pump installations should be thoroughly
sterilized as a preventive measure. Similarly, sterilization of
infected wells may, in some cases, destroy the organisms and
alleviate the problem.
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16-13. Use of Explosives and Acidizing.-If all other
possibilities are eliminated, the problem of reduced yield is usually
one of encrustation of the screen or pack. The first step in
rehabilitation is to scrape the inside of the screen with a steel disk
on a drill stem or rod to break loose some of the incrusting
materials which will settle to the bottom of the well. These
scrapings should be examined to determine the nature and
chemical composition of the encrustation. If the encrustation
consists primarily of calcium, magnesium and iron carbonates, or
iron hydroxides, rehabilitation using sulfamic or hydrochloric acid
may be possible.

If iron and manganese compounds constitute over 20 percent of
the material, other than included sands, corrosion should be
suspected as a contributing factor. If the molecular ratio of
Fe(OH)3 (ferric hydroxide) to FeS (ferrous sulfide) is 3 to 1,
sulfate-reducing bacteria are probably a contributing factor .

After the nature of the encrustation has been determined, re-
examination of the video survey of the well is recommended to
assess the extent and location of concentrated zones of
encrustation.

If the encrustation does not appear to be heavy and the condition
of the screen is believed to be good, a single string of 150 grains
per meter (50 grains per foot) of Prima Cord, cut to the length of
each screen section, can be fired within each screen section. In
some instances, two shots may be advisable, but in no case should
more than one string be fired at a time. Shooting will crack and
break the encrustation and cause it to be more readily attacked by
the subsequent acid treatment. The practice usually results in
some encrustation being broken out of the screen and settling to
the bottom of the well. This debris should be removed by bailing
before acidizing.

Shooting should not be attempted in any well that has pumped
appreciable sand or where evidence exists that the casing or screen
might not be fully supported by earth materials.

Sonar Jet cleaning, a patented process, consists of shooting a
series of small explosive charges in a well with a slight delay
between the detonation of each successive charge. This process has
not been extensively used by the Bureau of Reclamation, and
reports of its effectiveness are variable. Sonar Jet cleaning should
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be considered where other procedures have been poor or ineffective.
Whether the well is shot with Prima Cord or by Sonar Jet, it may
require acidization subsequent to shooting.

When complete rehabilitation is impractical, shooting alone will
often temporarily improve well performance. This procedure may
be done by lifting the pump head from the base and moving it to
one side. The Prima Cord is lowered alongside the column pipe
into the well and detonated within the screen or screens, and the
well is developed by placing the pump back in position and
rawhiding. The above procedure is a temporary expedient at best
and should be followed by a more complete program as soon as
conditions permit.

For successful well acidizing, the acids must be strong and the
products of the reaction must be soluble. The more commonly used
acids are muriatic or hydrochloric (HC1), sulfuric (H2SO4)' and
sulfamic (amino sulfamic) (H2NSO3H).

Where iron or manganese constitute a significant part of the
encrustation and the pH of the acid solution reaches about 3, the
iron and manganese compounds form insoluble precipitates which
settle out. Under these conditions, chelating agents should be used
to keep the iron and manganese compounds in solution so that
they may be readily pumped from the well. Commonly used
chelating agents are:

.Citric Acid-(COOH)CH2C(OH) (COOH) CH2COOH

.Phosphoric Acid-H3PO4

.Tartaric Acid-HOOC (CHOH) COOH

.Rochelle Salt-KNaC4H4O6

.Glycolic Acid-(HOCH)2COOH

Usual amounts of chelating agents used are:

0.45 kilogram (1 pound) of agent to 7 kilograms (15 pounds) of
sulfamic acid powder

0.9 kilogram (2 pounds) to each 3.8 liters (gallons) of 15-percent
HCl

1.8 kilograms (4 pounds) to each 3.8 liters (gallons) of H2SO4
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Sulfuric acid is seldom used in acidizing wells because the
reaction of sulfuric acid with calcium carbonate forms calcium
sulfate (gypsum), which is relatively insoluble and difficult to
remove from the well.

In addition, even when inhibited, sulfuric acid is aggressive to
most metals, particularly copper alloys. It should be used only as
a last resort when two or more treatments with less active acids
have been unsuccessful, and the only other alternative is the
construction of a new well.

Muriatic or hydrochloric acid was for years the most commonly
used acidizing agent and is still popular. However, hydrochloric
acid should not be used even in inhibited form on wells equipped
with type 304 or 308 stainless steel screens, casing, or other
components because it causes stress corrosion cracking of these
alloys. The damage caused by the acid may not show up for some
time after treatment of the well. However, use of hydrochloric acid
would probably be safe with type 316 or 321 stainless steel.

Muriatic acid is available commercially in three strengths, but
that most commonly used for well acidizing is 18° Baume or
27.92 percent hydrochloric acid. The acid is usually used full
strength. The volume of water within each screen section is
estimated, and 2 to 2-1/2 times as much acid as water is placed in
the well through a plastic or black iron pipe within each screened
section. Diethylthiourea or similar inhibitor in the amount of
0.2 kilogram per 380 liters (0.5 pound per 100 gallons) of acid is
used as well as chelating agents if required. The acid is normally
left in the well for 4 to 6 hours; the well is then surged with a
surge block for 15 to 20 minutes at about I-hour intervals, after
which the solution is pumped or bailed from the well and properly
disposed.

Work involving hydrochloric acid is hazardous and should be
carried out by specialized well-servicing firms employing
experienced personnel and special equipment.

Sulfamic acid is being used increasingly for well treatment. It is
more costly than hydrochloric acid but is much more convenient,
safer to use, and more easily shipped and stored. It is not as
aggressive as hydrochloric acid and more time is required for an
equivalent treatment. If the work is done by the regular
maintenance crew or a local contractor, sulfamic acid is usually
less expensive than treatment with hydrochloric acid.
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The product of the reaction of sulfamic acid with calcium
carbonate is calcium sulfamate, which is highly soluble and readily
pumped from the well. If iron compounds make up a considerable
part of the encrustation, a chelating agent should be used.
Although not highly aggressive, sulfamic acid should not be used
on copper alloy screens and other components without an inhibitor .

The solubility of sulfamic acid is as follows:

Solubility
(kg/L)

Water temperature
(C)

0

5

10

15

20

0.62
0.65
0.70
0.75
0.81

Sulfamic acid in the amount of 0.65 kilogram per liter of water is
equivalent in reaction to 3.8 liters of 18° Baume (27.97 percent)
hydrochloric acid and 1.4 kilograms of 15 percent hydrochloric acid
per 3.8 liters of water .

In English units, sulfamic acid in the amount of 5.5 lb/gal
of water is equivalent in reaction to 1 gallon of 18° Baume
(27.97 percent) hydrochloric acid and 3 pounds of 15 percent
hydrochloric acid per gallon of water .

Such sulfamic acid concentrations cannot be obtained as true
solutions; however, a slurry can be mixed and pumped into the
well. The mix proportions in 380 liters (100 gallons) of water
include 135 kilograms (300 pounds) of sulfamic acid, 9 kilograms
(20 pounds) of citric acid, 7.7 kilograms (17 pounds) of
diethylthiourea, 1.5 kilograms (3.5 pounds) of pluronic F 68 or
L 62, and 68 kilograms (150 pounds) of sodium chloride. The
chemicals are dissolved and suspended in water at the surface in a
volume equivalent to the volume of water within the well casing
and screen. The slurry is dumped or poured into the well through
a black iron or plastic pipe which initially extends to the bottom of
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the well. The pipe is raised in 1.5- or 3-meter (5- or 10-foot) stages
as sufficient solution is added to displace an equivalent volume of
water in the well.

The solution is left in the well for 12 to 24 hours, during which
time it is surged for 15 to 20 minutes at hourly intervals. When
the solution in the well, when tested with litmus or similar paper ,
shows a pH of between 6 and 7, the acid may be considered
exhausted. The solution should then be pumped from the well and
the well should be tested for yield and drawdown. If a marked
improvement is apparent, the well should then be redeveloped,
sterilized, tested as a new well, and put back into production. If
the improvement on initial testing after acidizing is relatively
slight, another treatment should be made.

When acidizing a well, a tank of concentrated sodium
bicarbonate solution should be available to permit neutralizing the
acid in event of an accident. In addition, workers should wear
protective rubber shoes, clothing, gloves, hood, and goggles. Until
all components are mixed in water, a filter respirator should also
be worn. Special equipment may be required (i.e., mixing tanks
and piping fabricated of black iron, plastic, or wood).

Encrustation may consist primarily of silica, clay particles, and
other materials resistant to normal acid treatment. Under such
circumstances, successful acidizing usually entails the use of
hydrofluoric and similar strong acid. In many instances, because
of the specialized nature of the treatment, the cost of such
treatment may approach or exceed that of a new well. In some
instances, where telescoping screen construction has been used,
removal and cleaning of the screen above ground may be preferable
to acidization.

16-14. Chlorine Treatment.-Where screen blockage is caused
by slime-forming organisms, chlorine gas may be an effective
treatment agent. Chlorine gas is dangerous to use without
experienced personnel and adequate equipment. Usually a 45- to
68-kilogram (100- to 150-pound) pressure cylinder of chlorine gas is
used. The cylinder is mounted on a scale to permit checking on the
rate of feed. The gas is fed through a plastic or black iron pipe
which extends to approximately the bottom of the well. The
bottom of the pipe should be centered with an appropriate device
so that the released gas does not impinge directly on the casing or
screen, and an approved feeder should be employed to avoid back
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sucking. The cylinder is opened slowly, one full counter-clockwise
turn of the valve. Rate of discharge of the cylinder should not
exceed 18 kilograms per 24 hours.

When the cylinder is exhausted, the chlorine in the well can be
neutralized by adding sodium hydroxide or calcium hydroxide to
the water prior to pumping it to waste. Hypochlorite solutions are
cheaper, more convenient, and safer to use than gas but generally
are less effective.

Sufficient hypochlorite should be added to the water in the well
to give an estimated 1,000-mg/L chlorine content. The hypochlorite
is poured or pumped into the well, then thoroughly mixed and
diffused by surging for about 30 minutes. The solution is left in
the well for about 6 hours, during which it is surged for 15 to
20 minutes at hourly intervals, then pumped or bailed to waste.
Following these steps, the well can usually be adequately
redeveloped by rawhiding. This treatment can usually be carried
out without pulling the pump.

16-15. Rehabilitation of Rock Wells.-The previous
discussion has been primarily applicable to cased and screened
wells in unconsolidated materials. The fractures and other voids in
uncased rock wells may become clogged and sealed by deposition
products similar to encrustation of a well screen.

Hydrochloric acid of 18° Baume strength is commonly used full
strength to treat rock wells. A volume of acid equal to about
2.5 times the volume of water in the well is pumped or poured into
the well through a plastic or black iron pipe extending to the
bottom of the well. The pipe is raised as acid displaces the water
in the well. If the water-level in the well is within the casing, an
inhibitor should be used. The acid is permitted to remain in the
well for at least 6 hours, surged for 15 or 20 minutes at hourly
intervals, and then pumped to waste.

In some open hole rock wells, use of explosives has been more
effective than acid treatment, and at times a combination
treatment has been used in which acidization follows shooting.

Within the open hole, 4-1J2-kilogram (10-pound) shots of 50- to
60-percent dynamite are used at 1.5-meter (5-foot) intervals. Shots
should not be fired within 3 meters (10 feet) of a shale formation or
within 15 meters (50 feet) of the bottom of the casing. Shots are
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fired separately beginning at the bottom of the open hole. After
shooting is completed, the well should be bailed clean and
developed.

In very hard rock, up to 45 kilograms (100 pounds) of explosive
have been used in shots 3 to 3.5 meters (10 to 12 feet) apart. The
amount of powder to use and the spacing is a matter of judgment
based on experience. One or more test shots are advisable when
operating in unfamiliar rocks.

Nitramine has also been used instead of dynamite. Although
more expensive than dynamite, it is much safer and easier to
handle. One can of nitramine is equivalent to 0.7 kilogram
(1.6 pounds) of 50-percent or 0.45 kilogram (1 pound) of 60-percent
dynamite.

On completion of acidizing or shooting work, the well should be
thoroughly developed in the same manner as a new well.

16-16. Hydrofracturing.-In fractured rocks, yields can
sometimes be increased by hydrofracturing. Hydrofracturing has
been used in oil production since the late 1940's to increase yield
and is also used in methane gas production. Its use in the water
well industry began in the 1950's, and in recent years has seen
expanded application. Hydrofracturing is replacing some other
methods of increasing fracturing, such as using explosives or dry
ice. In hydrofracturing, water and often some propping material
{usually sand or very small plastic spheres) is injected into wells at
high pressures. The high injection pressures clean out fines or
increase spacing in existing fractures and often will separate
previously closed fractures. The propping material holds the
fractures open after the injection is stopped. Injection must occur
in an uncased well, or the casing must be removed during the
operation. Packers can be used to isolate zones for the
hydrofracturing operations. Because of the specialized nature of
much of the equipment and techniques required in hydrofracturing,
it is generally advisable to contract hydrofracturing work to a
contractor experienced in the method.

Hydrofracturing can also be used to increase capacity of rock
media used for disposal of hazardous wastes or saline water;
however, such applications require extreme care to avoid
contaminating freshwater aquifers in the vicinity. Although
generally used in igneous rocks, hydrofracturing can also be used
in sandstones, limestone, or other rocks where secondary



WELL AND PUMP COSTS, OPERATION AND
MAINTENANCE AND REHABILITATION 637

permeability is present. It generally is not suitable in
unconsolidated or soft rocks. Hydrofracturing is used for
individual wells where initial yield is insufficient to supply daily
household use. In such cases, an increase in yield of even 2 liters
per minute (0.5 gallon per minute} may be sufficient to provide an
adequate supply. Hydrofracturing is also used in larger capacity
wells, in cases where yield has declined since initial operation. In
these cases, silting-in of fractures or dewatering of initial supply
fractures may have caused the decline in yield. Because other
factors may affect the decline in yield, however, possible
alternative causes such as biofouling (section 16-12} should be
thoroughly investigated before hydrofracturing is used.

Although contractors report a success ratio of 90 to 97 percent
in increasing well yield through hydrofracturing (Smith, 1989),
hydrofracturing may actually decrease well yield or even collapse
the borehole wall. In addition, damage to nearby wells, through a
decrease in water-levels or yields or production of fines, could
occur. Contamination may occur if fractures are opened to or near
the ground surface.

Determination of the causes of fracture orientation, which
depends on rock properties such as elasticity as well as tectonic
stresses, can aid in planning the hydrofracturing program. If the
three mutually perpendicular principal stresses are unequal, the
fracture is most likely to part along a plane perpendicular to the
least principal axis (Hubbert and Willis, 1972). Where local
normal faults exist, fractures tend to run parallel to the fault
strike. The least principal stress is generally horizontal, and the
fractures tend to be vertical. However, where folding and thrust
faulting are present, the least principal stress tends to be vertical,
and fractures tend to be horizontal (Smith, 1989).

Preliminary testing in the well can also provide useful
information. Packer tests at varying depths can aid in
determining local zones of water inflow. Knowledge of the fracture
orientation and spacing, which can be obtained from borehole
camera and some borehole geophysical logging surveys (chap-
ter IV), can aid in determining location of packers to isolate the
zones of maximum potential fracturing.

Pressures used in hydrofracturing generally range from
7,000 to 20,000 kPa (1,000 to 3,000 Ib!in2), This pressure is
generally not enough to fracture solid rock, which may require
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140,000 to 700,000 kPa (20,000 to 100,000 lb/in2) (Smith, 1989).
However, the lower pressure may be enough to lift blocks along
bedding plane or open previously tight fractures.
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APPENDIX

International System (SI metric)/
U .S. Customary Conversion Tables

LENGTH

To convert from To Multiply by

angstrom units 0.1
1.0x10-4
1.0x10"7
1.0x10-1°
3.937 01x10"6
3.937 01x10"9

nanometers (nm)
micrometers (pm)
millimeters (mm)
meters (m)
mils
inches (in)

micrometers millimeters
meters
angstrom units (A)
mils
inches

1.0x10-3
1.0x10-6
1.0x104
0.039 37
3.937 01x10-5

millimeters micrometers

centimeters (cm)

meters

mils

inches

feet (ft)

1.0x103
0.1
1.0x10-3
39.370 08
0.039 37
3.280 84x10-3

centimeters millimeters

meters

mils

inches

feet

10.0
0.01
0.393
0.393
0.032

inches millimeters

meters

mils

feet

25.40
0.0254
1.0x103
0.083 33

feet millimeters

meters

inches

yards (yd)

304.8

0.3048

12.0

0.333 33

7x103
7

81
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Multiply byTo convert from, To

yards meters

inches

feet

0.9144
36.0
3.0

meters millimeters
kilometers (km)
inches
yards
miles

1.0x103
1.0x10.3
39.370 08
1.093 61
6.213 71x10-4

kilometers meters

feet

miles

1.0x103
3.280 84x103
0.621 37

1.609 34x103
1.609 34

5,280.0
1,760.0

miles meters

kilometers

feet

yards

1.8520
1.1508

nautical miles Cnmi} kilometers

miles

AREA

To Multiply byTo convert from

square centimeters (cm2)
square inches (in2)

square millimeters 0.01
1.550x10-3

square millimeters (mm2)
square meters (m2)
square inches
square feet (ft2)

square centimeters 100.0
1.0x10-4
0.1550
1.076 39x10-3

square inches square millimeters
square centimeters
square meters
square feet

645.16

6.4516

6.4516x10-4

69.444x10-4
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Multiply byTo convert from To

square feet square meters
hectares (ha)
square inches
acres

0.0929

9.2903x10-6

144.0

2.295 68x10-5

square yards square meters
hectares
square feet
acres

0.836 13

8.3613x10-5

9.0

2.066 12x10-4

1.0x10°4
10.763 91
2.471x10-4
1.195 99

square meters hectares

square feet

acres

square yards (yd2)

4046.8564

0.404 69

4.356x104

square meters
hectares
square feet

acres

1.0x104

2.471

hectares square meters
acres

square kilometers 1.0x106
100.0
107.6391x105
247.105 38
0.3861

square meters
hectares
square feet
acres
square miles (mi2)

square miles square meters
hectares
square kilometers (km2)
square feet
acres

258.998 81x104
258.998 81
2.589 99
2.787 84x107
640.0

VOLUME-CAP ACITY

To convert from To Multiply by

cubic millimeters cubic centimeters {cms)
liters (1)
cubic inches (inS)

1.0x10-3
1.0x10-6
61.023 74x10-6
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Multiply byTo convert from To

cubic centimeters 1.0x103
1.0
61.023 74x10-3
33.814x10-3

liters
milliliters (ml)
cubic inches
fluid ounces (fl oz)

1.0x10-3

1.0

milliliters liters
cubic centimeters

cubic inches milliliters
cubic feet (ft3)

16.387 06
57.870 37x10-5

1.0x10-3
0.035 31
0.264 17
33.814

liters cubic meters
cubic feet
gallons
fluid ounces

gallons 3.785 41
3.785 41x10-3
128.0
0.133 68

liters

cubic meters

fluid ounces

cubic feet

cubic feet 28.316 85
28.316 85x10-3
28.316 85x10-6

1,728.0
37.037 04x10-3
7.480 52
22.956 84x10-6

liters
cubic meters (m3)
cubic dekameters (dam3)
cubic inches
cubic yards (yd3)
gallons (gal)
acre-feet (acre-ft)

4.168 189x106
4.168 18
3.3792x106

cubic miles cubic dekameters

cubic kilometers {km3)

acre-feet

cubic yards 0.764 55
27.0

cubic meters
cubic feet

1.0x103
1.0x10-3
264.1721
35.314 67
1.307 95
8.107x10-4

cubic meters liters
cubic dekameters
gallons
cubic feet
cubic yards
acre-feet
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Multiply byToTo convert from

1233.482

1.233 48

43.560x103

325.8514x103

cubic meters
cubic dekameters
cubic feet
gallons

acre-feet

cubic meters
cubic feet
acre-feet
gallons

cubic dekameters 1.0x103
35.314 67x103
0.810 71
16.417 21x104

cubic kilometers 1.0x106

0.810 71x106

0.239 91

cubic dekameters
acre-feet
cubic miles (mi3)

TEMPERATURE

SolveToTo convert

degrees Kelvin (K) K = C-273.15
degrees Fahrenheit (F) F = (Cxl.8)+32
degrees rankine (R) R = Cxl.8+491.69

degrees Celsius (C)

degrees Fahrenheit (F) F = (K-255.91)xl.8
degrees Celsius (C) C = K+273.15
degrees rankine (R) R = Kxl.8

degrees Kelvin (K)

degrees Celsius (C)
degrees rankine (R)
degrees Kelvin (K)

degrees

Fahrenheit (F)

c = (F -32)/1.8
R = F-459.69
K = (F+459.69)/1.8

degrees Kelvin (K) K = R/l.8
degrees Celsius (C) C = (R/l.8)-273.69
degrees Fahrenheit (F) F = R-459.69

degrees rankine (R)
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ACCELERATION

Multiply byToTo con I)ert from

meters per second
squared (m/S2)

G's

0.3048feet per second
squared

0.031 08

3.280 84feet per second
squared (ftls2)

G's

meters per second
squared

0.101 97

9.806 65G's (standard

gravitational

acceleration) 32.174 05

meters per second
squared

feet per second
squared

VELOCITY

Multiply byToTo convert from

0.3048
1.097 28

feet per second

0.681 82

meters per second (m/s)
kilometers per hour

(km/h)
miles per hour (mi/h)

kilometers per hour
feet per second (ft/s)
miles per hour

3.60
3.280 84
2.236 94

meters per second

0.277 78
0.911 34
0.621 47

meters per second
feet per second
miles per hour

kilometers per hour

1.609 34
0.447 04
1.466 67

kilometers per hour
meters per second
feet per second

miles per hour

9.665 14xl0-6feet per year (ft/yr) millimeters per
second (mm/s)
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FORCE

To convert from To Multiply by

pounds newtons (N) 4.4482

kilograms newtons

pounds ab)

9.806 65
2.2046

newtons pounds 0.224 81

dynes l.OxlO-5newtons

MASS

To convert from To Multiply by

1.0x10.3
0.035 27

kilograms (kg)
ounces (avdp)

grams

ounces (avdp) grams (g)
kilogr~s
pounds (avdp)

28.349 52
0.028 35
0.0625

pounds (avdp) kilograms
ounces (avdp)

0.453 59

16.00

kilograms kilograms (force)-second
squared per meter
(kgf .s2/m)

pounds (avdp)
slugs

0.101 97

2.204 62
0.068 52

slugs kilograms 14.5939

short tons 907.1847

0.907 18

2000.0

kilograms
metric tons (t)
pounds (avdp)
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To convert from, To Multiply by

metric tons (tonne
or megagram)

kilograms
pounds (avdp)
short tons

1.0x103
2.204 62x103
1.102 31

kilograms
metric tons
pounds (avdp)
short tons

long tons 1016.047
1.016 05
2240.0
1.120

VOLUME PER UNIT TIME FLOW

To convert from To Multiply by

cubic feet per
second

28.316 85

0.028 32

2.446 57

448.831 17

1.983 47

liters per second (l/s)
cubic meter per second

second (m3/s)
cubic dekameters per

day (dam3/d)
gallons per minute

(gal/min)
acre-feet per day

(acre-ft/day)
cubic feet per minute

(ft3/min)
60.0

gallons per minute cubic meters per second 0.631x10-4
liters per second 0.0631
cubic dekameters per day 5.451x10-3
cubic feet per second (ft3/s) 2.228x10-3
acre-feet per day 4.4192x10-3

acre-feet per day cubic meter per second
cubic dekameters per day
cubic feet per second

0.014 28
1.233 48
0.504 17

cubic dekameters
per day

cubic meters per second
cubic feet per second
acre-feet per day

0.011 57
0.408 74
0.810 71
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VISCOSITY

To convert from To Multiply by

1.0x10-3

0.01

2.419 09

centipoise

6.719 69x10-4

2.088 54x10-5

pascal-second

pascal-second (Pa. s)
poise
pound per foot-hour

(lb/ft .h)
pound per foot-second

(lb/ft .s)
slug per foot-second

(slug/ft .s)
centipoise
pound per foot-hour
pound per foot-second
slug per foot-second

1000.0
2.419 09x103
0.671 97
20.8854x10-3

4.133 79x10-4
2.777 78x10-4
0.413 38

pound per foot-hour pascal-second
pound per foot-second
centipoise

pound per
foot-second

1.488 16
31.0809x10-3
1.488 16x103

pascal-second
slug per foot-second
centipoise

l.OxlO-6centistokes

10.763 91x10-6

square meters per second
(m2/s)

square feet per second
(ft2/s)

stokes

9.2903xlO-2square feet per
second

square meters per
second

centistokes 9.2903xlO4

l.OxlO-4stokes square meters per second

rhe 1 per pascal-second

(1/PA .s)
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FORCE PER UNIT AREA
PRESSURE-STRESS

To convert from To Multiply by

pounds per square
inch

6.894 76

0.703 09

51.7151

2.3067

144.0

68.046xlO-3

kilopascals (kP A)
lmeters-head
2mm of Hg
lfeet of water
pounds per square foot

(lb/ft2)
std. atmospheres

pounds per square
foot

0.047 88
4.8826x10-3
0.359 13
16.0189x10-3
6.9444x10-3
0.472 54x10-3

kilopascals
lmeters-head
2mm of Hg
lfeet of water
pounds per square inch
std. atmospheres

95.760 52
13.888 89

9.806 36
73.554
3.280 84
1.422 29
204.81

short tons per square kilopascals
foot pounds per square inch

(lb/in2)
lmeters-head kilopascals

2mm of Hg
lfeet of water
pounds per square inch
pounds per square foot

Ifeet of water 2.988 98
0.3048
22.4193
0.882 65
0.433 51
62.4261

kilopascals
lmeters-head
2mm of Hg
2inches of Hg
pounds per square inch
pounds per square foot

\ Column ofH2O (water) measured at 4 °C.

2 Column of Hg (mercury) measured at O °C.



649APPENDIX

Multiply byToTo convert from

l.OxlO3kilopascals

7.500 64
0.101 97
0.2953
20.8854
0.145 04
9.8692x10-3

newtons per square
meter (N/m2)

3mm of Hg
4meters-head
3inches of Hg
pounds per square foot
pounds per square inch
std. atmospheres

9.806 65x10-3
73.556x10-3
1.4223x10-3

kilograms (f) per
square meter

kilopascals
3mm of Hg
pounds per square inch

0.10kilopascalsmillibars {mbar)

kilopascals 100.0bars

101.325
760.0
14.70
33.90

std. atmospheres kilopascals
3mm of Hg
pounds per square inch
4feet of water

MASS PER UNIT VOLUME
DENSITY AND MASS CAPACITY

Multiply byToTo convert from

16.018 46pounds per cubic
foot

0.031 08

0.133 68

kilogram per cubic
meter (kg/m3)

slugs per cubic foot
(slug/ft3)

pounds per gallon
ab/gal)

kilograms per cubic
meter (kg/m3)

slugs per cubic foot

119.8264pounds per gallon

0.2325

3 C()lumn ()f Hg (mercury) measured at O °C.

4 Column of H2O (water) measured at 4 °C.
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Multiply byTo convert from To

pounds per cubic
yard

kilograms per cubic meter 0.593 28
pounds per cubic foot 0.037 04

(lb/ft3)

grams per cubic
centimeter

kilograms per cubic meter
pounds per cubic yard

l.OxlO3
l.6856xlO3

ounces per gallon
(ozlgal)

grams per liter (g/l) 7.489 15
kilograms per cubic meter 7.489 15

l.OxlO-3kilograms per cubic
meter

l.OxlO-3

62.4297xlO-3

8.3454x10-3
1.685 56

grams per cubic
centimeter {g/cm3)

metric tons per cubic
meter {tlm3)

pounds per cubic foot
{lb/ft3)

pounds per gallon
pounds per cubic yard

long tons per cubic
yard

kilograms per cubic
meter

1328.939

ounces per cubic inch kilograms per cubic
(oz/in3) meter

1729.994

slugs per cubic foot kilograms per cubic
meter

515.3788

VOLUME PER UNIT AREA PER UNIT TIME
5HYDRAULIC CONDUCTIVITY (PERMEABILITY)

To convert from To Multiply by

0.3048

O.6944xlO-3

304.8

cubic feet per square cubic meters per square
foot per day meter per day (m3/(m2. d»

cubic feet per square
foot per minute
(ft3/(ft2. mill»

liters per square meter
per day (1!m2. d)

5 Many of these units can be dimensionally simplified. For example, m3/(m. d)

I als be written m2/d.



651APPENDIX

Multiply byTo convert from To

7.480 52gallons per square foot
per day (gal/(ft2. d))

cubic millimeters per
square millimeter per
day (mm3/(mm2. d))

cubic millimeters per
square millimeter per
hour (mm3/mm2. h))

cubic inches per square
inch per hour
(in3/(in2. h»)

cubic centimeters per
square centimeters per
second (cm3/cm2/s)

304.8

3.52xlO-4

40.7458x10-3cubic meters per square
meter per day (m3/(m2. d))

liters per square meter
per day (11(m2. d))

cubic feet per square foot
per day (ft3/(ft2. d))

gallons per square
foot per day

40.7458

0.133 68

VOLUME PER CROSS SECTIONAL AREA PER UNIT TIME
&rrRANSMISSIVITY

Multiply byToTo convert from

0.0929cubic feet per foot
per day (ft3/(ft .d»

7.480 52

92.903

0.012 42gallons per foot
per day

cubic meters per meter
per day (m3/(m .d»

gallons per foot per
day (gal/(ft .d»

liters per meter per
day (l/(m .d»

cubic meters per meter
per day (m3/(m .d»

cubic feet per foot
per day (ft3/(ft .d»

0.133 68

6 Many of these units can be dimensionally simplified. For example, m3/(m. d)

can als be written m2/d.
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A Aquifer characteristics, 1
Steady-state methods, 221

Aquifer tests (see Discharging
well tests and Pumping tests)

B

Balmer, G.G., 300
Barlow, A.C., 416
Barometric efficiency, 294
Barometric pressure

Influence on water levels in
aquifers, 203

Bianchi, R., iv
Block, L.V., iv
Bored or augered holes, 94
Borehole permeability tests (see

Permeability tests)
Boulton's equations, 273

(see Delayed drainage)
Boundaries, 18

Appearance on straight line
plots, 250

Determination of, 278
Multiple, 292
Negative (impermeable), 251
Positive (recharge), 251

Boundary conditions
Determination of, 317

Burnett, R.P., iv

c

Acidizing wells, 438
Ahrens, T.P., 416
Air development of wells, 518
Air rotary drilling, 500
Alignment tests (see Plumbness

and alignment tests)
American Petroleum Institute

API Standard 5L for pipe, 434
American Standards Association

ASA B36.10-59 Standard for
wrought steel pipe, 434

American Water Works
Association AWWA-A100-66,

Standard for Deep Wells, 419
Analog models, 34
Analysis of aquifer

characteristics boundary
conditions, 221
Steady state (equilibrium)

methods, 221
Transient (nonequilibrium)

methods,221
Anisotropy

Definition, 147

Aquifer
Anisotropy (see Anisotropy)
Boundaries (see Boundaries)
Confined, 6
Consolidated rocks, 7
Definition, 6
Delayed drainage (see

Delayed drainage)
Hydraulics, 1
Leaky aquifer (see Leaky

aquifer)
Perched, 10
Porosity (see Porosity)
Unconfined,8
Unconsolidated rocks, 7

Aquifer and well hydraulics (see
Wells and Aquifer)

Cable tool drilling, 493
Caliper logs (see Drill hole logs)
Casagrande, A., 303

Casing
(see Surface casing and

Pump chamber casing)
Alignment, 441
For cable tool drilling, 493

Reductions,441
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Chemicals
In water well development, 431

Chlorination
Of wells, 528

Chlorine treatment
Of wells, 440

Climatic data, 49
Coefficient of storage, 275
Collector wells, 480
Concrete

For well construction, 482
Mixtures, 489

Cone of depression, 573
(see Radius of influence)

Confined (artesian) aquifer
Tests of, 8

Conjunctive use of surface and
ground water, 24

Constant drawdown solutions, 268
Cooper, HoHo, Jro, 249
Corrosion and encrustation, 25

Bacterial corrosion, 425
Chemical corrosion, 424
Factors in well casing

selection, 435
Factors in well screen

selection, 448
Galvanic corrosion, 424
Encrustation, 25

Costs
Well construction, 419

Criddle, WoDo, 70
Cunningham, AoJo, iv
Cutoff walls, 553

D

Delayed drainage, 149
Boulton's equation, 273

Development of wells (see Water
well development)

Dewatering (excavations)
Dewatering systems

Deep wells, 553
Design, 572
Electro-osmosis, 552
Field investigations for, 570
Horizontal drains, 552
Installation, 570
Methods, 552
Pumps, 581
Purposes, 551
Well-point systems, 552

Didricksen, K.D., iv
Diffusivity factor, 202
Direct circulation rotary

drilling, 496

Discharge
Areas,149
Artificial, 4
Means, 5

Discharge heads
For pumps, 420

Discharging well tests, 221
(see Pumping tests)

Disinfection (of wells) (see
Well sterilization)

Drainage, 1
Drainage wells, 566

Feasibility and spacing, 305
Drawdown, 390

As related to well spacing, 25
Drilled holes, 474
Drill hole permeability tests (see

Permeability tests)
Drilling (see Water well drilling)
Drilling fluids, 320
Drilling methods, 493
Drilling mud, 493
Drive shoes, 355
Driven holes, 95
Dug holes, 93

Darcy's law, 33
Illustration of, 128

Decline in discharge
In wells, 434

Deep wells for dewatering, 567
Delay index, 275
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Dupuit equation, 141
(see Steady one-

directional flow)

Forms
Chemical analyses, 107
Gradation test, 102
Logging, 98
Mechanical analysis, 101
Staff gauge or weir record, 85
Water-level measurement, 83
Well record, 81

E

G

Effective porosity, 131
Electric analog models, 34
Electrical logs, 121

(see Drill hole logs and

Geophysical logs)
Electro-osmosis for

dewatering, 552
Entrance velocity

Through well screens, 171
Equilibrium methods (see Steady-

state methods)
Evaporation, 2
Exploration holes, 571

Explosives
Use in water well

development, 526

F

Falling head tests, 319
Fence diagrams, 51
Ferris, J.G., 231
Flowmeters, 608

(see Watermeters)
Flow nets, 303
Flow to wells, 156

Equipotentiallines, 304
Flow lines, 304
Fully penetrating well, 372
100-percent open hole, 225
Partial open hole, 161

(see Well penetration and
Open hole)

Partially penetrating well, 372
Flow velocity, 138
Foote, W .E., iii
Forchheimer, P., 303

Galvanic series, 425
Geophysical investigations, I11
Geophysical logs

(see Drill hole logs)
Used in cable tool drilling, 494

Ghyben-Herzberg principle, 547
Glover, R.E., 138
Gradient equation, 305
Gravel packs, 173
Gravity permeability tests, 342
Ground water

Basic equation, 4
Gradient, 6
History of use, 2
Occurrence, I
Place in hydrologic cycle, 2
Quality, II

(see Quality of water)
Regulations, 12
Relationship to surface
water, 18

Reservoirs, I
(see Ground-water reservoirs)

Rights, 21
(see Ground-water rights)

Ground-water barriers (artificial)
Cutoff walls, 582
Grouting, 583
Sheet piling, 581

Ground-water controls, I
Ground-water engineering

Application, 25
Definition and scope, I
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Hydraulic conductivity (see
Permeability)

Hydraulic diffusivity, 137

Hydraulic fracturing
In water well development, 52t

Hydraulic jetting
For well development, 521

Hydrologic budgets, 74

Hydrologic cycle
Definition, 1

I

Ground-water evaluation, 74
Ground-water hydraulics, 26
Ground-water hydrology

As a factor in ground-water
investigations, 29

Ground-water inventories, 76
Ground-water investigations, 29

Factors involved, 74
Hydrographs, 60
Maps and diagrams, 51
Purpose and scope, 45

Ground-water models, 31
Ground-water reservoirs

Advantage of surface versus
subsurface reservoirs, 21

Recharge, 25
Ground-water rights

Prescriptive rights, 22
Prior appropriation, 22
Riparian rights, 22

Grout
For well construction, 429
Mixture, 467
Placement, 504

Grouting (for ground-water
control), 583

Image wells, 21'9
Imhoff cone

For sand content, 509
Encrustation (see Corrosion and

encrustation)
Infiltration galleries

Components, 537
Design, 538
Purpose, 53'7
Types, 537

Interference and well spacing, 292
Inverted (drainage) wells, 480
Isopach map (see Maps)

H
J

Jacob, C.E., 153
Jacob's approximation, 249

(see Straight line method)
Jarvis, D.H., 417
Jet drilling, 49fi
Jetted holes, 95,
Jetting, 521

(see Hydrauli<: jetting)
For well development, 521

Johnson, A.F., 70
Johnson, L.A., iii

Ham, H.H., iii
Hamilton, J.L., iv
Hantush, M.S., 152
Hantush drainage well

equations, 307
Head loss

In drill pipe, 322
Horizontal drains

For dewatering, 552
Hydraulic characteristics of

aquifers
Boundary conditions, 221
Storativity, 221

Transmissivity,221
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K

Knowles, D.B., 152
Kozeny's equation, 162

(see Open hole and Well

penetration)
Kruse, E.G., 473

Moisture zones, 10
Moody, W.T., 153
Mud cake

Removal of, 505
Mud scow

Drilling, 495
Use in setting stovepipe

casing, 435

L
N

Lacey, J.E., iv
Leakance, 182

Leaky aquifer
Definition, 148
Solutions, 260

Li, W.H., 177
Logging, 46
Lohman, S.W., 90
Lowry, R.L., Jr., 70

National Weather Service, 48
Nonequilibrium methods (see

Transient methods}

0

M

Observation wells, 46
In discharging well tests, 221
Installation, 92

Open area
Of well screens, 172

Open hole, 162
(see Flow to wells and

Kozeny's equation)
Influence on yield, 169
Practical considerations, 164

Operation and maintenance
Basic records, 421
Responsibilities, 420
Wells and pumps, 420

Orifice tables, 211

Overpumping
For development, 508

p

Maierhofer, C.R., iii

Maps
Aerial photographs, 52
Depth-to-water-table, 54
Fence diagrams, 60
Geologic, 52
Hydrographs, 60
Interpretation, 60
Piezometric surface, 54
Profiles or cross sections, 58
Structure contour, 58
Thickness-of -aquifer

(isopach), 58
Topographic, 51
Water-table contour, 54

Matuska, P.J., iv
McDonald, H.R., iii
Meinzer, O.E., 27
Metric conversion tables, 639
Mogg, J .L., 2.99
Mohr, R.D., iii

Packers, 103
Pennington, W .A., 424
Perennial yield of aquifers, 78
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Pumps
Lemoineau, 597
Submersible, 420
Vertical turbine, 420

Q

Quality of water
Chemical, 49
Contamination and

pollution, 17
Drinking water standards, 12

(see U .S. Public Health
Service)

Influence on well
components, 17

R

Radius of influence, 142
(see Cone of depression)

Rappmund, R.A., iv

Rawhiding
For well development, 437

Recharge
Areas, 21
Artificial, 4
Ground-water reservoirs, 1
Sources, 5

Records of wells, springs, etc., 79

Recovery
Analyses, 252
Equation, 253
Test, 90

Reducers and overlaps
For casing and well

screens, 466
Reeves, C.R., iv
Rehabilitation of wells (see Well

rehabilitation)
Residual drawdown, 252
Ribbens, R.W., 153

Permeability (Hydraulic
conductivity)

Definition, 129
Permeability tests, 317

Gravity, 244
Pressure, 319

Petersen, J.S., 177
Piezometers, 46

Installation, 93
Pilot holes, 92

As design data for wells, 423
Pipe orifice, 208
Plumbness and alignment tests

ofwells,421
Pressure permeability tests, 319
Pressure relief wells, 480
Prickett, T.A., 70
Prince, N.W., iv
Pruitt, T.D., iv
Pump chamber casing, 434

Design, 49
Plastic, 434
Steel pipe, 434

Pump
Costs, 419
Efficiency, 421
Foundations, 17
Motors and engines, 608
Performance, 148
Setting (depth), 441

Pumping and surging (see

Rawhiding)
Pumping data

From test wells, 252

Pumping equipment
For drill hole permeability

tests, 322
Pumping levels projected, 441
Pumping tests

(see Discharging well tests)
Disposal of discharge, 202
Instrumentation and

equipment, 204
Measurement of discharge, 207
Preparations, 203
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Rocks
Sedimentary, 7
Igneous and metamorphic, 6

Rorabaugh, M.I., 177

Rotary drilling
Air rotary drilling, 500
Direct circulation, 496
Reverse circulation, 99

Runoff, 2
Ryznar Index, 424

s

Steady-state methods of deter-

mining aquifer
characteristics, 221
Steady radial flow, 141

(see Theim-Forchheimer

equations)
Sterilization (of wells)

(see Well sterilization
Storage (change in), 64

Storativity
(see Specific yield,

Effective porosity, and
Coefficient of storage)

Definition, 134
Determination, 540
Illustration of, 134

Straight line method
(see Jacob's approximation)

For boundary location, 279

For the nonequilibrium
equation, 249

Stratigraphic holes, 92
Streamflow, 50

Depletion by a discharging
well, 300

Submergence and net positive
suction heads (for pumps), 589

Subsurface investigations, 48
Surface casing, 428

Design, 429
Surge block

For well development, 5l1
Superposition, 150

(see Radius of influence
and Cone of depression)

Swabbing
For well development, 517

T

Tapp, W.N., 260
Talbot, W.R., iv

Theim, Dupuit-Forchheimer
eQuation. 141

Sampling
With cable tool equipment, 493
With rotary equipment, 496

Sand drains (vertical) for
dewatering, 565

Sand (in pump discharge), 431
Sand pumping (by wells), 431
Sand traps, 509
Sanders, G.D., iv
Scott, V.H., 177
Seals (for casings and well

screens), 93
Seepage

From streams and lakes, 4
To streams and lakes, 6

Shadix, S.J., iv
Shape factor, 304
Sheet piling cutoffs, 581
Shooting (blasting) wells, 526
Slot size (in well screens), 444
Slot size and patterns of

screens, 172
(see Well screens)

Slurry trenches, 552
Soliman, M.M., 177
Specific capacity, 138
Specific retention, 136
Specific yield, 131
Stallman, R.W., 152
Steady one-directional flow, 138
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wTheim-Forchheimer equation, 141
Theis

Analysis of transient
condition, 238

Distance-drawdown
solution, 249

Equation, 144
Time-drawdown solution, 250
Type curve solution, 33

Theis, C.V., 153
Todd, D.K, 27
Transient methods

Of determining aquifer
characteristics,221

Transmissivity
Definition, 131
Determination of, 364
Estimating from specific

capacity, 303
Transpiration, 4
Type curve solution of transient

equation, 238

u

Unconfined (free) aquifer
Test of, 60

Unsteady one-directional flow, 142
Unsteady radial flow, 142
U .S. Department of Agriculture, 2

(see Quality of water)
U.S. Geological Survey, 12

v

Vaadia, Y., 177
Vertical turbine pumps, 420

Bowl and impeller
selection, 586

Construction features, 591
Operating characteristics, 586

Walton, WoCo, 109
Wantland, Do, iii
Water-level measurements, 84

Initiation and frequency, 84
Measuring devices, 86

Watermeters
(see Flowmeters)

For drill hole permeability
tests, 317

Water well development, 493
Air, 500
Chemicals, 526
Explosives, 526
Hydraulic fracturing, 526
Hydraulic jetting, 521
In hard rock, 526
Overpumping, 508
Rawhiding (pumping and

surging), 508
Surge block, 511

Swabbing,517
Water well drilling, 419
Watt, D.Eo, iv
Well base
Well components

Centering g'uides, 442
Drive shoes, 442
Gravel packs and formation

stabilizers
Pump chamber casing, 429
Reducers and overlaps, 466
Screen assembly, 443
Seals, 467
Surface casing, 428
Tremie pipes, 469

Well construction costs, 419
Well design, 300
Well diameter and yield, 166
Well discharge, 260
Well efficiency (see Wells)
Well filter packs (see Gravel

packs)
Well function W(u), 239
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Well screens and perforated

casing
Cage-type, wire-wound

screen, 521
Louvre-type screen, 444
Mills knife cut perforations, 443
Perforated casing, 441
Perforated pipe base

screen, 444
Well sterilization, 528

v

Yield and drawdown
relationships, 162

z

Zangar, C.N., 177
Zones of moisture, 10

Well penetration, 159
(see Flow to wells and

Kozeny's equation)
Influence on yield, 169

Well performance, 421
Constant yield tests, 299
Projected, 300
Step tests, 299

Well plumbness and alignment
tests, 504

Wells, 155
Distribution of flow to, 155

(see Flow to wells)
Efficiency, 422
Hydraulics, 155
Performance, 421
Records, 427
Specifications, 422
Standards, 41
Surveys, 422

Well screens, 319
Design,512
Entrance velocity, 171
Factors in selection, 171
Gravel packs, 173
Materials, 449
Open area, 172
Slot sizes and patterns, 172
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