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FOREWORD

This report was prepared by Woodward-Clyde Consultants, Western Region,
San Francisco, California under USBM Contract Number J0265045. The
Contract was initiated under the Advancing Metal and Non-Metal Mining
Technology Research Program. It was administered under the technical
direction of the Twin Cities Mining Research Center with Mr. Peter G.
Chamberlain acting as the Technical Project O0fficer. Mr. David L. Vila
was the contract administrator for the Bureau of Mines.

This report is a summary of the work recently completed as part of this
contract during the period October 1976 to August 1977. This report was
submitted by the authors on 31 JUL 77

The authors wish to acknowledge the program direction and constructive
review of this report by Dr. Ulrich Luscher, Woodward-Clyde Consultant's
Principal-in-Charge for this project, and contributions to the report

by Ms. Karen Hee, Staff Geologist and Simon Kisch, staff engineer for
equipment data.
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2.0 INTRODUCTION

Mining technology in the United States is seeking to develop new methods
by which to mine economically low-grade ore deposits. One such method

is the in-situ application of a leaching fluid which dissolves the desired
mineral in-situ; the pregnant solution is then recovered, the mineral is
removed from solution, and the leach fluid is cycled back into the ore
body. Prime targets of current in-situ leaching research are uranium and
copper ore bodies at depths ranging from the surface to 2,000 feet.

An important parameter used to estimate the ability of a formation to
transmit leaching fluids is the in-situ permeability. The in-situ perme-
ability influences the economic feasibility of a particular Teaching project,
and whether or not development of the formation by blasting or other means

is needed. Where blasting methods are employed, post-blasting permeability
measurements can help evaluate the effectiveness of the blasting program.

A need for effective field permeability measurement techniques is evident.
With this need in mind, the purposes of this report are

1} to review briefly the geologic environments in which potentially
leachable uranium and copper deposits commonly occur;

2) to review the various geologic environments in which field perme-
ability tests have been made;

3) to present details, including test preparation, equipment, procedure
and analysis, for field permeability test methods; and

4) to present a basis on which the available field permeability test
methods may be compared and the most suitable test method(s)
selected.

The report is comprehensive with regard to borehole preparation, test method
specifications, and test method analysis procedures. Although careful review
of these sections is recommended for a comprehensive understanding of the
acceptable test methods, it is not strictly required for the selection of

an appropriate test method. Rather, a flow scheme is presented in this
section which allows the investigator to select one or more suitable methods
based on three figures given in the report. A diagram of the flow scheme is
presented in Figure 2-1.

Initially, the investigator should determine an anticipated range in perme-
ability based on the geologic environment of the proposed leaching site.
Figure 3-1, which il1lustrates approximate permeability coefficients for
typical rocks and soils, can be used for this purpose. Then Figure 5-1,
which presents documented field test permeability ranges, can be used to
determine which of the acceptable test methods have been used successfully
in the anticipated permeability range. One or more test methods can then
be tentatively selected based on the reported field experience. Finally
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Figure 10-1, the Field Test Method Capability Matrix, provides a number of
criteria by which the tentatively selected field test methods may be com-
pared. After the field test method most fayorable for the investigator's
specific leach site has been selected, the relevant sections of the report
dealing with the specific test method(s) can be reviewed to familiarize the

investigator with necessary aspects of borehole preparation, test method
procedure, equipment, and analysis.
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3.0 GEOLOGY OF LEACHABLE DEPOSITS
3.1 INTRODUCTION

Leachable ore deposits of economic importance may occur in many rock types.
The physical and chemical characteristics of the host rocks may determine
whether solution mining can be carried out economically with present tech-
nology. Deposits of salt and other evaporites, sulfur and potash have

been solution mined in the past whereas the solution mining of metals is

a more recent development. The metals for which solution mining is presently
considered economically viable include copper, uranium, lead, zinc, and
nickel. This report concentrates on two of these, copper and uranium. A
review of the geology of copper and uranium deposits iillustrates the rock
types and conditions most likely to be encountered in leaching operations.

The hydrology of each ore deposit is unique. A thorough understanding is
crucial to successful leaching operations, particularly uranium leaching
which is usually conducted below the groundwater table. Geologic factors
that affect the natural flow of groundwater as well as the leaching solu-
tion include faults, fractures, joints, bedding plane attitudes, and rock
types (Whiting, 1976).

3.2 URANIUM DEPOSITS

3.2.1 Background

Uranium is a silver gray metal which oxidizes rapidly in contact with air.

The average concentration of uranium in the crust is about Zppm. Granitic

rocks may contain up to 4 ppm, however, uranium is found in varying amounts
in virtually all rock types.

Near-surface deposits are usually mined by open pit methods. Where the
overburden exceeds a few hundred feet, underground mining is usually
preferred for economic reasons. However, several drawbacks exist for these
conventional mining methods. In-situ leaching overcomes the environmental
problems of open pit wmining such as disruption of scenic landscapes and
increased sedimentation downstream of mining operations, and the safety
hazards of underground mining, which include exposure to radon, a radio-
active gas. In-situ leaching of uranium, which has proven successful at
several locations, is discussed in detail in Section 4.2.

Uranium enters the geologic cycle from magmas. As a magma crystallizes,
uranium, in the tetravaient state, cannot enter the crystal lattices of
the common rock-forming minerals because of its large size. Instead, the
uranium forms an intergranular film on the rock forming minerals, enters
accessory minerals, such as zircon, apatite and monzonite, or forms its
own minerals such as uraninite. Uranium also becomes concentrated in late
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magma differentiates, forming uranium minerals in pegmatites and veins.

The uranium bearing accessory minerals generally resist chemical weathering
and are deposited unaltered in detrital sediments, resulting in highly con-
centrated placer deposits. Uranium formed as inter-granular film is readily
oxidized to the hexavalent state, which is readily soluble in water and
easily transported by the circulating groundwaters. Deposition occurs when
the circulating waters encounter a reducing environment. The dissolved
uranium may be absorbed by clay minerals and carbonaceous material, and
that which reaches the oceans may be precipitated in phosphatic sediments,
take? up by organisms, or absorbed by carbonaceous muds {Finch et al.,
1973).

In the United States the principal source of minable uranium is continental
and marginal marine sandstones and associated rocks in the western states
and in the Texas Coastal Plain (Finch et al., 1973). lLess than 2% of U.S.
uranium production is from vein deposits. Other sources of uranium include
some granites, shales, lignites and phosphate deposits.

3.2.2 Peneconcordant Deposits

Most ore bodies in sandstone are tabular masses that lie nearly parallel to
the bedding of the sandstone units, and are termed "peneconcordant deposits.”
Most uranium-bearing sandstones were formed by fluvial or deltaic processes.
The sandstone units occur as lenses interbedded with mudstone in deltaic
deposits and as lenticular beds laid down in stream channels. A few sand-
stone deposits were formed by wind action, forming clean massive layers.

Although uranium deposits may occur in sandstone units of all ages except
Silurian (Finch, 1967), a majority (60%) of the U.S. uranium resources are
deposited in sandstones of late Jurassic age.

Ore bodies forming tabular masses usually have the long axis of the ore body
parallel to the long axis of the sandstone lens. Roli-front deposits form
curved surfaces that cut across the bedding. The deposits contain concentric
bands of rich and lean ore and are thought to have formed at the interface
between an oxidizing and reducing environment. As the interface moved with
the hydrologic flow, concentric bands of uranium were deposited. Ore bodies
range in size from a few feet across and inches thick containing a few tons
of ore, to hundreds of feet across and tens of feet thick and containing
miltions of tons of ore.

Peneconcordant deposits occur most frequently in stratigraphic units of
mixed lithology. Uranium deposits occur in sandstone units that are inter-
bedded with mudstone units. Most uranium-bearing sandstones are fine to
medium grained, are moderately to well sorted {minimum variation of grain
size) and are of quartzose, arkosic or tuffaceous composition. The sand-
stones are cemented mainly with clay and carbonate minerais. The uranium
minerals may fill the pores of the host rocks, replace plant fossils par-
tially or completely, or replace parts of sand grains and the cementing
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minerals. Uranium also occurs in asphaltite, a noncellular, organic material
that is present in some sandstones.

Uranium can occur in a wide range of sandstone types with considerable per-
meability variations. Well sorted, clean, fractured sandstones will generally
have the highest permeabilities; poorly sorted, clay rich sandstones the
least. The deposition of the uranium minerals in the pore spaces of the

host rock tends to decrease its permeability (Shock and Conley, 1974).

3.2.3 Other Uranium Deposits

Uranium may also occur in vein deposits, fissure fillings in faults, joints
and fractures. These deposits are thought to have formed by hydrothermal
solutions and in the United States are mainly late Cretaceous to early
Tertiary in age. Uraniferous igneous formations such as the Conway granite
in New Hampshire are another source of uranium, although concentrations are
much less than in sandstone deposits. Uranium is also associated with the
marine sediments of phosphate rocks and black shales. Extensive phosphorite
beds in the Phosphoria Formation occur in Idaho, Montana, Utah and Wyoming.
Most of the uranium-bearing black shale in the United States occurs in the
Chattanooga Shale in Tennessee, Kentucky and Alabama (Finch et al., 1973).

3.3 COPPER DEPOSITS

3.3.1 Background

The United States has been the world's largest producer of copper since 1883.
In 1968 20% of all the copper was wmined in the United States. Most of the
copper produced comes from five western states, Arizona, New Mexico, Nevada,
Utah and Montana. Lesser amounts are wmined in Michigan and Tennessee

(Ageton and Greenspoon, 1970).

Most of the copper mining has been by open pit and cenventional underground
methods. Although the practice of leaching copper deposits has been known
since medieval times it has not been used extensively. Leaching operations
have been limited to old workings or caved areas of mines where it was un-
economical to recover the copper by other methods. An early example of in-
situ leaching of copper ore was that carried out in caved stopes by the Ohio
Copper Co. of Utah at Bingham Canyon, Utah during the years 1922-1925
{Anderson and Cameron, 1926).

The copper-bearing minerals of importance in ore-grade deposits are the
oxidized copper minerals azurite, malachite, chrysocolla, tenorite and
cuprite and the sulfide ininerals chalcocite, covellite, bornite and
chalcopyrite (Fletcher, 1974).

Cox et al. (1973) have described five major types of copper ore deposits. In
order of decreasing abundance, they are {1} porphyry, vein and replacement
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deposits associated with felsic intrusive rocks, (2} sedimentary deposits,
(3} massive sulfide deposits in volcanic rocks, (4) nickel-copper deposits
in mafic intrusions, and (5) native copper ores.

3.3.2 Porphyry Deposits

Porphyry deposits account for two thirds of the world's known copper resources.
In the United States 90% of the copper mined is from porphyry deposits (Cox
et al., 1973). The U.S. porphyry copper deposits are located in the Basin
and Range physiographic province of the western states. Deposits with eco-
nomic concentrations of copper-bearing minerals are associated with the
intersections of major orogenic belts and fault zones (Schmitt, 1966) while
the richest copper districts occur at "triple-junctions™ or more complex
intersections. The large porphyry deposits in Arizona, for example, occur at
the intersection of the Wasatch-Jerome orogen, the Texas lineament zone, and
two strong northeast Tineations. Tectonic activity may have faulted and
fractured the rock mass in areas resulting in relatively highly permeable
zones. Schmitt (1966) concludes that zones of crustal weakness occur at
these intersections and have existed for long periods of time, closing and
reopening from time to time as the tectonics of the region changed. These
zones of weakness become the pathways by which igneous intrusions and
associated porphyry intrusions work their way upward in the crust. Miner-
alizing fluids derived from the mantle and/or lower crust also rise upward
through these same zones,

The composition of the copper-bearing porphyry rocks ranges from acidic
{alaskite, granite, rhyolite) to a more basic diorite-andesite composition
(Stringham, 1966}. The ages of the porphyries and their associated igneous
rocks range from Mesozoic to early Tertiary (Schwartz, 1966). On the
average /0% of the ore is in the porphyry body and 30% is intruded into the
surrounding rocks as vein and replacement deposits {(Cox et al., 1973).

Wide zones of closely and irregularly fractured country rock called crackle
zones surround almost all porphyry deposits. The fractures provide avenues
for leach solutions to the peripheral porphyry deposits, and are an important
consideration when evaluating leach feasibility. Hydrothermal alteration,
which is present in all porphyry copper deposits (Creasey, 1966), is usually
so pervasive that it is difficuit to find specimens of fresh rock for
comparison,

The history of a typical porphyry copper deposit has been summarized by
Schwartz (1966) as follows:

1) Intrusion of acidic or intermediate stock.

2) Cooling of the upper part of the stock.

3} Fracturing and shattering of part of the stock and to a lesser
extent the surrounding rock.

4) Fluids rise into the fractured rock, hydrothermally altering it
and depositing sulfides. The sulfides fill the cracks and re-
piace parts of the wall rocks.
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5) Erosion and oxidation of sulfide minerals occur. Copper is
carried downward by groundwater and deposited near and below
the water table (supergene enrichment).

6) The outcrop, leached, and supergene ore zones move downward
as erosion proceeds,

3.3.3 Sedimentary Deposits

Sedimentary or stratabound deposits of copper wmay account for some of the
world's largest single reserves but have not been exploited in the United
States. Future U.S. discoveries of rich copper deposits may 1ikely be of
the sedimentary type, as the major porphyry bodies have probably been
detected. Stratabound deposits have been difficult to recognize in the
field and their origins are just beginning to be understood (Cox, et al.,
1973).

Cox et al. (1973) divide sedimentary copper deposits into three types
based on a genetic classification.

Type 1. Rocks of Precambrian age, formed when atmospheric oxygen
began to become abundant and to mobilize copper that was
previously stable.

Type 2. Syngenetic marine deposits, formed on the sea floor by
precipitation or absorption on organic matter.

Type 3. Deposits formed by reaction of connate brines or meteoric
groundwater with strata such as black shale, carbonaceous
sandstone or carbonate rock.

In the United States known sedimentary copper deposits occur in the Precam-
brian Nonesuch Shale of Michigan and northern Wisconsin, About 5% of U.S.
copper production comes from a single shale bed which is 1 to 8 meters thick.
Unless highly fractured, the shale will have an extremely low permeability.
Anomalously high concentrations of copper occur in sedimentary rocks of
Precambrian age in the Belt Supergroup of Idaho, Washington and Montana.

The copper is most common in strata of green color and occurs as dissemina-
tions, discrete blebs and veinlets (Harrison, 1972). In the Southwest,
copper deposits are associated with Tate Paleoczoic or early Mesozoic red
sandstones. The copper most commonly occurs in the 1ight to dark gray
sandstones interbedded with red sandstones. The Flowerpot Shale of Permian
age in southern Kansas and western Oklahoma contains disseminated copper
sulfide minerals in thin beds of gray shale. Interbedded sequences of sand-
stones, shales and siltstones present a definite problem with respect to in-
situ leaching. Large variations in permeability with depth may exist,
causing incomplete penetration of acid fluids to the ore. Some means of
induced fracturing would most Tikely be necessary for a leach operation.
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3.3.4 Massive Sulfides, Nickel-Copper Ores, and Native Copper Ores

Massive sulfide copper deposits in lavas and pyroclastic rocks of sub-
marine origin form a small but locally important part of the world's

copper resources. Such deposits, however, are not found in the United
States. Other important resources include byproduct copper, which is
obtained from commercial nickel deposits in mafic rocks. Major deposits

are located in the U.$.S.R. and Canada, although the U.S. does have nickel-
copper ore bodies in Maine and Alaska. Native copper deposits have been
mined since 1845 from the Keweenaw Peninsula of Michigan. The copper occurs
in amygdaloidal flow tops and conglomerate beds in the Portage Lake Volcanics.
The metal was introduced after deformation of the host rocks, filling
vesicles, fractures and interstitial pore spaces. Flow patterns can be

very complicated in such regions and actual permeabilities might be deter-
mined only after a careful test program including geologic and hydrologic
investigations.

3.4 PERMEABILITY RANGES FOR VARIOUS SOIL/ROCK TYPES

Figure 3-1 presents a rough estimation of permeability as a function of
general geologic conditions. The values and ranges established are not
exclusive, and should not be viewed as such. The purpose is to illustrate
a likely relative variation in permeabilities through a broad range of
potential geologic environments. Actually, the in-situ permeability of a
region is likely to be highly variable, and may be influenced by many
factors, including depth of deposit, in-situ stresses, geologic history

of the deposit, fracture intensity, fracture aperture, filling material

of discontinuities, cewmenting agent and extent of weathering and alteration.

Consequently, Figure 3-1 should only be used as a guide for the selection
of an appropriate field test method.
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4.0 IN-SITU LEACHING OPERATIONS

4.1 BACKGROUND

In recent years there has been renewed interest in the solution mining of
such metals as copper, uranium, lead, zinc and nickel. Solution mining
offers some important advantages over open pit or underground mining

methods such as reduced environmental damage and economic recovery from

low grade and deeply buried ores. Solution mining also eliminates safety
hazards to which open pit and underground mine workers are exposed. Poten-
tial disadvantages for solution mining include contamination of groundwater,
incomplete recovery of the leached mineral and the nonrecovery of associated
minerals. Also, the need for large volumes of water presents problems in
arid regions with growing populations.

4.2 LEACHING TECHNIQUES

Leaching operations usually inciude the general tasks of applying a leaching
fluid to the ore, dissolving one or more minerals, collection of the preg-
nant solution, precipitation of the mineral and recycling of the fluid. The
design and production of each leaching operation and the achievement of
maximum recovery possible depend on many factors, such as the type of miner-
alization, the shape, size and orientation of the ore body, the physical and
chemical properties of the ore and host rocks and the position of the water
table. The permeability of the rocks to be leached is a key parameter, and
it has been demonstrated in the field that permeability can be increased by
blasting before leaching operations begin. The careful design and installa-
tion of injection and production wells with respect to the in-situ permeability
is an important consideration toward maintaining an economic level of
recovery.

Since the technigues used in the leaching of copper and uranium are somewhat
different they are discussed separately. New techniques are being developed
as in-situ leaching operations are tested in different environments. With
increased use of in-situ solution wmining the present techniques will likely
be improved and wider application of the techniques may be possible in the
future.

4.2.7 Uranium Leaching

Uranium can be Teached from ore deposits in sandstones by application of

acid or alkaline solutions to the mineralized zone. Since most uranium
deposits are located below the water table, the hydrology of the area sur-
rounding the ore body must be studied carefully. Containment of the leaching
solutions by the natural groundwater is necessary for successful below-water
table leaching (Anderson and Ritchie, 1968}.
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Leaching takes place in two steps; the tetravalent minerals are first
oxidized to the hexavalent state which is readily soluble, and are then
complexed to form the relatively stable tricarbonate. The tricarbonate
stays in solution during transportation to the production well (Hunkin,
1975). The magnitude and direction of the flow are controlled by the
pressure and volume of injected fluid at the input well, the natural
groundwater flow regime, and the drawdown at the production well. At
Shirley Basin, Wyoming, three injection wells were placed upstream of
the natural groundwater flow and one production well downstream. The
leach solution moved through the ore zone and was recovered at the pro-
duction well about 25 feet away (Anderson and Ritchie, 1968). Small
scale leaching operations such as at Shirley Basin continue for about a
month whereupon new wells are installed in another part of the field.
In France, Tow-grade uranium ore from the Escapiere district is leached
by supplementing the natural rainfall with pond water and collecting the
sclution at the bottom of slopes. The action of anaerobic bacteria on
pyrite in the granite forms a dilute sulfuric acid. As this acid seeps
through the broken ore, the uranjum in the granite is leached out
(Anonymous, 1967).

4.2.2 Copper Leaching

Copper was first successfully recovered by leaching at Bingham Canyon,
Utah, by the Ohio Copper Company of Utah between 1922 and 1925. The
uniformly broken porphyry ore in biock caved areas was leached with

water (Anderson and Cameron, 1926). Copper leaching of the unbroken ore
was also attempted but copper recovery was too low, and deep blasting

was used to prepare the leach area. Usually, a solution of sulfuric acid
is applied to the top of the ore zone by ponding, sprinkling by rainbirds,
perforated pipes or injection wells. As the solution slowly percolates
through the ore, the copper oxide minerals are dissolved. The pregnant
solution is then coliected below the deposit, sometimes in old adits left
from previous mining operations. The copper is then precipitated on
shredded scrap iron and the sulfuric acid solution recycled. With this
procedure the water table must be kept below the collection Tlevel.

4.3 PLCRMEABILITY ENHANCEMENT BY BLASTING

An important factor in a leaching program is the permeability of the zone
to be leached. In some applications, the host rock may be sufficiently
permeable to allow the leach program to be conducted with no further sub-
surface work. Alternately, the in-situ mass may be relatively impervious
to the leach solution. In this case, it may be possible to induce the
desired permeability artificially through a variety of blasting techniques.
Various references in the literature consider the application of blasting
prior to in-situ leaching (Rosenbaum and McKinney, 1970; Longwell, 1974;
Ward, 1974; McLamore, 1974; Lewis et al., 1974; D'Andrea and Runke, 1975,
StecKley et al., 1975).
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The literature is not specific as to permeability requirements necessary
for successful Teaching programs. Parameters such as Rock Quality Designa-
tion (RQD)}, percent core recovery by length and by weight, rock block size
(Steckley et al., 1975) and fragment size distribution (D'Andrea et al.,
1976) have been used to assess the effects of blasting on the ore rock.
Although all of the above mechanical parameters may be related to the
penetrability of the leach fluid, measuring the permeability of the rock
mass before and after induced fracturing is recommended as a more direct
approach.

The ease of making permeability measurements before and after blasting can
be optimized by attention to the design of test and blast hole locations.
Boreholes may be able to serve a dual purpose, particularly in conjunction
with well-pumping permeability tests (see Sections 7.1, 7.6). A drilled
hole may serve for introducing a blasting agent and as an observation well
for pump tests performed before and after blasting. Varying degrees of
post-shet hole redevelopment may be required depending on such factors as
the depth and size of the blast, the quality of the rock mass, the water
table level, and the distance of the drilled hole from the proposed central
(pumped) well. The blasting drill hole may also serve for other single-
borehole permeability test methods. In either case, new post-shot boreholes
for permeability tests might be required due to excessive blast damage in
the original holes. Regardless of the degree to which the driliing program
for blasting and permeability testing can be overlapped, field testing of
permeability before and after blasting is recommended as an effective means
of assessing the impact of blasting on the ore body and the enhanced poten-
tial of the ore body for in-situ leaching.

4.4 RELATIONSHIPS BETWEEN LEACHING PERFORMANCE AND IN-SITU PERMEABILITY

The nost important physical characteristic of an ore deposit to determine
its leachability is its permeability. The leaching solution must come in
contact with as much of the mineral being extracted as possible. Many ore
deposits are repeatedly blasted to increase permeability. Factors which
affect the permeability of the ore deposit include: vrock type, cementation,
alteration, pore space, faults, fractures, joints, large or small scale
folding, the presence of layers or lenses of impervious material, and the
permeability of the host rocks. Leaching operations may cause the per-
meability to either decrease c¢r increase as leaching progresses. Pore
spaces near the wells may be clogged with fines, and the formation of clay
along fractures may reduce leachability. However, disintegration of the
intact rock surfaces along tight joints and fractures may increase the
permeability. Such phenomena require future study.
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5.0 FIELD PRACTICE IN IN-SITU PERMEABILITY MEASUREMENT

This section of the report considers field practice in in-situ permeability
measurement techniques. Case histories presented in the literature have

been reviewed, and where numerical results of permeability are available,

such information has been recorded. Specific values or ranges of permeability
obtained in the respective test programs are presented in Figure 5-1. The
data has been grouped according to the general test wethod, and the geologic
environment of each test has been entered on the graph.

The case histories illustrate an approximate distribution of geologic envi-
ronments and permeabilities as well as general applicability of a given test
in various geologic media. Although the review does not define exact upper
and lower bounds for permeability test method application, nor provides a
complete estimation of test suitability in terms of rock type, the plot does
provide an experience base to facilitate selection of the appropriate test
method(s).

Once the investigator determines the general geologic regime of the ore
deposit, an approximate range of permeability can be obtained from Figure 3-1.
Given this range of permeability, the investigator can proceed to Figure 5-1,
wherein one or more tests may be identified as a possible choice. Then

Figure 10-1, which is discussed in detail in Section 10, can be used to
further identify a suitable test method.
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6.0 GENERAL SPECIFICATIONS FOR £IELD TEST PREPARATION WORK

6.1 INTRODUCTION

This section of the report contains discussions, recommendations, and
general specifications for preparation work for permeability field tests.
Preparation work for a field permeability measurement program should
include drilling and sampling of the formations down to the level of the
ore body to be leached. Where the exploratory drill holes are to be used
for subsequent field permeability measurements, various constraints rele-
vant to the drilling techniques and drilling fluids must be observed and
are described in Section 6.2,

6.2 DRILLING TECHNIQUES
6.2.1 Drilling Tools and Drilling Methods

The formation in which a hole is to be driven will affect the proper choice
of drilling method. The following sections describe a few appropriate
driliing tools and drilling methods for various types of soil and rock
formations to be penetrated and sampled.

6.2.1.1 Unconsoliidated Formations - An easy method of penetrating uncon-
solidated, unsaturated formations to depths of up to about 100 feet is with
a continuous-flight auger drill. Such drills may be truck or crawler-track
mounted. The continuous-fiight auger may be fabricated with a hollow stem
to permit insertion of drive-spoon samplers through the auger to the base
of the hole in order to retrieve short samples ahead of the auger. While
advancing the auger a drilling-log is commonly kept to record the type and
visual properties of the soil cuttings with depth.

A much more rapid method of drilling unconsolidated formations is by use

of Becker percussion-hammer drills, used extensively at Tarbela Dam
(0'Rourke, 1972). A typical tool comprises a double-walled steel drive
string with a 6-5/8-inch outside diameter and a 4-7/16-inch inside diameter.
Other sizes are available. The drive string has a specially designed cutting-
head, which comprises several breaker-teeth with upward-directed air-jet
ports. Compressed air is fed down to the cutting head through the double~
walled drive string, which is driven down by an air-hammer. The compressed
air T1ifts the cuttings up through the inner gpening of the drill string.

This drilling method is attractive in that driliing and casing the uncon-
solidated formation is carried out simultaneously, and well casings, piezo-
meter pipes or tubes, and backfill material may be instalied through the
drive string before or during withdrawal of the drive string. Up to 18-inch
cased holes may be driven using a special hammer which simultaneously drives
the casing and an inner drive string. This system was used on the trans-
Alaska pipeline in 1975 and 1976. The casing may be withdrawn partially or
totally for permeability test purposes by special spider-frames and hydraulic
jacks that can be furnished with the rigs.
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The wash boring method is a simple and frequently used procedure for ad-
vancing a borehole in unconsolidated formations. Initially, casing with a
diameter of 2 to 4 inches is driven to a depth of 5 or 10 feet. The casing
is then cleaned out by a chopping bit which is connected to the lower end

of a wash pipe. Water is pumped down through the wash pipe and out through
small bit openings at a high velocity. The water then carries soil frag-
ments up through the annulus between the casing and the water pipe, and into
a settling tank at the top of the borehole. The cuttings settle out, and
the water is recycled into the wash pipe via a suction hose, pump, and water
hose. A swivel connection between the water hose and the wash pipe permits
the chopping bit to be twisted as it is raised and dropped on the bottom of
the hole. Additional casing is driven and water pipe sections are added as
the hole progresses. If the material will stand without caving, however,
the ca512§ need only extend 10 to 15 feet below the ground surface (Peck et
al., 1974).

Rotary drilling is similar to wash boring except that the drill rods and
cutting bit are rotated mechanically while the hole is being advanced. The
cutting bit contains ports from which the circulating water emerges. The
circulating water carries cuttings up the annular space outside the drill
rods. The rods may be pressed downward mechanically or hydraulically while
rotating. Various bit types such as drag bits, tri-cone and two cone roller
bits can be used, depending on the quality of the medium penetrated.

For both wash boring and rotary boring a drilling fluid other than water may
be used. The selection of a drilling fluid compatible with the require-
ments for subsequent permeability measurements in the borehole is discussed
in Section 6.2.2.

6.2.1.2 Rock Formations - There are many drilling methods for rock,each
pertaining to a particular set of conditions. If a rock sample is desired,
coring methods are available. The use of core barrels is discussed in Sec-
tion 6.3.

Less expensive, non-coring techniques can satisfy other needs, such as pro-
viding inexpensive access to depths where cores are desirable, and for
placing piezometers. Small holes 1 to 8 inches in diameter can be drilled
by percussive, rotary, or rotary-percussive machines.

The percussive drills remove rock by making a series of indentations, the
rotary drills by a planing or cutting action, and the rotary-percussive
drills by a combination of indenting and cutting. Various drilling fluids
are ysed to remove the cuttings from beneath the bit with conventional or
reverse circulation methods. Drills may be powered by internal combustion
engines, diesel engines, compressed air motors, hydraulic fluid motors, or
electric motors.

Percussive drilling machines contain a piston that is driven by air or
hydraulic fluid. The piston impacts on the steel driil rod which in turn
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drives thg bit to produce rock breakage. The hammer assembly may be located
on the drill rig, at the top of the drill rods, or down-hole, just behind
the bit. These machines are used only for hard~rock drilling.

Rotary drills, which combine high thrust with bit rotation, are used both

in soft, non-abrasive materials and hard rock. The cutting potential is
governed by the rig size and bit type (NRC, 1976). In rocks of soft

to medium hardness, such as coal, shale, sandstone, evaporites, marls and
limestone, carbide drag bits, tricone bits and diamond bits may be used. In
hard rocks diamend bits must be used.

If a non-cored hole is desired in hard rocks, non-coring diamond bits can
be used. Several advantages are that a very straight hole is produced, the
rock mass undergoes a minimum of disturbance, and the rate of advance is

high. Table 6-1 presents a summary of various drilling methods used in soil/
rock masses.

6.2.2 Drilling Fluids

Driliing fluids used in the various drilling methods can range from clear

or muddy water, to conventional soil-bentonite slurries, to a viscous mixture
of special-purpose materials. The use of compressed air as a drilling fluid
will be discussed later as a special case. In general, a drilling fluid may
perform one or more of the following functions:

) supports the wall of the borehole to prevent caving
removes the cuttings from the bottom of the hole
cools and cleans the drill bit

) lubricates bit bearings, mud pump, and drill pipe

PR X e

In many applications, an additional purpose of the fluid is to seal the

wall of the borehole to reduce fluid loss. However, for purposes of
permeability testing, this is an undesirable effect. Emphasis must

be placed on keeping the borehole wall as clean and free of mud and drill
cuttings as possible during drilling operations. If permeable strata are
encountered or anticipated, casing of the borehole should be considered in
preference to a high-viscosity drilling fluid. The only exception to this
rule is in the use of a high-viscosity drilling fluid similar to Johnson Co.
“Revert", an organic polymer drilling fluid additive which takes the place
of native clay or bentonite. This additive has the advantages of a clay mud
drilling fluid in minimizing water Toss in permeable strata and stabilizing
borehole walls in collapsible formations, and yet will break down to a water-
1ike fluid in 3 or 4 days. Faster or longer "break" times can be achieved
by addition of another additive. Consequently, alteration of in-situ per-
meability around the borehole typical of the clay-based drilling fluids is
minimized.



- 26 -

TABLE 6-1 DRILLING METHODS IN SOIL/ROCK MASSES
(after Goodman, 1976)

Augering - Disturbed samples of soil and soil-like rocks; 2 to 24" diameter
holes, maximum depth 60 to 100 feet; holes usually vertical.

Wash Boring - Used for making a hole, without return of a sample, in soils
and in soft rocks; only in vertical holes.

Center Sample Rotary Drilling (Becker CSR) - Chips or cores of all rocks;
holes 3%" and larger, up to 750 feet deep; holes may be inciined up
to 45 degrees.

Churn Drilling - Used for making a hole, without return of a sample, in
soft and medium hard rocks. Holes commonly 2" to 15" in diameter,
up to 4000 feet deep; usually vertical.

Track or Wagon-Mounted Percussive Drilling - Used for making a hole, without
a sample, in hard rocks. Holes commonly 1-3/4" to 4-1/2" diameter, up
to 100 feet deep, in any orientation.

Down the Hole Percussive Drilling - For making holes 4" to 6" in diameter
without a sample, in hard rocks. Usual depth range 120-200 feet. Can
be drilled in any orientation.

Rotary Drag Bit Drilling - Very fast drilling in soft to medium hard rocks,
but without a sample. 2-3/8" to 7-1/8" diameter holes in any orien-
tation. Maximum depth in the range 100 to 250 feet.

Rotary Tricone Drilling - Holes up to 3" to 12" in diameter to any depth;
rigs for drilling up to 200 feet in any orientation are common.

Shot Drilling - A continuous core sample in all but the hardest rocks with
holes up to & feet in diameter; rather siow. Small diameter shot
drilled holes have been drilled up to 1000 feet deep vertically.

Diamond Drilling - Continuous core sample of all rocks except highly frac-
tured rocks of great hardness. Common hole diameters 15/16" up to
7-3/4". Maximum depths of rigs are 200-1500 feet. Wireline equip-
ment can be used in steep holes.
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Another important aspect of the drilling procedure is the direction of drill-
fluid circulation. The conventional method is to pump drilling fluid or
water down through the drill pipe and out through the nozzles in the bit.
The drill fluid then flows upward in the annular space around the drill pipe
to the surface. In a water-filled borehole, the fluid pressure in the bore-
hole at any depth will be greater than the pressure of any adjacent ground-
water (assuming non-artesian conditions). This causes a continuous flow of
water from the drill hole into the adjacent strata. The fluid carries with
it the return cuttings which are in the form of finely ground rock par-
ticles. Sherard (1968) describes a filtering mechanism which may effect

a seal of rock fissures intersecting the borehole. Similar effects are
obvious in the case of soil pores. Such sealing could dramatically re-

duce the observed permeability in a water test.

An alternative drilling method has been developed which minimizes the seal-
ing of the fractures or pores around the drill hole. With this technique,
called reverse-circulation rotary driliing, the flow of fluid is reversed.
The fluid with suspended cuttings is drawn up through the middle of the
drill stem and fresh fluid is supplied through the space between the drill
stem and the wall of the hole. Consequently, fractures or porosity in the
borehole walls are not exposed to the drill cuttings. The technique has the
added advantage that the velocity of the drill fluid in contact with the
wall of the hole is much lower than with conventional circulation and thus
erosion is minimized. It has been recommended that this velocity be kept
below 1 foot/sec. To prevent caving in unstable strata the fluid level should
be maintained at or above the ground surface. The water level in the bore-
hole should be continuously monitored. If permeable layers are penetrated
the water level will suddenly drop. The driller should note the depth at
which this occurs, as this will aid in the overall understanding of sub-
surface conditions. A considerable quantity of water must be immediately
available at all times as a supplement to the drill water cycle when drill-
ing in sand formations. Supply requirements could vary from 20 to 500 gpm
(Johnson, 1972). A prolonged reduction of water lTevel in the borehole in
weak sedimentary formations may result in caving. The use of casing through
such weak strata should be strongly considered.

A relatively new development in rotary drilling includes the use of com-
pressed air as the drilling "fluid". Air is circulated in the same manner
as is water in the methods described above. Rotary drilling machines de-
signed for this use are usually equipped with a water pump in addition to
the high capacity air compressor, since air rotary methods can only be used
in consolidated materials. Water can be used when drilling through over-
burden materials above bedrock, whereupon drilling is continued in the rock
using air. Casing may be required through the overburden to prevent caving
after changing to air circulation.

Field tests demonstrate that with certain sizes of bits penetration rate
is often faster and bit life Tonger when using air as compared with water.
This is achieved through better bottom-hole cleaning (Johnson, 1972).
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6.3 SAMPLING TECHNIQUES

Sampling of a proposed in-situ leaching formation is an important part of
any permeability test program. Factors which may be important to the under-
standing of leaching solution flow can be identified by such a program.

For example, borings in sandstone uranium deposits may detect significant
interbedding of low permeability strata such as siltstones and shales.

Core samples can also identify the relative degree of fracturing in a rock
mass, a common characteristic of porphyry copper deposits. Discontinuities
such as low permeability interbeds and highly permeable fractures can in-
fluence the flow regime of an ore deposit significantly. In addition, some
sampling is essential for the selection of the borehole preparation method
and permeability field test(s).

6.3.1 Soil/Unconsolidated Material

Various augers can be used to obtain soil samples at shallow depth. Although
they work well in cohesive materials such as silts and clays, they are in-
effective in cohesionless soils below the water table because either the
sample will tend to wash off or the hole will not stay open. Consequently,
it becomes necessary to employ rotary drilling techniques and drilling fluids.
Drive sampling techniques are often used to obtain representative soil
samples. Such sampling usually proceeds at 5 foot intervals or at strata
interfaces. The sampie is taken by driving a sampler or "sample spoon”

into the soil at the base of the borehole. Samplers are commonly driven by
drop-hammers and sometimes by hydraulic methods. Common sample spoons range
in size from 2-to 4-1/2-inch outside diameter and 18-to 24-inch Tengths.

Relatively undisturbed samples can be obtained using a thin wall sampler

such as a Shelby tube. The sampler tip is rolled inward, providing a 1 per-
cent inside diameter clearance, thereby reducing drag and disturbance of

the sample. Tubes made of steel, brass or stainless steel come in 2-to 3-inch
outside diameter sizes.

A variation of the Shelby tube is the stationary piston sampler. The sampler
is initially sealed at the bottom with a sliding piston so that it can be
safely lowered through fluid and soft cuttings without fear of sample con-
tamination. The piston is held stationary as the sampler tube is forced

into the formation, and subsequently assists in holding the core in the samp-
ler by a vacuum as the sampler is lifted. This sampler can achieve a better
vacuum seal than does the thin wall sampler's ball check valve.

In the Denison Sampler, or Denison Core Barrel, the inner tube and cutter
always precede the rotating outer tube into the formation, helping to keep
the sample relatively undisturbed and uncontaminated by the driTling fluid.
The sample is "floated" by differential pressure of - the circulating drill
fluid until removed, thereby allowing retrieval in more difficult Toose or
saturated soils and sediments. The sampler is also effective in sampling
mixtures of gravel and clay, in soft shale, and weathered rock interlaced
with clay seams. Various bottom assemblies allow a broad range of appli-
cation (Acker, 1974).
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The reader is referred to Hvorslev (1949) for other detailed descriptions
of sampling techniques for soils/unconsolidated material.

6.3.2 Consolidated Sediment/Rock

The usual direct method of obtaining a rock sample is by using rotary
drills incorporating various types of core barrels and core bits. Con-
tinuous core runs can be taken, or a hole can be advanced to a specified
depth before a core is taken.

The most important parts of any core drill operation are the cutting bit
and recovery vehicle, the core barrel. Most core drilling is carried out
using diamond bits which are available in two main forms: (a} "surface
set" bits with individual diamonds set in a metal matrix, and (b) "impreg-
nated bits" with fine diamond dust incorporated in the matrix. The latter
type of bit is considered to be seif-sharpening because as the surface
wears away, the new diamonds are exposed. Diamonds used in the surface
set bits vary in both quality and size, and are governed by the rock type.
In general, the harder the rock, the smaller the size and the higher the
quality of the diamonds (Bell, 1975}. Bit performance depends on several
factors, including the angular velocity of the bit, the applied pressure,
the matrix (bit) hardness, and the shape and quality of the diamonds.

Tungsten bits are less costly than diamond bits, but can only be used in
softer formaticons such as shale, till, or a residual soil with boulders,
Standard tungsten-carbide bits are manufactured by using carbide inserts
instead of diamonds.

The main types of core barrels are as follows:

Single Tube - This is the simplest, Teast expensive, and most rugged of
core barrels. This is often the best core barrel to use when in solid
rock formations, where good core recovery is relatively simpie. It is
also useful in penetrating rock layers above the strata of interest or
where a high percentage of core recovery is not necessary.

Double-Tube Rigid - This type of core barrel has an outer and inner tube,
both of which are fixed to the core barrel head. A reamer shell and bit
are screwed on to the outer tube. During operation, the drilling fluid
flows through the head and down the space between the inner and outer
barrels. Drilling fluid contacts the core in the bit area. This barrel
is useful in materials that tend to wash or dissolve readily. One draw-
back of this unit is that the inner tube rotates around the core. If the
cored material is friable or badly fractured it may be severely disturbed
in the coring process.

Double-Tube Swivel - This barrel has the advantage that the inner tube is
mounted on anti-friction bearings, which permits the outer tube to rotate
while the inner tube remains stationary. This barrel is therefore more
useful than the double-tube rigid barrel for coring fractured and friable
formations.
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The above-mentioned barrel types are commonly designated the "G" Design
barrels, as standardized by the DCDMA (Diamond Core Drill Manufacturers
Association). DCDMA standards prevail in North and South America,
Australia, and South Africa.

The "M" Design Core Barrel (or Face-Ejection Barrel) is basically a double
tube swivel type core barrel with improved water flow. An extension, known
as the "core lifter case", is fitted to the bottom of the inner tube, ex-
tending almost to the bit. This further protects the core from water
washing. The "M" Design barrel is widely used for recovering rock cores in
fractured and friable formations (Bell, 1975).

Relatively new developments are the Triple Tube and split double tube barreis.
These types employ an inner tube which s split into halves longitudinally.
When withdrawn from the outer casings of the core barrel, the core can be
observed and described without the risk of sample disturbance caused by core
extraction. The procedure permits a better evaluation of highly cleaved

and jointed rocks (Bell, 1975).

6.4 BOREHOLE INSPECTION

Various techniques have been developed which aliow observation of the bore-
hole walls. The advantage of such methods is that structural integrity
and lithologic variations are not subject to misinterpretation due to
damaged core samples. Of particular importance is an accurate assessment
of fracture distribution and spacing in a jointed rock mass. Channeliza-
tion potential and general anisotropic flow conditions may be more easily
estimated using direct down-the-hole techniques. As this problem mostly
pertains to fractured rock conditions, a detailed description of the var-
jous methods is deferred to the section, "Supplementary Discussions For
Fractured Rock." It is emphasized, however, that such techniques may also
be effective in identifying impermeable boundaries in non-fractured media,
such as impervious siltstone and claystone horizons in an interbedded
sandstone seguence.

6.5 BOREHOLE PREPARATION FOR PERMEABILITY TESTS

Seven different methods of borehole preparation are described, Each pre-
paration method is discussed in terms of the geologic conditions and per-
meability test methods for which it is most suitable, the required equip-
ment and the procedural development. The preparation methods have been
given letter designations, and are referred to as such in future sections
of the report. The preparation methods are as follows:

A. Unlined Borehole

A-1. Unlined Borehole with Seai Above Test Length
B. Unlined Test Section, Cased Above

C. Gravel-Filled Test Section, Cased Above

D. Perforated Casing Over Test Section, Cased Above
E. Fully Cased Borehole Open at Bottom Only

F. Piezometer Instalilation
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6.5.1 Method A: Unlined Borehgle

Geologic Conditions

This method may be used in stable materials such as stiff clays and intact
to 1ightly-jointed rocks. In semi-stable materials such as sandy clays
and moderately jointed rocks, test duration will be a factor influencing
this method's suitability. It is not suitable in strata that underlie a
perched water table, or where a Tong Tength of unlined borehole in highly
permeable materiais will lead to the need for large volumes of test water.
For these conditions, Method A-1 is preferable.

Field Test Conditions

This preparation method is suitable for constant head tests above the
water table, for packer tests, and for well pumping tests in unconfined
aquifers.

Equipment

A drill or auger is required to prepare a 3~inch to 8-inch diameter bore-
hole. The borehole size typically depends upon the formation and the test
to be performed, and is usually & inches for a constant head test in soils
and 3 inches for packer tests in rock. The size of borehole is largely a
matter of ease of drilling and installing the necessary test method equip-
ment. For well pumping tests, 3-inch diameters and 6 to 8-inch diameters
are typical sizes for observation wells and production (pumped) wells,
respectively. A compressor and air hose or a bailing tool and means for
surging the borehole are also needed.

For constant and variable head tests, gravel is used to form a 6-inch
cushion at the bottom of the borehole (USBR, G-97). Constant head tests
also require rigid PVC (Polyvinyl chloride} plastic tubing, from 3/4 to
1-1/4 inches in diameter, to reach from the test zone to the ground sur-
face (the PVC pipes are used to introduce water into the test section and
to monitor the water level - see Section 7.3).

Procedure

Drill to the bottom of the proposed test section. The borehole must be
cleaned before the test to remove the fines which may clog the side of
the borehole. This can be achieved by flushing it with clean water untii
it runs clear, making sure that the end of the hose is above the base of
the borehole to prevent scour.

In stiff clays and fine-grained rocks, the drilling action may smear the
sides of the borehole and clog the fissures (Dixon, 1975). To clean the
fissures and borehole sides, fill the hole with water well above the test
section. Then surge the hole gently by raising and lowering a bailer
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{cylinder with hydraulic flap valve at bottom). Finally, bail the hole
to create water flow from the rock/soil mass into the borehole. Bailing
may be conducted with a bailing tool or by 1ifting the water out of the
borehole with compressed air. For the latter method, an air hose from

a small (150 cfm) compressor is Towered to the bottom of the hole, and the
air is circulated at a rate sufficient to cause water flow out of the top
of the hole. This is continued until the running water is clean. The
filling, surging and bailing sequence should be repeated until the bore-
hole water is clear. If rock cores show that fissures are normally clay-
filled, the bailing procedure might alter in-situ conditions and should
not be performed.

In friable materials, constant and variable head tests require a 6-inch
gravel cushion at the bottom of the borehole. Constant head tests also
require PVC‘plpe {one or two lengths) which is seated on the top of the
gravel cushion, or suspended several inches above the base of the bore-
hole if the gravel is omitted. Figure 6-1 illustrates Borehole Prepara-
tion Method A.

6.5.2 Method A-1: Unlined Borehole with Seal Above Test Section
Geologic Conditions

The geologic conditions in which this method is applicable are the same
as for Method A, except that it may be used if a perched water table
exists. Procedure A-1 may also be used to reduce the volume of water
needed for tests in highly permeable materials.

Field Test Conditions

This preparation method is suitable for constant head tests above the
water table, and for well pumping tests in unconfined aquifers.

Equipment

In addition to the equipment specified for Method A, the following are
required:

borehole sealing material:
i) one bag cement and two bags bentonite, or
ii} 1/2-inch diameter commercial compressed bentonite peilets
pea gravel
sand
filter cloth or burlap (optional)
tamping rod
tremie pipe (deep holes only)
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Procedure

Borehole preparation procedure follows directly from that given for Method
A, except that for constant head tests two, rather than the optional one or
two PVC pipes are required. After placing the plastic piping on the 6-
inch gravel cushion, finish filling the test section with gravel. In deep
holes the gravel should be placed through a tremie pipe to prevent biock-
ing and consequent voids in the hole. Place a 3-inch layer of fine sand
over the gravel. To form the seal, use commercially available 1/2-inch
diameter compressed bentonite pellets, or prepare mudballs consisting of

2 parts bentonite and one part cement (by volume) with sufficient water to
render the mixture sticky. For deep holes or holes below the water table,
wrap the prepared balls in a thin layer of netting or cheesecloth. Place
a 6-inch layer of commercial pellets or equivalent amount of prepared mud-
balls into the hole and tamp into place. Add a several-inch layer of
sand. Repeat this procedure until the seal either reaches the top of the
water table or is 10 feet Tong. After placing the seal, allow a setting
time of 24 hours before testing in the borehole. Figure 6~1 illustrates
Borehole Preparation Method A-1.

6.5.3 Method B: Unlined Test Section, Cased Above

Geologic Conditions

This method is suitable for stable materials overlain by unconsolidated
deposits, and for marginally stable conditions such as soft or sandy
clays and moderately jointed to very blocky and seamy rock. It may be
used in medium to stiff clays, but in such low permeability materials,
Method F should be considered as an alternate in order to reduce test
duration.

Field Test Conditions

This method is suitable for variable and constant head tests, packer
tests and well-pumping tests. For constant head tests, where the height
of water in the borehole is above the top of the test section, Method D
may reduce upward seepage around the casing and give better test results.

Equipment

A drill or auger is required to prepare a 3-inch to 8-inch diameter bore-
hole. The borehole size typically depends upon the formation and the
test to be performed, and is typically 6 inches for a constant head test
in soils and 3 inches for packer tests in rock. The size of the borehole
is Targely a matter of ease of driiling and installing the necessary

test equipment. For well pumping tests, 3-inch diameters and 6 to 8-inch
diameters are typical sizes for observation wells and production

(pumped) weélls, respectively. A compressor and air hose or a bailing tool
and means for surging the borehole are needed for cleaning procedures.
Casing is required above the test section.
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For constant and variable head tests, gravel is used to form a 6-inch
cushion at the bottom of the borehole (USBR, G-97). Constant head tests
also require rigid PVC tubing, from 3/4 to 1-1/4 inches in diameter, to
reach from the test zone to the ground surface (the PVC pipes are used

to introduce water into the test section and to monitor the water level -
see Section 7.3).

Procedure

Drill and case the borehole to the top of the test section. Drill 5 to

20 feet further, with preferred lengths of 5 feet for constant and vari-

able head tests, and 10 feet for packer tests. For well pumping tests,

the test length should preferably penetrate the entire stratum under
investigation. The borehole should then be cleaned as described for Method

A. In friable materials, constant and variable head tests regquire a 6-inch
gravel cushion at the bottom of the borehole. Constant head tests also

require PYC pipe (one or two lengths) which is seated on the top of the

gravel cushion, or suspended several inches above the base of the borehole

if the gravel is omitted. Figure 6-2 illustrates Borehole Preparation Method B.

6.5.4 Method C: Gravel-Filled Test Section, Cased Above

Geologic Conditions

This method is suitable for unstable materials such as soft clays, sands
and gravels, and crushed rock. In unstable materials of high permeability,
Method E should be considered as an alternate because it may reduce the
volune of water needed for the test. For clays, Method F should be con-
sidered as an alternate because it may shorten the test duration. Due to
difficulties with installing the gravel and plastic tubing, the perform-
ance of constant head tests may be Timited to depths of approximately 100

feet.
Test Conditions

This method is suitable for constant and variable head tests. For constant
head tests where the height of water in the borehole is above the test
section, Method D is preferable because upward seepage around the casing is
reduced (USBR, G-97}. Although Method C can be used for weli-pumping tests,
Method D is preferable for such tests.

Equipment

A drill or auger is required to prepare a 6-to 8-inch diameter borehole.

A compressor and air hose or a bailing tool and means for surging the
borehole are needed for cleaning procedures. Sufficient gravel is required
to fill a 5 foot {minimum) test section length. Casing is required above
the test section. A tremie pipe is required to place the gravel in deep
holes.
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For constant head tests, rigid PVC tubing, from 3/4 to 1-1/4 inches in

diameter is required to reach from the test zone to the ground surface

(the PVC pipes are used to introduce water into the test section and to
monitor the water level - see Section 7.3},

Procedure

The preparation procedure for this method varies slightly for relatively
stable and unstable materials. If the borehole will stand unsupported
for a sufficiently long time, drill to the top of the test section, case
over the entire length, and then drill a test section of approximately 5
feet. Clean the test section as described for Method A. For variable
head tests, place sufficient gravel (using a tremie pipe at large depths)
so that it extends several inches into the casing. For constant head
tests, create a 6-inch gravel cushion, place the required PYC pipe on the
cushion, and then backfill with gravel so that it extends several inches
into the casing.

If the borehole will not stand unsupported, drill and case the borehole
to the bottom of the test section. Withdraw the casing a short distance,
flush the hole, and place gravel to support the unlined section. For
variable head tests, continue the casing withdrawal-flushing-gravel back-
fill cycle until the desired test section length has been achieved. Ex-
tend the gravel section several inches into the casing. The procedure is
the same for constant head tests, except that the PVC pipe is placed after
a 6-inch gravel cushion has been created. Continue the cycle, being
careful not to alter the position of the PVC pipe. When the desired test
length has been achieved, extend the gravel section several inches into
the casing. Figure 6-3 illustrates Borehole Preparation Method C.

6.5.5 Method D: Perforated Casing Over Test Length, Cased Above

Geologic Conditions

This method is suitable for unconsolidated materials which will cave with-
out support. Using this method, the results of constant head tests are
progressively more accurate in strata of greater grain size and higher
degrees of uniformity and compaction (USBR, G-97).

Field Test Conditions

This method is suitable for variable and constant head tests above and
below the water table in all ground conditions. This is the preferred prep-
aration method for gravity tests where the height of water in the borehole
is to be maintained above the test section, because upward seepage around
the casing is reduced. Method C is preferable for constant head tests

where the water level is to be maintained within the test length because

the gravel section will minimize heave of the base of the borehole.
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Equipment

A drill or auger is required to prepare a 3-~to 6-inch diameter borehole.
The borehole size typically depends upon the formation and the test to

be performed, as is discussed for Method A. Casing is required over the
entire borehole, with the test section perforated with 1/16 to 1/2-inch
diameter holes, depending on the grain size of the material to be tested..
For well-pumping tests, a well screen may be preferred to the perforated
casing. A minimum test length of 5 feet is required for constant and
variable head tests, while for well-pumping tests, the entire saturated
stratum should be penetrated if possible.

The bottom of the perforated section of casing may be bevelled on the
inside and case-hardened to provide a cutting edge, or a drive shoe may

be attached. Drive shoes are recommended only for gravelly soils or frac-
tured rock where the casing cannot otherwise be driven (USBR, G-97)}. The
drive shoe will cause compaction of the immediate ground mass and may
influence the test results.

Gravel requirements will vary with the preparation method and length of
the test section. If a well screen is used for a well pumping test, a
gravel filter is required to fill an annulus created between the screen
and the borehole wall. This is particulariy important in sandy and clayey
strata. The appropriate filter gradation is a function of the grain size
distribution of the test zone material and is determined as follows.
Sieve a representative sample from the test zone. Then, define D 55 Dgpo
and Dgs as the grain sizes at which 15%, 50%, and 85% by weight ol the
sample has a smaller diameter, respectively. Select a filter material
that has no clay particles, sieve a representative sample to obtain the
D15, D5g and Dgs grain sizes as was done for the test zone material, and
apply the following Timit criteria to the ratios of the two materials:

D
15 gi1ter o:
Dgs

In-Situ Sample
D
15 .

4 < - Filter <20
15

In-Situ Sample

D
50 _.
Filter <25

D
50 In-Situ Sample
(Lambe and Whitman, 1969)

Additional information regarding well screens is available in Johnson (1972).
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For variable and constant head tests, and well-pumping tests where per-
forated casing is used, a 6-inch gravel cushion is required at the bottom
of the borehole. Constant head tests also require one or two lengths of
PVC pipe, from 3/4 to 1-1/4 inches in diameter, to reach from the test
zone to the ground surface. The PVC pipe is used to inject water and/or
monitor water levels in the borehole as recommended in Section 7.3.

Procedure

If perforated casing is used, insert the casing to the required test

depth by drilling and driving. Clean the borehole as described for Method
A. In addition to removing drill cuitings from the well, this removes

some of the fines immediately outside the test section and forms an annulus
of coarse material around the perforated casing, This zone will reduce

the possibility of clogging of the well during actual testing. For constant
and variable head tests, a 6-inch gravel cushion is then placed at the
bottom of the borehole. For the constant head test, place the PVC pipe

so that it rests on top of the 6-inch cushion.

If a well screen is used in a well pumping test, several instaliation
procedures are available. One procedure is to drill and case to the bottom
of the test section. The well screen {s then placed at the bottom of the
hole, and the filter gravel pack is backfilled around the well screen as
the casing is gradually withdrawn. The gravel should be added slowly so
that the well screen is not pulled by the casing. After the casing has
been withdrawn to the top of the test section, a packer provides a seal
between the larger diameter casing and the smaller diameter well screen.
Other installation procedures are available in Johnson (1972). Clean the

well as described for Method A. Figure 6-4 illustrates Borehole Prepara-
tion Method D.

In situations where a weak, caving material is overlain by competent,

intact rock, the borehole will require extending casing through the competent
mass to the weaker material below. When performing a constant head test
under such conditions, it may be desirable to provide a seal at the base of
the competent stratum to prevent upward seepage of water through the annulus
between the casing and the intact borehoie. It should be emphasized that an
installation of this type is intended to be temporary in nature, as are most
permeability testing installations.

Two possible methods of preparation follow. Drill the hole to the top of

the weak stratum. Using a tremie pipe, place sufficient grout so as to
create a three-foot plug at the base of the hole. Wait overnight to allow

the grout to set. Drill concentrically through the soft grout plug and

soft stratum. Then advance casing which is 1} slightly undersized in diameter,
2) perforated over the desired test length, and 3) fitted with a cutter shoe.
The remaining grout plug ring provides a base upon which bentonite slurry is
placed in the annulus between the borehole wall and the undersized casing in
the competent stratum. Place about 10 ft of slurry above the grout plug and

allow 24 hours before testing is begun.
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The second procedure allows for the use of a well screen rather than
perforated casing. The procedure deviates slightly from the well screen
discussion above. In addition to backfilling the entire screened length
with the filter gravel pack as the casing is withdrawn, place approximately
one foot of clean sand on top of the filter material. Fill the annulus to
the top of the borehole with a bentonite slurry. Clean the well as
described for Method A.

6.5.6 Method E: Fully Cased Borehole, Open at Bottom Only

Geologic Conditions

This method is suitable for sands, gravels and fractured, highly permeable
rocks. The very small test area requires the rock/soil to be fairly uni-
form. This method should not be used in medium or low permeability strata.

Field Test Conditions
This method is suitable for constant and variab]é head tests.
Equipment

A drill or auger is required to prepare a 3-to 6-inch diameter borehole.
Casing 1s required over the full length of the borehole. Gravel require-
ments will vary with the field test method and geologic conditions. Con-
stant head tests require one or two lengths of rigid PYC pipe, from 3/4
to 1-1/4 inches in diameter,to reach from the test zone to the ground
surface.

Procedure

Advance the borehole and place the casing. vuring the drilling operation
keep the hole full of water if below the water table to prevent piping
(Dixon, 1975). Seal the casing joints well to prevent water leakage in or

" out of the casing. Flush the borehole with clean water, being sure to

keep the water hose off the bottom of the borehole to prevent erosion. If
the borehole extends below the water table, the borehoie should nhot be
bailed more than a few feet for cleaning purposes. This will minimize the
possibility of piping. However, it is important to clean the hole care-
fully. If sediment is deposited on the bottom of the hole, the permeability
may be underestimated in a constant or falling head test.

For constant and falling head tests in friable materials, place a 6-inch
gravel cushion at the bottom of the borehole. Constant head tests also
require PVC pipe (one or two lengths) which is seated on top of the gravel
cushion or suspended several inches above the base of the borehole if the
gravel is omitted (the PVC pipes are used to introduce water into the test
section and to monitor water level - see Section 7.3). Figure 6-5
illustrates Borehole Preparation Method E.
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6.5.7 Method F: Piezometer Installations

Background

Piezometer installations are included in the borehole preparation section
because for these field tests which require piezometers as a fixed moni-
toring system, the piezometer installation is an integral part of the
borehole preparation sequence. Piezometers, or down-hole instruments to
measure pore water pressure, cover a wide spectrum. Some are very simple
and easy to install, while others are more sophisticated, requiring ex-
perienced and qualified personnej to install them.

The Tliterature is often inconsistent with regard to precise piezometer
classification nomenclature. However, the many piezometer types may be
divided into five general classifications: open piezometers or observation
wells, standpipe piezometers, closed hydraulic piezometers, electrically
indicating piezometers and air-actuated piezometers.

Open piezometers or observation wells are simply open-ended cased or un-
cased boreholes wherein the water level is measured using a down-hole
probe; such probes are easily constructed of an ohmmeter and a length of

2 conductor electric wire or are commercially available. This is the
simplest variation of a Riezometer, and is only useful in permeable

strata (greater than 1077 cm/sec, Hoek and Bray, 1974; Terzaghi and Peck,
1967). A disadvantage of this system is that different layers of soil
which may be acted upon by independent water levels are now connected by
the borehole,and subsequent water level measurements may have little rela-
tion to true, in-situ values,

Where such conditions exist, it is necessary to use standpipe piezometers
to sense the true, in-situ water levels for each soil layer. Standpipe
piezometers have a porous element embedded within a pervious borehole
backfill material, usually sand, within the stratum to be monitored.

A riser pipe of equal or smaller diameter is used to connect the porous
element to the surface for monitoring. The porous element is hydrauli-
cally sealed from communication with any other soil layer contacting the
borehole by backfilling the borehole with an impervious seal just above
the intake element. Consequently, the rate at which water will flow out
of, or into the porous element is a function only of the permeability and
existing pressure head of the stratum communicating to the porous element.

In Tow permeable materials (K<]0’4 cm/sec) the "time lag" can become ex-
cessive if large diameter open piezometers or large diameter riser pipes
for standpipe piezometers are used. The time lag is the time taken for
the observed water level in the uncased or cased hole or standpipe, or

the indicated pressure of a closed system, to reach equilibrium after a
groundwater pressure change. Hoek and Bray (1974) stress that time Tag

is one of the most important factors in choosing an appropriate piezo-
meter system. The time Tag is reduced in lTow permeable materials by using
a standpipe piezometer with a riser pipe of small diameter connected to a
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larger diameter porous intake element. The relatively small volume of
water within the standpipe reduces the response time. Several standpipe
piezometers can be installed in a single borehole, but the practical diffi-
culties of placing effective seals between successive porous elements in
the borehole are considerable. Unless extensive experience has been ob-
tained, single rather than multiple installations are recommended.

The third type, closed hydraulic piezometers, can be used when the per-
meability falls below 10-6 cm/sec. In such low permeable strata, the time
lag of standpipe piezometers becomes excessive. A closed hydraulic piezo-
meter generally comprises a small, down-hole porous element connected by
twin water-filled plastic tubes to the surface. The tubing and porous
element are initially filled with water from a surface station, or terminal.
Groundwater contacts the water in the sensor unit through a porous stone,
and communicates through the water-filled tubes to pressure gages at the
surface. Consequently, they only monitor changes in groundwater pressure
heads that are consistently higher than the elevation of the terminal.

Electrically indicating piezometers, also referred to as pore-pressure
cells, generally consist of a small, borehole-sized hydraulic chamber
which houses a thin steel diaphragm. Groundwater enters the chamber
through & porous stone on one side of the djaphragm and causes it to de-
flect. The deflection, which is proportional to groundwater pressure, is
sensed by a strain gage mounted to the back side of the diaphragm. The
electrical signal from the strain gage is monitored on a readout set at
the surface. Such piezometers can have an almost instantaneous response
time.

Air-actuated piezometers are similar to the electrical piezometers except
that when making a measurement, the diaphragm is deflected back to its
datum position by gas pressure supplied from a bottle at the surface.

The instrument is calibrated such that when a certain constant volume

of gas is escaping past an inlet and outlet port in the diaphragm seat,
the gas pressure acting on the diaphragm will equal the ambient water
pressure.

Geologic Conditions

As mentioned above, an important parameter to consider in an installa-
tion is the time lag. Open piezometers or observation wells can be used
in sands, gravels, and moderately to heavily fractured rock masses where
permeabilities are generally greater than 10~4 cm/sec. Standpipg piezo-
meters may be used in weathered clays, silts, and weathered or lightly
fractured rock where permeabilities are not less than 10-6 cm/sec. In law
permeability formations such as silty clays, homogenous clays and intact
rock, time lag considerations may require closed hydraulic, electrical, or
air-actuated piezometers. The latter piezometer types can be used in any
moderate to low permeability formations and are practical at large depths.
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Field Test Conditions

A1l piezometers described here may be used to monitor groundwater pres-
sure changes during performance of constand head and falling head tests,
and can be used in observation wells for constant head and well-pumping
tests. However, closed-hydraulic piezometers are Timited to those cases
where the terminal can be located below the effective head to be measured.
Open piezometers, standpipe piezometers, and closed hydraulic piezometers
may themselves serve as the test apparatus through which the water is
either removed or introduced during the performance of constant head or
variable head tests.

Equipment

The following equipment is required for a standpipe piezometer. A drill
or auger is required to advance a 3- to 4-inch diameter borehole. Casing
is required in unstable materials. Rigid PVC pipe, 3/4 to 1-1/2 inches
in diameter depending on the permissible time lag, is required in suffi-
cient length to reach from the position of the intake element in the test
section to the ground surface.

The porous intake element consists of either a ceramic piezometer tip
(Casagrande type) or a slotted plastic pipe wrapped in burlap or 1/32-inch
nylon mesh.

Sand or gravel filter material, typically 1 to 2 cubic feet, should be
selected based on the grain size of the test zone material. The selec-

tion criteria are discussed in Section 6.5.5. The volume of filter material
depends on the use of the piezometer and the permeability of the stratum.

Also needed are several cubic feet of fine sand, a tremie pipe (for deep
installations only), commercial compressed bentonite pellets or bentonite/
cement mixtures, a grout pump and hose, and cheesecloth or nylon mesh.

The closed hydraulic electrical, and air-actuated piezometers require
essentially the same borehole backfill materials as the standpipe piezometer,
and the preparation procedure which follows is similar.

Procedure

Advance the borehole, using casing only if necessary. Clean the borehole
by flushing, being careful to keep the flushing hose above the base of the
borehole to prevent erosion.

In stiff clays and fissured rock clean the borehole by filling, surging,
and bailing as discussed in Method A. If the base of the hole is in
sands, gravels, or crushed rock below the water table, do not lower the
water level in the hole more than 10 feet, as this could cause piping
‘or heave of the bottom of the hole.
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If casing is used, the cleaning procedure should be carried out as the
casing is withdrawn.

Place the gravel filter material in the borehole up to the desired loca-
tion of the piezometer intake element or piezometer sensor unit. This
Tocation should be a minimum of 6 inches above the base of the borehole.
Install the intake or sensor unit, connected by the appropriate plastic
pipe or sensor leads to the surface. Add additional gravel filter material
until the top of the proposed filter section is reached. At least 6 inches
of gravel should cover the intake or sensor. Add 3 inches of sand.

For the seal, use commercially available 1/2-inch diameter compressed
bentonite pellets, or prepare mudballs consisting of 2 parts bentonite

and one part cement (by volume) with sufficient water to render the mix-
ture sticky. For deep holes or holes below the water table, wrap the
prepared balls in a thin layer of netting or cheesecloth. Place a 6-inch
layer of commercial pellets or eqguivalent amount of prepared mudballs into
the hole and tamp into place. Add a several-inch layer of sand. Repeat
this procedure until the seal is at least 3 feet long. Grout the remainder
of the borehole with a mixture of 2 parts bentonite, T part cement and 7
parts water (by volume). Figure 6-5 illustrates Borehole Preparation
Method F.
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7.0 TEST METHOD SPECIFICATIONS

7.1 BACKGROUND

The most frequently used direct measurements of in-situ permeability can
be divided into two major groups: those which pump water into the ground
and those which pump water out. Descriptions of the general features of
these two groups of tests follow, some Timitations and areas needing
improvement are commented on, and supplementary investigative techniques
are identified for later discussion.

7.1.1 Pump-In Tests

Pump-in tests may be used above or below the water table. The only pump-in
test that is commonly analyzed for non-equilibriumconditions is the falling
head test. In this test, the borehole is filled with water above the normal
water level and the rate at which the water level drops is recorded.

The remainder of the pump-in tests are similar; water is pumped in until the
flow into the well is constant, and the height of the water level in the

well is constant. The various pump-in tests are differentiated by the manner
in which the water pressure is applied to the test section. 1In a gravity
test, the column of water pumped into the test section does not rise above
ground level. In the literature a gravity test with a constant head applied
is usually called a "constant head test." In practice, a packer test is also
a constant head test; however the column of water extends through drill rods
to the surface and additional pressure is applied with a pump at the surface.
In a gravity test steady state conditions may be reached by maintaining a
constant water head and allowing the flow into the borehole to stabilize, or
by supplying a constant flow and allowing the water level to stabilize. 1In

a packer test, a constant pressure is usually applied and the flow is aliowed
to come to equilibrium.

The analysis procedures for the pump-in tests in the steady state condition
are independent of whether constant head or constant flow is used to reach
the steady state and are independent of the magnitude of the applied head.
However, if one or more observation wells are available, more sophisticated
and accurate analysis procedures can be utilized.

7.1.2 Pump-0ut Tests

Puinp-out tests can only be conducted below the water table. The rising head
test is a sinple non-equilibrium pump-out test. In this test, the borehole
is bailed or pumped and the rate of rise of the water in the borehole to
pre-test conditions is observed.
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Well pumping tests are generally considered the most accurate tests avail-
able below the water table. There are basically two kinds of well pumping
tests: constant discharge and constant drawdown. Water may be pumped out
of the well at a constant discharge rate and the water-level drawdown is
measured, or a constant drawdown is maintained and the pumping rate is
recorded. The analysis of a well pumping test is simplified if equilibrium
conditions are reached. Often; however, it is not possible to reach equi-
1ibrium because of time l1imitations or because of the nature of the recharge
to the pumped zone. Accordingly, a number of analysis methods are presented
for non-equilibrium conditions.

7.1.3 Supplewmentary Techniques

Various monitoring techniques are available to enhance the information provided
by the primary perneability tests. For example, measurement of the rate of
flow with depth over the test zone can help detect channelization or identify
interbedded layers of contrasting permeabilities such as sandstones and silt-
stones. In a jointed rock mass, the permeability is a function of joint size
and spacing. <Calipers or borehole cameras can be used to estimate the frequency
and dimensions of joint fractures. The use of the cameras is particularly
recommended. Electric Togging of a borehole in conjunction with explioration
drilling can often furnish useful information for planning permeability field
test programs. These techniques are described in Section 9.0, "Supplementary
Discussions for Fractured Rock."

7.1.4 Available and Developing Capabilities

In-situ permeability studies for fractured media have received generally
inadequate attention in the field but are important in applications to in-
situ Teaching operations. For testing in rock, the packer test is believed
to be the best method available for assessing variability of permeability.

Review of past practice has revealed several inadequacies with regard to con-
stant head packer tests. The standard packer test method has primarily
evolved from techniques for permeability testing of dam foundations to 100
or 200 ft. depths. While careful use of the standard packer test method will
enabie measurements to be carried out to depths of about 150 feet, the equip-
ment and procedures are considered inadequate at greater depths.

Suitable modifications to the standard packer test are recommended, based on
in-house experience and recent research adaptations noted in the literature.
Overall efficiency should increase as a result of these recommendations,
inciuding reduced manpower costs, operating costs and operating t1me as well
as increased operating ease and accuracy of test results.

Most of the specified permeability test methods are in general accordance
with past practice and consequently available test methods will be found
generally capable. Because available packer test methods were found to be
lacking in some respects, the specifications for packer tests incorporate
the research and development advances mentioned.
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7.2 VARIABLE HEAD TESTS

Two variable head tests are in common use: the falling head test and the
rising head test. Falling head tests may be used above and below the ground
water table. Rising head tests are possible only below the ground water
table.

7.2.1 Equipment
The following equipment with associated approximate costs is needed to per-

form variable head tests, in addition to equipment used to prepare the
borehole.

Falling Head Test

Approximate
Equipment Cost, §
Water supply, somewhat warmer than the groundwater,
if possible (to prevent formation of air bubbles
in the test fluid) Indeterminate
Pump ' Up to 1,000
Thermometer 8
Water level indicator (electrical probe or linen
tape with sinker) 100
Rising Head Test
Approximate
Equipment or Facility Cost, $
Water Disposal Area (the disposal area must not
allow water to percolate into the test zone) Indeterminate
Bailer: Cylinder with bottom check valve, a) Dart valve bailer: 250

such as dart valve bailer and drill rig/hoist
to operate bailer; or compressor with air
hose; or suction pump for lifts of less than
15 ft.

Water level indicator (electric probe or linen up to 100
tape with sinker)

b) 125 c¢fm air compressor
and hose:
rental per day: 35

7.2.2 Manpower Regquirements

Two persons are required to perform rising and falling head tests: an engi-
neer, to determine pump-out/pump-in rates needed to attain desired drawn-
down/excess head levels and to Tend general supervision, and a technician,
who should assist the engineer in developing the well and recording the
necessary data during the test. If stage testing is performed, that is,
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if tests are performed incrementally with depth as the borehole is advanced,
a drill will be available after each stage has been compieted and assistance
in test performance may be provided by the driiler and/or his helper under
the supervision of the engineer (or competent technician).

7.2.3 Hole Preparation

Select a borehole size so that the variable head test can be run in a
reasonable Tength of time. It is desirable to run the test to 90 percent
equalization, i.e., until 90 percent of the differentjal head created by
bailing or adding water is dissipated {Hvorsley, 1951). A table of 90 per-
cent equalization time for various borehole dimensions is given in Figure
7-1, as well as a method to compute the time to 90 percent equalization for
any borehole diameter.

I[f the test is run in a piezometer, the filter Tength of the piezometer
should be sufficiently long to give a representative value of permeability
within a 24-hour test period (Tabor) or longer. In boreholes, the test
section length should be about 5 feet (USBR, G-97) with the borehole cased
above it. The analysis becomes Tess accurate if the entire borehole is
uncased.

The borehole should be prepared by one of the following preparation methods,
listed in order of decreasing desirability.

Fa]Ting;Head Test

F: Standpipe Piezometer
(very low permeability materials only)

D: Perforated Casing over Test Section, Cased Above

E: Fully Cased Borehole open only at base
(very high permeability materials only)

C: Gravel-filled Test Section, Cased Above
B: Untined Test Section, Cased Above

Rising Head Test
Perforated Casing over Test Section, Cased Above
Gravel-filled Test Section, Cased Above

B: Unlined Test Section, Cased Above

7.2.4 Test Procedures

Falling Head Test
1. Prepare borehole as prescribed above.
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If possible, bail a small amount of groundwater and record its
temperature,

Record the temperature of the water to be added.

Fill the borehole/piezometer to top with clean water. In highly permeable
material the water level should be raised as high as is practical.

Using an electric probe or weighted Tinen tape, read the depth to water
from the top of the casing. Withdraw and dry the tip of the level
indicator after each reading.

Read the depth to water:
- at 30 sec intervals for 5 min
- then at 1 min intervals for 10 min
- then at 5 to 10 min (or Tonger) intervals depending on the rate
of fall for the remainder of the test and the estimated value of

TgO.

Record data until 90 percent of the excess head has dissipated. The
time required for 90 percent equalization is a function of soil/rock
permeability and borehole geometry and may vary from a few minutes to
several days. Generally though, an hour should be allowed for each test
(Dixon and Clark, 1975). A table of 90 percent equalization times is
given in Figure 7.1.

Record the data on the data sheet shown in Figure 7-2.

Rising Head Test

1.
2.

Prepare the borehole as prescribed above.

Lower the water level in the borehole by bailing, by dewatering with a
compressor air line, or by pump where total suction lift is not more
than about 15 feet.

Using an etectric probe cr weighted linen tape, read the depth to water
from the top of the casing. Withdraw and dry the top of the level
indicator after each reading.

Read the depth to water:
- at 30 sec intervals for 5 min
- then at 1 min intervals for 10 min
- then at 5 to 10 min intervals depending on the rate of rise for
the remainder of the test and the estimated value of Tqp.

Record data until 90 percent of the excess head has dissipated. The time



~ 55 -

required for 90 percent equalization is a function of soil/rock per-
meability and borehole geometry and may vary from a few minutes to
several days. Generally though, an hour should be allowed for each

test (Dixon and Clark, 1975). A table of 90 percent equalization time
is given in Figure 7-1.

4, Record the data on the data sheet shown in Figure 7-2.

7.3 CONSTANT HEAD AND CONSTANT FLOW TESTS
7.3.17 Equipment
The following equipment with associated approximate costs is needed to per-

form constant head and constant flow tests, in addition to equipment used
to prepare the borehole.

Approximate
Equipment Cost §
Water supply Indeterminate
Hose and Suction Pump 100
Storage Tank 150
Test Pump and Suction Line 350 gpm delivery against
total head of 275 feet:
1,200
Water Meter, Flow Meter or Volume-
Catibrated Container 800
Water Tevel indicator (electrical probe, weighted
linen tape or steel tape) for test well and each
observation well up to 100

A water level indicator is required if the water level in the casing is below
a convenient depth for visual observation. For water levels near the top of

the borehole, a weighted Tinen tape or steel tape is satisfactory to measure
the depth to water.

Additional important equipment criteria relevant to constant head and constant
flow tests are included in Appendix B of this report.

7.3.2 Manpower Requirements

Essentially the same personnel are needed to perform a constant head or con-
stant flow test as with the variable head tests. Two persons (engineer and
technician) are required to develop the well, set up the equipment, and perforin
the test. If observation wells are incorporated during the test, an additional
person is needed to observe and record the water Tevel in each observation well.
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Figure 7-2 VARIABLE HEAD TEST DATA SHEET
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Figure 7-2 VARIABLE HEAD TEST DATA SHEET (CONTINUED)
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7.3.3 Borehole Preparation

1. The borehole should be prepared by one of the following borehole
preparation methods, Tisted in order of decreasing accuracy:

F: Standpipe Piezometer (best for low permeability materials below
water table)

B (or €): Unlined (Gravel-filled) Test Section, Cased Above (best
method above water table if filled only to top of test section)

D: Perforated Casing over Test Section, Cased Above (best method
beTow water tabie, unless F can be used )

8 (or C): Unlined (Gravel-filled) Test Section, Cased Above (if
the height of water during the test is maintained above the test
section, this method is acceptable only if the casing fits very
tightly to the borehole wall )

2. A plastic pipe, inserted into the test well to 2 to & inches above the
base of the hole, should be used to introduce water into the well. This
will prevent entering water from splashing the water level indicator
cable, thus precluding withdrawal and drying of the indicator after each
reading.

Observation Well Preparation

If possible, install one or more observation wells. Particularly for tests
conducted below the water table, observation wells can improve the estimate
of permeability. Above the water table, observation wells are useful only
if the intake and observation wells penetrate to an impermeabie stratum.
For tests below the water table, the observation wells should extend at
least 5 feet below the water table.

The observation wells should have as small a diameter as possible to minimize
the time needed for water to percolate into the well and rise to a height
representative of the groundwater pressure. This time period has been dis-
cussed previously, and is called the time lag. However, the observation
wells should have an intake of sufficient area so that clogging is not a
problem.

Observation wells should be drilled and cleaned with the same care as used
for test well preparation. Specific methods and procedures for well prep-
aration are presented in Section 6.5.

Any of the following borehole preparation methods can be used to prepare the
observation wells.

F: Piezometers - for a low permeability medium. These should not be
used in high permeability strata because the permeability of the
tip may be less than that of the surrounding mass.
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A or B: Unlined Test Section, may be cased above
C: Gravel-filled Test Section, Cased Ahove

7.3.4 Test Procedure

1. For both the constant head and constant flow tests, select the limiting
height of water to be used in the test.

In unconsolidated deposits above the water table, the probiem of upward
seepage around the casing during the test can be eliminated by filling
the hole with water only to the top of the test section.

In weakly cemented rock and cohesive soils, hydraulic fracture may occur
if the applied excess head is too great. The applied excess head is de-
fined here as the difference between the height H of water in the test
well during the test and the height H, of water in the well before the
test (H>H,), and should not exceed 0. D/Y,, where D is the depth to the
test section and Yy is the unit weight of water.

2. Record the temperature of the water to be added. If possible, bail a
small quantity of groundwater and measure its temperature. The added
water should be slightly warmer than the groundwater to prevent bubbles
from forming as the added water infiltrates the soil or rock (USBR G-97).

At this point the procedures diverge. For the constant head test. proceed
with steps 3, 4, 6 and 7. For the constant flow test, proceed with steps 5,
6 and 7.

3. (Constant head test only) If measurements are going to be at depth,
lower the electrical probe into the hole until the electrodes are at the
desired depth, i.e., the height at which the water level will be main-
tained during the test. If two probes are available, lower them so that
one is several inches above the other. Fix them securely in place.

When a constant head is maintained, the signal at the single probe read-
out will go on and off repeatedly. With two probes, a constant head can
be maintained so that one probe is continuously on and one continuously
off.

4. (Constant Head Test only) Begin flow into the hole. Vary the flow to
maintain a constant height of water in the well., If the flow is from
a constant head tank, no flow adjustment is needed. Record the flow
rate directly from a flow meter, or by measuring the volume passing
the water meter over 1 minute intervals. In a low permeability medium
it may be possibie to shut off the main flow and measure the flow needed

to maintain a constant head by pouring water into the hole with a
calibrated container over a 1 minute intervai.
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(Constant Flow Test only) Begin the flow. Maintain the flow at a

constant rate, measured with a flowmeter, water meter or calibrated
container (depending on the rate of flow). Record the depth to the
top of the water with an electrical probe, weighted linen tape, or

steel tape.

(Both Tests} Record the flow and depth to groundwater at the following
intervals: 5 minute intervals for 20 minutes

15 minute intervals for 4 hours

1 hour intervals for 24 hours
If the test is conducted above the water table, 1t may be terminated at
any time after the first 20 minutes if the last two readings differ by
less than ¥ .2 foot (USBR, Earth Manual).

Record the data on the data sheet, Figure 7-3.

CONSTANT HEAD TEST WITH PACKERS - TEST METHOD A

A packer test is a type of constant head test and is analyzed similarly.
However, the equipment and procedures required to operate at high pres-
sures are more complex than for a constant head test with gravity-
induced water pressure. As a result, the methods for conducting packer
tests are presented separately.

Two methods for conducting packer tests are presented in Sections 7.4
and 7.5. Both are acceptable permeability measurement methods, how-
ever one may prove more "capable" than the other under certain circum-
stances. Both methods are evaluated in the Test Method Capability
Matrix, Section 10.0. .

The first method, Method A, has been generally accepted in past prac-
tice. Test accuracy, however, is dependent upon proper calibration of
required equipment. Conditions in the field may restrict such calibra-
tion operations, thereby reducing the reliability of the results.
Other physical aspects such as packer leakage may affect the results
as well. In view of such potential inaccuracies in the accepted test
method, an alternate packer test method, Method B, has been specified.
The primary difference between the two methods is that Method A re-
quires calibration of friction head losses in the system to estimate
the effective fluid pressure in the test cavity, while Method B uses

a sensing device in the test section to monitor the cavity pressure
directly. Method A is presented in this section, and Method B follows
in Section 7.5.
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7.4.17 Equipment

The foilowing equipment, with associated approximate costs, is needed to
perform Packer Test Method A.

Approximate

L Equipment __Cost, §
Drill rig or equivalent to lower and Indeterminate
raise the water pipe and packers approximate rental per hr: 60
Water meter, range 1 to 8 inches, d-inch meter: 800

depending on the permeability of the . .
test zone and the surface area of the 3-inch meter: 400
test section. Generally 1-inch and T-inch meter: 100
4-inch meters will be appropriate.

Pressure gage, range (in psi) to at 30
least 1.5 times test depth {in feet).

Pump, centrifugal-type, capacity to 1,200
350 gpm is adequate for most tests.

One or two packers.

Drill rods or 1-1/4-inch diameter Rubber hose per ft: 10
water pipe. Water pipe per ft: 1
Water supply with suction pump, hose Indeterminate

and settling tank if water is obtained
from a local pond, river, etc.

Swivel and hose to pump; swivel connects 550
hose to drill rods or water pipe.

Compressed air and air hose if air- Nitrogen bottle
inflatable packers used. {230 cubic ft): 10

The USBR (G-97) recommends arranging the equipment as follows, beginning from
the water source:

"Source of water, suction Tine, pump, water line to settling
and storage tank or basin, suction line, centrifugal test
pump, 1ine to water meter adapter if required, or to water
meter, short length of pipe, plug valve, water Tine to swivel,
sub for gage, 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."”

This will minimize head losses.
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A possible equipment set-up for packer testing is shown in Figure 7-4.

Further comments on selection of equipment are made below.

a)

Packer Selection - A packer is an expandable plug which is used

at the top, or the top and bottom of a permeability test section to
hydraulically isolate the test section from the remainder of the borehole.
Packer selection is the key to a successful pressure test. The packer
must have sufficient dimensions so that leakage past it is not a problem.
The packer should be selected so that its Jength is at least 5 times the
borehole diameter (USBR G-97). In erodable formations a longer packer or
several packers in series may be required to get a good seal. The packer
must be flexible enough to deform to the irregular shape of the borehole.

Two principal types of packers are acceptablie for packer testing:
Mechanical packers and pneumatic packers. There are several types of
mechanical packers including wedge type, bottom set and screw set. Wedge
type packers are simple but useful only to 25 psi (Acker, 1974). Both
bottom set and screw set packers have a rubber cylinder which is
mechanically expanded against the sides of the borehole by compressing
the cylinder. With the bottom set type, the rubber cylinder is located
between drill rods attached to the drill. The rubber cylinder is

located between drill rods extending to the bottom of the borehole and
drill rods attached to the drill. The rubber cylinder is compressed and
expanded laterally when the drill rods are Toaded by jacking them against
the driliing machine. With the screw type solid rubber packer, an adjusting
nut is used to compress the packer. This type of packer is suitable for
hard rock and moderately jointed, non-caving, non-erodabie formations.
Although it can be used to higher pressures than pneumatic packers, the
difficulty of applying torque at greater depth limits its flexibility.

Pneumatic packers are by far the most popular type of packer in current
practice {Maini, 1971). They are recommended for sedimentary formations,
irregular borehole profiles, and caving and erodable material. However,
operational pressure criteria may pose some limitations to currently
practiced pneumatic packer construction. A basic criterion to in-situ
permeability measurement by the packer test method is that the excess
test cavity pressure may not exceed 0.5 psi/ft depth to the test section.
Otherwise, hydraulic fractures may occur, significantly altering sub-
sequent test results. Generally, this is not a problem for present test
methods and equipment down to depths of about 400 ft. A1l that has been
found necessary is to expand the packer at a small differential pressure
above the test cavity pressure. A minimum differential of 5 psi is
needed (Herndon and Lenahan, 1976), and Gale (1975) has found that a
differential pressure of 30-40 psi is sufficient to seal most leaks.

Considering that about 200 psi is the maximum differential pressure
reported for the previously constructed pneumatic packers (Sherard et al
1963) about 165 psi will be found to be the maximum desirable differential
injector pressure over any in situ groundwater pressure in the test zone
when making in situ permeability test measurements. Consequently, for
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test zones greater than about 380 ft in depth and where there is no
offsetting groundwater pressure acting on the test zone, a downhole
pressure regulating valve could be installed in the injection pipe
above the packer to 1imit the injection water pressure to 165 psi
and thus avoid leakage past a current packer inflated at maximum
pressure.

Hydraulic packers have also been reported in field permeability testing.
Depending on the suitability of hydraulic pressure control furnished for
the packer operation, such packers can be equally as effective as pneu-
matically actuated packers. Automatic, continuous hydraulic pressure
regulation during testing, equivalent to the gas regulation system shown
in Figure 7-4, is desirable. Hydraulic packers that utiiize shear pins
for control of the seating pressure and permit no pressure adjustment
thereafter during testing are considered to be too insensitive for
permeability testing requirements.

Packer tests can be run ejther in a stage test format, where tests

are performed incrementally as the borehole is advanced, or in a continuous
series of tests after the entire length of borehole has been advanced.
The former technique uses only one packer, because the bottom of the
borehole represents the bottom of the test section. A minimum of two
packers are required where the borehole is drilled to its final depth
before testing begins. In the latter case, the packers are connected by
a perforated pipe. This pipe spans the test cavity and can be 5 to 20
feet long. It should have a perforated area at least twice the cross-
sectional area of the pipe (USBR G-97). In erodable formations where it
is difficult to seal the packer, it may be desirable to use several
packers in series to obtajn a good seal. In caving formations where
casing is required, the top few inches of the pneumatic packer may be
left in the casing to facilitate easy packer withdrawal. However, this
shortens the Tength of packer seal below the casing, and may allow
leakage past the packer (USBR G-97).

Size of Rod or Pipe - Drill rods are not recommended for use in packer
testing. Friction Tosses become excessive when flow through the rods
exceeds 15 gpm or when the Tength of the rods is more than 50 feet.
1-1/4-inch pipe is more satisfactory for moderate depths. A graph
showing pressure losses per 10-ft section at various delivery rates

of water, for several drill rod sizes and 1-1/4-inch pipe is given

in Figure 7-5. Those curves plotted by the USBR {G-97) were compiled
from tests in which the pressure gage was set between the swivel and
the pump and, therefore, the swivel friction Tosses are included.

1 and 1-1/2-inch swivels were used in the tests, with nominal diameters
of 1/2 and 3/4 inch, respectively. 1t can be observed that at high
flow rates (>100 gpm) even the 1-1/4-inch diameter pipe will effect
significant head losses. When testing at large depths in highly
permeable strata, large flow rates may be required to produce desired
pressures. In such cases, a larger diameter pipe is required to

reduce friction losses.
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Pumping Equipment - In past practice, many packer tests have been run
using the circulation pump on the drill for pumping the water. Such
pumps are often the multiple cylinder type, which delivers a fluctuating
pressure. These pumps are not recommended, because the fluctuating
pressures are often difficult to read accurately, and averaging is
required to determine the true pressure,

Instead, a centrifugal pump should be used. The required capacity

of the pump will vary with the depth of the test section and the
permeability of the rock/soil mass. However, a 350 gpm pump capacity
against a dynamic head of 300 feet (excess head in test cavity) should

be adequate for most tests. When testing highly permeable strata at
depths greater than about 150 feet, higher capacity pumps may be

required to overcome friction losses in the pipe. Drill rigs used for
making pressure tests should be equipped with auxiliary pumps of this type
(USBR G-97).

Swivels - Swivels used on most drill rigs have a narrow constriction
which carries a considerable Toss of pressure as the water passes through.
Swivels with a uniform inside diameter are recommended for use in packer
testing.

Location of Pressure Gage - In most tests the pressure gage is located
between the pump and the water meter or between the water meter and the
swivel. Although the latter location is less objectionable, the necessity
for estimating pressure loss in the water swivel can be avoided if the
pressure gage is located near the top of the pipe or rod used for testing,
that is, between the packer and the swivel (see Figure 7-4). The fitting
for the gage in this case should be Tocated below the bottom of the

swivel a distance at least 10 times the diameter of the pipe or rod

(USBR G-97).

Recomrended Types of Water Meters - Required water deliveries in packer
tests may range from less than 1 gpm to as much as 400 gpm. No one meter
is sufficiently accurate to be used for all ranges. Therefore, two meters
for each rig are recommended: a 4-inch impeller-type meter to measure
flows greater than 50 gpm and a 1-inch disk-type meter for flows between

1 and 50 gpm. When possible, water meters should be tested at Teast once
a month.

Adapters should be available for each meter. The adapters should be at
least 10 times as Jong as the diameter of the rated size of the meter.
This length of adapter permits the water flow to become steady and
eliminates the turbulence due to a change in pipe diameter. The accuracy
of most meters is influenced adversely by turbulent flow. An adapter
should be used on the upstream side of each meter where the water line
from the pump to the meter has a different diameter than the nominal

size of the meter (USBR, G-97).
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7.4.2  Manpower Requirements

A crew of 4 persons is recommended to perform Packer Test Method A. Cali-
bration of the equipment prior to testing will require two technicians to
observe and record the necessary information at either end of the system,
During actual testing, the hoist or drill operator and his helper, a know-
jedgeable technician, and one engineer (supervisor) will be required. The
four-person crew is recommended for both the stage test (single packer} and
continuous test (double packer) procedures.

7.4.3 Hole Preparation

There are two ways to drill a borehole for packer testing. One drilling
procedure is to drill to the desired test depth, case (if required) to the
top of the test section, insert the packer and perform the test. The packer
is then removed and the borehole is drilled to the next test depth. A
simpler procedure is possible in sound rock where casing is not required.

The hole may be drilled compietely before testing. In this case, the testing
begins at the bottom of the borehole and proceeds upwards.

The borehole may be prepared by one of the following borehole preparation
procedures:

A: Unlined Borehole (consolidated deposits)
C: Unlined Test Section, Cased Above (unconsolidated deposits)

1f the borehole is uniined (Method A) and is drilled to its final depth before
testing begins, it is only necessary to clean the hole once over its full
length. If a stage test is conducted in an unlined borehole, the hole must

be cleaned prior to each test.

Select a hole diameter between AX and NX (up to 3~inch diameter) (Milligan
1975: Sherard, 1963). Small hole diameters are desirable because the pack:
ers perform better. (The smaller the hole diameter, the less the total
uplifting force on the packer. For a packer,of fixed length, the total
force displacing the packer increases with r~ but the shear resistance
along the sides of the packer increases only as “r".}  However, if down-
the-nole-inspection metnods are used in conjunction with the permeability
test prqgrgm, a borehole of sufficient diameter to accept the instrument

is required.

The test section should be roughly 10 feet Tong (USBR G-97) but may vary
from 5 to 2Q feet. The hole Tength can be varied in order to get good
packer seating or to isolate a specific zone. In very permeable forma-

tions, the shorter test length may be needed to build ab
{USBR G-97). up a back pressure
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7.4.4 Test Procedure

1.
2.

Prepare the borehole as discussed above.

Determine the head loss in the drill rods or water pipe as follows.
Assemble the drill rods (water pipe), swivel, pressure gage, water
meter and pump at ground level. Fit the last drill rod with a pres-
sure gage, a short length of pipe, and a valve and hose as shown in
Figure 7-6.

Pump at a range of expected flow rates and compute the head loss be-
tween the two pressure gages for each flow rate. Use the valve at
the end of the drill rods to control the flow. The maximum flow
rate used should deliver a maximum pressure of 0.5 psi/ft depth to
the test section. For example, for the length of drill pipe {water
pipe) corresponding to a test depth of 40 feet, the maximum flow
rate should produce a pressure of 20 psi in the gage at the far end
of the system. Other test flow rates can be percentages of the
maximum value determined. Test pressures above 0.5 psi/ft depth
may fracture the formation, resulting in an overestimation of the
true permeability.

Repeat this process over the range of drill rod lengths required for
anticipated test depths. Curves are available to estimate head loss
per 10 foot length of drill rod but they do not include the effects
of the swivel, pipe connections, and individual characteristics of
the drill rods (water pipes) used. The longer the drill rods, the
greater the head loss and the more jmportant it becomes to calibrate
the equipment {Little et al., 1963). Dick (1975) stresses the impor -
tance of careful, routine calibration of eguipment which conducts the
water from the point of pressure measurement to the section of bore-
hole being tested. The accuracy of packer test results depends sig-
nificantly on the correct estimation of the head loss in the system.

Record the data in Step 2 on a log similar to that shown in Figure 7-7.
The data may be plotted in either of two ways, depending on personal
preference. Plot head loss (vertical scale) vs. flow, connecting the
data points according to the length between the pressure gages, or
plot head loss (vertical scale) vs. the length of the system, connect-
ing the data points according to flow rate. Since it may prove diffi-
cult to obtain consistent flow values throughout the calibration pro-
cedure, the former plot is the easier of the two to develop. The plot
will be used in the analysis of the packer tests.

Seat the packer or packers so that a test section of approximately 10
feet is obtained. If two packers are used to isolate the test section,
begin testing at the bottom of the borehole. The seating of packers
can be determined in conjunction with geologic information, or accord-
ing to a prespecified interval. For example, if a 4-foot thick frac-
tured section is sandwiched in massive rock, it should be isolated
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with packers and pressure tested. A complete profile can be obtained
by repositioning the packers at intervals equivaient to the test zone
length.

5. Pump water into the test section at a specified constant pressure for
15 to 20 minutes, taking readings of total water fiow and pressure at
5 minute intervals (USBR G-97). The test at this pressure is completed
when the flow over two successive 5 minute intervals differs by less than
10 percent. In very permeable materials, a test duration of 5 or 10
minutes may be sufficient. In this case, record flow and pressure over
1 minute intervals until stable conditions are reached. Perform this
procedure at varying applied water pressures. A recommended test
pressure sequence is 1/2 Pp.y, 3/4 Ppaxs Pmaxs 3/4 Pmax. and 1/2 Ppax.
where Ppa, is defined as £O711 ows:

Pmax = Pt * Py

where P¥ is the maximum allowable excess pressure at the test section,
typically 0.5 psi/ft depth to the test section, but subject to any
Timitations on permissible packer pressures as discussed in Section
7.4.1, and

P1 is the pressure loss due to friction in the testing apparatus,

determined using the procedure presented in Step 2, or estimated using
Figure 7-5.

6. Record the data on a form similar to that in Figure 7-8. Analysis of
the data to compute permeability is discussed in Section 8.2.

7. Plot the data, pressure (vertical scale) vs. flow, and compare with
Figure 7-9 for evidence of problems such as leakage around packer, ero-
sion of test zone, and clogging of fissures. A high quality test should

provide a linear plot similar to that corresponding to laminar flow in
Figure 7-9. .

8. For the stage test procedure, remove the packer and prepare the borehole
for the next test. 1In a predrilled hole, where two packers are used to
isolate the test section, the packers are raised to the next test depth.

7.5 CONSTANT HEAD TEST WITH PACKERS - TEST METHOD B

It can be observed that an essential step in the Method A test procedure is
the careful calibration of test equipment prior to testing. The desired data
in a packer test are the flow rate and excess pressure applied to the given
test section. Calculation of the true excess pressure at depth, as performed
on the data sheet in Figure - 7-8 requires the pressure loss in the packer stem
(drill rod or water pipe) due to friction. In practice, short cuts are often
taken, calibration is not performed regularly, and one set of "standard"
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calibration curves is used for all tests. Such practice can lead to signifi-
cant error in permeability tests. Dick (1975) discusses many sources of
variable head loss, inciuding flexible hoses, fittings, placement of pressure
meters, and variable age of the equipment.

As the depth of testing increases, the frictional head loss in the packer stem
increases significantly. It is at large depths where equipment calibrations
are most crucial. The amount of time and effort required to calibrate the
system increases with the increased stem length, as does the temptation to
"standardize" calibration curves. Also, areal constraints imposed by a
particular test site may make calibration impractical.

It is with this calibration difficulty in mind that a second method is
proposed, a method which replaces the need for calibrating friction losses
entirely. This is achieved by using a sensing device, a pressure transducer,
which is placed down the hole in the test section and measures the test
cavity pressure directly. This device also provides a means to detect and
eliminate possible packer leakage. Using Test Method A, this information is
frequently only noticed after the fact, if at all, from interpretation of

P-q plots.

7.5.1 Equipment

Approximate

Equipment Cost, $
Drill rig or equivalent to Tower and Indeterminate
raise the water pipe and packers approximate rental per hr: 60
Water meter, range 1 to 8 inches, 4-inch meter: 800

depending on the permeability of the . )
test zone and the surface area of the 3-inch meter: 400
test section. Generally 1-inch and 1-inch meter: 100
4-inch meters will be appropriate.

Pump, centrifugal type, capacity to 1,200
350 gpm is adequate for most tests

One or two pneumatic packers Indeterminate
1-1/4" diameter water pipe Rubber hose per ft: 10
Water supply with suction pump, hose Indeterminate

and settling tank if water is obtained
from a 1ocal pond, river, etc.

Swivel and hose to pump; swivel connects 550
hose to drill rods or water pipe
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Approximate
Equipment Cost, $
Compressed air and air hose for Nitrogen bottle
pneumatic packers (230 cubic ft): 10
Pressure transducer, cables and 750-2,000
read out unit
Optional continuous recorder 1,000

for transducer

Similar specifications as to equipment arrangement, set-up, pipe size,
pump equipment, swivels and water meters apply to Test Method B as are
described in Section 7.4.1 for Test Method A. Pneumatic packers are recom-
mended for use with Test Method B. In-line pressure gages are not required
for Test Method B, but are useful as a secondary data source.

Pressure transducers (electrical piezometers) are discussed in Section 6.5.7.
Various types are commercially available, see Appendix C. Piezometer

cabTes may be easily attached to the packer stem as the packer assembly is
Towered into the borehole, or a spool can control the cable feed as the
assembly is lowered. A typical test arrangement is given in Figure 7-10.

7.5.2. Manpower Requirements

Manpower requirements for Packer Test Method B are essentially the same

as for Test Method A. A drill operator and his helper are required to
advance the hole and hoist the packer assembly. A knowledgeable techni-
cian is required to perform the test and observe that equipment is operat-
ing properly. An engineer is required to guide the placement of packer
sections and generally supervise the operation.

7.5.3. Hole Preparation

Hole preparation follows identically from the discussion for Test Method
A, in Section 7.4.3.

7.5.4 Test Procedure

1. Prepare the borehole as per Section 7.4.3.

2. Position the packer or packers so that a test section of approximately
10 feet is obtained. If two packers are used to isolate the test
section, begin testing at the bottom of the hole. The seating of
packers to define the test section length can be adjusted according
to geologic information obtained from core sampies and/or down-the-
hole surveys, or can be according to a pre-specified interval.



- 77

o~
—
=z
= =
; Fi E T
ELECTRIC q S SURFACE PRESSURE
PRESSURE = GAUGE, (if ysed)
TRANSDUCER o CHART RECORDER AND — WATER METER
B & POWER SUPPLY FOR VALVE
b = ] -
et For || fF S DOWN-HOLE PRESSURE MAN | FOLD
CAVITY TRANSDUCER, (if . PUMP AND
PRESSURE used) MOTOR
' | ELECTRIC
CABLE .
PLASTIC TUBE ° ° °
— J o\
7T | A TR
COMPRESSED GAS ’TI &
CYLINDER FOR Al K
PACKER INFLATION 7z
L waTE E OR
—1/2'" PLASTIC TUBING (AIR) = ﬂ WATER PIPE OR DRILL RODS
2
%
" Sl L
I &
L+ — WATER INJECTION PIPE 2
(Perforated between | T
Packers) WLl;
~— UPPER PACKER UNIT
SEE DETAIL "'A"
j>tnﬁ“\
(/ H%TEST CAVITY
= \ /
~ Y
il ~ l«— LOWER PACKER UNIT
Lk
P’ﬁ“_— = ’L_—_,d
> wob
A |
RE INFORCED ¢ @w@’\?
RUBBER L2 -
HOS ING #=
L= o
Ll
=
[ ]
=
DETAIL "p"

Figure 7-10

PUMP-IN TEST ARRANGEMENT USING PNEUMATIC PACKERS



- 78 -

Prior to expanding the packer(s}, record the pre-test water pressure
(if below the water table) in the test cavity. The difference be-
tween this pressure and the cavity pressure measured during testing
is the excess pressure applied to the immediate ground mass. This is
the pressure which is plotted vs. the observed flow rate into the
test section.

Investigate possible packer leakage. This can be done with a contin-
uous reading instrument (chart recorder) monitoring the pressure

in the testu cavity. This procedure can be applied to either the stage
test (single packer) method or the double packer method, as follows.
Commence inflow into the system and then incrementally increase

packer pressure. This will aid in the removal of any large air pockets
within the test cavity. As the packer pressure increases, leakage

past the packers will decrease, the pressure in the test cavity will
increase, and the flow rate into the test cavity (measured by the water
meter at the top of the borehole) will consequently decrease. After

a certain point, further increase of packer pressure will only effect

a temporary slight increase in cavity pressure at the instant the packer
pressure is increased. This is a dynamic effect, and the cavity pres-
sure will quickly return to a steady state value. Figure 7-11 con-
tains tnree graphs which illustrate typical relationships between packer
pressure, test cavity pressure, and test cavity inflow throughout the
packer sealing procedure.

Caution must be used to assure that the excess test cavity pressure
does not exceed 0.5 psi/ft depth to the test section during this
procedure. Otherwise, hydraulic fractures may occur, significantly
altering subsequent test results as discussed earlier.

Pump water into the test section at a specified constant pressure

for 15 to 20 minutes, taking readings of total water flow and press-
ure at 5-min intervals (USBR G-97). The test at this pressure

is completed when the flow over two successive b5-min intervals differs
by less than 10 percent. In very permeable materials, a test dura-
tion of 5 or 10 minutes may be sufficient. In this case, record flow
and pressure over l-min intervals until stable conditions are reached.
Perform this procedure at varying applied water pressures. The max-
imum excess pressure applied should be 0.5 psi/ft depth to the test
section. As an example, consider a test section depth of 100 feet,
where the existing water table is 50 feet below ground Tevel. The pre-
test pressure in the test section is approximately 22 psi((62.4 Tb/ft3 x
50 ft) < 144 inZ/ftZ). The maximum allowable excess pressure is

50 psi (0.5 psi/ft x 100 ft). Therefore, during the test, the maximum
observable pressure is 72 psi (22 psi existing hydrostatic pressure
plus the maximum allowable excess pressure of 50 psi). The value of

72 psi is called pmax’ and a recommended pressure sequence is

1/2 Pmax’ 3/4 pmax’ Pmax’ 3/4 Pmax’ and 1/2 Pmax'
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divert additional

leakage into test cavity, thereby

raising cavity pressure, PC)
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CHART RECORD OF TEST CAVITY PRESSURE WHILE INCREASING
PRESSURE IN A NON-LEAKING PACKER (Transient Peak in Cavity
Pressure, P _, due to increase in packer pressure indicates

effective packer seal)

Figure 7-11 MONITORING PACKER LEAKAGE IN PACKER TESTS
(Maini, 1971)
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6. Record the data on a form similar to that in Figure 7-8, where the
Test Section Pressure PT is directly determined by the transducer.
The data can be analyzed to compute permeability as discussed in
Section 8.2.

7. Plot the data, pressure (vertical scale) vs. flow. Compare with Fig-
ure 7-9 for evidence of problems such as leakage around packer, ero-
sion of test zone, and clogging of fissures. A high quality test
should provide a linear plot similar to that corresponding to laminar
flow in Figure 7-9.

8. For the stage test procedure, remove the packer and prepare the
boreho]e.for the next test. In a predrilled hole, where two packers are
used to isolate the test section, the packers are simply raised to
the next test depth.

7.6 WELL PUMPING TESTS

7.6.1  Equipment

The following equipment with associated approximate costs is needed to

perform well pumping tests, in addition to equipment used to prepare the
borehole.

Approximate
Equipment ' Cost, $

Pump - various types of pumps may be used Submersible, 1,000 gpm,
for deep well operations (below 25 ft}: total head 450 feet: 7,700
plunger, displacement, airlift, submer-
sible, and jet (Todd, 1959). Required Submersible, 500 gpm,
pump capacity range is 10 gpm to 1000 gpm. total head 450 feet: 5,000
Flow meter 800
Optional borehole flow meter for 2,500
borehole profiling
Water Disposal Area - water should not be Indeterminate

allowed to infiltrate within the influence
area of the well. Water may be discharged
into a stilling tank and then conducted
away from the test area in a polyethylene-
lined ditch.
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Approximate
Equipment Cost, $
Water level indicator {electrical probe or linen up to 100
tape with sinker)
Readout equipment for closed system piezometers 1,000

if used.

Required pump capacity may range from 10 gpm to 1000 gpm, depending on the
permeability of the material, hole geometry, and extent of the aquifer.
The USBR indicates that a pump capacity of 60 to 75 gpm is adequate for
moderately permeable material whose saturated thickness is less than 150
feet.

Several criteria have been suggested for the selection of a pumping rate:
the pumping rate should cause roughly 0.2D or 0.2H drawdown at the pumped
well; the drawdown at a distance D/2 or H/2 should be no more than 0.1D
or 0.1H, and the rate of discharge should allow laminar flow through the
well screen (Walton, 1970; Tabor, and USBR G-97), where:

D = saturated thickness of the artesian aquifer
H = saturated thickness of the water table aquifer

To maintain laminar flow with a fully penetrating well, the discharge rate
Q should be maintained below

Q=7.48 S AV, (Walton, 1970)
where Q = discharge rate {gpm)
SL = optimum length of screen (feet)
AO = effective open area (square feet per foot) of screen
VC = optimum screen entrance velocity given below:
OPTIMUM SCREEN ENTRANCE VELOCITIES, VC
Permeability Vc
gpd/ft2 cm/sec __ft/min
greater than 6000 greater than .30 12
6000 0.30 11
3000 0.15 8
2000 0.10 6
1000 5x107% 4
500 2.5x107° 3
less than 500  less than 2.5x1072 2

For compatible unwts, Q= SLAOVC.
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The criterion that the drawdown be less than 0.1D or 0.1H at a distance
D/2 or H/2 will be met if the drawdown at the pumped well is 0.2D or 0.2H.
To estimate the flow that will give 0.2D or 0.2H drawdown the following
equations for steady-state flow can be used:

Q- K {21D) (s) (for artesian conditions)
In (r,/R

2
q = X (n) (4 - 52) (for water table conditions)
Tn (R/rw7

where R = the radius at which the pumped well causes no drawdown:;
R is commonly assumed to be 1000 ft to 3000 ft.
Ty = the test well radius

K = the permeability of the rock/soil mass. Estimate from chart
given in Figure 3-1 and convert to compatible units using con-
version factors in Appendix E.

S = the drawdown in the pumped well. Let S = 0.2D for artesian
conditions and 0.2H for water table conditions.

Various flow meters can be used. Mansur and Dietrich (1965) use a 15-foot
straight section of pipe fitted with an orifice and meter., The jet from
the orifice is directed into a stilling tank.

It may also be desirable to use flow meters at depth in the pumped well
to obtain a profile of flow rate over the depth of the test section. In-
dications of relative permeability variations can be obtained by obser-
ving the change in total flow along the borehole. Highly permeable
regions will produce large increases in flow rate, while the flow rate
increases will be relatively smaller in regions of low permeability.
Figure 7-12 shows a schematic of an acceptable device, whereby the flow
is measured by an electrical impulse counter connected to a down-hole
propelier-type sensor unit. Tate et al. (1970) discuss a similar instru-
ment. A polypropylene impeller 1 cm in diameter employs blades whose

top surfaces are plated with a reflecting material. The beam from a Tight
source” directed on the impeller is reflected, triggering a photocell
operating a counter at the surface. Mansur and Dietrich (1965) describe
an 8-inch well velocity meter which was used to record flow rates at 5-ft

intervals in a well pumping 1,200 gpm overall.

In order to facilitate a general understanding of the well-pumping test,
typical terminology is presented in Figure 7-13.
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7.6.2 Manpower Requirements

A minimum of one knowledgeable technician and one supervising engineer
are required, in addition to a drill operator and his helper, to perform
a well pumping test. This minimum manpower level can operate the pumped
well and make observation readings at one observation well.

Total manpower requirements, however, are subject to great variability.
In a pump test, the accuracy and reliability of the measured permeability
increases with the number of observation wells employed. Well defined
contours of equal drawdown can be used to assess important aquifer
characteristics such as high flow gradients, lateral anisotropic per-
meabjlity, etc.

Due to the short intervals at which readings are made at the beginning
of a pump test (see recording schedule, Section 7.6.4), one person must
be stationed at each observation well for the first hour of the test.
After this point, the required recording frequency decreases and one (or
more) person(s) can circulate and read each water level, thus reducing
the manpower requirement. When the pump is shut off, the recovery ob-
servations follow the same time schedule as the pump segment of the test.
Once again, for the first hour of recovery, a person is stationed at
every observation well, after which time one (or more} person(s) can
circulate, and manpower requirements decrease.

7.6.3 Hole Preparation

7.6.3.1 Pumped Well -~ Drill or auger a 6-inch or larger diameter hole.
Record the saturated thickness of the aquifer and preserve core samples
from the zone to be tested, if possible. The hole should not deviate

more than 6 inches in 100 feet from vertical to facilitate pump installa-
tion (Todd, 1959). The casing diameter should be 2 nominal pipe sizes
larger than the pump to be used (Walton, 1970)}. Walton (1970) suggests
various casing diameters for a range of pumping rates. Methods to estimate
the pumping rate are discussed in the next section. Suggested casing

diameters are (see conversion factors in Appendix E):

Pumping rate Diameter of well,
gpm in.
less than 100 6
200 8
400 10
600 12
500 14
1,260 16
1,800 20
3,000 24

greater than 3,000 30
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Prepare the borehole by any of the methods listed below:

Artesian Aquifer _
or Water Table Aquifer Underlying

Water Table Aquifer Other Agquifers
A: Unlined Borehole (consolidated B: Unlined Borehole, Grout Seal Aboye
deposits) Test Section (consolidated deposits)
D: Perforated Casing Over Test D: Perforated Casing Over Test Section,
Section, Cased Above (unconsoli- Cased Above (unconsolidated depo-
dated deposits) sits)

Several types of recommended well configurations are given in “"AWWA Stan-
dard for Deep Wells" (1966).

The screened or unlined test section should penetrate the entire water
bearing stratum if possible. The water level in the well must be kept
above the top of the screen. Accordingly, in a water table aquifer, the
erforations should begin 5 feet below the maximum groundwater drawdown
evel (AWWA, 1966). A drawdown of about 0.2D or 0.2K is a reasonable
target for a well pumping test (Tabor) (see Figure 7-13 for definition of

D and H).

7.6.3.72 QObservation Wells - Drill or auger a minimum of three observa-
tion wells, located on a straight Tine with the pumped well. The obser-
vation and pumped wells should be spaced at a distance DB/2 (or H/2) from
adjacent wells (USBR, G-97), The observation wells should penetrate a
sufficient depth into the stratum so that they do not become dry during

the test. A penetration of 0.2D (or 0.2H) should be sufficient.

If the pumped well is not fully penetrating, the flow paths to the well
will not be horizontal, equipotential head lines will be curved, and

hence the piezometric head at any radius from the well will not be con-
stant with depth. In this case, at locations within a distance D (or H)
from the pumped well, two observation wells are recommended with one in-
take located at depth 0.1D {or 0.1H) and one at depth D (or H} below the
top of the saturated zone (USBR G-97). The average of the two observation
well heads may then be used in permeability computations.

If the surface of the groundwater table is not horizontal before the
test, at least three cbservation wells should be Tocated up-gradient and
three down-gradient from the pumped well (Wenzel, 1942).
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Observation wells should have as small a diameter as possible to reduce

the response {lag) time. In deep test zones, where the depths make electri-
cal probe measuring impractical, closed system piezometers should be

used as observation wells. All observation wells should be cleaned using
the procedures recommended for test wells, Section 6.5.

The following borehole preparation procedures, listed in order of pre-
ference, may be used to prepare observation wells.

Artesian Aquifer
or Water Table Aquifer Underlying

Water Table Aquifer Other Aquifers
F: Piezometer F: Pjezometer
A: Unlined Borehole {consolidated B: Unlined Test Section, Cased Above
deposits) éconso1idated deposits)
C: Gravel-Filled Test Section, Cased C: Gravel-Filled Test Section, Cased
Above (unconsolidated deposits) Above {unconsolidated deposits)
D: Perforated Casing Over Test Section, A-1: Unlined Borehole, Grout Seal
Cased Above (unconsolidated de- Above Test Section (consolidated
posits) deposits)

D: Perforated Casing Over Test Section,
Cased Above (unconsolidated deposits)

7.6.4 Test Procedures

Well pumping tests can be performed as constant discharge or constant
drawdown tests. Constant discharge tests are preferable to constant
drawdown tests because more analytical solutions are available. Both

procedures are presented.

7.6.4.1 Constant Discharge Pump Test

i) Prepare the borehole and observation wells as discussed above. The
placement of the observation wells is based on the following consi-

derations:

a. type of aquifer - The propogation of head Toss is extensive in
confined aquifers. The loss of head can be measured at large
distances from the pumped well, as much as 1000 feet. In water
table aquifers, propogation of head Toss is relatively slow, and
maximum distances between the pumped well and observation wells
will be approximately 300 feet (Kruseman and DeRidder, 1970).

b. permeability - A highly permeable aquifer material will produce
a wide, flat cone of depression, while that of a lTow permeability
material will be steep and narrow. Observation wells should be

spaced farther away in the former than in the latter case.
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c. discharge rate - the size of the cone of depression will increase
with the pumping rate.

d. well-screen length - A fully penetrating well will develop hori~
zontal flow, and observation wells may be located close by. In a
partially penetrating well, a non-uniform distribution of draw-
down will result near the well due to vertical flow. Drawdown
readings taken close to the well may lead to incorrect results.
Generally, the nearest observation well should be placed at a dis-
tance equal to the aquifer thickness. This will ensure horizontal
flow in most cases (Kruseman and DeRidder, 1970).

e. stratification - Stratification can result in large vertical varia-

tions in permeability. The greater the distance from the pumped
well, the less is the effect of stratification upon the drawdown
distribution.

No fixed rule is available for placement of observation wells. How-
ever, placing them about 30 to 300 feet from the pumped well will give
good results in most cases. These distances should be adjusted to 300
to 800 feet for thick, or stratified confined aquivers (Kruseman and
DeRidder, 1970). The USBR {G-97) suggests that the nearest observation
well be located at least 0.5H from the pumped well, where H is the
thickness of the penetrated aquifer., Other holes are Tocated at whole
number multiples from the pumped well.

At least 24 hours before the test, install the pump to be used for
the test. Pump for about an hour at the estimated discharge rate

to see if the drawdown is adequate.

In very permeable zones, it may be a problem to find a sufficiently
high rate of discharge to achieve at least several feet of drawdown

in the pumped well. In a very permeable material (K = ]0"] cm/sec),

rapid drawdown will occur at the well during the first hour of pump-

ing. Depending on the nature of recharge, an hour's worth of pumping
may ﬁause]?o percent to 100 percent of the ultimate drawdown right

at the weli.

In a low-permeability material, (K o 5>(10"7 cm/sec} pumping for an
hour will produce only a small fraction of the ultimate steady-state
drawdown at the well. The problem here may be to find a sufficiently
low discharge so that steady-state drawdown is just achieved or is
still being approached by the end of the test, or so that the well is
not pumped dry before the end of the test. If a pumping rate of less
than 5 gallons per minute is required, it may be more convenient to
carry out a constant drawdown test, to a drawdown of about 0.2D or
0.2H at the pumped well. For the latter technique, the pump-out flow
rate is controlled to produce the desired result.
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Wait at least 24 hours after the test described above. If the well
has been pumped previously, a Tonger wait may be required until the
static ground water levels are stabilized.

Start the pump. Pump at a constant rate, recording the drawdown in
the pumped well (if possible) and all observation wells at the follow-
ing intervals:

Pumped Well Readings:

Time Since Pumping Started Time Interval
0-5 minutes 30 seconds
5-60 minutes 5 minutes
1-2 hours 20 minutes
2-24 hours 60 minutes
24 hours - pump shut down 2-4 hours

Observation Well Readings:

Time Since Pumping Started Time Interval
0-5 minutes 30 seconds
5-20 minutes 1 minute
20-60 minutes 5 minutes
1-3 hours 20 minutes
3-7 hours 30 minutes
7-24 hours 60 minutes
24 hours - pump shut down 2-4 hours

When the pumping period (24 hours to 1 week) is complete, shut off

the pump. Continue recording water level data until the groundwater
levels in the observation wells stabilize or until the plot of drawdown
versus log time is a straight line for each observation well. Record
the recovery of the water level in the pumped well and all observation
wells according to the same schedule established above for the pumping
period.

Recovery data is important. Todd (1959) notes that it "provides an
easy check on pumping test results; also, it implies a constant dis-
charge Q, which is often difficult to control accurately in the field."

Record all data on the data sheet given in Figure 7-14.
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Date of Test
Ground Elevation
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Nn“le i e e = e amam et = e e - N e a2 e M e s = a
G.W. Llev, (Obs. Well) before Test _

G.W. Elev. (Pump. Well) before Test

Radius of Well from Pumped Well

G.W. Temperature °F

OBSERVATION WELL

Depth of Base of Well

Depth of Top of Screen/Unlined Hole
Length of Screen/Untined Hole

Depth of Base of Aquifer

Depth of Top of Aquifer
Thickness of Aquifer

[.D. of Screen/Unlined Hole
0.D. of Gravel Pack

Type of Well Screen/Perf. Casing:*__

*For example: i-in. horizental louvered
stots 2-1n, long

Time_of Day:

Depth of Base of Well
Depth of Top of Screen/Unlined Hole |
Length of Screen/Unlined Hole

Depth of Base of Aguifer

Depth of Top of Aquifer _

Thickness of Aquifer

[.D. of Perf. Casing/Unlined Hele

I.D. of Standpipe

Type of Observation Well: /7 Open Hole,
7 Cased Hole, /7 Hole Cased to E£1.,
{7 Standpipe Piezometer (open},

[7 Standpipe Piezometer with grout seal
at top of filter length.

Jepth to Water from

Elapsed Time Top of Casing

Rate of Discharge

Drawdown at Pumped Well

Figure 7-14

WELL PUMP TEST DATA SHEET
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7.6.4.2 Copstant Drawdown Pump Test

i) Carry out Steps i)- iii) of Section 7.6.4.1,

ij} Start the pump. Vary the flow so that a constant drawdown is main-

' tained. The drawdown should vary at most by 10 percent or * 6 inches,
whichever is less. If a direct reading flow meter is not available,
determine the flow rate by measuring the volume of fiow over a 1
minute period. Record the flow at the intervals listed in Step iv)
of Section 7.6.4.1.

iii) Carry out Steps v} and vi) of Section 7.6.4.1.

In a very low permeability material, the flow may be so low that the
pump cannqt operate continuously. This is acceptable as long as the
drawdown is maintained within the ranges stated in Step ii) above.

7.7 OTHER METHODS
In addition to the principal methods discussed in the earlier subsections

of Section 6, other methods have existing or potential usefulness in
estimating in-situ permeability. This section discusses several of these

methods.

7.7.1 Permeability Tests Using Air

Air has been used for permeability testing of jointed rock above the water
table. The evaluation of air permeability tests relies on the same assump-
tions of fluid flow as those for water permeability tests. One problem in
this application is that air is a compressible fluid. Also, high temp-
eratures may develop during air pumping tests (Sherman and Banks, 1970).
Advantages for air as a field permeability test fluid 1ie in the relatively
compact, portable and economic storage and delivery systems for even very
large fluid delivery requirements, at any test site.

Two methods can be used for air permeability measurements in a borehole:

a. Unsteady flow and spherical flow pattern - air is pumped into a packed-
off section, and the pressure is raised rapidly. The flow is then
cut off, and the decrease of the cavity pressure is determined as a
function of time. The solution for this case considers the decrease
in air pressure with time of a spherical cavity in a semi-infinite
porous medium.
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b. Constant flow and radial flow pattern - this method is essentially a
constant flow test using air rather than water, where the test cavity
pressure is monitored. Radial flow from the cavity is assumed in the
analysis (Einstein, 1967 in Sherman and Banks, 1970). Pressure tests
in the vicinity of the water table using air as a permeating fluid have
been attempted, although severe limitations exist. Air will not pene-
trate a saturated medium until the air pressure overcomes the capiliary
forces retaining water in the mass. Therefore, the observed air
"permeability" is variable, depending upon the applied pressure. As
the air pressure is increased, a Targer portion of void space will drain
and the air permeability will progressively increase.

In layered strata, the threshold pressures required for air to penetrate
the medium will usually be lower parallel to the laminations than per-
pendicular to them (Blight, 1971). Unless the air pressure exceeds the
threshold value for flow across such laminations, the mass will be per-
meable to air flow in one direction only. Blight (1971) has also found
that in the field, it is extremely difficult if not impossible to

achieve steady-state conditions in a saturated medium. The overall situa-
tion complicates considerably when partly saturated wedia are considered.

Although air is used widely as a fluid for laboratory testing of rock
core samples in the petroleum engineering field, Baptist {1967) points
out several drawbacks of its use, which can lead to erroneous results.

7.7.2 Tracer Methods

Below the water table, in-situ values of permeability can also be obtained
using tracer tests. Two test methods are tracer travel time and tracer
dilution. The tracer travel time method may not produce consistent results
due to several geologic and hydrologic factors (Lewis et al., 1966). The
tracer dilution method has been more successful and warrants discussion.

This method involves injection of radicactive isotopes into a well, and moni-
toring of the isotope activity as a function of time with a "scintillation"
probe in either the same or a second well. The apparent groundwater velocity
and permeability of the medium can be calculated from measurements of tracer
concentrations at various times after injection.

A modification of the tracer dilution method employs fluorescent dye
tracers and physical sampiing and analyses to determine dilution (Lewis et
al., 1966). Lewis et al. (1966) summarizes several other modifications

and applications of the tracer method, as well as several means of analysis.

7.7.3 Temperature Profiling

An indirect method of assessing the in-situ permeability below the water-
table is by measuring the distribution of temperatures underground, which
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is an indirect manifestation of the groundwater velocity. Thermometric
measurements are made with a thermistor probe and a wheatstone bridge.

An adaptor which balances the bridge and a recorder can provide continuous
temperature readings on a strip chart at various depth scales. The equip-
ment can be designed to read either the temperature of a single thermistor,
or the differential temperature between two matched thermistors (Tate et al.,
1970). With the addition of head measurements over a given area, the per-
meability can be calculated using differential equations which relate this
parameter to the temperature and hydraulic gradients in a medium (Stallman,
1960). The technique is useful in detecting regions of fissure flow and
water yielding horizons (Robinson, 1974). An 1nvest!gat10n of seepage
through the abutments of a dam in central Pennsylvania was sgcces§fu1]y
carried out by profiling temperature gradients of the water in existing
standpipe piezometers located within the embankment and abutments of the
dam. Isotherm contours plotted with the data clearly showed the IocaITZed
seepage path (Trautwein, 1969). Temperature profiling in the observation
wells of a pump-out test may yield sufficient data to plot anisotropy of the
aquifier as demonstrated by the preferred seepage path when not pumping.

7.7.4 Geophysical Logging

Borehole geophysical methods such as self-potential method and resistivity
logging, may also be useful in profiling permeable strata in sedimentary
sequences below the water table. Briefly, the self-potential, or spon-
taneous potential, method involves the placement of a single electrode in
a fluid-filled borehole. A potentiometer measures the natural electric
potential between the submerged electrode and another electrode fixed to
the ground surface. Due to the ionic nature of clay and strata with clay
content, voltages recorded adjacent to these strata differ significantly
from those recorded adjacent to strata with low clay content. The self-
potential method is thus able to differentiate between impermeable clay
or shale horizons and other sedimentary strata which may be aquifers.

Resistivity measurements involve the use of four down-hole glectrodes,
where an electric current is passed between two outer electrodes in the
conductive fluid of the borehole and the potential difference between

the two inner potential electrodes is measured. The potential is related
through Ohm's Law to the resistivity of the formations near the measuring
electrodes. Electrode spacings and interpretation curves vary with the
application (Hamilton and Myung). The resistivity is a function of the
amount of water in the rock/soil pore spaces. Observed resistivity jumps
may indicate lithologic variations in a vertical sedimentary sequence, and
thus aid in planning and analyzing further permeability field test programs
and results.
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8.0 TEST METHOD ANALYSES
8.1 VARIABLE HEAD TESTS

8.1.1 Background

The classic reference for variable head tests in saturated media was written
by Hvorslev in 1951. Schmid and Kirkham have provided alternate solutions
(Schmid, 1967). Schmid {1967} has demonstrated that the value of permea-
bility calculated by the three methods (Schmid, Kirkham and Hvorsiev) pre-
dict consistent permeability values within a range of a factor of 2. Since
Schmid's and Kirkham's solutions are similar, only the former will be
presented.

Schmid has also provided a solution for falling head tests above the water
table (unsaturated media)}. The solution requires assumptions concerning the
degree of saturation and porosity of the soil/rock mass. Consequently,
falling head tests can only give a rough estimate of permeability above the
water table.

In their analysis of variable head tests in saturated media both Schmid and
Hvorslev assume:
1. The soil is saturated; no gas in the system.

2. The undisturbed groundwater level is constant or predictable with
time. Only constant groundwater conditions are considered.

The soil is incompressible.

The shape factor F is constant throughout the test. F is a function
of the intake geometry and certain permeability ratios.

8.1.2 Analysis Methods

8.1.2.1 Below the Groundwater Table

i) Find the basic time lag T as follows {see Appendix A for a discussion of
the meaning of the term "basic time lag"):

a) Calculate H/Hp where H is the excess/deficit head at time t and Hg
is the initial excess/deficit head (see Figure 8-1). Then, plot
tog H/Hp vs. t and find the best fit straight line. The time when
H/Hg = 0.37 is called the basic time lag T. Refer to Figure 8-1
for a sample calculation of T.

b) Alternatively, plot H vs. t. Mark off equal intervals of time At
(it is not necessary to start at t = 0). Find AH, for the first time
interval, AH, for the second, etc. Calculate M ="average (AH,/AH,,
2 1 2
A/ tHo 5. )
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Then T = t/1nM
Figure 8-1 shows an example of this method of calculating T.

ii) Calculate the permeability k.

. iy . . . _ A
k (or kh if the soil is anisotropic) = T

where A = cross-sectional area of standpipe
F = shape factor shown in Figures 8-2 and 8-3
k = isotropic permeability
Ky, = horizontal permeability (in anisotropic medium)
T = basic time lag

Formulas have been derived for computing k directly without computing T, and
are available from Hvorslev (1951) and Schmid (1967). 1In general, the method
outlined above is preferred.

Where the soil/rock mass is anisotropic, the eng%neer must estimate the ratio
of horizontal to vertical permeability Kn/ky = m® or determine it from lab-
oratory tests. Then, the value of m is introduced into the computation of
the shape factor F, as shown in Figure 8-2. The error in the permeability
calcuTations due to an error in selection of m 1is generally less than the
inherent error in variable head tests.

Where a gravel filter is placed in the casing, the engineer must also estimate
n = k'y/ky where k'y is the vertical permeability of the filter material and
ky is the vertical permeability of the soil/rock mass. Then "n" is introduced
into the computation of the shape factor F, as shown in Figure 8-2,

8.1.2.2 Above the Groundwater Table - Schmid presents a solution only for a
fully cased well open at the bottom.

i) Assume the degree of saturation in the zone wetted by the test is
S'= 0.85. It may be desirable to test the sensitivity of the calculated
permeability to a range of S from 0.75 to 0.95.

ii) Estimate the porosity n = Vy/V where YV, = volume of voids and V = total
volume of a rock/soil sample.

iii) At any time t;, the height of water in the borehole is Hj measured from
the bottom of the well. Select any two data points Hy, ty and Hp, to.

R In (Hy/H,)

iv) calculate k = 7 (3 (= HZ)) 173
L VEwR /Y o h

Where R = the interior radius of the cased borehole
n = the porosity
Hi = height of water in the borehole at time, t;
S = final degree of saturation in zone wetted by test
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FOR VARIABLE HEAD

TESTS
(Hvorslev, 1951)
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i = isotropic conditions: Kh = KV = K ‘ ) A

Kor Ky = v07=
a = anisotropic conditions: Ky # K, h (FeT)

NOTE: Flow direction shown for Falling Head Tests for clarity;
"A/F' values also applicable for Rising Head Tests

i) a/F = wa?/8D : i) a/F=mwe?/11D i) A/F=(5d!;‘) %+ L )
1 {md}*{TaD

a) A/F: m(Td/aD) a) A/Fs Td%em/1D a) a/f=yg (u%) (“aﬁa‘“)

‘ baC s T T T T . v L

: pre= ' o Lo ; t ¢

' test pre-test _ : pre-tes

2 Gl g GWL 2 = S GWL ¥

o . . m L 7casmg
g »casing — % B ”\

a casing < g FILTER
E D : - Vert,

| o 9 L perm

) . " . KV'

CASED WELL OPEN AT BASE CASED WELL OPEN AT BASE CASED ﬁELL OPEN AT BASE
AT IMPERVIOQOUS BOUNDARY IN UNIFGRM SOIL AT IMPERVIOUS BOUNDARY

i) asrs g (1004 ) 1) asF- dE""[%L‘*V”(%)z s8Lf1) Aﬁ:dz""%*‘“"‘(%)] /8L
a) asF=4m d '“ ’171“HE’+|_) a) A/F:dzﬂn[&%+v1 gr,‘3‘-L=)2]/&n. a) AfF:da""[‘mﬁL‘"'V”(%l‘)z]/s'-

T

v . A A
— YT v T A G

. ol
pre¥£esf S| pre-test pre-test
GWL raw & GWL ¢
T N o B 11 P
L L U= ) 6_|| “—>'i
1. FILTER L) ‘];_—-_r_.L .A-e__ —1| Syl
i perm. : s - : __, .
© Ky well _,._.“TT% iﬁ well -- f‘“*——J }
screen_‘VuﬁL'E."“f', screen AR
CASED WELL OPEN AT BASE WELL SCREEN/OPEN HOLE WELL SCREEN/OPEN HOLE
IN UNIFORM SOIL BELOW IMPERVIOUS BOUNDARY IN UNIFORM SOIL
. = . = . - t *
DEFINITIQNS: Km VKV Kh ;om VKh/Kv yon KV /Kv

where K, = vertical permeability of soil/rock mass
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Kv'= vertical permeability of filter in casing

T Is termed the basic time lag. See text for best method
to determine representatlve value of T

Figure 8-2 SHAPE FACTORS FOR VARIABLE HEAD TESTS
BELOW THE WATER TABLE (Hvorslev, 1951)
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8.2 CONSTANT HEAD, CONSTANT FLOW AND PACKER TESTS
8.2.1 Background

In this section the borehole, piezometer or pipe into which water is pumped
will be called an injection well.

This analysis applies to any pump-in test where @ steady state condition
is achieved; i.e., both Q, the in-flow, and H, the height of water in the
injection well, become constant over time. This analysis, therefore, can
be used for constant head tests, packer tests and constant-flow tests.

Several analysis methods are available in the literature; research by

Schmid (1967) has shown that there is good agreement among the range of
formulas. For example, the variation in value of K computed may vary by a
factor of 2 between the methods of analysis developed by Schmid and Hvorsiev.
Such a variation is within the standard deviation of field test results,

even from similar, carefully performed field tests using a single analysis
method.

Selected analysis methods are presented in this section. The methods cover
both saturated and unsaturated media and a wide variety of well geometries.

In saturated media, Hvorslev (1951) developed the basic analysis for con-
stant head tests. His assumptions are the same as those given for vari-

abTe head test analyses in Section 8.1.1. The USBR (Earth Manual) analysis
method, which is applicabie for packer tests, is considered more accurate

for tests below than above the groundwater Tevel. Where one or more observa-
tion wells are available, Schmid (1967) has developed a solution which gives
the permeability over a larger area and is less influenced by local varia-
tions in the soil/rock medium, If observation well data is available, it
should be used in the permeability calculation. Hvorslev's, the USBR (Earth
Manual) and Schmid's analysis methods are presented.

Other analyses available in the Titerature include those by Cornwell (in
Zangar, 1953}, which is simitar to Hvorslev's, by Gibson, whose solution

is modified to account for the compressibility of soils, and by Hvorslev
(1951) who provides solutions for linear or sinusoidual fluctuation in base
groundwater Tevels.

Two methods are presented for unsaturated media; for a zone above the water

table saturated by capillary action and for an unsaturated material over-
lying on impermeable bed (USBR,G-97).

8.2.2. Analysis Methods

i) Determine Steady State Conditions

Let H = height of water in well above base of test zone
Q = flow rate of water
t = time
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For constant flow tests, plot H versus log t (Note: If transducer is
used to measure head in psi, use conversion 1 psi = 2.31 ft of water).
Find H as t - =. This is the steady state head in the well.

For constant head tests, plot Q versus log 1/t. Find Q as 1/t » Q.
This is the steady state flow. For packer tests, prepare one plot
for each applied pressure.

i1) Determine Effective Head at Test Zone (Packer Test Only)

If pressure is measured with a pressure gage above the ground surface,

the following procedure is necessary. Estimate the head loss, H_, in

the drill rods and hose between the pressure gage and the test section.
This data must be provided by calibrating the equipment before the test,
as described in Section 7.4.4. The head loss HL = Pi /vy, where P ig5 the
measured pressure 10ss in the system and vy, is the unit weight of water,
If calibration curves have not been developed for the specific test equip-
ment, the head loss HL can be estimated by the use of Figure 7-5.

Hp is the pressure head added by the pump and measured at the pressure
gage.

He] v is -the height of the column of water from the bottom of the test
séction to the pressure gage.

Then H = Hp + Hejay - H = the effective head at the test zone.

Note: If a pore pressure transducer is used, the effective head at the
test zone is obtained directly by measuring the pressure in the test

cavity and converting t¢ the equivalent head of water.
iii} Determine the "Zone" of the Test

The zones defined below are developed in USBR publication G-97.
Zone 1: Above the water table and unsaturated.

Zone 2: Above the water table, but saturated by capillary action
or close enough to the water table to create a continuous
saturated zone between the test section and the water table

during the test.
Zone 3: Below the water table.

Let H = the constant height of water in the well or the effective
head, as defined for packer tests.

Dw = the depth from the base of the test section to the ground-
water Tevel or to an impermeable stratum. For purposes of
creating a partially saturated zone in the vicinity of the
test section, an impermeable stratum is equivalent to the
water table (USBR, Earth Manual) {(Zones 1 and 2).

L = length of the test section.
Hw = the pretest groundwater Tevel in the well.
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To determine whether the test is in Zone 1 or Zone 2, calculate:

H+DN

L

H + Dy

Then enter Figure 8-4 with X and Y to determine the Zone.

iv) Determine the constant head Hp for calculations.
| Zone 1: He = H

Zone 2: Hg = (H -+ Dy) ; (H - L)

Zone 3: HC = H - Hw

v) To compute the shape factor F for a given test well geometry and test
zone in constant head tests using data only from the test well, refer
to Figures 8-5 through 8-9 for the USBR G-97 method, to Figure 8-10
for the USBR Earth Manual method (packer test only), or to Figure 8-11
for Hvorslev's method. Figures 8-5 through 8-7 require supplemental
reference to Figures 8-8 or 8-9, which contain graphs for the determina-
tion of conductivity coefficients under saturated and unsaturated con-
ditions, respectively. For the single curve contained in Figure 8-8,
an equivalent equation is presented for the investigator's convenience.
However, Figure 8-9 contains a family of curves, thereby precluding a
simplified analytic representation. Note that the USBR G-97 method for
unsaturated conditions is limited in depth of application as a result
of the limited range of conductivity coefficients presented in Figure
8-9. With regard to the USBR Earth Manual method, the formula is con-
sidered to be more accurate for tests below the groundwater table than
above it. When using Hvorslev's method for anisotropic soils and rock,
the engineer must estimate m =v'Kn/K,. If the well is packed with

gravel, the engineer must also estimate n = K',/K,, where:
KV = the estimated vertical permeability of the rock or soil mass.
K, = the estimated horizontal permeability of the rock or soil mass.
I<‘V = the vertical permeability of the gravel filter in the well

-2
(probably at least 10 ° cm/sec).

The values of m and n enter into the computation of the shape factor F
in Figure 8-11.
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i isotropic conditions: Kh =K =K Q
V a—
Kor Ky = Foti)

a - anisotropic conditions: Kh # KV c

i) F=20 i) Fz2.75D i) F:ﬂn02/4(lT"—D-+l_)

a) F=2p/m a) F=275D/m a) F= TI‘nDz/4mz(Tr8an+L)

‘ fAaae Lo TR T" Reduaaiae
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WELL SCREEN/OPEN HOLE
BELOW IMPERViOUS BOUNDARY
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DEFINITIONS: Km

where K

VKV Kh yom

=\}Kh/Kv ;D=
y. = vertical permeability of soil/rock mass
“h

!
K, /KV

horizontal permeability of soil/rock mass

KV'= vertical permeability of filter in casing

Figure 8-

11

TEST - ZONE 3 (BELOW WATER TABLE)

(1951)

HVORSLEV'S ANALYSIS METHOD FOR CONSTANT HEAD
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vi) Then K = FQﬁ

c

where Q. is the constant flow under steady state conditions.

vii) Additional methods of analysis are available if data can also be obtain-
ed from observation wells near the test well. Refer to Figures 8-12 and
8-13 and determine if the conditions are similar to the conditions of
the test to be analyzed. Figureg-121is for Zone 1, overlying an im-

permeable bed. Figure 8-13 is for Zone 3. The formulas for computing
the permeability are given an each figure.

8.3 WELL PUMPING TESTS

8.3.1 Background

The analysis of well pumping tests has been covered extensively in the
technical literature. The background for -the solution methods used here
can be found in the references cited below.

Equations presented in this section may conform to traditional and frequentily
inconsistent units of measurement. In such cases, two forms of the equation
are given - one which requires those traditional units specified, and one
which is valid for any consistent system of units. The latter form is
referred to in the text and figures as that valid for "compatible units."

In the following discussion, the water-bearing stratum whose per-
meability is determined by well-pumping tests is called an "aqui-
fer." If the aquifer is overlain/underlain by a less permeable
stratum, then that overlying/underlying layer is calied an "aqui-
tard." :

Well pumping tests are usually run for a maximum of several days.
As a result of the short time span of the test and the nature of
recharge to the aquifer, equilibrium conditions may not be reach-
ed during the pumping test. Consequently, many well-pumping ana-
lysis methods are for non-steady state conditions, i.e. before
equilibrium is reached. Equilibrium methods are easy to use but
are only appropriate when steady-state conditions have been
achieved.

Figure 7-13 is a schematic.of a well pumping test. It defines some
of the basic parameters used in the analyses.

Permeability, K, is a function of the more common hydrologic term,
transmissivity, T. K= T/m where m is the saturated thickness of

the aquifer. The value "m" is determined by borings or other
exploratory methods. As a result of the analysis of the pumping
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Figure 8-12 USBR ANALYSIS METHOD FOR CONSTANT HEAD TEST
USING OBSERVATION WELLS - ZONE 1 (ABOVE
WATER TABLE, UNSATURATED)
(after USBR, G-97)
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test, it may §]so be possible to assess the coefficient of storage,
S, of the aquifer and the values of K, T and S for an overlying
aquitard (if it exists).

These and other terms commonly used to define aquifer and aquitard
characteristics and pumping test data are defined below.

T = transmissivity: the rate of horizontal flow through a
vertical strip 1 foot wide and m feet high (where m = the
saturated thickness) under a hydraulic gradient of 1.

T = (K)x{m). Transmissivity is usually expressed in
"gallons per day/foot" units, or more simply, gpd/ft.

S = coefficient of storage: the volume of water released
from or taken into storage per unit surface area per
unit change in head. The coefficient of storage is
dimensionless. For water table aquifers, S is called
the specific yield.

K = permeability: the rate of flow through a unit area
under a hydraulic gradient 05 1. Permeﬂbility gnits
are usually cm/sec or gpd/ftc (2.1 x 10% gpd/fte =
1 cm/sec).

m = saturated thickness of aquifer or aquitard. '"m" is
usually given in feet.

= drawdown, usually expressed in feet.
discharge from pumped well, commonly expressed in gpm.
= radius of pumped well, usually given in feet.

= radius from center of pumped well to center of observa-
tion well, usually given in feet.

b S S i S
K

Although the units presented in the above descriptions are those
most commonTy used in practice, conversion to other units can be
obtained by using appropriate factors in Appendix E.

[t is helpful to identify some basic aquifer characteristics
before discussing methods to interpret well-pumping tests.

Artesian or Water Table Aquifer: In an artesian a uifer th

A 2 e pre-
test groundwater level will rise in an observationqwe11 to a Pre
height above the top of the aquifer, while in a water table

aguifer the groundwater Tevel will stabilize b
cauifer the e below the top of

Fully or Partially Penetrating Wells: The pumped well is fully
penetrating 1f the casing or well screen is slotted oy open for
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the full thickness of the aquifer (and not slotted above or below
the aquifer). A partially penetrating well has an intake section
over only a portion of the aquifer.

Leaky or Non-Leaky: If the overlying strata allow water to per~
colate from upper aquifers or from the surface to the test aqui-
fer, the aguifer is leaky.

Water Released/Not Released from Storage in the Aquitard: If
the groundwater Tevels in the overlying stratum (aquitard) are
lowered during the test, then water is probably “released from
storage" in the aquitard.

8.3.2 Analysis of Constant Discharge Tests

In a constant discharge test, the pump is turned on and allowed to pump
at a constant flow rate, Q. Three methods are discussed below: Jacob’s
straight 1ine method, the type curve fitting method, and the equilibrium
formula method., Both Jacob's method and the type curve fitting method
are solutions for non-equilibrium conditions. Jacob's method 15 a quick
solution, but less accurate than the type curve fitting method. If
equilibrium is reached, then the equilibrium formula method, accurate
and easy to use, should be used.

8.3.2.1 Jacob's Straight Line Method - This method is based on Theis'

curves for non-leaky artesian aquifers with fully penetrating wells. How-

ever, it can be used as a first approximation for water table aquifers

(Walton, 1970). It is most appropriate for sands and gravels or materials of
high permeability because the drawdown vs. log time curve becomes linear more
rapidly in materials with high permeability. The value of the coefficient of
storage computed by this method may not be very accurate, but the calculation

of transmissivity and permeability should be adequate if enough data is avajlable
(Walton, 1970).

A general methodology holds for both the Drawdown-Time and Drawdown-Distance
analyses. An iterative scheme is used to obtain successive approximations of
S and T. For the initial line-fitting procedure, data from the first hour of
the test should not be used, and the Tater part of the test shouid be given
more weight. After initially approximating S and T, as determined from the
formulas in Figure 8-14, determine the time

1.35 x 109 2 s
T

ts1 =

where tg) = time after pumping starts before a semilog time-drawdown or
distance-drawdown plot will yield a straight-line graph, in
minutes

distance from pumped well to observation well, in feet

-
]

1]

transmissivity, in gpd/ft
coefficient of storage, fraction (Walton, 1970)

1]
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701.3 % 5
T

For compatible units, ts] =

Then recalculate S and T using only data recorded after time tgy. This
iterative process will give a more accurate estimate of S and T.

The specific analysis procedures are now presented.
i) Drawdown-Time Method (Refer to Figure 8-14)
a) Plot drawdown, s, vs. log time, t, for any observation well.
Time, t, may be in days or minutes for the logarithmic plot.

b) Fit a straight line through the data and extend it to s = 0.
Find t, = time at s = 0, and convert time to days.

¢) Find As, change in drawdown, over any log cycle of time.
d) Solve for T, S and K as follows:

T = gggg qQ = flow (gpm)

As= change in drawdown (feet) over
1 Tog cycle

T = transmissivity (gpd/ft)

0.3Tt,
S = 5 r = distance to observation well from
o pumped well (feet)
t = time (days)
m = sat. thickness of aquifer (feet)
K= T/m K = permeability (gpd/ft2)

For compatible units, T = 2:183Q ¢ . 2.25Ttg

As P

The analysis of the test results at all observation welis should give
the same values of S, T and K. See comments in Section 8.3.2.4 if
results differ between wells.

i1} Drawdown-Distance Method {Refer to Figure 8-14}

a) Plot drawdown, s, vs. log radius, r, at a given time, t, for a
series of observation wells.

b) Fit a straight line through the data and extend it to s = O.
Find rg = radius at s = 0.

¢) Find As over any log cycle of radius.
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d) Solve for T, S and K as follows:

T = 521_;‘7 Q = flow (gpm)
As = drawdown (feet) over 1 log cycle
_ 0.3 Tt A
S = B T = tranmissivity (gpd/ft)
To S = coefficient of storage
K=T/m m = aquifer thickness (feet)
t = time (days)
K = permeability (gpd/ft?)
. . _ 0.366Q 2.25 Tt
For compatible units, T S —_F;Z__

This method should give the same values of S, T and K for any time t.
The values of S, T and K should be the same as computed by the drawdown-
time procedure. See comments in Section 8.3.2.4 if the values of S, T
and K vary with time.

The above methods can be used for analysis of both pumping and recovery data.
For pumping data, the following criteria (Todd, 1959) apply. Use the draw-
down s = h, - h, where hy = the initial height of water in the well before the
test and h = the height of water in_the well at time t. Measure time t from
the point that pumping commences. For recovery data, use the residual draw-
down s' = hy - h where hy is defined as above and h is the height of water in
the well at time t'. Measure time t' after pumping is stopped. The discharge
Q used in the calculations is the constant discharge used during the test.

8.3.2.2 TIype Curye Fitting Method - The straight line method presented in
the previous section is limited because it is an approximate solution most
appropriate to large values of time and permeability, and non-leaky artesian
aquifer conditions. More precise solutions for a variety of well-pumping
gituations are available. Mathematical solutions have been found fgr var-
jous combinations of those aquifer characteristics itemized in Section 8.3.1.
These solutions are plotted in the form of a well function W(u) and are
called "type" curves. Figure 8.15 illustrates the type curve fitting method,
and Figures 8-16 through 8-21 present the type curves for different well-
pumping situations.
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Where:

transmissivity (gpd/ft)

coefficient of storage

drawdown at observation well (feet)

time after pumping began (days)

radius from pumped well to observation well

= discharge (gpm)
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For compatible units:

T = Q W(U), S = 4Tut
4rs r2

Figure 8-16 TYPE CURVE FOR NON-LEAKY ARTESIAN AQUIFER WITH:

® FULLY PENETRATING PUMPED WELL
® NO WATER RELEASED FROM STORAGE IN AQUITARD
@ CONSTANT DISCHARGE (Walton, 1970)
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Figure 8-17 TYPE CURVES FOR NON-LEAKY ARTESIAN AQUIFER WITH:

e PARTLY PENETRATING PUMPED WELL
® NO WATER RELEASED FROM STORAGE IN AQUITARD
® CONSTANT DISCHARGE (Walton, 1970)
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Figure 8-18 TYPE CURVES FOR NON-LEAKY ARTESIAN AQUIFER {CONTINUED)
(Walton, 1970)
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Where:
T = transmissivity (gpd/ft)
S = coefficient of storage
Q = discharge {gpm)
s = drawdown at observation well (feet)
r = vradius from pumped well to observation well (feet)
B = ‘'leakage factor'; determined by curve selection:
roo_ r
B T/(P'/m")}
t = time after pumping began {days)
P' = permeability of aquitard (gpd/ft?)
m' = saturated thickness of aquitard (feet)
e Q W(u, "/8) ATut
For compatible units: T =272 777 §S=
Arws r2
Figure 8-19 TYPE CURVE FOR LEAKY ARTESIAN AQUIFER WITH:

o FULLY PENETRATING PUMPED WELL
e NO WATER RELEASED FROM STORAGE IN AQUITARD
e CONSTANT DISCHARGE (Wwalton, 1962)
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Where:
T = transmissivity (gpd/ft)
S = coefficient of storage
t = time after pumping began (days)
r = radius from pumped well to observation well (feet)
p
P' = permeability of aquitard {gpd/ft?)
§* = storage coefficient of aquitard
9
m' = saturated thickness of aguitard (feet)
Y = ‘'storage factor'; determined by curve fitting

procedure
- L SIPI
v Ag/ Vs

For compatible units: T = Q_ELE:_EQ, g = Aut

4ns r2

Figure 8-20 TYPE CURVE FOR LEAKY ARTESIAN AQUIFER WITH:

® FULLY PENETRATING PUMPED WELL
® WATER RELEASED FROM STORAGE IN AQUITARD
o CONSTANT DISCHARGE (walton, 1970)
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= transmissivity (gpd/ft)

= coefficient of storage (artesian conditions)
discharge (gpm}

= time after pumping began {days)

=N O W~
1t

= radius from pumped well to observation well (feet)

coefficient of storage associated with gravity
drainage of pore spaces = specific yield

reciprocal of delay index (days'1)

Dt = 'gravity factor': Dt A/ 55

NOTES: 1. Match early data to type A

W(u I

1
2°D ) T solve for S, T.

t a
2. Slide type curve (same r/Dt) horizontally and match later

data to type Y curve (same r/Dt). Find match point S55 t2,
) r/Dt), jL1 Solve for T, Sy. T should be approximately

W
(uy »
the same as in step 1.

For compatible units:

s = QH(uay, "/0y) R .15 u, = Sy, r . T
4nT | 4Tt 4Tt Dt JT;B;;;

Figure 8-21 TYPE CURVE FOR WATER TABLE AQUIFER WITH:
e FULLY PENETRATING PUMPED WELL
@ CONSTANT DISCHARGE (Prickett, 1965)

curve; find match point Sy t],
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The procedure for the type curve fitting method follows (Walton, 1970):

i) Characterize the aquifer as accurately as possible as to artesian
conditions, degree of well penetration, leaky/non-leaky conditions,
water release from storage in the aquitard, etc. This will aid in
the selection of the "type" curves. However, it is not necessary
to know in advance of the curve fitting procedure if the aquifer
is leaky or if water is released from storage in the aquitard

during testing.

ii) Plot log drawdown, s {vertical scale) vs. log time, t, as shown in
Figure 8-15. The scale of one log cycle of the "test" data should
be the same as that of one Tog cycle on the "type" curves. The
units used to plot drawdown and time should be feet and days, re-
spectively, to facilitate the use of the type curves.

iii) Select the type curve best representing your initial characteriza-
tion of the aquifer. Superimpose the "test" curve over the "type"
curve and move until a good fit is obtained, keeping the axes
parallel (see Figure 8-15). Try to fit the data over other "type"
curves until the best fit is obtained.

iv) Pick any point on the graph where the type curve and data curve are
matched and read off W and 1/u from the “type" curve, and s and t
from the test data curve. This point is called the "match point."
See Figure 8-15.

v) Calculate S and T from the equations printed on the type-curve
graphs and the values of W, 1/u, s and t at the match point.
Then K = T/m.

Additional parameters needed for the selection of "type" curves and cal-
culations are given on Figures 8-16 through 8-21.

8.3.2.3 Equilibrium Method - If equilibrium is reached, the data analysis
is simplified greatly. At equilibrium, both flow G and drawdown are con-
stants in the pumped well, and drawdown is constant in the observation wells.
Only leaky aquifers or aquifers with a source of recharge can reach equilib-
rium. At Teast two observation wells are necessary to solve for the
permeability using this equilibrium method.

i) Equilibrium Formula for Leaky Artesian Aquifer (Kruseman and DeRidder,
1970) with fully penetrating pumped well; water may or may not be
released from storage in aguitard.

Procedure:

a) Prepare a type cruve by plotting values of the Bessel function
Ko(r/B) versus the variable (r/B) on log-log paper, using the
values in Table 8-1.



VYALUES OF THE FUNCTION K0

TABLE 8-1

(r/B) FOR GIVEN VALUES OF THE VARIABLE, r/B -
(after Walton, 1970)
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: r/8 Nx10™3 Nx10-2 Nx107} N

1.0 7.0237 4.7212 2.4271 0.4210

1.5 6.6182 4.3159 2.0300 0.2138

2.0 6.3305 4.0285 1.7527 0.1139

2.5 6.1074 3.8056 1.5415 0.0623

3.0 5.9251 3.6235 1.3725 0.0347

3.5 5.7709 3.4697 1.2327 0.0196

4.0 5.6374 3.3365 1.1145 0.0112

4.5 5.5196 3.2192 1.0129 0.0064

5.0 5.4143 3.1142 0.9244 0.0037

5.5 5.3190 3.0195 0.8466

6.0 5.2320 2.9329 0.7775 0.0012

6.5 5.1520 2.8534 0.7159

7.0 5.0779 2.7798 0.6605 0.0004

7.5 5.0089 2.7114 0.6106

8.0 4.9443 2.6475 0.5653

8.5 4.8837 2.5875 0.5242

9.0 4.8266 2.5310 0.4867

9.5 4.7725 2.4776 0.4524

Examples

for r/B = .001 = 1x10’3, Ky = 7.0237

for r/B = .003 = 3x10™°, K= 5.9251

Ko
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Plot on another sheet of Tog-log paper with the same scale the
steady-state drawdown, s, of each observation well versus its
corresponding distance from the pumped well, r.

Superimpose this data plot on the Bessel function type curve and
while keeping the axes parallel, adjust so that the plotted points
achieve an optimal fit to a portion of the type curve (see Figure
8-22 for illustration).

Select an arbitrary match point A on the overlapping portion of
both sheets and record the values of s and Kg(r/B) corresponding
to that point. \

Substitute the vaiues of s and Ky(r/B) into the following equation
to obtain T:

T = 222 g (r/B)

The permeability of the aquifer may then be computed from the
expression: K = T/m.

r/T7{K /m")
= drawdown at observation well (feet)
= distance from pumped well to observation well (feet)

where: r/B

= discharge {gpm)

s
"
Q
r/B) = Bessel function given in Table 8-1
T = transmissivity of agquifer (gpd/ft)
K = coefficient of permeability of aquifer (gpd/ftz)
K' = coefficient of permeability of aquitard (gpd/ftz)
m = thickness of aquifer (feet)
m' = thickness of aquitard (feet)

Note: For compatible units, use:

T = 53 K (r/B)

2ms

Note that a coefficient of storage, S, cannot be determined from
steady-state data.

ii) Equilibrium formulas for an artesian or a water table aguifer with a
source of recharge at the edge of the cone of depression with a fully
penetrating pumped well.
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This method does not specify the nature of the source of recharge.
However, it implies that the cone of depression does not extend past
a distance R from the pumped well; that is, recharge exists at the
periphery of the cone of depression. Generally, R is not known, and
data from at Teast two observation wells is needed. Only Kor T = Km
can be calculated in the steady state. The storage coefficient S
cannot be obtained.

Water table aquifer: K = 10550 ;og(rg/r1) (Johnson, 1972)
hs - h
2 1

k = 230 Tog(ry/ry) )

(For compatible units, 5

?
'TT(hZ' h'l)
Artesian aquifer: K = 528Q 1og(ra/r1) (Johnson, 1972)
m (h2 - h])

K = 1.15Q Tog{(ro/rq) )
m (hz - h])

(For compatible units,

Combined artesian and gravity flow (flow becomes artesian at distance
ry from pumped well):

Gravity flow: K = 1055Q Tog(ry/ry) for r<r
2 2 t
m- - h
1
(For compatible units, K = 2.3Q 1og (r/rq) )
Artesian flow: K = 528Q Tog(ry/rp) for r>r,
m - h2
(For compatible units, K = 1.15Q Tog(ry/rp) )
m-h2
where hi = the height of water in observation well "i" above the base of
the aquifer (feet)
r. = the distance from observation well "i" to the pumped well

P (feet)

K = permeability (gpd/ftz)
Q = pumping rate (gpm)
m = saturated thickness of artesian aquifer (feet)
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8.3.2.4 Analysis Modifications -

i)

i)

iii)

Transmissivity of Water Table Aquifers:

Where water table aquifers are invoived, the data used for non-
equilibrium analysis should be adjusted to allow for decrease in
transmissivity of the aquifer during pumping. The transmissivity,

T = Kem, varies because drawdown reduces the saturated thickness,

m, of the aquifer. As a result, m varies with time and distance
during the test. To compensate for this effect in the calculations,
the drawdown is transformed as follows:

N G
obs Zm
where m = the initial saturated thickness of the aquifer
Sobs - the observed drawdown under water table conditions
(Walton, 1970)

Then carry out the non-equilibrium analysis.

Time Effect of Gravity Drainage on Water Table Aquifers;

In a water table aquifer, when the water level is lTowered due to pump-
ing, gravity drainage of the interstices occurs., With time, the drain-
age occurs farther and farther away from the pumped well; the movement
of water near the well is due only to water flowing from the edge of
the cone of depression to the well. Eventually, within the area cover-
ed by the observation wells, no more water is released from storage.
That is, water is released from storage outside the cobservation area
and flows through the observation area to the well. A water table
aquifer may be analyzed as an artesian aquifer once gravity drainage

in the observation area is complete {Walton, 1970). However, the
drawdown must still be adjusted as noted in (i) above.

Partially Penetrating Wells:

When the pumped well partially penetrates the aquifer, several non-
equilibrium solutions are available, as shown in Figures 8-17 and
8-18. Note that for analysis purposes a partially penetrating well
can be treated as fully penetrating when the observation well is
further than 2m from the pumped well {Todd, 1959) {m = saturated
thickness of aquifer). At this distance, flow becomes essentially
radial.

For partially penetrating wells, flow lines are longer and head loss
greater than for fully penetrating wells (Todd, 1959). As a result,
for the same drawdown, the fiow out of a partially penetrating well
is less than that out of a fully penetrating well. If the well is
only partially penetrating, then the value of the transmissivity

will be substantially underestimated if the solutions for fully pene-
trating wells are used to analyze the data.



iv)
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A correction for the drawdown can be applied to the equilibrium ana-
lysis to account for the effect of partial penetration (Todd, 1959).
This procedure is valid if the perforated section of the well pene-
trates from the top of the aquifer or if the well is cased near the
top of the aquifer and open only at the base.

Ik

Let m = saturated thickness of the saturated zone of the aquifer

hom = height of water in an observation well above the base of
the aquifer at radius 2m from the pumped well.

or
b3
[

= height of water in the pumped well above the base of the
aquifer. '

hs = length of penetration of pumped well below the top of the
saturated zone of the aquifer.

ho = pretest height of groundwater above base of aquifer.

r = distance from pumped well to observation well.

0 = distance from pumped well at which there is no drawdown.
w = radius of pumped well.

Then, the drawdown can be obtained as follows:

. ifer: h - h =@ |1 o [Ms) 0.1 1
Artesian Aquifer: h, - h 2k | h n 2. g

- - Q2 4. {rhs) 0.2
or h2m hw dark hS tn 2rw m

: < >
Valid for (1.3 hS } Sm and (hs/er) 25

Water Table Aguifer: n
o= Q2 5 1 ™Ms) 0.2
hom hy okl T Tn er -

S

Boundary Effects of Analysis of Constant Discharge Tests:
Hydrogeologic boundaries can distort the drawdown curves. A fault
may act as a barrier to flow, or a stream bed may act as a source
of recharge.

A barrier to flow alters the drawdown curve as if there were another
well pumping on the opposite side of the barrier. A recharge source
such as a stream alters the drawdown curve as though there were a
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well injecting water on the opposite side of the boundary. The ima-
ginary well on the other side of the boundary is called an image well.
The image well is located on a line perpendicular to the boundary at
the same distance from the boundary as the actual well. Data handling
procedures should be modified to account for boundaries. Three methods
to do this are presented in the following pages.

a) Straight Line Method Adjustment for Boundaries:
If a barrier is present, the slope of the drawdown-log time curve
plotted for the straight line method will steepen as the cone of
depression reaches the barrier. Similarly, a recharge source will
flatten the plot. The effects of a boundary on the straight line
graph and solution are summarized in Table 8-2 {Johnson, 1972).

Note that a bend in the graph can alsc indicate a decrease in
aquifer transmissivity with distance rather than a hydrogeologic
barrier.

If the s-log t data from some or all of the observation wells

do not plot as a straight line, a boundary may be present. If
the change in the slope in the s-log t graph is readily detect-
able, use the data from the earlier portion of the test to cal-
culate T, K and S, the transmissivity, permeability, and coeffi-
cient of storage, respectively. Note here, however, that the
straight 1ine method is often substantially in error for early
test data (Walton, 1970}).

Where a clear bend in the test graphs is not evident, plot s-log
t for the observation wells on one sheet of graph paper and com-
pute S (Johnson, 1972). Similarly, plot s-log r for a series of
times and compute S. If the average value of S calculated from
the s-Tog t graphs is substantially larger/smaliler than the aver-
age value of S from the s-1og r graphs, a barrier/recharge source
is probably present and the true value of S lies somewhere in
between. A reasonable assessment of T can be made from the s-
log t test graphs.

b) "Type" Curve Method Adjustment for Boundaries:
Where barriers or recharge sources are known to exist, the dis-
tance to the boundary as well as the aquifer properties can be
calculated. ’

To determine.aquifer properties, match a type curve to the early
log s-log t data and compute the aquifer properties as previous-
ly described. Use observation well data for the time period be-
fore the cone of depression encounters the boundary. A detailed
example of the calculation of boundary distance is presented in
Figures 8-23 and 8~24 (after Walton, 1970).
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Select the data from any observation well:

1. Find best type curve fitting early data.

2. Fit same type curve to later data as follows:
a) pick any match point W, ,s, from the first curve matching;

b} line up axes for second matching so that s, = 2s, is lined
up with W;;

c) slide type curve horizontally until some portion of it fits
the data. Trace it over the data.

3. Repeat Step 2 but line up W, with s, = 3s,.

4. For the nth boundary 1ine up W, with s, = n°s.

5. At any arbitrary time t,» find the deviation s, between type
curves 1 and 2.

6. At any arbitrary time t » find the deviation As between type
curves n and n + 1,

7. Find t,' at which s = 4s, on the first type curve.

1

8. Find tn' at which s Asn on the first type curve.

9. Find the radius from the observation well to the first image

t t
well vy = r /Lo s for the n™ image well r = r /0.
t, n t

Repeat steps 1 - 9 for the data from each observation well

10. To find the exact location of the nth image well, find rn for each
observation well. For each observation well, draw a circle around
it using the radius rp calculated for that well. The nth image well
is located at the intersection of the circles. Note that if the
boundary is not perfectly vertical, the circle arcs will not
intersect at one peint, however the image well location can be
approximately defined.

11. The boundary is located halfway between the image well and the
pumped well,

Figure 8-24 PROCEDURE FOR BOUNDARY DISTANCE CALCULATION
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Comparisons of Recharge and Boundary Effects on

Semiltog Diagrams

(straight-line solution method)

Recharge Effect During Pumping Test

Time-drawdown Graph

1. Slope of graph becomes flatter.
If transmissivity is calculated on
the basis of the flatter slope it

will be higher than the true value.

2. Extending straight line of flatter
slope results in an erroneous value of
t. making it too low. A calculation
using this figure gives a value for the
storage coefficient that is smaller
than the correct one.

Distance-drawdown Graph

1. Slope of straight line remains al-
most unchanged. Aquifer transmissivity
calculated from the graph is usually
close to its true value.

2. Straight line is displaced upward.
Extension to zero drawdown gives a
value of ry which makes calculated
storage coefficient higher than the
correct one.

Barrier Effect During Pumping Test

Time-drawdown Graph

1. Slope of graph becomes steeper.
If transmissivity is calculated on
the basis of the steeper slope it
will be lower than the true value.

2. Extending line of steeper slope re-
sults in erroneous value of t_ which is
too high. A calculation usin8 this fi-
gure gives a storage coefficient that
is larger than its correct value.

Distance-~drawdown Graph

1. Slope of straight 1ine remains al-
most unchanged. Aquifer transmissivity
calculated from the graph is usually
close to its true value.

2. Straight line is displaced down-
ward. Extension to zero drawdown

gives erroneous value of r_which
makes calculated value of gtorage co-
efficient smaller than the correct one.
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¢) Equilibrium Formula Adjustment for Boundaries:
Under equilibrium conditions the drawdown at any point is due to
the sum of the drawdowns caused by all real or image wells in
the vicinity. If the boundary location is known, the image well
can be Tocated on the opposite side of the boundary on a Tine
with the pumped well. For a non-leaky artesian aquifer with a
recharge boundary, Walton (1970) provides the following equili-
brium formula:

1= Eagg (M)
obs
where reo= distance from observation well to image well (feet)
r = distance from observation well to pumped well (feet)
Q = discharge {gpm}
T = transmissivity (gpd/ft)
sObs = observed drawdown at observation well {feet)

For compatible units, T = lLlé—gﬁog ("i/.)
TS obs r

8.3.3 Analvsis of Constant Drawdown Tests

In some cases it is easier to maintain a constant drawdown rather than a
constant discharge. This is true for tight (low permeability) formations.
For example, if the flow is less than several gallons/minute, it is possi-
ble to maintain a constant drawdown (I 1 foot) by operating the pump in-
termittently. It may be difficult to conduct an accurate constant flow
test at such low discharge rates. In addition, if a constant flow test

js attemptec in a lTow permeability material, the danger exists that the
drawdown will reach pump level before the desired end of the test.

Constant drawdown tests are also an appropriate method where observation |
wells may not be available. Constant drawdown tests, unlike constant dis- \
charge tests, can be analyzed for non-equilibrium conditions without ob-
servation well data.

The available analysis methods for constant drawdown tests are fewer and
less versatile than for constant discharge tests.

8.3.3.1 Straight Line Method - The straight line method is not appropri-
ate since a simple equation relating T, s, t and r over a log cycle of Q
is not available.
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8.3.3.2 Jype Curve Method - Some type curves are available for idealized
cases simulating a variety of aquifer conditions. They are expressed in
terms of the well function W(X). Solutions are only available for arte-
sian aquifers with fully penetrating wells (Walton, 1970).

The analysis procedure is similar to that for constant discharge conditions.
Refer to Figure 8-25.

i) Characterize the aquifer if possible.

ii1) Plot Tog Q (vertical axis} vs. log t so that the scale of one Tog
cycle of data is the same as for one log cycle on the type curves,

1i1) Select the most appropriate type curve and attempt to match the
curve keeping axes parallel. Repeat with various type curves
until a good match is obtained.

iv) Select any point on the data curve. Call this the match point.
Read Q, t, W(A) and X corresponding to that point.

v) Solve for S and T using the equations printed on the graphs in
Figure B8-25.

8.3.3.3 Equilibrium Formula Method - Because few non-equilibrium solu-
tions are available for the constant drawdown test, the best method of
analysis is to use equilibrium data, if equilibrium conditions can be
obtained. The equilibrium formulas for constant drawdown data are the
same as for constant discharge data.

8.3.3.4. Analysis Modifications

1) Water Table Aquifers: The artesian solutions can be applied to
water table aquifers if the restrictions discussed in Section
8.3.2.4 (ii) are followed.

ii) Partial Penetration: The flow to a partially penetrating well
is less than that to a fully penetrating well for reasons dis-
cussed in Section 8.3.2.4 (iii). The effect of partial pene-
tration on equilibrium analysis is also presented in that sec-
tion.

iii) Boundaries: A simple procedure for assessing the effects of
boundaries is not generally available for constant-drawdown
tests, except under equilibrium conditions where the comments
for equilibrium constant discharge tests apply.

8.3.4 Anisotropic Aguifers

8.3.4.1 Background - In many instances, aquifers may be considered
homogeneous , but not isotropic. Aquifers whose permeability varies in
different directions are called anisotropic. Significant anisotropy
may occur in wind-blown sands and beach deposits, and is often found
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(b) LEAKY

T = transmissivity (gpd/ft)
= coefficient of storage
re = radius of pumped well
Q = discharge (gpm)
r /B = 'leakage factor'; determine from curve matching procedure
= time after pumping began {days)
s, = drawdown at pumped well (feet)

P' = permeability of aquitard (gpd/ft2)
For compatible unjts: T = ___9____, S = Tt
2mS, W) 2

Figure 8-25 TYPE CURVES FOR NON-LEAKY AND LEAKY
ARTESIAN AQUIFERS WITH:

® FULLY PENETRATING PUMPED WELLS
® NO WATER RELEASED FROM STORAGE IN AQUITARD

® CONSTANT DRAWDOWN
(Jacob & Lohman, 1952; Walton, 1970)
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in stream deposits. The transmissivity {permeability x the aquifer
thickness) in the major direction of anisotropy may be from two to ten
times greater than that in the minor direction (Kruseman and DeRidder,
1970). This could have a significant effect on the flow pattern of
injected leach fluids.

Two methods have been developed by Hantush (1966) and Papadopulos (1965)
for the pumping test analysis 'of anisotropic aquifers. The Hantush
method is preferable, although a sufficient number of observation wells
are required to develop accurate drawdown contours. Several maps of
drawdown contours at different times are desirable for the Hantush analy-

sis.

8.3.4.2 Hantush Method for Anisotropic Aquifers - A non-leaky aquifer is
assumed (confined or unconfined). Three radial Tines of three observation
wells each are required (nine wells total), and time-drawdown and time- !
recovery data should be collected at each of them. ‘

Definitions:
t = time since pumping started (days)
t' = time since pumping stopped (days)

1]

drawdown (feet)

" Ty, T, = transmissivity in directions x, y and r (gpd/ft)
distance from observation well to pumped well (feet)

discharge (gpm)
coefficient of storage

[Fo R o R T
]

It

i) Plot s (vertical axis) vs. log t for each observation well for the
pumping data including the recovery period.

ii) Use any isotropic method to solve for T and S at each well.

iii) Find T;, the average transmissivity along each ray i. Similarly,
find S;, the average coefficient of storage.

n n
iv) Find T, o = 2y Ty/n Find 5,0 = ;&7 S;/n

v) Select a time t; near the end of the pumping period. Plot contours
of equal drawdown, using the s-log t curves to fill in the missing
information. DOraw a contour through each observation well. If the
transmissivity is indeed anisotropic, the contours should be con-
centric ellipses, centered about the pumped well (see Figure 8-26).

vi) For each observation well, find the length of the major and minor
axes of their respective ellipses, measured from the pumped well.
Call these distances a and b.
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vii) Then solve for T

viii)

ix)

xi}

xii)
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2
(r°/ab) Tave

r
Ty = (a/b) Tave e
E T, = (b/a) T, e '
S = (4Tavetf/ab)~u
where u = N'I(4ﬂTaves/Q)
and W = well function for non-leaky isotropic aquifers

shown in Figure 8-16.

Note: u can be obtained by entering the quantity (4Tavetf/ab)
on the vertical scale of the plot in Figure
8-16, and inverting the corresponding value on the
horizontal scale.

A second caiculation of the transmissivities can be obtained using the
recovery data.
Extrapolate the s vs. log t pumping data to t = infinity. Set the draw-

A = 5,-
down at tinf1n1ty 0

For the recovery data, plot Sg - s vs. Tog (t'), where s is now
the residual drawdown, and t' is the time since shutdown. Solve for T

and S by Jacob's method: 264
T = thgﬁﬂ'"j' where A(s_ - s) is determined
(SO-S 0

over one log cycle of (t'). Note that data obtained soon after pumping
is ceased should be used to calculate A(s0 - s).

Perform Steps (iv) through (vi) aboves however, in Step (v), instead of
tes select a time t' during the recovery period so that

2
Sr .
ETE“:'O‘O] for all observation wells.
.2
Soive for Tr = (r°/ab) Tave
Tx = (a/b) Tave
Ty = (b/a) Tave

The major and minor principal permeabilities can be obtained by dividing

T, and Ty by the aquifer thickness, respectively.
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9.0 SUPPLEMENTARY DISCUSSIONS FOR FRACTURED ROCK

9.1 INTRODUCTION

When attempting to assess the in-situ permeability of a rock mass, the
existence of joints and fractures is an important aspect and must be
considered carefully. It has been demonstrated frequently in the litera-
ture that in a fractured medium the overall permeability is dominated by

the conducting joints and fractures. The matrix permeability (the per-
meability of the intact rock biocks) will be orders of magnitude Tess than
that of the fissures, and can be considered effectively zero (Maini, 1971,
Maini et al., 1972; Banks, 1972; Milligan, 1975). Because of the dominating
effect discontinuities have on the in-situ permeability of a rock mass, and
the frequency with which they occur in the field, this section of the report
considers the probilem of fractures exclusively.

9.2 SURFACE MAPPING OF JOINTS

As with all in-situ permeability investigations, a detailed geological

investigation should precede actual permeability testing. If the rock mass

in question is exposed in outcrops, a surface joint survey should be conducted :
to assess general orientation and spacing of any joint systems present. Sur- i
face evidence of joints and fractures will be more abundant in areas of high

relief. When considering leaching operations in an abandoned mine, addi- |
tional surfaces will be exposed, yielding additional information. Generally :
prevailing joint orientations can be determined using techniques of pole

density contours on stereographic nets as discussed by Goodman (1975) and

Hoek and Bray (1974). If the rock mass is located beneath soil cover or

other rock strata, a surface investigation may not be possible. Should this

be the case, a detaiied borehole investigation should be conducted.

9.3 DBOREHOLE INVESTIGATIONS

Whether or not a surface mapping investigation has been conducted, a detailed
study of joint orientation at depth is recommended. Conditions at the sur-
face may be quite different from those at depth, due to weathering of exposed
surfaces, shallow stress relief, and mining operations such as blasting and
excavation. Joint distribution in the immediate vicinity of the leachable
deposit is a controlling factor in the effectiveness of the overall Teaching
operation. The fractures will serve as the effective paths of solution
ingress into and egress from the rock mass. Also, their spacing and orienta-
tion may affect the degree of channelization which occurs. Knowledge of
existing fractures and their locations may also prove valuable in the

design of a successful injection-recovery well pattern.
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9.3.1 Core Samples

Core samples of the proposed leach zone provide a method of assessing general
rock quality and degree of fracturing in the rock. Methods for obtaining
core samples are discussed in Section 6.3. Simple Togging of the core can
provide a rough approximation of fracture spacing, an important parameter in
determining the permeability of a fractured mass. One method of representing
the degree of fracturing is the RQD (Rock Quality Designation) value. RQD
refers to the percent modified core recovery; i.e., the cumulative length of
core pieces egual to or greater than 4 inches in length divided by the length
of the core run (Deere et al., 1967). '

However, even with the most carefully conducted coring procedures, a cer-
tain degree of induced fracture of the rock will occur. Drilling-induced
fracturing will cause RQD values to be correspondingly lower, and initial
approximations of the permeability based on core analysis will be too high.
An additional problem is expressed by Maini (1971): "When a disintegrated
shaley mass is withdrawn from the core barrel, it is important fo decide
whether this represents a highly porous void or an impermeable plug which
has been shattered by drilling."

A more accurate means of identifying in-situ fracture conditions is provided
by down-the-hole logging techniques, a discussion of which follows.

9.3.2 ‘Down-The—Ho1e Logging

Oown-the-hole logging techniques are methods by which an oriented, accurate
representation of the borehole wall can be obtained. Recent in-situ leaching
research substantiates the need for such methods (D'Andrea et al., 1974).
Several techniques have been described in the Titerature. A summary of these
methods is presented.

9.3.2.1 Acoustical Methods - King and McConnell (1973) describe an
acoustic-velocity measuring sonde which can be used in water-filled or dry
AX-size (1-7/8-inch diameter) boreholes to a maximum depth of 200 feet.

The reflection of acoustic waves against the borehole wall detects inhomo-
geneities such as joints and fractures, and changes in 1ithology. Hamilton
and Myung (no date) discuss another acoustical logging device called the
Seisviewer System, which is manufactured by the Birdwell Division of the
Seismograph Service Corporation. This device logs a continuous acoustic
picture of a borehole wall, with a north-designated orientation. Physical
variations in the wall are displayed as changes in the picture intensity.
Another variation of an acoustic device is the "3-D" velocity log, also
developed by the Birdwell Division of SSC. This method utilizes transmitting
and receiving transducers placed at known distances down the borehole. A
pulse is generated and arrival times of compressional and shear waves are
monitored by the receiver. OQutput can be evaluated for fracture locations
{Myung et al., 1972).
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9.3.2.2 Optical Methods - Optical techniques can be used for direct obser-
vation of borehole walis. Krebs (1967) discusses the application of a
borehole periscope. With a diameter of 2-1/4 inches, the unit can be used
to a depth of 110 feet. It allows immediate investigation, produces an
image in color, and permits color photographs to be taken from the surface.
It can be used beneath the water table, however, muddy water will reduce
image clarity. Simple techniques can orient fracture surfaces as to their
strike and dip.

Krebs (1969) describes a borehole television camera, which can make direct
observations of geologic structure in boreholes to deptns of 1600 feet.

The unit, 2-1/2 inches in diameter, consists of a miniature television
camera in a probe. The picture is transmitted through a cable to a teie-
vision screen at the surface. A compass penduium within the probe enables
simultaneous readings of the inclination of the borehole and the azimuth of

the inclination. Various video recorder-playback interfaces can be accommodated

to obtain permanent records of the visual logs.

The third type of direct borehole viewer is the film camera. The film-type
borehole camera obtains an image on one of many types of photographic fiim,
by direct exposure through a lens, by indirect exposure through a -system of
prisms, or by photographing an image reflected on a flat or conical mirror.
A borehole film camera can fit in an NX-sized borehole. At large depths, a
strobe-1ight attachment provides the required light source. Muddy water
renders the camera essentially useless ?Lundgren et al., 1968).

A1l the borehole technigues can provide important information regarding
fracture spacing, orientation, and distribution. An analysis of the core
samples can augment the investigation with regard to degree of fracture
weathering, gouge and joint filling material, etc. Information from a bore-
hole investigation can be combined with available surface observations to
further identify joint spacing and orientation. Biasing may result from
surface and/or borehole observations, as discussed by Terzaghi (1965).

9.3.2.3 Borehole Disturbance Due to Drilling - If borehole Togging is in-
corporated in the preliminary investigation, a drilling method should be
used which minimizes the disturbance of the borehole walls. The borehole
snould not be advanced using the percussion drill method. Gale (1975) used
a borehole periscope in both percussion drilled wells and those advanced
with a diamond drill. The former method Teft a relatively rough borehole
wall and thus only the major fractures could be detected, while the smooth
walls of the diamond drill borehole provided an excellent background on
which the faintest fracture trace could be detected., Where core samples are
taken, the diamond drill provides a good quality wall for down-the-hole
inspection. If the borehole is advanced without core recovery, the fuil
faced diamond bit rotary method is recommended.
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9.4 FACTORS WHICH AFFECT TEST RESULTS

It has been expressed in the preceding subsections that the permeability of

a fractured rock mass is governed by the fractures themselves. In general,
two fundamental aspects of fractures will affect the in-situ permeability:
fracture aperture (degree of opening) and spacing between fractures.

Average vailues of these parameters can be effectively measured from down-
the-hole investigations described previously. Given these averaged quan-
tities, a rough approximation of the permeability can be determined. Should
selected depths or sections be individually analyzed (i.e., intensely fractured
horizons within a relatively less-fractured mass), variations in permeability
can be approximated. Figure 9.1 shows the general influence that fracture
aperture and spacing have on the permeability. It is emphasized that the plot
is based on several simplifying assumptions. Values of permeability obtained
are rough approximations and should be treated accordingly. The graph should
never be used as a substitute for a carefully conducted packer test program.

Recent studies have shown that the observed permeability of a fractured rock
mass is influenced by the method and procedure of the permeability test.
Some aspects have been mentioned in previous sections of the report and are
repeated here,

The analysis procedure for the packer test, presented in Section 8.2, incor-
porates a plot of flow rate vs. excess pressure in the test cavity. If the
relationship is 1inear, the determination of the permeability is straight
forward. MNonlinear plots make the analysis more difficult. Principal causes
of nonlinearity are (Maini et al., 1972):

i) Deformation of the fractures due to excess injection pressure. The
fluid-conducting fissures are not rigid; they deform under hydro-
dynamic pressure. The fissure opening reflects an equilibrium state
influenced by gravity and the fluid pressure (Noorishad et al., 19771).
Studies show that the opening of a fissure is minimized if only one
fracture system is operant. More favorable kinematic conditions for
movement exist if another fracture set nonparallel to the first one is
present. Such deformation is often referred to as hydraulic fracturing
of the rock mass.

i1) Turbulence due to high injection pressure resulting in excessive
velocities. One assumption in the test analysis fs that all fluid
flow is Taminar. The general permeability equation used in the test
analysis states that the permeability is proportional to the ratio
of Q (flow rate) over He (constant excess head) (see Section 8.2).
Turbulence effectively reduces this ratio, thereby reducing the
observed permeability. The potential for both turbulent flow and
hydraulic deformation of the fractures can be minimized by estab-
lishing a safe upper bound for the allowable excess (above hydro-
static) cavity pressure. This bound has been specified (Section 7.4)
as 0.5 psi/ft depth to the test section.
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iii) Leakage past packers. Packer leakage will result in erroneously high
flow rates and correspondingly high permeability estimates. A pro-
cedure has been developed and presented in Section 7.5, whereby such
leakage can be detected and minimized.

The general concept of the mass permeability of a jointed rock mass has been
studied. General consensus is that scale has an important effect on applica-

bility of a mass permeability. Fractured rock beneath a dam may be justifiably

referenced in terms of its "mass permeability," however, the term may be
unacceptable in describing a 50-foot thick ore body with a fracture spacing
of 10 feet. In the latter case it may be more appropriate to discuss the

characteristics of the individual fractures rather than the "mass permeability."

An Gdmportant requirvement for identifying fracture "permeability" is to test
those fractures exclusively. The most effective means of testing a system
of parallel fractures is by intersecting them perpendicularly with the bore-
hole (Maini, 1971; Maini et al, 1972; D'Biago et al., 1972; Milligan, 1975;
Louis et al., 1970). Unfortunately, the difficulty and expense of preparing
the hole and performing the test increase substantially as the borehole
varies from the vertical position. However, the consequences of testing
with vertically oriented boreholes regardiess of the fracture system orien-
tation should be recognized:

i) One or several fracture systems may be intersected obliquely. This
improves the kinematic conditions for crack deformation as discussed
above.

ii) Rather than representing a single fracture system, the observed perme-
ability may reflect the average of two or more obliquely intersected
systems. This effect is substantiated under field test conditions
(Maini, 1971). .

The permeability of a homogeneous isotropic medium is considered to be a
constant value, assuming no physical changes (e.g., in void ratio, porisity,
fabric, etc.) occur. The same is true for a fracture. However, it has been
established using laboratory analogies (Wilson and Witherspoon, 1970; Louis,
1969; Snow, 1965}, and demonstrated under field test conditions {Iwai, 1976)
that the permeability of a fracture varies as the aperture squared, and the
flow rate varies as the aperture cubed. Thus, a relatively small change in
aperture can have a significant effect on the fracture's ability to transmit
a fluid.

Another important effect of fluid flow through fractures is the possibility
for permanent deformation of the fractures after they have been opened or
closed. This effect bears on both pump-out and pump-in tests. Iwai (1975)
and Gale (1975) have shown that a degree of permanent, irrecoverable defor-
mation occurs whether a fracture is subjected to a cyclic increase or de-
crease in fluid pressure, This is particularly evident in pump-out tests
below the water table, where a decrease in fluid pressure increases the
effective stress across the fracture contacts. Finite closure results due
to inelastic deformation of the asperities and filling materials in the
fracture. This effect may be most important when the fractures have been
weathered and asperities are relatively weak.
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10.0 PERMEABILITY FIELD TEST METHOD CAPABILITY MATRIX (TMCM)

This section of the report presents and discusses the matrix of field test
methods and evaluation criteria {see Figure 10-1). The matrix is designed
so that the user may select an appropriate test method on the basis of his
individual needs and restrictions. A discussion of this design "philosophy
is presented.

10.1 TEST METHODS
The matrix evaluates the major acceptable test methods which have been dis-
cussed in Sections 7 and 8., They are as follows:

Falling Head Test

Rising Head Test

Constant Head Test

Packer Test with Calibration

Packer Test with Pore Pressure Transducer

Well Pump Test, Equilibrium Analysis

Well Pump Test, Non-equilibrium Analysis
The matrix has been divided into two sections, corresponding to tests per-
formed above and below the water table. The test methods are evaluated for

each criterion on a relative numerical scale between 1 and 4. The meaning
of these values for each criterion is described in the following section.

10.2 EVALUATION CRITERIA

Each criterion used as a basis for test method evaluation is discussed below,
including the significance of the rating scale.

Hole Preparation Cost - This criterion pertains to the general cost of pre-
paring the borehole prior to the test. Ratings are based on the preparation
of a single borehole except for the weli pump tests, where several boreholes
are required.

Rating: 4 = Tleast expensive
1 = most expensive

Lquipment Cost (Procurement Cost) - This criterion reflects the purchase or
rental costs for equipnent required to perform the test. It is assumed that
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relative cost ratings will remain the same whether the equipment is pur-
chased or rented, i.e., rental rates are proportional to the purchase
price. The criterion does not include costs of hole preparation as this
comprises a separate evaluation criterion.

Rating: 4 = Jeast expensive

1 = most expensive

Performance Cost - This criterion reflects the cost of performing the field
test, including required equipment and manpower considerations.

Rating: 4
1

Teast costly
most costly

Operation Time - This criterion considers the amount of time needed to per-
form a test. For the packer test, it is assumed that the "continuous test®

procedure is used {(see Sections 7.4 and 7.5). Two ratings are given for the
variable and constant head tests, reflecting the time needed to complete the

single test and stage test procedures.

Rating: 4
1

Teast time requirement
greatest time requirement

Operation Ease - This criterion reflects the relative ease with which a test
may be conducted. It considers the compiexity of the equipment and the
required competence ltevel of the operator(s). It does not include the anal-
¥sis or interpretation of the data obtained from the test, as this comprises
a separate evaluation criterion.

Rating: 4
1

most easy to perform
most difficult to perform

Lase of Analysis - This criterion considers the relative ease with which
test data can be analyzed to determine a permeability value. Generally
the analyses are not complicated. Although well pumping test inter-
pretations are the most difficult to perform, an experienced interpreter
can obtain additional valuable information about the aquifer from a

properly conducted test.

Rating: 4 = vrelatively easy to analyze
1 = vrelatively difficult to anaiyze

Test Accuracy with Depth - This criterion demonstrates the relative accuracy
of each test method as a function of the depth of the test section. The rank
can be interpreted as the "reliability" of a permeability value obtained with
the test method. The category is divided into two classifications: shallow
test sections (depths of 150 feet or less) and deep test sections (depths
greater than 150 feet). The maximum accuracy of any test method is about

1/2 of an order of magnitude. The significance of a local, ‘actual’
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permeability may be limited, since the permeability of many geologic
formations can be expected to vary naturally throughout their mass and
such variation may exceed the estimated test accuracy.

Rating: 4 = most accurate
1 = Tleast accurate

Test Accuracy with Permeability Range -~ This criterion evaluates the relative
accuracy of the test method in high and low permeability deposits. For this
matrix, high permeabilities are defined as greater than or equal to 10-4 cm/sec,
low permeabilities as less than 10-% cm/sec.

most accurate
least accurate

Rating: 4
1

[EI |

Geologic Sensitivity - This criterion reflects the ability of the test
method to accurately assess the permeability, based on the geologic environ-
ment. The category is divided into three classifications as follows:

a. Homogeneous - The mass is free from unconformities and discontinuities,
either lithologic or structural, which is conducive to a consistent
permeability value throughout. An example would be a clean, uniform
sandstone deposit free of interbeds, clay seams, etc.

b. Horizontally Stratified - The mass contains various horizontal dis-
~continuities, mostly lithologic, which result in a vertical variation
in permeability. An example would be an alluvial deposit, with fre-

quently occurring interbeds of silt seams, siltstones, shales, etc.

¢. Complex - The mass contains a complex system of discontinuities,
including joints, fractures, fault zones, weathered zones, Tithologic
variations, etc. Examples would be fractured or folded sedimentary
sequences and tectonic regions with associated joints, faults, and
intrusives.

Rating: 4 most accurate
1

Teast accurate

I

Permeability Discrimination - This criterion evaluates the regional extent
over which the test method assesses permeability, in either the vertical or
lateral {areal) directions. Several methods contain two rankings for their
ability to discriminate vertically. The first number refers to a single
test, while the second number refers to the multiple stage test procedure.
Note that the single test/stage test rankings have corresponding values in
the categories "Operation Time," "Operation Ease," and "Geologic Sensitivity:
Stratified." Assumptions are made that well pump tests are conducted with

& minimum of three observation wells, and that variable head, constant head,
and packer tests are performed in one borehole. The areal representation of
data with the latter group of tests is Timited but can be improved with a
series of tests in a number of boreholes throughout the site.

Rating: 4 = Maximum ability to assess permeability in a
vertical/Tateral direction
1 = Minimum ability to assess permeability in a

vertical/lateral direction
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10.3 OVERALL RATING

An overall rating of the different test methods has not been performed.
such an evaluation would be misleading to the investigator, for it would
weight each of the criteria in the matrix equally. Rather, the intent

is for the investigator to enter the matrix, select which criteria are
relevant on an individual priority basis, and select an appropriate method
based on those criteria. For example, one investigator may desire a
method which will evaluate a shallow deposit above the water table in a
short amount of time, and where the relative test accuracy is of less

- importance. A second investigator may have a large budget, a deep zone

of interest below the water table, and a high accuracy requirement. The
priority lists for the two individuals are different. They may concern
themselves with all or only a few of the criteria presented in the matrix.
Based on their respective criteria priorities, their test method selections
will probably be different.

After determining which criteria are most important for his application,
the investigator may require a means of combining the individual crite-
rion ratings into one value for overall comparison purposes. The method
recommended is to multiply the rating for any selected matrix criteria by

a weighting factor, and then sum the adjusted ratings to obtain a composite
rating for a particular test method.
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11.0 SUMMARY AND RECOMMENDATIONS

The requirements for field permeability testing systems to meet the needs
for evaluating geologic formations for in-situ Teaching were investigated.
The investigation included geologic studies of the currently im-

portant leaching applications comprising copper and uranium deposits, and
a general review of the techniques and problems of in-situ leaching of
these minerals as presented in the literature and available job files.
These studies comprised the background data for evaluating current field
permeability measurement techniques.

The titerature was searched for all field permeability measurement tech-
niques that might have any capabiliities for determining the potential
leachability of a formation. The methods of borehole preparation, test
performance, and data analysis were studied for each method. Specifica-
tions for field permeability testing using the most promising of the
available techniques were developed, giving careful attention to the need
for any provisions that would overceme or avoid inaccuracies or defects
noted in the reported use of the field test methods. The currently prac-
ticed field test methods referenced in this study were summarized in a
chart showing geologic formations and the measured permeability

range obtained in the reported use of the test method. The capabilities
of available field test methods performed in accordance with specifica-
tions of this study, as well as the capability of one developing method,
were comparatively rated against key performance criteria in a Field Test
Method Capability Matrix.

A problem may exist when attempting to define the permeability of a frac-

tured rock mass. Fractures over the rock matrix dominate fluid flow

through the medium. Also, Darcy's Law, a well documented and accepted

relationship between permeability and flow through & homogeneous porous

medium, may not adequately define flow through fractures. Recent attempts

to quantify fracture flow relationships were reviewed and significant

results were presented. The importance of identifying existing joint ;
systems in a fractured rock mass was emphasized in the report, and down- |
the-hole investigative techniques for identifying fracture orientations, :
spacings and aperture openings were discussed.

Four test methods are considered suitable for field permeability tests
above the water table, as follows.

Falling Head Test

Constant Head Test

Packer Test with Calibration

Packer Test with Pressure Transducer
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In addition to the test methods listed above, the following are considered
to be suitable test methods for investigations conducted below the water
table.

Rising Head Test o )
Well Pump Test using Equilibrium Analysis
Well Pump Test using Non-Equilibrium Analysis

Above the water table, the packer test is generally considered the most
favorable test available. It evaluates the permeability of discrete,
ijsolated lengths along the borehole and can provide a permeability profile
along the borehole relatively easily. The falling head test, although
less accurate, is generally considered the most easily and quickly per-
formed test available above or below the water table.

Below the water table, the well pump test is generally considered the
most accurate test method available. The method can assess variations

in permeability over a large area. Time and financial considerations are
important, as the well pump test requires multiple boreholes, increased
manpower, and pumping duraticns as long as a week or more.

Packer tests are generally considered the most versatile method available
in that vertical permeability variations may be established in individual
boreholes, and tests in multiple boreholes may detect Tateral variations,
Thus, a three dimensional picture of the permeability can be obtained.

The use of a pressure transducer in the packer test section is recommended
to improve the accuracy of the packer test by giving accurate pressure
measurements at great depths below the ground surface.

It is concluded from the Field Test Capability Matrix that no single
permeability test will be most suitable in all instances. The proper
selection is based on the geologic environment of the ore deposit, the depth
to the test zone, financial considerations, desired accuracy, time required
to conduct the test, ease of analysis, and other criteria presented in the
capability matrix. The matrix is designed and presented so that the in-
vestigator can select the most suitable test based on a personal priority
scale.

Recommendations for future study are:

(1) A suitable analysis method for constant drawdown well pump tests
should be developed. Such tests are suitable for low-permeable regions,
where the performance of constant discharge pump tests is difficult.

(2) The "sink-source" test should be further developed. In this test
three packers define two test sections, one of which provides a sink by
having water pumped out. This technique could be used to assess the
vertical permeability in the immediate vicinity of the borehole, and to
detect the presence of horizontal impermeable strata through a profiling
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procedure (see Appendix D). The capability might also be significant in
evaluating localized permeability of a rubbilized zone at depth, indepen-
dent of any effects from the in-situ permeability of the surrounding
undisturbed formation.

(3) Evaluation techniques for a fractured zone should be further developed.

Applied test methods and analyses need to be improved for the evaluation
of fractured media, where the fractures rather than the rock matrix govern
fluid flow through the mass. Practical difficulties remain in estimating
the three-dimensional flow pattern through a mass laced with multiply-
intersecting joint systems.

(4) Further development of the 'Packer Test with Pressure Transducer'
method is needed to optimize the design and selection of packer materials
and components in order to facilitate testing under greater pressures than
is presently possible.



10.

10.

11.

12.

13.

- 156 -

REFERENCES

Acker, W.I., III, 1974, Basic Procedures for Soil Sampling and Core
Drilling, Acker Drill Company, Inc.

Ageton, R.W. and Greenspoon, G.N., 1970, "Copper" in Mineral Facts and
Problems, U.S.B.M. Bull. 650

Ahmad, 5., Lacroix, Y., and Steinbach, J., 1975, "Pumping tests in an
unconfined aquifer," Proceedings of the A.S.C.E, In-Situ
Measurement of Soil Properties, Vol. 1

American Water Works Association, 1966, "Standards for Deep Wells,"
N.Y. '

Anderson, A.E. and Cameron, F.K., 1926, "Recovery of copper by leach-
ing, Ohio Copper Co. of Utah," Transactions, AIME,
Vol. LXXIII.

Anderson, J.5. and Ritchie, N.I., 1968, "Solution mining of uranium,"
Mining Congress Journal, Vol. No. 1.

Anonymous, 1967, "Recovery of uranium from ore by solution at sites,"
Mining Magazine, Vol. 116, No. 5.

Banks, D.C., 1972, "In-situ measurements of permeability in basalt,"
Symposium, ISRM and IAEG, Percolation through Fissured
Rack, Stuttgart.

Baptist, 0.C., 1967, "Permeability and capiliarity in petroleum
reservoir engineering,” in Permeability and Capillarity
of Soils, ASTM, STP 417.

Bell, F.G., 1975, Site Investigations in Areas of Mining Subsidence,
Butterworth and Company, Ltd., London.

Bergmann, M., 1974, "Rock Mass Investigation in Depth: Relijability of
Different Methods for Drill Hole Investigations," Proceedings,
3rd Congress of International Society for Rock Mechanics,
Denver, Colorado, Vol. II.

Bjerrum, L., Nash, J.K., Kennard, R.M., and Gibson, R.C., 1972,
“Hydraulic fracturing in field permeability testing,"
Geotechnique, Vol. 22, No. 2.

Blight, G.E., 1971, "Flow of air through soils," JSMFD, ASCE, Vol. 97,
SM4, Proc. Paper 8026, April.

Bureau of Reclamation, 1974, U.S. Dept. of the Interior, Earth
Manual.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

23.1

24.

25.

- 157 -

Cex, D.P., Schmidt, R.G., Vine, J.D., Kirkemo, H., Tourtelot, E.B.,
and Fleischer, M., 1973 , "Copper," in United States
Mineral Resources, Brobst, D.A. and Pratt, W.P., editors:
U.S. Geological Survey Prof. Paper 820.

Creasey, S.C., 1966, "Hydrothermal alteration," in Geology of the
Porphyry Copper Deposits, Southwestern North America,
Titley, S.R. and Hicks, C.L., editors: University of
Arizona Press.

D'Andrea, D.V., Runke, S.M., 1976, "In-Situ Copper Leaching at the
Emerald Isle Mine," AIME Proceedings, Denver.

D'Andrea, D.V., Dick, R.A., Steckley, R.C., and Larson, W.C., 1974,
"A fragmentation experiment for in-situ extraction,"
Proceedings, Solution Mining Symposium, 103rd AIME Annual
Meeting, Texas.

D'Andrea, D.V., Larson, W.E., Chamberlain, P.G., and Olson, J.d.,
1976, "Some considerations in the design of blasts for
in-situ copper leaching," 17th U.S. Symposium on Rock
Mechanics, August 26-27, Snowbird, Utah, Proceedings.

D'Biagio, E., Myrvoll, F., 1972, "In-situ tests for predicting the
air and water permeability of rock masses adjacent to
underground openings," Int. Society of Rock Mechanics
and Int. Ass. of Eng. Geol, Symposium, Percolation
through Fissured Rock, Stuttgart.

DeCarlo, J.A. and Shortt, C.E., 1970, "Uranium" in Mineral Facts
and Problems, USBM Bull. 650.

Deere, D.U., Hendron, A.J., Patton, F.D., and Cording, E.J., 1967,
"Design of surface and near surface construction in rock,"
Proceedings, 8th Symposium on Rock Mechanics (AIME).

Dick, R.C., 1975, "In-situ measurement of rock permeability: in-
fluence of calibration error on test results," AEG
Bulletin, Vol. 12, No. 3.

Dixon, J.C. and Clarke, K.B., 1975, "Field Investigation Techniques"
in Site Investigations in Areas of Mining Subsidence,
F.G. Bell, editor: Newnes-Butterworths, London.

Dobrin, M. B., 1960, Introduction to Geophysical Prospecting, McGraw-
Hi1l Book Company, New York.

Einstein, H.A., 1967, "Air Permeability Testing in Drill Holes in
Rock," U.S. Army Engineer Waterways Experiment Station,
CE, Vicksburg, Miss.

Finch, W.I1., 1967, "Geology of epigenetic uranium deposits in sand-
stone in the United States, U.S. Geological Survey
Prof. Paper 538.



26.

27.
28.
29,
30.
31.

32.
33.
34.

35.

36.

37.

38.

39.

- 158 -

Finch., W.I., Butler, A.P., Jr., Armstrong, F.C., Weissenborn, A.E.,
Staatz, M.H. and Olson, J.C., 1973, "Nuclear fuels," 1in
United States Mineral Resources, Brobst, D.A. and Pratt,
W.P., editors: U.S. Geological Survey Prof. Paper 820.

Fletcher, J.B., 1974, "In-place leaching," Skillings Mining Review,
Vol. 63, No. 17, April.

Forrest, M., 1976, "Falling Head Test Data for the Green River Taiil-
ings Dikes," Woodward-Clyde Consultants, Project No. 131444.

Frank, J.N., 1975, "Solution-Mining Technology for Uranium," Bureau
of Mines Research.

Gale, J.E., 1975, "A Numerical Field and Laboratory Study of Flow in
Rocks with Deformable Fractures," Ph.D. Dissertation, Dept.
of Civil Engineering, U.C., Berkeley.

Golder, H.G., and Gass, A.A., 1962, "Field tests for determining per-
meability of soil strata," in Field Testing of Soils, ASTM
Publication No. 322.

Goodman, R.E., 1976, Methods of Geological Engineering in Discontinuous
Rocks, West Pubiishing Company, St. Paul, Minnesota.

Hamilton, R.G., and Myung, J.I., Summary of Geophysical Well Logging,
Birdwell Division of the Seismograph Service Corporation,
Tulsa, Oklahoma.

Hansen, W., et.al., 1975, "Altamont Sanitary Landfill," Woodward-
Clyde Consultants, Project No. 13054A

Hantush, M.S., 1956, "Analysis of data from pumping tests in leaky
aquifers," Trans. Am. Geophysical Union, Vol. 37, No. 6.

Hantush, M.S. and Thomas, R.G., 1966, "A method for analyzing a draw-
down test in anisotropic aquifers,” Water Resources Research,

Vol. 2, No. 2.

Harper, T., and Ross-Brown, D., 1972, "An inexpensive durable borehole
packer," Imperial College Rock Mechanics Research Report D-24.

Harrison, J.E., 1972, "Precambrian Belt Basin of northwestern United

States: its geometry, sedimentation, and copper occurrences,"
Geological Society of America Buil., Vol. 83.

Herndon, J. and Lenahan, T., 9ggngn8 in_Sails, Federal Highway Admini-
stration Report RD-/6-27, Vol. 1 and 2, 1976.



40.

41.

42.

43.

a4,

45.

46.
47.

48.

49.
50.

51.

52.

53.

54.

- 159 -
Hogan, D.K., 1974, "In-situ copper leaching at the 0ld Reliable mine,”
Mining Magazine, VYol. 24, No. 5, May.

Hoek, E. and Bray, J.W., 1974, Rock Slope Engineering, Institution of
Mining and Metallurgy, London.

Holloway, M., 1976, "Pump-out Test Data for the Channel OQutfalis Con-

solidation Project," Woodward-Clyde Consultants Project
No., 12729B.

Hunkin, G.G., 1975, "The environmental impact of solution mining for
uranium,” Mining Congress Journal, Vol. 61, No. 10, October.

Hvorslev, M.J., 1951, "Time Lag and So0il1 Permeability in Groundwater
Observations," Waterways Experiment Station Bulletin No. 36,
Vicksburg, Miss.

Jacob, C.E., and Lohman, S.W., 1952, "Non-steady flow to a well of a
constant drawdown in an extensive aquifer," Trans. Am. Geo-
phys. Union , Vol. 33, No. 4.

James, P.M., 1970, "Behavior of a soft sediment under embankment Toad-
ings," Quarterly Journal of Engineering Geology, Vol. 3.

Johnson Division, 1972, Groundwater and Wells, Universal 0il Products
Company, St. Paul, Minnesota.

King, M.S., and McConnell, B.V., 1973, "Fracture evaluation with acous-
%ic ]gg in dry boreholes," 15th Symposium on Rock Mechanics
ASCE).

Krebs, E., 1967, "Optical surveying with the borehole periscope,"
Mining Magazine, Vol. 116, No. 6, June.

Krebs, E., 1969, Drill Hole Television Camera FB500, Eastman Interna-
tional Company, Hannover, Germany.

Kruseman, G.P., and DeRidder, N.A., 1970, "Analysis and evaluation of
pumping test data," International Institute for Land Reclama-
tion and Improvement, Bulletin 11, Wageningen, The Netherlands.

Lambe, W.T., and Whitman, R.V., 1969, Soil Mechanics, J. Wiley and
sons, N.Y.

Lewis, A.E., Braun, R.L., Sisemore, C.J., and Malion, R.G., 1974,
"Nuclear solution mining-breaking and Teaching considerations,"
Solution Mining Symposium, 103rd AIME Annual Meeting, Dallas.

Lewis, D.C., Kriz, G.J., and Burgy, R.H., 1966, "Tracer dilution sampl-
ing techniques to determine hydraulic conductivity of fractured

rock," Water Resources Research, Vol. 2, No. 3.



55.

56.

57.

58.

59.

60.

61.

62.

63.

b4.

65.

66.

67.

- 160 -

Littie, A.L., Stewart, J.C., and Fookes, P.J., 1963, "Bedrock grouting
tests at Mangla Dam, West Pakistan," Grouts and Drilling Muds
in Engineering Practise, Butterworths, Tondon.

Longweil, R.L., "In place leaching of & mixed copper ore body,"
Solution Mining Symposium, 103rd AIME Annual Meeting, Dallas.

Louis, C., 1969, "A Study of Groundwater Flow in Jointed Rock and its
Influence on the Stability of Rock Masses," Rock Mechanics
Research Report No. 10, Imperial College, Y. of London.

Louis, C. and Maini, Y.N., 1370, "Determination of in-situ hydraulic
parameters in jointed rock," Proceedings, Second Congress
for the Int. Soc. Rock Mech., Belgrade.

Lundgren, R., Sturges, F.C., and Cluff, L.S., 1968, "Borehole Cameras,"
Materials Research and Standards, ASTM, August.

Maini, Y.N., 1971, "In-Situ Hydraulic Parameters in Jointed Rock -
Their Measurement and Interpretation," Ph.D. Thesis, Imperial
College of Science and Technology, London,

Maini, Y.N., Noorishad, J., Sharp J., 1972, Theoretical and field con-
siderations on the determination of in-situ hydraulic para-
meters in fractured rock,” Symposium, International Society
of Rock Mechanics and International Association of Engineer-
ing Geologists, Percolation through Fissured Rock, Stuttgart.

Mansur, C.I., and Dietrich, R.J., 1965, "Pumping test to determine per-
meability ratio," ASCE, JSMFD, Vol. 91, SM4.

McLamore, R.T., 1974,"Potential use of liquid explosives to increase in-
jection rates in solution mining," Solution Mining Symposium,
103rd AIME Annual Meeting, Dallas.

McLaren, D., 1968, "M-6 Trial Embankment at Killington," Road Research
Lab Report LR 238.

Milligan, V., 1975, "Field measurement of permeability in soil and rock,"
ASCE Proceedings, In-Situ Measurement of Soil Properties,
Yol. I1.

Morgenstern, N.R., 1971, "The Influence of Groundwater on Stability,"
Chapter 5 in Stability in Open Pit Mining, edited by C.D.
Grown and V. Milligan, AIME, N.Y.

Mundi, E.K., Wallace, J.R., 1973, “On the permeability of some fractured
crystalline rocks," AEG Bulletin, Vol. 10, No. 4.



- 161 -

68. Murray, R.T., 1971,"Embankments Constructed on Soft Foundations:
Settlement Study at Avonmouth," Road Research Lab Report
LR 419.

69. Murray, R.T., 1973, "Embankments Constructed on Soft Foundations:
Settlement Studies Near Oxford," Road Research Lab Report
LR 538.

70. Murray, R.T., and Simmons, I.F., 1974, "Embankments on Soft Founda-
tions: Settlement and Stability Study at Tickton in York-
shire,” Road Research Lab Report LR 643.

71. Myung, J.I. and Baltosser, R.W., 1972, "Fracture evaluation by the
borehole Togging method,” Proceedings, 13th Symposium on
Rock Mechanics (ASCE), Urbana.

72. National Research Council, 1976, "Drilling for Energy Resources,"
Ad-Hoc Committee on Technology of Drilling for Energy
Resources.

73. Noorishad, J., Witherspoon, P.A., Brekke, T., 1971, "A Method for
Coupled Stress and Flow Analysis of Fractured Rock Masses,”
Pub. 71-6, Univ. of California, Berkeley.

74. 0lson, J.J., Larson, W.C., Tweeton, D.R. and others, 1976, "Mining
research for improved in-situ extraction of uranijum,"
presented at Uranium In-Situ Leaching Conference, AAPG,
SME, and SPE, Vail, Colorado, August 25-27.

75. O0'Rourke, J., 1974, "Pump-Qut Data for the Erie Nuclear Power Plant

Foundation Permeability,” Woodward-Clyde Consuitants
Project No. 13143.

76. Papadopulos, 1.S., 1965, "Non-steady flow to a well in an infinite
anisotropic aquifer," Proceedings of the Dubrovnik Sympo-
sium, Vol. 1, Int. Ass. Sci. Hydrology.

77. Peck, R.B., Hanson, W.E., and Thornburn, T.H., 1974, Foundation
Engineering, John Wiley and Sons, New York.

78. Picking, L.W., Greenwood, D.F., and Smith, P.G., 1976, “Determina-
tion of transmissivity and storage of a large water table
aquifer from long-term pumping test data," AEG Bulletin,
Vol. 13, No. 3.

79. Prickett, T.A., 1965, "Type-curve solution to aquifer tests under
water table conditions," Groundwater, Vol. 3., No. 3.

80. Robinson, V.K., 1974, "Low cost geophysical well logs for hydrogeo-
logical investigations," Quarterly Journal of Engineering
Geology, Vol. 7.

80.1 Rocha, M., 1971, "A Method of Integral Sampling of Rock Masses," Rock
Mechanics, Journal of International Society of Rock Mechanics,
Vol. 3, No. 1, May.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

- 162 -

Rosenbaum, J.B., and McKinney, W.A., 1970, "In-situ recovery of copper
from sulfide ore bodies following nuclear fracturing,"
Symposium, Engineering with Nuclear Explosives, Las Vegas.

Schmid, W.E., 1967, "Field determination of permeability by the infil-
tration test," in Permeability and Capiliarity of Soils,
ASTM, STP 417, AM. Soc. Testing Mats.

Schmitt, H.A., 1966, "The porphyry copper deposits in their regional
setting," in Geology of the Porphyry Copper Deposits, South-
western North America, Titley, S.R. and Hicks, C.L., editors:
University of Arizona Press.

Schwartz, G.M., 1966, "The nature of primary and secondary mineraliza-
tion in porphyry copper deposits," in Geclogy of the Por-
phyry Copper Deposits, Southwestern North America, Titley,
S.R. and Hicks, C.L., editors: University of Arizona Press.

Sherard, J.L., 1968, "Some Considerations Concerning Underseepage Con-
trol for Earth Dams," U. of California Lecture Series, March.

Sherard, J.L., Woodward, R.J., Gizienski, S.F., and Clevenger, W.A.,
1963, Earth and Earth-Rock Dams, J. Wiley and Sons, Inc., N.Y.

Sherman, W.C. and Banks, D.C., 1970, "Seepage Characteristics of
Explosively Produced Craters in Soil and Rock," U.S. Army
Engineer Waterways Experiment Station, Vicksburg, Miss.,
NEG Tech. Report No. 27.

Shock, D.A. and Coniey, F.R., 1974, "Solution mining - its promise and
its problems,’ in Solution Mining Symposium Proceedings,
103rd Annual AIME Meeting, Dallas, Texas.

Snow, D.T., 1965, "A Parallel Plate Model of Fractured Permeable Media," .
Ph.D. Dissertation, U. of California, Berkeley. ' |

Snow, D.T., 1965, "Rock fracture spacings, openings, and porosities,"
JSMFD, ASCE, SMI.

Stallman, R.W., 1960, "Notes on the use of temperature data for computing
ground water velocity," Ground Water Notes No. 39, USGS Water
Resources Division.

Strengham, B., 1966, "Igneous rock types and host rocks associated with
porphyry copper deposits," in Geology of the Porphyry Copper
Deposits, Southwestern North America, Titley, S.R. and Hicks,
C.L., editors: University of Arizona Press.

Tabor, G.F., Jr., "In-Situ Testing - Permeability," Woodward-Clyde
Consultants, in-house bulletin.



- 163 -

94. Tate, T.K., Robertson, A.S., and Gray, D.A., 1975, "The hydrogeologic
investigation of fissure-flow by borehole logging techniques,"
Quarterly Jdournal of Engineering Geology, Vol. 2.

95. Terzaghi, K. and Peck, R.B., 1967, Soil Mechanics in Engineering Prac-
tice, J. Wiley and Sons, Inc. N.Y.

96. Terzaghi, R.D., 1965, "Sources of error in joint surveys," Geotechnique,
Vol. 15.

97. Todd, D.K., 1959, Groundwater Hydrology, J. Wiley and Sons, Inc., N.Y.

98. Trautwein, W.B., 1870, "yse of water temperature study to define seepage
paths," AEG Bulletin, Vol. 7, No. 1.

99. United States Bureau of Reclamation, 1951, "Permeability Tests Using
Drill Holes and Wells," Geology Report G-97.

100. Walton, W.C., 1962, "Selected analytical methods for well and aquifer
evaluation," I1linois State Water Survey Bulletin 49.

101. Walton, W.C., 1970, Groundwater Resource Evaluation, McGraw-Hill Book
Company, N.Y.

102. Ward, M.H., 1974, "Surface blasting followed by in-situ leaching the
Big Mike Mine," Solution Mining Symposium, 103rd AIME Annual
Meeting, Dallas.

103. Weaver, K., 1970, "A Guide for Dam Foundation Grouting," Woodward-Clyde
Consultants, prepared for California Resources Agency, Dept.
of Water Resources, Memorandum No. 46.

104. HWenzel, L.K., 1942, "Methods for Determining Permeability of Water-
Bearing Materials," USGS, Water-Supply Paper 887.

105. Whiting, D.L., 1976, "Groundwater hydrology of dump Teaching and in-situ
solution mining," presented at Groundwater Hydrology and Mining
Short Course, Mack School of Mines, University of Nevada, Reno,

Nevada.

106. Wiikes, P.F., 1974, Permeability tests in alluvial deposits and the deter-
mination of K," Geotechnique, Vol. 24, No. 1.

107. MWilson, C.R., and Witherspoon, P.A., 1970, "An Investigation of Laminar
Flow in Fractured Rocks," Geotechnical Report No. 70-6, U.C.,
Berkeley.

108. Wood, A.M.M., 1969, "In-situ testing for the Channel Tunnel," I.C.E. Con-
ference: In-Situ Investigations in Soil and Rock, London.

109. Zangar, C.N., 1953, "Theory and Problems of Water Percolation," USBR
Monograph No. 8, Denver.




- 164 -

APPENDIX A

BASIC TIME LAG
(Hvorsiev, 19571)

The basic time lag, T, is a characteristic property of the test well and
its environment, and is independent of the test performed or the excess/
deficit head applied. T is defined as the time it would take the excess/
deficit head Hy to dissipate if the initial rate of flow gqg = KeHg*F
{Darcy's Law) were maintained.

q, = initial rate of flow under head H_ (Tength®/unit time)
K = soil/rock permeability (length/unit time)
H = initial excess/deficit head (length)

0 ,
F = shape factor dependent on geometry of test zone and standpipe
{length)

From the definition given,

T= Vo/q0 where Vo = yolume of standpipe to be filled or emptied in
order to reach equilibrium or Vg = Ag+Hg

where AS = cross-sectional area of standpipe
T = Vo/qo f‘(AS'HO)/(K'HO'F) = AS/KF

Therefore T depends only on the geometry of the system and the soil/rock
permeability. T is independent of the value of Hy used in the test.

During time dt the volume of flow under the excess/deficit head is
gedt = -Ag-dH. From Darcy's Law, we know that q = KH F if H is the head

i dH—_F_Ko '_".d_t
at time t. So - " As dt T

- In H = t/T + CONSTANT

boundary cond.: t =0 at H=H

then 1n(HO/H) = t/T

So for 1n(H0/H) =1 or H/H0 =0.37, t =T
This is the basis for the lower left graph on Figure 8-1.

Once T is known, then
K = A/FT where A and F are functions of the geometry of the system.
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APPENDIX B

CONSTANT HEAD AND CONSTANT FLOW TEST EQUIPMENT

The following comments on selection of equipment for constant head and
constant flow tests are edited segments from the USBR publication G-97.

B.1 RECOMMENDED PIPE USAGE

In making constant head and constant flow tests, insertion of a 1-1/4-inch
pipe {(PVC) in the hole is helpful. In an uncased test section in friable
materials 1iable to wash, the end of the pipe should rest on a 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 the hole, but the bottom of
the pipe should be at Teast 2 feet below the top of the water surface to be
maintained in the hole.

Water may be introduced through a 1-1/4-inch pipe and measurements of water
level made in the annular space between the pipe and the casing; where tests
are made in uncased sections in materials liable to wash, this is the
preferable method. The water may also be poured into the annular space
between the pipe and the casing and measurements of water level made through
the pipe. The latter method, using a 45° "Y" branch fitting at the top of
the casing, is generally the most convenient when test sections are supported
by perforated casing.

B.2 RECOMMENDED TYPES OF WATER METERS

Required water deliveries in constant head and constant flow tests may vary,
necessitating more than one water meter, as no one meter is sufficiently
accurate at all flow rates. Therefore, two meters are recommended for each
rig: a 3-inch turbo-type meter to measure flows above 50 gpm and a l-inch
disk-type meter to measure flows between 1 and 50 gpm. It is recommended
that, when possible, water meters be calibrated at least once a month.

Adapters should be available for each meter. The adapters should be at least
10 tines as long as the diameter of the rated size of the meter. This length
of adapter permits the water flow to become steady and eliminates the turbu-
lence due to a change in pipe diameter. The accuracy of most meters is
influenced adversely by turbulent flow. An adapter should be used on the
upstream side of each meter where the water 1ine from the pump to the meter
has a different diameter than the nominal size of the meter.

In the interest of pumping efficiency, etc., sharp bends in hoses, 90 degree
fittings on pipes, and unnecessary changes in pipe and hose diameters should
be avoided.
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A1l joints, connections and hose between the water meter and the casing
should be tight in order that no water loss occurs between the meter and
the test section.

On some constant head and constant fiow tests in which the test sections

take a very small amount of water a control arrangement has proved effective.
A plug valve is used in the water line from the meter to the casing; a bypass
line around the plug valve contains a 1/2-inch needle valve. The entire
set-up is connected directly to the outlet valve of a constant head tank.

A T-inch water meter 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.

B.3 PUMPING EQUIPMENT

Many tests are run using the circulation pump on the driil for pumping the
water. Such pumps are generally the multiple-cylinder type with a uniform
fluctuation in pressure. They have a maximum capacity of about 25 gpm and

if not in good condition may have capacities as small as 17 to 18 gpm. Many
tests are failures 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. In addition, the fluctuating pres-

sures of multiple-cylinder pumps, even when an air chamber is used, are often
difficult to read accurately as the high and low readings must be averaged

to determine the approximate true effective pressure. This difficulty may

be a source of error in some cases, and should be avoided. Rather, centri-
fugal pumps should be used. Centrifugal pumps can be obtained to meet a

variety of testing conditions. A typical pump should have a 350 gpm

capacity against a tqtal dynamic head of approximately 275 feet. An example

of such a unit is the Jacuzzi Centrifugal Pump Model ATEM4, whose performance :
curves are given in Figure B-1. !

B.4 WATER SUPPLY

The quality of water used in all permeability tests is of primary importance.
Water should be clear and silt free. A recommended practice is to pump from
the source of supply into a settling and storage tank. A 3,000-gallon plastic
tank is ideal for this purpose; but if one is not available, a pit can be dug.
The end of the suction line from the centrifugal test pump should be supported
several inches above the bottom of the tank or pit to avoid pumping the
settled silt and clay. Water for testing should never be stored in or pumped
from the slush or mud pit.

The use of water a few degrees warmer than the ground temperature of the test
section is a desirable practice in order to avoid plugging of the rock pores
by air bubbles. Such water is not obtainable in many places, particularly in
the winter, but if procurable, it should be used.
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Figure B-1 PUMP PERFORMANCE CURVES - JACUZZI MODEL ZTEM4
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B.5 EQUIPMENT ARRANGEMENT

In constant head and constant flow tests the recommended arrangement of
equipment beginning at the source of water is as follows.

When using tandem connected pump and meter, the arrangement is water source,
suction line, pump, water line to sump of storage tank, suction Tine, cen-
trifugal test pump, line to water meter adapter if required, water meter,
gate or plug valve, and water line to casing. A gate valve on the angular
arm of the "Y" branch connection is convenient when this arrangement is
used. When an electrical probe is used, stabilization of water level is
facilitated with a valve at this location.

When using a constant head tank, the arrangement is the source of water,
suction line, pump, water line to storage tank or sump, pump to constant
head tank, constant head tank with overflow 1ine back to sump or tank, and
water line from tank to the casing.
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APPENDIX C
FIELD TEST EQUIPMENT MANUFACTURERS

DRILLS AND DRILLING EQUIPMENT

Droptool Cable Drill

English Drilling Equipment Company, Ltd.
Lindley Moor Road

Huddersfield

Yorkshire

HD3 3RW

England

Orills - Auger Type

Acker Drill Company, Inc.
Shady Lane Road
Scranton, Pennsylvania 18501

Atlas Copco
70 Demarest Drive
Wayne, New Jersey 07470

Mobile Drill Company, Inc.
Indianapolis
Indiana 46227

Penndrill

1201 Chartiers Avenue
Pittsburgh, Pennsyivania

Drills - Rotary Type

Acker Drill Company, Inc.
(see C.1.2)

Atlas Copco
(see C.1.2)

English Drilling Equipment Company, Ltd.
(see C.1.1)

Longyear Drilling Company
925 Delaware Street, S.E.
Minneapolis, Minnesota 55414
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C.1

C.1

.4

.5

Mobile Drill Company, Inc.
(see C.1.2)

Penndrill
(see C.1.2)

Becker Drills

Becker Drills, Inc.
5502 Pearl Street
Denver, Colorado 80216

Brills - Rotary-Percussive

Acker Drill Company, Inc.
(see C.1.2)

Atlas Copco
{see C.1.2)

C.2 CORE BARRELS AND DRILL BITS

B - Bits (Diamond + Tungsten Carbide)

C - Core barrels without split inner tubes

CS - Core barrels with and without split inner tubes

Acker Drill Company, Inc.
(see C.1.2)

Atlas Copco (B, C)
(see C.1.2)

Christensen Mining Products
P. 0. Box 387
Salt Lake City, Utah 847110

English Drilling Equipment Company, Ltd.

(see C.1.1)

Longyear Drilling Company (B, C5)
(see €.1.3)

Mobile Drill Company, Inc. (B, )
(see €.1.2)

Penndriil (B, )
(see C.1.2)

(c)
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C.3 PUMPS

¢ - Centrifugal - used for packer tests or gemeral pumping.
8§ - Submersible - used for well pumping tests.

P - Pilston - may be used for moving water at ground level where constant
pressure or flow rate are not important.

Allis-Chaliners ()
1150 Tennessece Avenue
Cincinnati, Ohio 45229

Byron Jackson (¢, S, PJ

P. 0. Box 2017

Terminal Annex

Los Angeles, California 90051

Crane Company (c, s) i
Deming Division 1
P. 0. Box 450

Salem, Ohio 44406 ;

Jacuzzi Brothers, Inc. (c, S)
11511 New Benton Highway
Little Rock, Arkansas 72203

Peabody Barnes (5)
Mansfield
Ohio

C.4 SWIVELS

C.4.1

[f a down the hole pressure transducer is being used then the use of
standard swivels manufactured by one of the listed drill manufacturers
will suffice, If excessive pressure loss through a swivel is of
concern, either because of limited pump capacity or because "Packer
System A" is being used, then a large diameter swivel should be used.

Large Diameter Swivels

King 0i1 Tools, Inc.
2401 Wilson Road
Humble, Texas 77338

HOSES AND COUPLINGS

The Gates Rubber Company
P. 0. Box 5887
Denver, Colorado 80217



Goodyear Industrial Hose
Goodyear Tire and Rubber Company
Industrial Products Division
Akron, Ohio 44316

C.6 FLOW METERS

Badger Meter, Inc.

Flow Products Division

4545 West Brown Deer Road
Milwaukee, Wisconsin 53223

Hersey Products, Inc.

Water Meter and Control Division
250 Elm Street

Dedham, Massachusetts 02026

Rockwell Water Meters
400 North Lexington Avenue
Pittsburgh, Pennsylvania 15208

C.7 WATER LEVEL INDICATORS

Soil Instruments, Ltd.
Townsend Land

London

NWS 8TR

England

Soil Test, Inc.
2205 Lee Street
tvanston, I1linois 60202

C.8 PIEZOMETERS

€.8.1

Casagrande

Soil Instruments, Ltd.
Townsend Lane

London

NWG 8TR

England

Soil Test, Inc.
2205 Lee Street
Evanston, Illinois 60202
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€.8.2

€.8.3

Electric

Irad Gage
14 Parkhorst Street
Lebanon, New Hampshire 03766

Stope Indicator Company
3668 Albian Place North
Seattle, Washington 98103

Terra Technology

3018 Western Avenue
Seattle, Washington 98121

Air Activated

Earl B. Hall, Inc.
P. 0. Box 4306
San Rafael, California 94903

G16tz]

Franz G18tz1, Baumesstechnik
D-7512 Rheinstetten 4-Fo
W.-Germany

Slope Indicator Company
(see C.8.2)

C.9 PRESSURE GAUGES

C.9.1

Mechanical

ACCO

Helicoid Gage Division

929 Connecticut Avenue
Bridgeport, Connecticut 06602

Enerpac
Butler
Wisconsin 53007

HTL Industries, Inc.
373 South Fair Qaks Avenue
Pasadena, California 91105

A. A. Weiss and Son, Inc.
261 Vanderbilt Avenue
Brooklyn, New York 11205
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£.9.2 Electric Transducers

Bell and Howell
360 Sierra Madre Villa
Pasadena, California 91109

Schaevitz Engineering
Pennsauken
New Jersey 08110

Tyco Instruments
4 Hartwell Place
Lexington, Massachusetts 02173
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APPENDIX D

PACKER TEST SUPPLEMENTARY

Packer test apparatus can be either commercially obtained or shop-fabricated.
This Appendix discusses two packer designs which can be constructed by the
user.

Gale (1975) constructed a double-packer assembly which was used in fractured
crystalline and metamorphic rocks. The packer shells are approximately
three-quarters of an inch smaller than the borehole diameter, and are
constructed from PVC (polyvinyl chloride) pipe. PVC pipe combines light
weight and high tensile and compressive strengths with easy machining
properties. The shells are cut into 2-foot lengths. Two 1/4~inch holes
are drilled into the pipe walls approximately eight inches from each end
(see Figure D-1). The lower shell requires only one hole. An air line
consisting of 1/4-inch high strength plastic tubing or 1/8-inch copper
tubing is seated in the holes using a water-proof epoxy. The injection
pipe, constructed of 3/4-inch PVC, and cables for the pressure transducer
are placed in the shells (see Figure D-1) and the space inside the shells
is filled with Urethane (Flexane-95, Devon Corporation) or any other non-
shrinking epoxy.

After the urethane has hardened, a two-foot length of 40-45 durometer
natural gum rubber tubing with a fabric backing and a 1/8-inch wall thick-
ness is placed over the PVC pipe. A 3- to 4-inch epoxy seal is created at
each end of the packer shells and is then bonded with fiberglass tape.

The 3/4-inch PVC injection pipe is perforated with 1/4-inch diameter in-
jection holes (see Figure D-1).

Another .system is discussed by Harper and Brown {1972). This packer assembly
incorporates a three-Tayer rubber hose (Ductube) with a thickness of about
1/3-inch. The hose is used in building construction, where it is inflated

in freshly-placed concrete to form voids for conduit passages. The layered-
hose consists of an outer and inner tube with a diagonally braided inner
cotton core, which allows expansion to a specified diameter. The hose ends
are sealed by metal plugs. A machined groove around the plug provides seating
for a metal strap which, when tightened, locks the tube in the groove.

The injection pipe and transducer cables are routed through axial holes in
the end plugs, and a stiff nylon tube is strapped to nipple flanges on the
inner end of each end plug.

The two construction assemblies above pertain to the double packer test,
where two packers are used to isolate a single pressurized test cavity.
One assumption in this test is that flow out of the test cavity into the
surrounding rock mass is directed perpendicularly to the borehole axis,
i.e., no flow component parallel to the borehole exists. This may be an
accurate assumption in homogeneous strata, or in heavily fractured rock.
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Injection pipe

Air line
Thick walled
T F ‘ PV.C. pipe
I:;
o —f—Air hole :ll
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1 I
2 i
8 |
E h
N8" I'li
e i 2 L34
i S \_) am
Pressure
tronsducer—_ ] I
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SR to the end of PV.C. .
pipe
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Figure D-1 CONSTRUCTION OF INFLATABLE PACKERS; A) PACKER SHELL,
B) DOUBLE PACKER ASSEMBLY AND C) BONDING RUBBER
TUBING TO PACKER SHELL (Gale, 1975)



- 177 -

However, in moderately- to lightly-fractured rock, the validity of this
assumption is questionable. A system has been proposed (Sharp, 1970) and
tested (Maini, 1971) whereby flow from the test cavity is controlled such
that the planar flow assumption is satisfied. The method consists of
having two additional cavities immediately above and below the two packers
through which water is injected to conform the test cavity flow to a single
plane. Figure D-2 illustrates its application in both continuous and stage
packer tests.

An additional modification of the packer test may be useful in assessing

the permeability due to vertical “parallel" flow in the immediate vicinity

of the borehole. The method consists of two test cavities which are isolated
by three packers (see Figure D-3). Water is injected into one test cavity
(source) while water is pumped from the other (sink). A flow pattern is
established between the two test sections, and the flow rates observed in the
two test cavities can be used to estimate the permeability. Additional study
is required for this method to determine mathematical relationships between
the observed flow and the permeability of the flow region. The method can
also be used as a profiling device in sedimentary formations. An impermeable
boundary located between the two test cavities would prohibit flow between
them. This would be reflected as an observed decrease in flow from the
pumped-out test cavity.
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Figure D-3 SCHEMATIC FOR SOURCE-SINK TESTS
(Maini et al, 1972}



Ditcharge rate

180

ifsec m¥/day m?fsec Imp. galjday U.S.gal/day [t%/day
1 Faece L.000 B8.40° 1,000 % 10~ 1,901 x J0*  2.282 » iQ* 3.051 % 103
1 m*fh 0.2777 24.00 2777 x [0+ 5279 x 10? 6.340 x [0 8.476 x 17
1 m¥/day 1.157 = 197 1.000 LIST x 10-% 2,200 x 10? 2.642 % 10?3532
1 m¥/yec 1.000 = 10* 8.640 x 10* 1.000 1.501 % 10? 2.282 x 107 3.051 x lo*
F Imp. galfday 5262 x 10~%  4.546 x [0~* 5.262 x }0-* 1.000 1.201 0.1605
1 LS, gal/day 4381 x 10-* | 1785 x 107? 4,381 x 10-* 0.8327 1.000 0.1337
1 ¥ fday 0,1277 2,832 x 107 3.277 x 107 '6.229 7.481 1.000
Hydraulic conductlvity

m/day misec em/h Darcy* U.S gal/day-ft* Imp.gal/min-fs? U.S.gal/min-ft?
1 m/day 1.000 1,157 x 10-7 4.167 1.209 . 24.54 1419 x 10— 1,704 % 102
| mfsec B.640 x 10% 1.000 3.600 x 10 1.045)(105 2,121 x 100 1.226 % 10%  1.472 x 10°
1 em/h £.2400 2777 x 10-*_ 1.000 0,290 5.890 3.406 x 10-* 4.089 x 10=°
1 Darcy* 0.827 0.957x10'5 3.45 1.000 0,585 0.843x103
1 U.S. gal/day-fi? 4.075 x 10~7 4716 x 10-7 0.1698 1.708 1.000 5783 x 10—+ 6.944 x |0
i Imp, gal{min-ft?  70.46 8.155 x 10-* 2936 x 107 1.729 % 10 1.000 1.301
1 U.S galfmin-fit 58.67 6791 x 10~ 2445 » 1Q? l.lSle{)—3 1.440 = 10* 0.8326 1.000
Transmissivity

m?fday m¥/sec Imp.gal/day-ft U.5.gal/day-[t [mp.gai/min-ft LS gai/min-[t
1 m*/day 1.000 1157 x 19~ 67.05 80.52 4.656 % 101 5592 % i0—?
1 mifsec 8.64 % 10* 1.0G0 5793 x 10® 6.957 x 108  4.023 x 1D 4.831 x 10%
1 Imp. galfday-fi L4yl x M2 1726 x 10-7  1.000 1.20% 6,944 x 10-* 8339 x 10~
1 ULS. galfday-ft 1.2d2 x $0-* 1437 x 107 0.8126 1.000 5.783 x 10~* 6.944 x IO+
\ Emp. gul/mi= 01 21,48 2486 x 10-* [.440 x 10? 1729 % 10* 1.000 1.201
1 U.S. gal/min-ft 17.88 2070 % 10-* [.19% x 10* 1.440 x 10° .3326 1.0G0

Abbrevigtions: fu = foo?; in = inch; | = liter; jnp. gal = Imperial gallen; U.S. gal = U.S. gallon; h = hour.
*foxr water @ 20°C

Canversfon coeflicivnts®

Eengeh:

m em ft in
1m 1.000 T1000 x 10t 328 39.37
I om LOGO x 10-Y 1000 3281 x 10-1 03937
in M8 30.48 1.6000 12.00
lin 2540 X 10°7 2.540 8333 x 10-* 1,000
Arcat
m? ft?
I m! 1,000 10.75
Lo 9.200 x 10°1 1,000
Voalume: '
m? 1 Imp. gal. U.S. gal. n
1 m? 1.000 1000 % 10° 2.200 x 167 2642 w |02 35.32
[ 1,000 x 102 1.000 0.220 0.2642 3.532 <107
1Ymp.gal 4.546 X 10 4,546 1.000 1,200 0.1605
1 US.gal 3.78% x lo-2 3.785 0.3326 1.000 0.1337
I 2827 x 107 18,27 6.229 7.480 1.000
Tinie o -
day h min s
1 day 1.030 24,00 1.440 x 10% 8.640 x 10*
1h 4.167 < 10 §.000 60.00 3.600 % 10°
1 min 6.944 X 10-* 1667 x 10-7 1,000 60.00
1 se¢ LIS x Mt 2777 « 10 1667 x 10°7 1,000
Time reciprocols,
day -1 h-! min ' sec ™!
Iday-' 100D 4167 x 107 6944 % 10°% 1157 x 1077
th-t 200 1.006 1667 = 10-F 2777 x 104
Imin=! L4400 x 10" 60.00 1.000 1.667 x 10?2
Isecc™!  B.G4O X 10* 3600 x 10> 60.00 Loat - .

* Abhwveviutions: Tt = foot; in v inch} I == liter; Tmp.gal = Bmperial gallon: U.S.gal -~ U5, gallon;

h = hour,

APPENDTIKX E

CONVERSTION

TABLES






