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This standard is issued under the fixed designation D 4043; the number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

€' Note—Section 1.5 was added editorially in January 1999.

1. Scope 2. Referenced Documents

1.1 This guide is an integral part of a series of standards that 2.1 ASTM Standards:
are being prepared on the in situ determination of hydraulic D 653 Terminology Relating to Soil, Rock, and Contained
properties of aquifer systems by single- or multiple-well tests.  Fluids®
This guide provides guidance for development of a conceptual D 4044 Test Method (Field Procedure) for Instantaneous
model of a field site and selection of an analytical test method Change in Head (Slug Tests) for Determining Hydraulic
for determination of hydraulic properties. This guide does not  Properties of Aquifers
establish a fixed procedure for determination of hydrologic D 4050 Test Method (Field Procedure) for Withdrawal and

properties. Injection Well Tests for Determining Hydraulic Properties
1.2 The values stated in Sl units are to be regarded as of Aquifer System$

standard. D 4104 Test Method (Analytical Procedure) for Determin-
1.3 Limitations—Well techniques have limitations in the ing Transmissivity of Nonleaky Confined Aquifers by

determination of hydraulic properties of ground-water flow Overdamped Well Response to Instantaneous Change in

systems. These limitations are related primarily to the simpli- Head (Slug Tesf)

fying assumptions that are implicit in each test method. The D 4105 Test Method (Analytical Procedure) for Determin-
response of an aquifer system to stress is not unique; therefore, ing Transmissivity and Storage Coefficient of Nonleaky
the system must be known sufficiently to select the proper Confined Aquifers by the Modified Theis Nonequilibrium
analytical method. Method
1.4 This standard does not purport to address all of the D 4106 Test Method (Analytical Procedure) for Determin-
safety concerns, if any, associated with its use. It is the ing Transmissivity and Storage Coefficient of Nonleaky
responsibility of the user of this standard to establish appro-  Confined Aquifers by the Theis Nonequilibrium Metffod
priate safety and health practices and determine the applica- D 4630 Test Method for Determining Transmissivity and
bility of regulatory limitations prior to use. Storativity of Low-Permeability Rocks by In Situ Mea-
1.5 This guide offers an organized collection of information surements Using the Constant Head Injection ZTest
or a series of options and does not recommend a specific D 4631 Test Method for Determining Transmissivity and
course of action. This document cannot replace education or  Storativity of Low Permeability Rocks by In Situ Mea-
experience and should be used in conjunction with professional surements Using the Pressure Pulse TechRique
judgment. Not all aspects of this guide may be applicable in all D 5269 Test Method (Analytical Procedure) for Determin-
circumstances. This ASTM standard is not intended to repre- ing Transmissivity of Nonleaky Confined Aquifers by the
sent or replace the standard of care by which the adequacy of Theis Recovery Methdd
a given professional service must be judged, nor should this D 5270 Test Method (Analytical Procedure) for Determin-
document be applied without consideration of a project's many  ing Transmissivity and Storage Coefficient of Bounded,
unique aspects. The word “Standard” in the title of this Nonleaky, Confined Aquifefs
document means only that the document has been approvedD 5472 Test Method for Determining Specific Capacity and
through the ASTM consensus process. Estimating Transmissivity at the Control Wl
D 5473 Test Method (Analytical Procedure) for Determin-
ing the Ratio of Horizontal to Vertical Hydraulic Conduc-
tivity in a Nonleaky Confined Aquifér

1 This guide is under the jurisdiction of ASTM Committee D-18 on Soil and D 5716 Test Method to Measure the Rate of Well Discharge
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and
Vadose Zone Investigations.

Current edition approved Oct. 10, 1996. Published June 1997. Originally

published as D 4043 — 91. Last previous edition D 4043 — 91. 2 Annual Book of ASTM Standardéol 04.08.
2 Annual Book of ASTM Standardgol 04.09.
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by Circular Orifice Wei? filling of pore space and is, therefore, mainly dependent on
D 5785 Test Method (Analytical Procedure) for Determin- particle size, rate of change of the water table, and time of
ing Hydraulic Conductivity of an Unconfined Aquifer by drainage.
Overdamped Well Response to Instantaneous Change in 3.1.13 storage coefficiert-the volume of water an aquifer
Head (Slug Test) releases from or takes into storage per unit surface area of the
D 5786 Test Method (Field Procedure) for Constant Draw-aquifer per unit change in head. For a confined aquifer, the
down Tests in Flowing Wells for Determining Hydraulic storage coefficient is equal to the product of specific storage
Properties of Aquifer Systerfis and aquifer thickness. For an unconfined aquifer, the storage
D 5850 Test Method (Analytical Procedure) for Determin- coefficient is approximately equal to the specific yield.
ing Transmissivity, Storage Coefficient, and Anisotropy 3.1.14 transmissivity—the volume of water at the existing
Ratio from a Network of Partially Penetrating Wélls kinematic viscosity that will move in a unit time under a unit
D 5881 Test Method (Analytical Procedure) for Determin- hydraulic gradient through a unit width of the aquifer.
ing Transmissivity of Confined Nonleaky Aquifers by 3.2 For definitions of other terms used in this guide, see
Critically Damped Well Response to InstantaneousTerminology D 653.
Change in Head (Slug Te3t) o
D 5912 Test Method (Analytical Procedure) for Determin-4- Significance and Use
ing Hydraulic Conductivity of an Unconfined Aquifer by 4.1 An aquifer test method is a controlled field experiment
Overdamped Well Response to Instantaneous Change imade to determine the approximate hydraulic properties of
Head (Slug Tesf) water-bearing material. The hydraulic properties that can be
D 5920 Test Method (Analytical Procedure) for Test of determined are specific to the test method. The hydraulic
Anisotropic Unconfined Aquifers by the Neuman Metfod properties that can be determined are also dependent upon the
instrumentation of the field test, the knowledge of the aquifer
system at the field site, and conformance of the hydrogeologic
3.1 Definitions: conditions at the field site to the assumptions of the test
3.1.1 aquifer, confined-an aquifer bounded above and method. Hydraulic conductivity and storage coefficient of the
below by confining beds and in which the static head is aboveaquifer are the basic properties determined by most test
the top of the aquifer. methods. Test methods can be designed also to determine
3.1.2 aquifer, unconfined-an aquifer that has a water table. vertical and horizontal anisotropy, aquifer discontinuities, ver-
3.1.3 barometric efficiency-the ratio of the change in depth tical hydraulic conductivity of confining beds, well efficiency,
to water in a well to the change in barometric pressureturbulent flow, and specific storage and vertical permeability of
expressed in length of water. confining beds.
3.1.4 conceptual modetla simplified representation of the
hydrogeologic setting and the response of the flow system t8- Procedure
stress. 5.1 The procedure for selection of an aquifer test method or
3.1.5 confining bed-a hydrogeologic unit of less perme- methods is primarily based on selection of a test method that is
able material bounding one or more aquifers. compatible with the hydrogeology of the proposed test site.
3.1.6 control well—well by which the aquifer is stressed, for Secondarily, the test method is selected on the basis of the
example, by pumping, injection, or change of head. testing conditions specified by the test method, such as the
3.1.7 hydraulic conductivity (field aquifer testsithe vol- method of stressing or causing water-level changes in the
ume of water at the existing kinematic viscosity that will move aquifer and the requirements of a test method for observations
in a unit time under unit hydraulic gradient through a unit areaof water level response in the aquifer. The decision tree in
measured at right angles to the direction of flow. Table 1 is designed to assist, first, in selecting test methods
3.1.8 observation wela well open to all or part of an applicable to specific hydrogeologic site characteristics. Sec-
aquifer. ondly, the decision tree will assist in selecting a test method on
3.1.9 piezometer-a device used to measure static head at dhe basis of the nature of the stress on the aquifer imposed by
point in the subsurface. the control well. The decision tree references the sections in
3.1.10 specific capacity-the rate of discharge from a well this guide where the test methods are cited.
divided by the drawdown of the water level within the well at 5.2 Pretest-selection ProceduresAquifer test methods are
a specific time since pumping started. highly specific to the assumptions of the analytical solution of
3.1.11 specific storage-the volume of water released from the test method. Reliability of determination of hydraulic
or taken into storage per unit volume of the porous medium peproperties depends upon conformance of the hydrologic site
unit change in head. characteristics to the assumptions of the test method. A
3.1.12 specific yielé—the ratio of the volume of water that prerequisite for selecting an aquifer test method is knowledge
the saturated rock or soil will yield by gravity to the volume of of the hydrogeology of the test site. A conceptual understand-
the rock or soil. In the field, specific yield is generally ing of the hydrogeology of the aquifer system at the prospec-
determined by tests of unconfined aquifers and represents thige test site should be gained in as much detail as possible
change that occurs in the volume of water in storage per unirom existing literature and data, and a site reconnaissance. In
area of unconfined aquifer as the result of a unit change ideveloping a site characterization, incorporate geologic map-
head. Such a change in storage is produced by the draining ping, driller’s logs, geophysical logs, records of existing wells,

3. Terminology

2
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TABLE 1 Decision Tree for Selection of Aquifer Test Method
Fractured Aquifer, Sec. 5.3.6
FRACTURED —Yyes— Gringarten and Ramey (33)
AQUIFER Barenblatt et al (34)
| Boulton and Streltsova (35)
no Moench (36)
i)
Multiple Aquifers, Sec. 5.3.5
SINGLE — no— Bennett and Patten (28)
AQUIFER Hantush (29)
| Neuman and Witherspoon (30, 31)
yes Javendel and Witherspoon (32)
Radial-Vertical Anisotropy, Sec. 5.3.3.1
fggﬁ_%?c —no— | Hantush 1) D 5473
Weeks (22, 23) D 18.21.04.94.03
| Neuman (42)
yes Horizontal Anisotropy, Sec. 5.3.3.2
Papadopulos (24)
Bounded Aquifer, Sec. 5.3.4
’ﬁgm“ —Yes> | Ferris et al (25) Lohman (27)
Stallman (26) D 5270
[
no
i
o b —no— Unconfined Aquifer, Sec. 5.4
NFINE Constant Discharge, Slug Test,
AQUITER Sec. 530 Sec. 3:4.2
Boulton (37, 38, 39) Bouwer and Rice (43)
Neuman (40, 41, 42) Bouwer (44)
D 18.21.92.01 D 18.21.04.94.02
yes D 18.21.04.94.09 D 18.21.95.01
| D 5785
i)
— 10— Confined Aquifer, Sec. 5.3.1
LEAKY Constant Discharge, Slug Test
AQUIFER Sec. 5.2.1.1 Sec.5.3.1.4
Theis (1) Hvorskev (12)
D 5472 Cooper et al (14)
D 4106
D 4105 D 4104
Cooper and Jacob (2) D 18.21.04.92
Jacob (3) D 18.21.04.95.01
05269 Da631
Variable Discharge, Constant Head
yes Sec. 5.2.1.2 Sec. 5.3.1.3
Stallman (3) TJacob and Lohman (10)
Hantush (6) Hantush (6)
Abu-Zied and Scott (8) Rushton and Rathod (11)
Aron and Scott (8) D 18.21.91.02
Lai et al (9) n4630
Moench (5)
il Birsoy and Summers (45)
—N0— Without Storage, Sec. 5.3.2.1
STORAGE IN Hantush and Jacob (19)
CONFINING
With Storage, Sec. 5.3.2.2
yes Hantush (20)

water-level and water-quality data, and results of geophysical 5.3 Select Applicable Aquifer Test MethedSelect a test

surveys. Include information on the thickness, lithology, strati-method based on conformation of the site hydrogeology to
fication, depth, attitude, continuity, and extent of the aquiferassumptions of the test model and the parameters to be
and confining beds. determined. A summary of principal aquifer test methods and
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their applicability to hydrogeologic site conditions is given in computer program that includes some of the above procedures
the following paragraphs. The decision tree for aquifer tesand also includes discharge as a fifth-degree polynomial of
selection, Table 1, provides a graphic display of the hydrogeatime.

logic site conditions for each test method and references to the 5.3.1.4 Slug Test MethodsTest methods for estimating

section where each test method is cited. _ transmissivity by injecting a given quantity stug of water
5.3.1 Extensive, Isotropic, Homogeneous, Confined, Noninto a well were introduced by Hvorsleid2) and Ferris and
leaky Aquifer Knowles (13). Solutions to overdamped well response to slug

5.3.1.1Constant Discharge-Test Method in which the tests have also been presented by Cooper gtl4) The
discharge or injection rate in the control well is constant aresolution presented by Cooper ef(&4)is given in Test Method
given by the nonequilibrium method of The{d)* for the D 4104. Solutions for slug tests in wells that exhibit oscillatory
drawdown and recovery phases. The Theis test method is thgater-level fluctuations caused by a sudden injection or re-
most widely referenced and applied aquifer test method and isioval of a volume of water have been presented by Krauss
the basis for the solution to other more complicated boundary15), van der Kamg(16), and Shinohara and Raméy7). The
condition problems. The Theis test method for the pumping ovan der Kamp(16) solution is given in Test Method D 5785.
injection phase is given in Test Method D 4106. Cooper ankipp (18) analyzed the complete range of response of wells
Jacohb(2) and Jacol§3) recognized that for large values of time ranging from those having negligible inertial effects through
and small values of distance from the control well, the Theisull oscillatory behavior and developed type curves for the
solution yields a straight line on semilogarithmic plots of analysis of slug test data. The procedure given by Ki@) for
various combinations of drawdown and distance from theanalysis of critically damped response is given in Test Method
control well. The solution of the Theis equation can thereforeD 5881. The field procedure for slug test methods is given in
be simplified by the use of semilogarithmic plots. The modifiedTest Method D 4044. Analytical procedures for analysis of slug
Theis nonequilibrium test method is given in Test Methodtest data are given in Test Methods D 5785, D 4104, D 5881,
D 4105. A test method for estimating transmissivity fromand D 5912.
specific capacity by the Theis method is given in Test Method 5 3.2 Extensive, Isotropic, Homogeneous, Confined, Leaky
D 5472. Aquifers—Confining beds above or below the aquifer com-

5.3.1.2 Variable Discharge-Test methods for a variably monly allow transmission of water to the aquifer by leakage.
discharging control well have been presented by Stall(#an  Test methods that account for this source of water have been
and Moench(5) and Birsoy and Summergl5). These test presented for several aquifer-confining bed situations.
methods simulate pumpage as a sequence of constant-rate; 3 5 1 | eaky Confining Bed, Without Storagéfantush
stepped changes in discharge. The test methods utilize g,y jacot{19) presented a solution for the situation in which
principle ‘of superposition in constructing type curves by confined aquifer is overlain, or underlain, by a leaky
summing the effects of successive changes in discharge. Th@nfining layer having uniform properties. Radial flow is
type curves may be derived for control wells discharging fromyss;med in a uniform aquifer. The hydraulic properties of the
extensive, leaky, and nonleaky confined aquifers or any situdyqyifer and confining bed are determined by matching loga-
tion where the response to a unit stress is known. Har@sh yithmic plots of aquifer test data to a family of type curves.
developed drawdown functions for three types of decreases in 5.3.2.2 Leaky Confining Bed, With StorageSolutions for

Control-lwe:l tc_ilscparge. gbu-ZI_ed andtScc_(‘rI) pre;s_en:jed a_f determining the response of a leaky confined aquifer where the
general solution for drawdown In an extensive confined aquitefq o456 of water in the confining bed is taken into account were

in which the discharge of the control well decreases at arﬂ)resented by Hantust20). Flow in the uniform confined
exponential rate. Aron_ and Scq8) propqsed an approximate aquifer is assumed to be radial, and flow in the leaky confining
test method of determining transmissivity and storage from alads is assumed to be vertical

aquifer test in which discharge decreases with time during the 5 3.3 Extensive. Confined Aﬁisotropic Aquifer

early part of the test. Lai et_dB) prese_nted test rr_lethods for 5.3.3 1 Radial—\/'ertical Ani,sotropy—Solutions to the head
determmlmg the drawdown in an aqwfer taking into account ist.rit.)u.tion in a homogeneous confined aquifer with radial-
storage in the control well and having an exponentially anQ\C/iertical anisotropy in response to constant discharge of a
linearly decreasing discharge. Py P 9

5.3.1.3 Constant Drawdows-Test methods have been pre- Partially penetrating well are presented by Hantu@l).

sented to determine hydraulic-head distribution around a digiveeks(22, 23)presented test methods to determine the ratio of

charging well in a confined aquifer with near constant draw-0rizontal to vertical ‘hydraulic conductivity. Methods for
nalysis of a pumping test in a radial-vertical anisotropic

down. Such conditions are most commonly achieved by i ; in Test Methods D 5473 and D 5850
shutting in a flowing well long enough for the head to fully @dulfer are given in Test Methods D 5473 and D 5850.
recover, then opening the well. The solutions of Jacob and °-3.3.2 Horizontal Anisotropy-Papadopulog24) presented
Lohman (10) and Hantush(6) apply to aerially extensive, & test method for determination of horizontal plane anisotropy
nonleaky aquifers. Rushton and Rath{dd) used a numerical 1N an aerially extensive homogeneous confined aquifer.
model to analyze aquifer-test data. Re@tb) presents a 534 Areally Bounded AQUIfEFS-AQUIfeI' test methods dis-
cussed previously are based on the assumption that the aquifer
is extensive. Effects of limitations in the extent of aquifers by
*The boldface numbers in parentheses refer to the list of references at the end Hﬁpefm?ab|e boundaries or by source boundaries, suc_h as
this guide. hydraulically connected streams, may preclude the direct
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application of an aquifer test method. The method of imagesrom an unconfined aquifer differ markedly from those due to
described by Ferris et §25), Stallman(26) and Lohman(27), discharge from a nonleaky confined aquifer. Difficulties in

provide solutions to head distribution in finite aquifers. Thederiving analytical solutions to the hydraulic-head distribution
theory of images for determination of transmissivity andin an unconfined aquifer result from the following character-
storage coefficient in bounded aquifers is given in Test Methodstics: (1) transmissivity varies in space and time as the water
D 5270. table is drawn down and the aquifer is dewater@jwater is

5.3.5 Multiple Aquifers—Test methods for multiple aqui- derived from storage in an unconfined aquifer mainly at the
fers, that is, two or more aquifers separated by a leakyree water surface and, to a lesser degree, from each discrete
confining bed and penetrated by a control well, require specigboint within the aquifer, and3} vertical components of flow
methods for analysis. Bennett and Pat{@8) presented a exist in the aquifer in response to withdrawal of water from a
method for testing a multi-aquifer system using downholewell in an unconfined aquifer.
metering and constant drawdown. Hantu&®) presented 5.4.1 Boulton(37, 38, 39)introduced a mathematical solu-
solutions for two aquifers separated by a leaky confining bedtion to the head distribution in response to discharge at a
Neuman and Witherspoof80) provided solutions for draw- constant rate from an unconfined aquifer. Boulton’s solution
down in leaky confining beds above and below an aquifeinvokes the use of a semi-empirical delay index that was not
being pumped. Neuman and Witherspa@1) developed an defined on a physical basis. Neum&®, 41, 42)presented
analytical solution for the flow in a leaky confined system of solutions for unconfined aquifer tests utilizing fully penetrating
two aquifers separated by a leaky confining bed with storageand partially penetrating control and observation wells hypoth-
Javendel and Witherspoo(B2) presented a finite-element esized on well-defined physical properties of the aquifer. The
method of analyzing anisotropic multi-aquifer systems. Neuman solution is given in Test Method D 5920.

5.3.6 Fractured Media—Solutions for the flow in a single 5.4.2 Aprocedure for analysis of the water-level response in
finite fracture are presented by Gringarten and Raif33). an unconfined aquifer given by Bouwer and R{d8) and is
Barenblatt et al(34) presented a test method for solving a presented in Test Method D 5785. Bouwer and R&®) and
double-porosity model. Boulton and Streltsd3®) presented Bouwer(44) present a slug test method for unconfined aquifer
a solution for a system of porous layers separated by fracturesonditions.

Moench (36) developed type curves for a double-porosity
model with a fracture skin that may be present at the fracture®- Keywords
block interface as a result of mineral deposition or alteration. 6.1 aquifers; aquifer tests; confining beds; control wells;

5.4 Extensive, Isotropic, Homogeneous, Unconfinedischarging wells; hydraulic conductivity; observation wells;

Aquife—Conditions governing drawdown due to dischargepiezometers; storage coefficient; transmissivity
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Standard Test Method
(Field Procedure) for Instantaneous Change in Head (Slug)
Tests for Determining Hydraulic Properties of Aquifiers
This standard is issued under the fixed designation D 4044; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.
1. Scope D 5912 Test Method (Analytical Procedure) for Determin-
1.1 This test method covers the field procedure for perform-  ing Hydraulic Conductivity of an Unconfined Aquifer by
ing an in situ instantaneous change in head (slug) test. Overdamped Well Response to Instantaneous Change In

1.2 This test method is used in conjunction with an analyti- Head (Slug Tes?)
cal procedure such as Test Method D 4104 to determine aquif
properties. o o

1.3 The values stated in the SI units are to be regarded as 3-1 Definitions: Definitions: o
standard. 3.1.1 control well—well by which the aquifer is stressed, for

1.4 This standard does not purport to address all of the®X@mple, by pumping, injection, or change of head.
safety concerns, if any, associated with its use. It is the 3-1.2 hydraulic conductivity—(field aquifer tests)the vol-
responsibility of the user of this standard to establish appro-Ume of water at the existing kinematic viscosity that will move

priate safety and health practices and determine the applical™ @ unit time under a unit hydraulic gradient through a unit

g Terminology

bility of regulatory limitations prior to use. area measured at right angles to the direction of flow.
3.1.3 observation wela well open to all or part of an
2. Referenced Documents aquifer.
2.1 ASTM Standards: 3.1.4 overdamped-well responsecharacterized by the wa-
D 653 Terminology Relating to Soil, Rock, and Containedter level returning to the static level in an approximately
Fluid exponential manner following a sudden change in water level.

D 4043 Guide for Selection of Aquifer-Test Method in (S€e for comparisonnderdamped we)l _
Determination of Hydraulic Properties by Well Tech- 3.1.5 slug—a volume of water or solid object used to induce
niqueg a sudden change of head in a well.

D 4104 Test Method (Analytical Procedure) for Determin- 3.1.6 storage coefficiertthe volume of water an aquifer
ing Transmissivity of Confined Nonleaky Aquifers by releases from or takes into storage per unit surface area of the

Overdamped Well Response to Instantaneous Change apuifer per unit change in head. For a confined aquifer, it is
Head (Slug Tes?) equal to the product of specific storage and aquifer thickness.

D 4750 Test Method for Determining Subsurface Liquid For an unconfined aquifer, the storage coefficient is approxi-
Levels in a Borehole or Monitoring Well (Observation Mately equal to the specific yield. o
Well)2 3.1.7 transmissivity—the volume of water at the existing

D 5785 Test Method for (Analytical Procedure) for Deter- kinematic viscosity that will move in a unit time under a unit
mining Transmissivity of Confined Nonleaky Aquifers by hydraulic gradient through a unit width of the aquifer.

Underdamped Well Response to Instantaneous Change In3:1.8 underdamped-well responseharacterized by the
Head (Slug Tes®) water level oscillating about the static water level following a

D 5881 Test Method (Analytical Procedure) for Determin- Sudden change in water level. (See for compartaerdamped

ing Transmissivity of Confined Nonleaky Aquifers by Well.) e o
Critically Damped Well Response to Instantaneous 3.1.9 For definitions of other terms used in this test method,

Change In Head (Slug Tedt) refer to Terminology D 653.

4. Summary of Test Method

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and 4.1 This test method describes the field procedures involved

Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and

Vadose Zone Investigations. in conducting an instantaneous head (slug) test. The slug test
Current edition approved Oct. 10, 1997. Published February 1997. Originallymethod involves causing a sudden change in head in a control
published as D 4044 - 91. Last previous edition D 4044 — 91. well and measuring the water level response within that control

2 Annual Book of ASTM Standardgol 04.08.

3 Annual Book of ASTM Standarddol 04.09 well. Head change may be induced by suddenly injecting or

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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removing a known quantity or “slug” of water into the well, water level fluctuations and to establish pre-pumping water-
rapid removal of a mechanical “slug” from below the waterlevel trend and to determine a pre-pumping reference water
level, increasing or decreasing the air pressure in the welevel.
casing, or emplacement of a mechanical slug into the water
column. 8. Procedure
4.2 The water-level response in the well is a function of the 8.1 Cause a change in water level, either a rise or decline, by
mass of water in the well and the transmissivity and coefficienbne of the following methods:
of storage of the aquifer. One method of analysis of the data 8.1.1 Water Slug—Inject or withdraw water of a known
from this field practice is described in Test Method D 4104. quantity into or from the control well.
o 8.1.2 Mechanical Slug-Inject or withdraw a mechanical
5. Significance and Use slug below or above the water level. The water within the
5.1 This slug test field procedure is used in conjunction withcontrol well will then rise or decline an amount equal to the
a slug test analytical procedure, such as Test Method D 4104 imlume of the mechanical slug.
provide quick and relatively inexpensive estimates of transmis- 8.1.3 Release Vacuum or Pressuré method of simulating
sivity. the injection or withdrawal of a slug of water is by the release
5.2 The slug test provides an advantage over pumping testd§ a vacuum or pressure on a tightly capped (shut-in) control
in that it does not require the disposal of the large quantities ofvell. Before the release, the vacuum or pressure is held
water that may be produced. This is of special importanceonstant.

when testing a potentially contaminated aquifer. However, slug N . , . .

.. . ote 1—There is no fixed requirement for the magnitude of the change
tests reflect conditions near the well, therefore are influenceg} \ater level. Similar results can be achieved with a wide range in
by near-well conditions, such as gravel pack, poor wellinduced head change. Some considerations include a magnitude of change
development, and skin effects. that can be readily measured with the apparatus selected, for example the

5.3 Slug tests may be made in aquifer materials of lowehead change should be such that the method of measurement should be
hydraulic conductivity than generally considered suitable foraccuratea 1% of themaximum head change. Generally, an induced head
hydraulic testing with pumping tests. change of from one-third to one meter is adequate. Although the induced

. . ead change should be sufficient to allow the response curve to be defined,
5.4 The method of data analysis (analytical proceduregxcessive head change should be avoided to reduce the possibility of

should be known prior to the field testing to ensure that allhyoqycing large frictional losses in well bore.

appropriate dimensions and measurements are properly re-The mechanical model for the test assumes the head change is induced
corded. Selection of the analytical procedure can be aided hystantaneously. Practically, a finite time is required to effect a head
using Guide D 4043, Test Method D 5785, Test Methodchange. Selection of time zero can be selected experimentally. Refer to the

D 5881. and Test Method D 5912. method of analysis (such as Test Method D 4104) to determine time zero
' and to evaluate the suitability of the change effected in the well.
6. Apparatus 8.2 Measure water-level response to the change in water

6.1 Slug-Inducing EquipmentThis test method describes level. The frequency of water-level measurement during the
the types of equipment that can be used. Because of the infinitest is dependent upon the hydraulic conductivity of the
variety of testing conditions and because similar results can baaterial being tested. During the early portions of the test,
achieved with different apparatus, engineering specificationmeasure water levels at closely-spaced intervals. Measure-
for apparatus are not appropriate. This test method specifies tieents of water level made manually with a tape should be
results to be achieved by the equipment to satisfy the requirenade as frequently as possible until the water level has
ments of this practice. recovered about 60 to 80 %. Increase the length of time

6.2 Water-Level Measurement Equipmefthe method of between measurements with increasing duration of the test.
water level measurement may be dependent on the methdgince most methods of data analysis are curve-fitting tech-
selected for injection or withdrawal of water, and the nature ofniques, it is essential that water levels are measured frequently
the response of the well. For an open-well test, that is, wherenough to define the water-level response curve (see Guide
access to the water level is open to the surface, measure wafer4043, Test Methods D 4104 and D 5785).
levels manually as described in Test Method D 4750, by an 8.2.1 In aquifer-well systems where water-level changes are
automatic recording device linked to a float, or with a pressurdgapid, it may be necessary to use a pressure transducer linked
transducer linked to a data logger or display device. A pressur® an electronic data logger to measure and record the water
transducer linked to a data logger will be necessary for a test itlevels frequently enough to adequately define the waterlevel
a closed well in which water-level changes are induced byesponse. The use of transducers and data loggers generally
vacuum or pressure on the control well and where manugbrovides a greater than adequate frequency of measurements,
measurements do not provide measurements of adequate frenging from several measurements per second in the early part

quency (see 9.3). of the test to a specified frequency in the later portions of a test.
o With such equipment, the test analysis may use a reduced data
7. Conditioning set of measurements to calculate the hydraulic properties (see
7.1 Pre-Test Procedure Guide D 4043, Test Methods D 4104 and D 5785 for analysis

7.1.1 Measuring Pre-Test Water LeveldVleasure the water of water level data).
level in the control well before beginning the test for a period 8.3 Post-Test ProcedureMake preliminary analysis of
longer than the duration of the test to determine the pre-testata before leaving the field and evaluate the test regarding the
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criteria given in this test method and the method of analysisall measurements of water level are made. Record date, time,
such as Test Method D 4104 to determine if the test should band depth to water level below measurement point of all water
rerun. levels.

9.4 Water levels measured during the test should be re-

9. Report corded with information on date, clock time, and time since test
9.1 Include the information listed below in the report of the started. If the water levels are measured with a pressure

field procedure: _ _ transducer and recorded with an electronic data logger, record
9.2 All test reports should include the following: the name of the data file on the data logger.

9.2.1 Date, time, and well identification,
9.2.2 Method of slug withdrawal or injection, as well as 10. Precision and Bias
whether the test is a falling head (injection) or a rising head

(withdrawal) test 10.1 It is not practical to specify the precision of this test

9.2.3 Inside diameter of well screen and well casing abov eth(_)d because the response of aquifer systems during aquifer
screen ests is dependent upon ambient system stresses. No statement

9.2.4 Depth of well can be made about bias because no true reference values exist.
9.2.5 Length and depth setting of screen,

9.2.6 Volume of mechanical slug or pressure change imil- Keywords
posed on water level, and 11.1 aquifers; aquifer tests; ground water; hydraulic conduc-
9.2.7 Pre-testing water-level trend. tivity; hydraulic properties; instantaneous head test; slug tests;

9.3 Establish and record the measurement point from whicktorage coefficient; transmissivity

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
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INTERNATIONAL

Standard Test Method
(Field Procedure) for Withdrawal and Injection Well Tests for
Determining Hydraulic Properties of Aquifer Systems 1

This standard is issued under the fixed designation D 4050; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.

1. Scope Levels in a Borehole or Monitoring Well (Observation

1.1 This test method describes the field procedure for ~Wel)?
selecting well locations, controlling discharge or injection Terminol
rates, and measuring water levels used to analyze the hydrauﬁt’: erminorogy

properties of an aquifer or aquifers and adjacent confining 3-1 Definitions: _
beds. 3.1.1 aquifer, confined-an aquifer bounded above and

1.2 This test method is used in conjunction with an analyti-bemw by confining beds and in which the static head is above

cal procedure such as Test Methods D 4105 or D 4106 t&€ top of the aquifer. o
determine aquifer properties. 3.1.2 confining bed-a hydrogeologic unit of less perme-

1.3 The appropriate field and analytical procedures ar@P!® material bounding one or more aquifers.

selected as described in Guide D 4043. 3._1.3 (_:ontrol well—well by which the head _and flo_w i_n the
1.4 The values stated in Sl units are to be regarded a&duifer is changed, for example, by pumping, injection, or
standard. change of head.

1.5 This standard does not purport to address all of the 3-1.4 hydraulic conductivity (field aquifer testsjthe vol-
safety concerns, if any, associated with its use. It is thé/Me of water at the existing kinematic viscosity that will move
responsibility of the user of this standard to establish approiN @ unit time under a unit hydraulic gradient through a unit

priate safety and health practices and determine the applica'®@ measured at right angles to the direction of flow.
bility of regulatory limitations prior to use. 3.1.5 observation wela well open to all or part of an

aquifer.
2. Referenced Documents 3.1.6 piezometer-a device used to measure hydraulic head
2.1 ASTM Standards: at a point in the subsurface.
Fluidg or taken into storage per unit volume of the porous medium per
D 2488 Practice for Description and Identification of Soils Unit change in head. _
(Visual-Manual Procedur) 3.1.8 storage coefficient—the volume of water an aquifer

D 4043 Guide for Selection of Aquifer-Test Method in releases from or takes into storage per unit surface area of the

Determining Hydraulic Properties by Well Techniggies aquifer per un_it change in head. For a confined a_q_uifer, the

D 4105 Test Method (Analytical Procedure) for Determin- Storage (_:oefﬁc!ent is equal to the prodL_Jct of the_specn‘lc storage
ing Transmissivity and Storage Coefficient of Nonleaky and aqwfe_r thlckness. For an unconfined aqg!fer,_ the storage
Confined Aquifers by the Modified Theis Nonequilibrium Coefficient is approximately equal to the specific yield.
Method? 3.1.9 transmissivity—the volume of water at the existing

D 4106 Test Method (Analytical Procedure) for Determin- kinematic viscosity that will move in a unit time under a unit
ing Transmissivity and Storage Coefficient of Nonleaky hydraulic gradient through a unit width of the aquifer. -
Confined Aquifers by the Theis Nonequilibrium Mettfod 3.1.10 For deflmtlons of other terms used in this test

D 4750 Test Method for Determining Subsurface Liquid Method, see Terminology D 653.

4. Summary of Test Method

[ 4.1 This test method describes the field practices in con-
1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and ducting withdrawal and injection well tests. These methods
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water aninvolve withdrawal of water from or injection of water to an

Vadose Zone Investigations. ; _
Current edition approved Oct. 10, 1996. Published February 1997. Originallyﬁqwlfer through. a rc}ontroll}/vell ahnd m(a‘lasgre;n(re]ntdof th]? Watﬁr
published as D 4050 — 91. evel response in the aquifer. The analysis of the data from this

2 Annual Book of ASTM Standardgol 04.08.
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field practice is described in standards such as Test Methodsich cases the locations and screened intervals of the wells

D 4105 and D 4106. should be compatible with the requirements of the method of
o test analysis.
5. Significance and Use 6.6 Water-Level Measurement Equipmedtlanual mea-

5.1 Withdrawal and injection well test field procedures aresurements can be made with a steel tape or electric tape as
used with appropriate analytical procedures in appropriatelescribed in Test Method D 4750, with a mechanical recorder
hydrogeological sites to determine transmissivity and storagknked to a float, or combination of pressure transducer and
coefficient of aquifers and hydraulic conductivity of confining electronic data logger.
beds. 6.6.1 Mechanical RecordersMechanical recorders em-

ploy a float in the well to produce a graphic record of water
6. Apparatus level changes. Early in the test, it may be difficult to distinguish

6.1 Various types of equipment can be used to withdraw osmall increments of time on the recorder chart, therefore the
inject water into the control well, measure withdrawal andrecorder should be supplemented with additional early time
injection rates, and measure water levels. The test procedurgeasurements or by marking the trace of an automatic water-
may be conducted with different types of equipment to achievgevel recorder chart and recording the time by the mark. Check
similar results. The objectives to be achieved by the use of ththe mechanical recorder periodically throughout the test using
equipment are given in this section and in Sections 7 and 8.the steel tape.

6.2 Control Well—Discharge or injection well test methods 6.6.2 Pressure Transducers and Electronic Data
require that water be withdrawn from or injected into a single_oggers—A combination of a pressure transducer and elec-
well. This well, known as the control well, must be drilled and tronic data logger can provide rapid measurements of water-
completed such that it transmits water to or from the aquifeievel change, and can be programmed to sample at reduced
(usually the entire thickness of the aquifer) at rates such that fequency late in the test. Select the pressure transducer to
measurable water level change will occur at observation WE||S‘n1easure pressure Changes equiva|ent to the range of expected
The control well should be as efficient as possible, to reduce th@ater level changes. Check the transducer in the field by
head loss between the aquifer and the well. Well developmentising and lowering the transducer a measured distance in the
should be as complete as possible to eliminate additionakell. Also check the transducer readings periodically with a
production of sand or silt and consequent changes in welteel tape.
efficiency and pumping water levels during the test. The S
cuttings from the control well should be described and re-/- Conditioning
corded according to Practice D 2488. The analytical method 7.1 Pre-Test Procedures
selected for analysis of the data may specify certain dimensions 7.1.1 Selecting Aquifer-Test MetheeDevelop a conceptual
of the control well such as screen length and depth of screemodel of the site hydrogeology and select the appropriate
placement. Specific requirements for control wells may bequifer test method according to Guide D 4043. Observe the
given in standards for specific analytical methods (see, forequirements of the selected test method with regard to
example, Test Methods D 4105 and D 4106). specifications for the control well and observations wells.

6.3 Observation Wells or PiezometerdNumbers of obser- 7.1.2 Field ReconnaissaneeMake a field reconnaissance
vation wells and their distance from the control well and theirof the site before conducting the test to include as much detalil
screened interval may be dependent upon the test method to be possible on depth, continuity, extent, and preliminary
employed. Refer to the analytical test method to be used foestimates of the hydrologic properties of the aquifers and
specifications of observation wells (see, for example, Testonfining beds. Note the location of existing wells and water-
Methods D 4105 and D 4106). holding or conveying structures that might interfere with the

6.4 Control Well Pump—A pump capable of withdrawal of test. The control should be equipped with a pipeline or
a constant or predetermined variable rate of water from theonveyance structure adequate to transmit the water away from
control well. The pump and motor should be adequately sizethe test site, so that recharge is not induced near the site. Make
for the designed pumping rate and lift. The pump or motorarrangements to ensure that nearby wells are turned off well
must be equipped with a control mechanism to adjust dischargeefore the test, and automatic pump controls are disabled
rate. In the case of diesel-, gasoline-, or natural-gas-fuelethroughout the anticipated test period. Alternately, it may be
engines, throttle settings should allow for small adjustments imecessary to pump some wells throughout the test. If so, they
pumping rates. Pumps equipped with electric motors arshould be pumped at a constant rate, and not started and
usually controlled by adjusting backpressure on the pumgtopped for a duration equal to that of the test before nor should
through a gate valve in the discharge line. Take care to selethey be started and stopped during the test.

a discharge rate small enough such that the rate can be7.1.3 Testing of Control WeH-Conduct a short term pre-
maintained throughout the test without fully opening the gatdiminary test of the control well to estimate hydraulic proper-
valve. If neither method of control is practical, split the ties of the aquifer, estimate the duration of the test and establish
discharge and route part of the discharge back to the wehl pumping rate for the field procedure.

through a separate discharge line. 7.1.4 Testing Observation WellsTest the observation wells

6.5 Many aquifer tests are made at “sites of opportunity,”or piezometers prior to the aquifer test to ensure that they are
that is, using existing production wells as the control well anchydraulically connected to the aquifer. Accomplish this by
using other existing wells for observation of water level. Inadding or withdrawing a known volume of water (slug) and
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measure the water-level response in the well. The resultant 8.5 Measuring Recovery of Water Levels
response should be rapid enough to ensure that the water level8.5.1 If the recovery data are to be analyzed completely as
in the piezometer will reflect the water level in the aquifera part of the test and used to determine long-term background
during the test. Redevelop piezometers with unusually sluggistvater-level changes, the recovery of water levels following
response. pumping phase should be measured and recorded for a period
7.1.5 Measuring Pre-Testing Water-Level Trepdbeasure  of time equal to the pumping time. Analyze the recovery data
water levels in all observation wells prior to start of pumpingto determine the hydraulic parameters of the system. The
for a period long enough to establish the pre-pumping trendfrequency of measuring water levels should be similar to the
This period is at least equal to the length of the test. The trenftequency during the pumping phase (see Table 1).
in all observation wells should be similar. A well with an  8.5.2 If water level data during the early part of the recovery
unusual trend may reflect effects of local disturbances in th@hase are to be used from the control well, the pump should be
hydrologic system, or may be inadequately developed. equipped with a foot valve to prevent the column pipe fluid
7.1.6 Selecting of Pumping RateSelect the pumping rate, from flowing back into the well when the pump is turned off.
on the basis of the preliminary test (see 7.1.3), at which the 8.6 Post-Testing Procedures
well is to be pumped, such that, the rate can be sustained by the8.6.1 Tabulate water levels, including, pre-pumping water
pump for the duration of the test. The rate should not be sdevels, for each well or piezometer, date, clock time, time since
large that the water level is drawn down below the perforationpumping started or stopped, and measurement point (Test
in the control well, causing cascading water and entrained aivethod D 4750).
in the well. Under no circumstances should the rate be so large 8.6.2 Tabulate measurements of the rate of discharge or
that the water level is drawn down to the water-entry section ofnjection at the control well, date, clock time, time since
the pump or tailpipe. pumping started, and method of measurement.
8.6.3 Prepare a written description of each well, describing
8. Procedure : . L .
i ) o ) the measuring point, giving its altitude and the method of
8.1 Withdrawing or Injecting Water from the Aquifer  gptaining the altitude, and the distance of the measuring point
Regulate the rate at which water is withdrawn from, or injectedypove the mean land surface.
intO, the Control We" throughout the test. The Short'term 8.6.4 Make p|ots of Water_|eve| Changes and discharge
discharge should not vary more than 10 % about the meameasurements as follows:
discharge. For constant-discharge tests, long-term variation of g 5.4.1 Plot water levels in the control well and each

discharge from the beginning to end of test generally should bgpservation well against the logarithm of time since pumping
less than 5 %. began. Plot the rate of discharg®, of the control well on
8.2 Measure discharge frequently, for example every 5 mingrithmetic paper.
and if necessary adjust discharge during the beginning of the g .4.2 Prepare a plot of the log of drawdownyersus the
test. When the discharge becomes more stable, reduce thgg of the ratio of time since pumping begarto the square of
frequency of adjustments and check discharge at least ongge distance from the control well to the observation well,
every 2 h throughout the test. Variations in electric line load tat is log s versus logg/r?, on a single graph and maintain
throughout the day will cause variations in discharge of pumpshe graph as the test progresses. Unexpected, rapid deviations
equipped with electric motors. Changes in air temperature angf the data from the type curves may be caused by variations
barometric pressure will likewise affect diesel motors. Late inin discharge of the control well, or by other wells in the vicinity
a lengthy test, measure and adjust discharge much mokgarting, stopping or changing discharge rates, or by other
frequently than the water levels are measured. changes in field conditions. Such interfering effects may need
8.3 Measuring Water Level; Frequency of Measurersent tg he measured, and adjustments made in the final data, or it
Measure water levels in each observation well at approximay be necessary to abort the test.
mately logarithmic intervals of time. Measure at least ten data g g 4.3 p|ot Recovery of Water LevelsPlot recovery data,
points throughout each logarithmic interval. A typical measuretonsisting of plots of water level versus log of the ratio of time
ment schedule is listed in Table 1. o since pumping started)(to the time since pumping stopped
8.4 Duration of Pumping Phase of TesMake preliminary (¢'). Prepare mass plots of log of recovery versus log of the
analysis of the aquifer-test data during the test using th%uantity: ratio of time since pumping stopped) o the square

appropriate test method (such as Test Methods D 4105 angt the distance from the control well to the observation well
D 4106). Continue the test until the analysis shows adequaig?), that is log ¢ versus loggt'/r2.
test duration.

9. Report
TABLE 1 Typical Measurement Frequenc . . . .
o d : i : 9.1 Prepare a report containing field data including a de-
Frequency, One Measurement Every: Elapsed Time, For the First scription of the field site, plots of water level and discharge
io; 3;“"15 _ with time, and preliminary analysis of data.
min 0 min . . .
5 min 15 10 60 min - 9.1.1 An introduction stating purpose of the test, dates and
10 min 60 to 120 min times water-level measurements were begun, dates and times
2°1mh'” 2?’ ishh discharge or injection was begun and ended, and the average
(o) . - .
5h 15 10 60 h rate of discharge or injection.

9.1.2 The “as built” description and diagrams of all control
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wells, observation wells, and piezometers. may be necessary to conduct well-deviation surveys to deter-
9.1.3 A map of the site showing all well locations, the mine the true horizontal distance between well screens in the

distances between wells, and location of all geologic boundaquifer.

aries or surface-water bodies which might effect the test. 9.1.4 Include tabulated field data collected during the test.
9.1.3.1 The locations of wells and boundaries that would

affect the aquifer tests need to be known with sufficient10. Precision and Bias

i li lysis. F [ hi . . : - .
accuracy to provide a valid analysis. For most analyses, this 10.1 Itis not practicable to specify the precision of this test

means the locations must provi ints within plottin . . .
eans the locations must provide data points plot gE'wethod because the response of aquifer systems during aquifer

accuracy on the semilog or log-log graph paper used in th ; )
analysis. Radial distances from the control well to the obser-eStS is dependent upon ambient system stresses. No statem_ent
vation wells usually need to be known within0.5 %. For can be made about bias because no true reference values exist.

prolonged, large-scale testing it may be sufficient to locate

wells from maps or aerial photographs. However, for small-ll' Keywords

scale tests, the well locations should be surveyed. All faults, 11.1 aquifers; aquifer tests; discharging wells; drawdown;
streams, and canals or other potential boundaries should lggound water; hydraulic conductivity; injection wells; recov-
located. When test wells are deep relative to their spacing iery; storage coefficient; transmissivity
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Standard Test Method

(Analytical Procedure) for Determining Transmissivity of
Nonleaky Confined Aquifers by Overdamped Well Response
to Instantaneous Change in Head (Slug Tests) 1?1

This standard is issued under the fixed designation D 4104; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope Determining of Hydraulic Properties by Well Technigties
1.1 This test method covers the determination of transmis- D 4044 Test Method (Field Procedure) for Instantaneous

sivity from the measurement of force-free (overdamped) re- Change in Head (Slug Test) for Determining Hydraulic
sponse of a well-aquifer system to a sudden change of water _Properties of Aquifers o o

level in a well. Force-free response of water level in a well to D 4750 Test Method for Determining Subsurface Liquid
a sudden change in water level is characterized by recovery to Levels in a Borehole or Monitoring Well (Observation

initial water level in an approximate exponential manner with Well)? . .
negligible inertial effects. D 5912 Test Method (Analytical Procedure) for Determin-

1.2 The analytical procedure in this test method is used in  iNg Hydraulic Conductivity of an Unconfined Aquifer by
conjunction with the field procedure in Test Method D 4044 for ~ Overdamped Well Response in Instantaneous Change in
collection of test data. Head (Slug Tes?)

1.3 Limitations—Slug tests are considered to provide an ;
estimate of transmissivity. Although the assumptions of this3' Termln.ollo.gy
test method prescribe a fully penetrating well (a well open 3-1 Definitions: _
through the full thickness of the aquifer), the slug test method 3-1.1 aquifer, confinee-an aquifer bounded above and
is commonly conducted using a partially penetrating well below by conflnmg beds and in which the static head is above
Such a practice may be acceptable for application undei€ top of the aquifer. .
conditions in which the aquifer is stratified and horizontal 3-1.2 confining bee-a hydrogeologic unit of less perme-
hydraulic conductivity is much greater than vertical hydraulic@Ple material bounding one or more aquifers.
conductivity. In such a case the test would be considered to be 3-1-3 control well—well by which the aquifer is stressed, for
representative of the average hydraulic conductivity of thefX@mple, by pumping, injection, or change of head.
portion of the aquifer adjacent to the open interval of the well. 3:1.4 head, statie-the height above a standard datum of the

1.4 The values stated in S| units are to be regarded aduUrface of a column of water (or other liquid) that can be
standard. supported by the static pressure at a given point.

1.5 This standard does not purport to address all of the 3.1.5 hydraulic conductivity—(field aquifer tests)the vol-
safety concerns, if any, associated with its use. It is théMme of water at the existing kinematic viscosity that will move
responsibility of the user of this standard to establish approiN @ unit time under a unit hydraulic gradient through a unit

priate safety and health practices and determine the applica@®@ measured at right angles to the direction of flow.
bility of regulatory limitations prior to use. 3.1.6 observation wel-a well open to all or part of an

aquifer.

2. Referenced Documents 3.1.7 overdamped-well responsecharacterized by the wa-
2.1 ASTM Standards: ter level returning to the static level in an approximately
D 653 Terminology Relating to Soil, Rock, and Contained€XPonential manner following a sudden change in water level.

Fluid< (See for comparisonnderdamped-well responge

D 4043 Guide for Selection of Aquifer-Test Method in 3-1.8 slug—a volume of water or solid object used to induce
a sudden change of head in a well.

3.1.9 specific storage-the volume of water released from
! This test method is under the jurisdiction of ASTM Committee D-18 on Soil or .takﬁn Into ;st()r]ragg per unit volume of the porous medium per
and Rock and is the direct responsibility of Subcommittee D18.21 on Ground Wate‘rmlt change In head.
and Vadose Zone Investigations.
Current edition approved Oct. 10, 1996. Published January 1997. Originally

published as D 4104 — 91. —_—
2 Annual Book of ASTM Standardéol 04.08. 3 Annual Book of ASTM Standagdgol 04.09.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.1.10 storage coefficient-the volume of water an aquifer  and:
releases from or takes into storage per unit surface area of the _ 2 2
aquifer per unit change in headg Fgr a confined aquifer, the AW = [Uh(W) = 20, W]+ [UY(W) = 20¥y (W]
storage coefficient is equal to the product of specific storage Note 1—See D 5912 and Hvorsle(2) Bouwer and Rice(3), and
and aquifer thickness. For an unconfined aquifer, the storag@Puwer(4).
coefficient is approximately equal to the specific yield.

3.1.11 transmissivity—the volume of water at the existing ) )
kinematic viscosity that will move in a unit time under a unit -1 Assumptions of Solution of Cooper et @):
hydraulic gradient through a unit width of the aquifer. _ 5.1.1 The head change in the control well is instantaneous at

3.1.12 underdamped-well responsaesponse characterized met =0. -
by the water level oscillating about the static water level -1-2 Well is of finite diameter and fully penetrates the
following a sudden change in water level. (See for compariso@duifer.

5. Significance and Use

overdamped-well responge 5.1.3 Flow in the nonleaky aquifer is radial.
3.1.13 For definitions of other terms used in this test -2 Implications of Assumptions o o
method, see Terminology D 653. 5.2.1 The mathematical equations applied ignore inertial
3.2 Symbols: effects and assume the water level returns the static level in an

3.2.1 J, [nd]—zero-order Bessel function of the first kind. approximate expongntial manner. The geometric configuration
3.2.2 J, [nd]—first-order Bessel function of the first kind. ©f the well and aquifer are shown in Fig. 1.

3.2.3 K [LT Y—hydraulic conductivity. 5.2.2 Assumptions are applicable to artesian or confined
3.2.4 T [L2T Y}—transmissivity. condltlorjs and fully penetrating V\_/ells. However, this test
3.2.5 S [nd]—storage coefficient. _method |s_common!y applied to partlally pengtratmg_wells and
3.2.6 Y, [nd]—zero order Bessel function of the second N unconfined aquifers where it may provide estimates of
kind. hydraulic conductivity for the aquifer interval adjacent to the
3.2.7 Y, [nd]—first order Bessel function of the second OP&€N interval of the well if the horizontal hydraulic conduc-
kind. tivity is significantly greater than the vertical hydraulic con-
3.2.8 1, [L]—radius of control-well casing or open hole in ductivity. _ o
interval where water level changes. 5.2.3 As pomted out by Cooper et(@) the determlnatlon of _
3.2.91,, [L]—radius of control well screen or open hole Storage coefficient by §h|§ test method has questionable reli-
adjacent to water bearing unit. ability t_)eca_luse of the S|mllqr'sh.ape of the curves, whereas,l the
3.2.10 u—variable of integration. determination of transmissivity is not as sensitive to choosing
3.2.11 H [L] —change in head in control well. the correct curve. However, the curve selected should not

3.2.12 H, [L] —initial head rise (or decline) in control well. MPly @ storage coefficient unrealistically large or small.
3.2.13 t—time.

3.2.14 B—TUr 2. 6. Procedure
3.2.15 a—r,”SIr2. 6.1 The overall procedure consists of conducting the slug
test field procedure (see Test Method D 4044) and analysis of
4. Summary of Test Method the field data, that is addressed in this test method.

4.1 This test method describes the analytical procedure for
analyzing data collected during an instantaneous head (slug)
test using an overdamped well. The field procedures in

conducting a slug test are given in Test Method D 4044, The =~ Sround surfece
analytical procedure consists of analyzing the recovery o
water level in the well following the change in water level

A - —<

induced in the well. I -—- u_f"
) . . 4 ter level | Ho D
4.2 Solution—The solution given by Cooper et fl)* is as after injectio | .
follows: HID | J_
—_— Y Ly | e
2H fac ) STatic waler level : . _4
H==—= | [lexp(—Bulla)[Io(urir,,) ) T
v ° 7 o sl / Y 7]/ /
[uYy(u) — 2aY,(u)] — Yg(uriry,) / L L/ r
[Ug(W) — 20d,(W)]V/A(W)]]du :
where: . _J
Confined aquifer

o =r,°9r.2

B = Ttr.2

_____}‘______
£

[ 77777 st/ [ [ [ [ [/

4 The boldface numbers in parentheses refer to a list of references at the end dflG. 1 Cross Section Through a Well in Which a Slug of Water is
the text. Suddenly Injected
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6.2 The integral expression in the solution given in (Eq 1) 7.2 Prepare a semilogarithmic plot of the same scale as that
cannot be evaluated analytically. A graphical solution forof the type-curve. Plot the water level data in the control well,
determination of transmissivity and coefficient of storage carexpressed as a fractioH/H,, on the arithmetic scale, versus
be made using a set of type curves that can be drawn from thame, t, on the logarithmic scale.

values in Table 1. o - o
Note 2—If the water level rise is very rapid with a small disparity

7. Calculation between the calculated and measured change in water level, then time =0
. ) ) can be used as the instant the change was initiatedHgncin be the
7.1 Prepare a semilogarithmic plot of a set of type curves otaiculated rise. If there is a significant time lag between initiation of the
values ofF (8, «) = H/H,, on the arithmetic scale, as a function head change and the peak rise or decline is significantly less than the
of B, on the logarithmic scale from the values of the functionscalculated change use= 0 as the time of maximum observed change and

in Table 1. takeH, as the maximum observed change.
7.3 Overlay the data plot on the set of type curve plots and,
TABLE 1 Values of H/H, with the arithmetic axes coincident, shift the data plot to match
From Cooper, Bredehoeft, and Papadopulos (1) one curve or an interpolated curve of the type curve set. A
B=Tr.? « 107" 1072 107° 107 10°° match point for betat, and alpha picked from the two graphs.
. 1.00 09771 09920 09969 09985  0.9992 7.4 Using the coordinates of the match line, determine the
10~ 2.15 0.9658 0.9876 0.9949 0.9974 0.9985 iecihvi H H _
woa 09490 09807 09914 09954  0.9970 t_rans.m|SS|V|ty and storage coefficient from the following equa
1.00 09238 09693 09853  0.9915  0.9942 tions:
1072 2.15 0.8860 0.9505 0.9744 0.9841 0.9883 2
4.64 08293 09187 09545 09701  0.9781 T=pr
1.00 07460  0.8655 09183 09434  0.9572 d:
10 215 06289 07782 08538  0.8935  0.9167 and.
4.64 04782 06436 07436  0.8031  0.8410 S— ar.2r.2
1.00 0.3117 0.4598 0.5729 0.6520 0.7080 =iy,
10° 2.15 0.1665 02597 03543 04364  0.5038
4.64 0.07415 0.1086  0.1554  0.2082  0.2620 8. Report
7.00 0.04625 0.06204 0.08519 0.1161 0.1521
i-gg g-ggggg g-ggﬁg g-gggill gggigg g-gii;g 8.1 Prepare a report including the information described in
10t 215 001297 001414 001545 001723 001999 _thIS section. The_z final report of the analytical procedure vy|II
3.00 0.009070 0.009615 0.01016 0.01083  0.01169 include information from the report on test method selection
4.64 0.005711  0.004919 0.006111 0.006319 0.006554 (see Guide D 4043) and the field testing procedure (see Test
7.00 0.003722 0.003809 0.003884 0.003962 0.004046 Method D 4044)
1.00 0.002577 0.002618 0.002653 0.002688 0.002725 . . o
102 2.15 0.001179 0.001187 0.001194 0.001201 0.001208 8.1.1 Introduction—The introductory section is intended to
From Papadopulos, Bredehoeft, and Cooper (5) present the scope and purpose of the slug test method for
B=Tth.? « 10°° 107 107° 107 107 determining transmissivity and storage coefficient. Summarize
1 0.9994  0.9996  0.9996  0.9997  0.9997 the field hydrogeologic conditions and the field equipment and
L2 0.9989  0.9992 09993 09994 0.9995 instrumentation including the construction of the control well,
10 4 0.9980 09985  0.9987 09989  0.9991 ) .
6 09972 09978 09982 09984  0.9986 and the.method of measurement and_ of effecting a change in
8 0.9964 09971  0.9976  0.9980  0.9982 head. Discuss the rationale for selecting the method used (see
1 0.9956 09965 09971 09975  0.9978 ;
2 0.9919 09934 09944 09952  0.9958 Guide D 4043). i i i ) . )
1072 4 0.9848 09875  0.9894  0.9908  0.9919 8.1.2 Hydrogeologic Setting-Review information avail-
g 8-2;?; 8-335 8-33‘9‘8 8-2222 8-223}1 able on the hydrogeology of the site; interpret and describe the
1 09655 09712 09753 09784  0.9807 hydrogeology of the site as it pertains to the method selected
2 0.9361 09459  0.9532  0.9587  0.9631 for conducting and analyzing an aquifer test. Compare hydro-
107 4 08828 08995 09122 09220  0.9298 geologic characteristics of the site as it conforms and differs
6 0.8345 0.8569 0.8741 0.8875 0.8984 f . de i h uti h if
s 07901 08173 08383 08550 08686 rom assumptions made in the solution to the aquifer test
1 07489 07801  0.8045  0.8240  0.8401 method.
2 0.5800 0.6235 0.6591 0.6889 0.7139 H ] : . H
3 04554 05033 05442 05792 06096 8.1.3 Eqmpme_nt—Report the flgld installation and equip-
4 0.3613  0.4093  0.4517 04891  0.5222 ment for the aquifer test. Include in the report, well construc-
10° 2 8-;?23 8-;32; 8-2123 8-43151)‘212 8-;1;13; tion information, diameter, depth, and open interval to the
7 0903 02285 02655 03007 03337 aquifer, and location of contl_rol well. _
8 0.1562  0.1903  0.2243  0.2573  0.2888 8.1.3.1 Report the techniques used for observing water
2 8’133; g-igi‘s‘ 8'12% g-iggg 8-351’32 levels, pumping rate, barometric changes, and other environ-
2 0:02720 0:03343 0:04]_29 0:05071 0:06149 mental conditions pertinent to the test. Include a list of
. 3 001286 0.01448 0.01667 0.01956 0.02320 measuring devices used during the test, the manufacturers
10 4 0.008337 0.008898 0.009637 0.01062 0.01190 : ot :
: 0006209 0.006470 0.006789 0.007192 0.007709 name, model number, and basic specifications for_eac_h major
6 0.004961 0.005111 0.005283 0.005487 0.005735 item, and the name and date of the last calibration, if
8 0.003547 0.003617 0.003691 0.003773 0.003863 applicable.
1 0.002763 0.002803 0.002845 0.002890 0.002938 . :
10° 2 0.001313 0.001322 0.001330 0.001339 0.001348 8.1.4 Testing Procedures-Report the steps taken in con-

ducting the pretest and test phases. Include the frequency of
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head measurements made in the control well, and otheesponse and the conformance of the hydrogeologic conditions
environmental data recorded before and during the testingnd the performance of the test to the assumptions (see 5.1).

procedure.
8.1.5 Presentation and Interpretation of Test Results 9. Precision and Bias
tes8t.1.5.1 Data—Present tables of data collected during the 9.1 It is not practical to specify the precision of this test

method because the response of aquifer systems during aquifer

8.1.5.2 Data Plots—Present data plots used in analysis Oftests is dependent upon ambient system stresses. No statement
the data. Show overlays of data plots and type curve with P P y : )
n be made about bias because no true reference values exist.

match points and corresponding values of parameters at match

points. 10. K d
8.1.5.3 Show calculation of transmissivity and storage co-""" eywords
efficient. 10.1 aquifers; aquifer tests; control wells; ground water;

8.1.5.4 Evaluate the overall quality of the test on the basis ofiydraulic conductivity; observation wells; storage coefficient
the adequacy of instrumentation and observations of stress astbrativity; transmissivity
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Standard Test Method

(Analytical Procedure) for Determining Transmissivity and
Storage Coefficient of Nonleaky Confined Aquifers by the
Modified Theis Nonequilibrium Method *

This standard is issued under the fixed designation D 4105; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope 3. Terminology

1.1 This test method covers an analytical procedure for 3.1 Definitions:
determining transmissivity and storage coefficient of a non- 3.1.1 aquifer, confined-an aquifer bounded above and
leaky confined aquifer under conditions of radial flow to a fully below by confining beds and in which the static head is above
penetrating well of constant flux. This test method is a shortcuthe top of the aquifer.
procedure used to apply the Theis nonequilibrium method. The 3.1.2 aquifer, unconfined-an aquifer that has a water table.

Theis method is described in Test Method D 4106. 3.1.3 confining bed-a hydrogeologic unit of less perme-
1.2 This test method is used in conjunction with the fieldable material bounding one or more aquifers.
procedure given in Test Method D 4050. 3.1.4 control well—well by which the aquifer is stressed, for

1.3 Limitations—The limitations of this test method are example, by pumping, injection, or change of head.
primarily related to the correspondence between the field 3.1.5 drawdown—vertical distance the static head is low-
situation and the simplifying assumptions of this test methodered due to the removal of water.

(see 5.1). Furthermore, application is valid only for values of  3.1.6 hydraulic conductivity—(field aquifer tests)the vol-

less than 0.01u(is defined in Eq 2, in 8.6). ume of water at the existing kinematic viscosity that will move
1.4 The values stated in Sl units are to be regarded a® a unit time under unit hydraulic gradient through a unit area
standard. measured at right angles to the direction of flow.

1.5 This standard does not purport to address all of the 3.1.7 observation well-a well open to all or part of an
safety concerns, if any, associated with its use. It is theaquifer.
responsibility of the user of this standard to establish appro- 3.1.8 piezometer-use to measure static head at a point in
priate safety and health practices and determine the applicathe subsurface.

bility of regulatory limitations prior to use. 3.1.9 specific storage-the volume of water released from
or taken into storage per unit volume of the porous medium per
2. Referenced Documents unit change in head.
2.1 ASTM Standards: 3.1.10 storage coefficient-the volume of water an aquifer
D 653 Terminology Relating to Soil, Rock, and Containedreleases from or takes into storage per unit surface area of the
Fluids® aquifer per unit change in head. For a confined aquifer, it is

D 4043 Guide for Selection of Aquifer-Test Method in equal to the product of specific storage and aquifer thickness.
Determining Hydraulic Properties by Well Technigéies ~ For an unconfined aquifer, the storage coefficient is approxi-
D 4050 Test Method (Field Procedure) for Withdrawal andmately equal to the specific yield.
Injection Well Tests for Determining Hydraulic Properties  3.1.11 transmissivity—the volume of water at the existing
of Aquifer System$ kinematic viscosity that will move in a unit time under a unit
D 4106 Test Method (Analytical Procedure) for Determin- hydraulic gradient through a unit width of the aquifer.
ing Transmissivity and Storage Coefficient of Nonleaky 3.1.12 For definitions of other terms used in this test
Confined Aquifers by the Theis Nonequilibrium Metifod method, see Terminology D 653.
3.2 Symbols:Symbols and Dimensions:
3.2.1 K [LTY—hydraulic conductivity.
! This test method is under the jurisdiction of ASTM Committee D18 on Soil and 322 ny_hydraU”C conductivity in the horizontal direc-
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water andlon.

Va‘iPse Z‘t-"”ed'_?_"eS“Qa“O”Sa ool 10. 1696 Published June 1987, Orianaly  3-2-3 Kz—hydraulic conductivity in the vertical direction.
urrent edition approve CL. , . upblishe une . rginally 2——1- . .
published as D 4105 — 91. Last previous edition D 4105 —91. 3.24TIL°T ]—transmlssw[ty.

2 Annual Book of ASTM Standatdgol 04.08. 3.2.5 S[nd]—storage coefficient.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.2.6 Ss[L "]—specific storage. and:
3.2.7 s [L]—drawdown. 2.0
3.2.8 Q [L3T Y—discharge. T = = 2nAgAlog, T ()

3.2.9r [L]—radial distance from control well.

3.2.10t [T]—time. where: .
3.2.11 b [L]—thickness of the aquifer. As/Alog,ot = the drawdown (measured or projected) over
one log cycle of time, and
4. Summary of Test Method As/Alog;or = the drawdown (measured or projected) over

one log cycle of radial distance from the

4.1 This test method describes an analytical procedure for
control well.

analyzing data collected during a withdrawal or injection well
test. The field procedure (see Test Method D 4050) involve%
pumping a control well at a constant rate and measuring the’ i
water level response in one or more observation wells or °-1 Assumptions

piezometers. The water-level response in the aquifer is a 9-1.1 Well discharges at a constant rage,

function of the transmissivity and coefficient of storage of the 5-1.2 Well is of infinitesimal diameter and fully penetrates
aquifer. Alternatively, the test can be performed by injectingthe _aqwfer, that is, the well is open to the full thickness of the
water at a constant rate into the aquifer through the controfquifer. o _ _

well. Analysis of buildup of water level in response to injection  °-1.3 The nonleaky aquifer is homogeneous, isotropic, and
is similar to analysis of drawdown of water level in response tc@r€@lly extensive. A nonleaky aquifer receives insignificant
withdrawal in a confined aquifer. Drawdown of water level is contribution of water from confining beds. .

analyzed by plotting drawdown against factors incorporating -1-4 Dlscharge.from the well is derived exclusively from
either time or distance from the control well, or both, andStorage in the aquifer. _ _
matching the drawdown response with a straight line. 5.1.5 The geometry of the assumed aquifer and well condi-

4.2 Solution—The solution given by Theig1)® can be fions are shownin Fig. 1.
expressed as follows: 5.2 Implications of Assumptions

5.2.1 Implicit in the assumptions are the conditions of radial
flow. Vertical flow components are induced by a control well
that partially penetrates the aquifer, that is, not open to the
aquifer through its full thickness. If the control well does not
fully penetrate the aquifer, the nearest piezometer or partially
penetrating observation well should be located at a distance,
beyond which vertical flow components are negligible, where
according to Ree¢b)

Significance and Use

_Q e
S—m UTdy (1)

where:

r’s
u—4—-|-t (2)

and:

fxe—wd — W(u) = —0.577216- log, u ) 1%
Y y = = . Ge rz—KZ )

uz B u? Ky

+tU— s tam gt - : : : : :
212 313 44 This section applies to distance-drawdown calculations of

4.3 The sum of the terms to the right of |@gn the series
of Eq 3 is not significant when becomes small.

Note 1—The errors for small values ofl, from Kruseman and

transmissivity and storage coefficient and time-drawdown cal-
culations of storage coefficient. If possible, compute transmis-
sivity from time-drawdown data from wells located within a

distancey, of the pumped well using data measured after the

DeRidder(1) are as follows:

Error less than, %: 1 2 5 10
For u smaller than: 0.03 0.05 0.1 0.15

The value ofu decreases with increasing timg, and

effects of partial penetration have become constant. The time at
which this occurs is given by HantugB) by:

decreases as the radial distancedecreases. Therefore, for ¢ wﬁL
large values of and reasonably small values mfthe terms to _— I
the right of logu in Eq 3 may be neglected as recognized by Static water level | .
Theis(2) and Jacol§3). The Theis equation can then be written Rumpj Wap, TeF L/i/
as follows: L, ||
87 J— J
s=i[—0.577216— In <r23>] @) M r
4T 4Tt \ \ \ \ \ | \ \|mpermeab|e E:ed\ \\A
from which it has been shown by Lohm#) that ==
2.0 Screen\§ Confined aquifer

TN N ez b LN TN NN

2The boldface numbers in parentheses refer to a list of references at the end oFIG. 1 Cross Section Through a Discharging Well in a Nonleaky
the text. Confined Aquifer
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t = b?/2T (K/K,) (8) Method D 4050) by this test method requires that the control
Fully penetrating observation wells may be placed at les ell and observation wells meet the requirements specified in
.2-6.4.

than distance from the control well. Observation wells may . .
be on the same or on various radial lines from the control well, 6-2 €ontrol Weli—Screen the control well in the aquifer and

5.2.2 The Theis method assumes the control well is of9UiP With a pump capable of Qischarging water from the well
infinitesimal diameter. Also, it assumes that the water level irfl & constant rate for the duration of the test. Preferably, screen

the control well is the same as in the aquifer contiguous to thé1€ control well throughout the full thickness of the aquifer. If
well. In practice these assumptions may cause a differenctgle con_trol_well partially penetrates the aquifer, _take special
between the theoretical drawdown and field measurements gfecautionin the placement or design of observation wells (see

: . 2.1).
drawdown in the early part of the test and in and near th . .
control well. Control well storage is negligible after a tinte, 6.3 Construction of Observation WeHlsConstruct one or

given by the following equation after week®). more observation Wel!s or piezometers at a distance from the
control well. Observation wells may be partially open or fully
_ 25_%2 9 open throughout the thickness of the aquifer.

T 6.4 Location of Observation WellsLocate observation
where: wglls at various dista}nces from the_contrpl well within the area
r. = the radius of the control well in the interval that ©f influence of pumping. However, if vertical flow components

includes the water level changes. are significant and if partially penetrating observation wells are

5.2.3 Application of Theis Nonequilibrium Method to Un- used, locate them at a distance beyond the effect of vertical
confined Aquifers flow components (see 5.2.1). If the aquifer is unconfined,

5.2.3.1 Although the assumptions are applicable to confine§onstraints are imposed on the distance to partially penetrating
gﬁbservanon wells and the validity of early time measurements

t

conditions, the Theis solution may be applied to unconfine

aquifers if drawdown is small compared with the saturate see 5.2.3).
thickness of the aquifer or if the drawdown is corrected for7  procedure
reduction in thickness of the aquifer and the effects of delayed

gravity yield are small. procedure for withdrawal or injection well tests described in

5'.2'3'2 Reducpon in Aquifer Thicknessin an uncon.fme.d Test Method D 4050 and analysis of the field data as addressed
aquifer, dewatering occurs when the water levels decline in the

A ; . : Ih this test method.
vicinity of a pumping well. Corrections in drawdown need to . L
; Do . 7.2 Use a graphical procedure to solve for transmissivity
be made when the drawdown is a significant fraction of the . : .
: : and coefficient of storage as described in 8.2.
aquifer thickness as shown by Jac(®). The drawdownsg,
needs to be replaced Is, the drawdown that would occur in 8. Calculation
an equivalent confined aquifer, where:

7.1 The overall procedure consists of conducting the field

8.1 Plot drawdowns, at a specified distance on the arith-
, s? metic scale and time, on the logarithmic scale.
STST® (10) 8.2 Plot drawdowns, for several observation wells at a
5.2.3.3 Gravity Yield Effects-In unconfined aquifers, de- speci_fied.time on the arithmetic scale and distance on the
layed gravity yield effects may invalidate measurements ofogarithmic scale. _ , _
drawdown during the early part of the test for application to the 8-3 For convenience in calculations, by choosing draw-
Theis method. Effects of delayed gravity yield are negligible indoWn, A s, as that which occurs over one log cycle of time:

partially penetrating observation wells at a distamc&om the 3 (t_2> 3
control well, where: Alog,t=logy () =1 (13)
b and, similarly for convenience in calculations, by choosing
= K, D the drawdownAs;, as that which occurs over one log cycle of
K,y distance,
after the time,t, as given in the following equation from _ (r_2> _
Neuman(9): Alog;pr =100y )= 1 (14)
r2 8.4 Calculate transmissivity using the semilog plot of draw-
t=105 - (12)  down versus time by the following equation derived from Eq 5:
where: t = 2.30/2mAs, (15)

= the specific yield. o . .

For fully penetrating observation wells, the effects of de- ©f calculate transmissivity using the semilog plot of dr"?‘W'

layed yield are negligible at the distancejn Eq 11 after one down versus radial distance from control well by the following
tenth of the time given in the Eq 12. equation derived from Eq 6:

2.9

6. Apparatus ~ 2mAs

6.1 Analysis of data from the field procedure (see Test 8.5 Determine the coefficient of storage from these semilog

T= (16)
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plots of drawdown versus time or distance by a methodiiezometers, the method of measurement of discharge and

proposed by Jacof?) where: water levels, and the duration of the test and pumping rate.
2.0 2 25Tt Discuss rationale for selecting the modified Theis method.
$= ZaT 10910 <_r 2g ) 17 9.1.2 Hydrogeologic Setting-Review the information

available on the hydrogeology of the site; interpret and
describe the hydrogeology of the site as it pertains to the
selection of this method for conducting and analyzing an
g 2.25Tt (18) aquifer test. Compare the hydrogeologic characteristics of the
r2 site as it conforms and differs from the assumptions in the

solution to the aquifer test method.

9.1.3 Equipment—Report the field installation and equip-
ment for the aquifer test, including the construction, diameter,

8.6 To apply the modified Theis nonequilibrium method todepth of screened interval, and location of control well and
thin unconfined aquifers, where the drawdown is a significanpumping equipment, and the construction, diameter, depth, and
fraction of the initial saturated thickness, apply a correction tascreened interval of observation wells.

Takings = 0 at the zero-drawdown intercept of the straight-
line semilog plot of time or distance versus drawdown,

where:
eitherr ort = the value at the zero-drawdown intercept.

the drawdown in solving fol and S (see 5.2.3.2). 9.1.4 Describe the methods of observing water levels,
8.7 This test method is applicable only for valueswk  pumping rate, barometric changes, and other environmental
0.01, that is: conditions pertinent to the test. Include a list of measuring
' devices used during the test, the manufacturers name, model
U= 417 <001 (19)  number, and basic specifications for each major item, and the

Itis seen from Eq 13 thatdecreases as time increases othername and date and method of the last calibration, if applicable.
thinas being e ualq Becausds in the numerator. the vaIL;e of 9.1.5 Testing Procedures-State the steps taken in conduct-
9 g equal. ’ ing pre-test, drawdown, and recovery phases of the test.

golesfﬁ(:?eur?thmzm?elilr?ref?rrori oc:lmgré%?] t%ﬂ?&;’m:ii;g:agqnclude the date, clock time, and time since pumping started or
yrang y ' stopped for measurements of discharge rate, water levels, and

unconfined aquifer, whose specific yield may be from 0.1 to

0.3. To compensate for thismust be greater by several orders ghhrir environmental data recorded during the testing proce-

ggr?;iﬁgglt:gjif:ar: testing an unconfined aquifer than testing a 9.1.6 Presentation and Interpretation of Test Results
71 In a drawdown-tim rsus | rl r2 9.1.6.1 Data—Present tables of data collected during the
8 a drawdown-time tess gersus loggt or logdt/r), test. Show methods of adjusting water levels for barometric

data points for any particular distance will begin to fall on a h d calculati ¢ drawd d residual drawd
straight line only after the time is sufficiently long to satisfy the changes and caiculation of drawdown and residual drawdown.
9.1.6.2 Data Plots—Present data plots used in analysis of

above criteria. In a drawdown-distance teswvérsus log.r), g
the well must be pumped long enough that the data for the mo&f€ data. o o
distant observation well satisfy the requirements; then only the 9-1.6.3 Evaluate qualitatively the determinations of trans-

drawdowns at or after this value 6fmay be analyzed on a Missivity and coefficient of storage on the basis of the
semilogarithmic plot for one particular value of adequacy of instrumentation, observations of stress and re-

sponse, and the conformance of the hydrogeologic conditions,

Nore 2—The analyst may also find it useful to analyze the data usinggnd the performance of the test to the assumptions of the
the Theis nonequilibrium procedure (see Test Method D 4106). method

9. Report

9.1 Report the information described below. The report oflo' Precgon and B|.as . o )
the analytical procedure will include information from the 10.1 Itis not practicable to specify the precision of this test
report on test method selection (see Guide D 4043) and th@ethod because the response of aquifer systems during aquifer
field testing procedure (see Test Method D 4050). tests is dependent upon ambient system stresses. No statement
9.1.1 Introduction—The introductory section is intended to ¢an be made about bias because no true reference values exist.
present the scope and purpose of the recovery method for
determining transmissivity and storativity in a nonleaky con-11. Keywords
fined aquifer. Summarize the field hydrogeologic conditions 11.1 aquifers; aquifer tests; confined aquifers; control wells;
and the field equipment and instrumentation including theground water; hydraulic properties; observation wells; storage
construction of the control well and observation wells andcoefficient; transmissivity; unconfined aquifers
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INTERNATIONAL

Standard Test Method

(Analytical Procedure) for Determining Transmissivity and
Storage Coefficient of Nonleaky Confined Aquifers by the
Theis Nonequilibrium Method *

This standard is issued under the fixed designation D 4106; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope able material bounding one or more aquifers.
1.1 This test method covers an analytical procedure for 3-1.3 control well—well by which the head and flow in the
determining the transmissivity and storage coefficient of a@duifer is changed, for example, by pumping, injection, or

nonleaky confined aquifer. It is used to analyze data odMPOSing a constant change of head. _ _
water-level response collected during radial flow to or from a 3.1.4 drawdown—vertical distance the static head is low-

well of constant discharge or injection. ered due to the removal of water.
1.2 This analytical procedure is used in conjunction with the 3:1.5 head—seehead, static
field procedure given in Test Method D 4050. 3.1.6 head, statie-the height above a standard datum of the

1.3 Limitations—The limitations of this test method for Surface of a column of water (or other liquid) that can be
determination of hydraulic properties of aquifers are primarilySUPPorted by the static pressure at a given point.
related to the correspondence between the field situation and3-1.7 hydraulic conductivity (field aquifer testsjthe vol-
the simplifying assumptions of this test method (see 5.1). Ume of water at the existing kinematic viscosity that will move
1.4 The values stated in S| units are to be regarded 2§ & unit time under a unit hydraulic gradient through a unit
standard. area measured at right angles to the direction of flow.
1.5 This standard does not purport to address all of the 3.1.8 observation wel-a well open to all or part of an
safety concerns, if any, associated with its use. It is théquifer. _
responsibility of the user of this standard to establish appro- 3:1.9 piezometer-a device so poqstructed and sealed as to
priate safety and health practices and determine the applicaéasure hydraulic head at a point in the subsurface.

bility of regulatory limitations prior to use. 3.1.10 specific storage-the volume of water released from
or taken into storage per unit volume of the porous medium per
2. Referenced Documents unit change in head.
2.1 ASTM Standards: 3.1.11 storage coefficiert-the volume of water an aquifer
D 653 Terminology Relating to Soil, Rock, and Contained'eleases from or takes into storage per unit surface area of the
Fluids? aquifer per unit change in head. For a confined aquifer, the

D 4043 Guide for Selection of Aquifer Test Method in Storage coefficient is equal to the product of the specific storage
Determining of Hydraulic Properties by Well Techniggies and aquifer thickness. For an unconfined aquifer, the storage

D 4050 Test Method (Field Procedure) for Withdrawal andcoefficient is approximately equal to the specific yield.
Injection Well Tests for Determining Hydraulic Properties ~3.1.12 transmissivity—the volume of water at the existing

of Aquifer System3 kinematic viscosity that will move in a unit time under a unit
hydraulic gradient through a unit width of the aquifer.
3. Terminology 3.1.13 unconfined aquiferan aquifer that has a water
3.1 Definitions: table.

3.1.1 aquifer, confined-an aquifer bounded above and 3.1.14 For definitions of other terms used in this test
below by confining beds and in which the static head is abové&€thod, see Terminology D 653.
the top of the aquifer. 3.2 Symbols:Symbols and Dimensions:

3.1.2 confining bed-a hydrogeologic unit of less perme-  3.2.1 K [LT “}—hydraulic conductivity.
3.2.2 K,,—hydraulic conductivity in the horizontal plane,

* This test method is under the jurisdiction of ASTM Committee D18 on Soil and radla”y from the COI:]tI’O| well. L . . .
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Waterand 3-2-3 K;—hydraulic conductivity in the vertical direction.

Vadose Zone Investigations. 3.2.4 Q [L3*T Y—discharge.
Current edition approved Oct. 10, 1996. Published June 1997. Originally 3 2.5 S[nd]—storage coefficient.

published as D 4106 — 91. -1 “p
2 Annual Book of ASTM Standardéol 04.08. 3.2.6 Ss[L ] SpeCIfIC storage.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.2.7 T [L?T Y—transmissivity.
3.2.8 W(U) [nd]—well function of u. —_—
3.2.9 b [L]—thickness of aquifer. Static water leval

3.2.10r [L]—radial distance from control well. Rumpp, " renr
3.2.11 s [L]—drawdown. Loy,
g/

4. Summary of Test Method

4.1 This test method describes an analytical procedure for ANAVAVANANVAVANAN
analyzing data collected during a withdrawal or injection well
test. The field procedure (see Test Method D 4050) involves Sereen~J
pumping a control well at a constant rate and measuring the
water level response in one or more observation wells or moarmeable bed
piezometers. The water-level response in the aquifer is aFIG\lérc:sée;on\ﬂ}ou haDischar\in\W; i>a\No>le§
function of the transmissivity and storage coefficient of the © ot Aquifegr 9 y
aquifer. Alternatively, this test method can be performed by

injecting water at a constant rate into the aquifer through the . . .
control well. Analysis of buildup of water level in response to partially penetrating observation well should be located at a

injection is similar to analysis of drawdown of water level in distancer, beyond which vertical flow components are negli-

response to withdrawal in a confined aquifer. Drawdown ofg'ble' where according to Red@).
water level is analyzed by plotting drawdown against factors F—15 b @
incorporating either time or distance from the control well, or Kz
both, and matching the drawdown response with a type curve. Ky
4.2 Solution—The solution given by Theig1)®> may be This section applies to distance-drawdown calculations of
expressed as follows: transmissivity and storage coefficient and time-drawdown cal-
Q (e culations of storage coefficient. If possible, compute transmis-
S= 7T f Ly (1) sivity from time-drawdown data from wells located within a
distancef, of the pumped well using data measured after the

r

\ \Im‘perr\nea‘bleTbed\ \ \

Confined aquifer

R —

where: effects of partial penetration have become constant. The time at
U r_zs @) which this occurs is given by HantugB) by:
At t = b?2T (KJK,) (5)
f“e_ydyzw(u) Fully penetrating observation wells may be placed at less
uy than distance from the control well. Observation wells may
2 3 be on the same or on various radial lines from the control well.
= —0.577216- 10Q, U + U — 515 + 373 — 777 + -~ 5.2.2 The Theis method assumes the control well is of
@) infinitesimal diameter. Also, it assumes that the water level in
the control well is the same as in the aquifer contiguous to the
5. Significance and Use well. In practice these assumptions may cause a difference
5.1 Assumptiorns between the theoretical drawdown and field measurements of
5.1.1 Well discharges at a constant rage, drawdown in the early part of th_e test .a_nd in and near the
5.1.2 Well is of infinitesimal diameter and fully penetrates control well. Control well storage is negligible after a tinte,
the aquifer. given by the Eq 6 after Week4).
5.1.3 The nonleaky aquifer is homogeneous, isotropic, and r2,
aerially extensive. A nonleaky aquifer receives insignificant t=25X~ ©)

contribution of water from confining beds.
5.1.4 Discharge from the well is derived exclusively from Where: , , , , _

storage in the aquifer. r. = the radius of the control well in the interval in which
5.1.5 The geometry of the assumed aquifer and well condi- the W_ater_ level Changes. _ _

tions are shown in Fig. 1. 5.2.3 Application of Theis Method to Unconfined Aquifers
5.2 Implications of Assumptions 5.2.3.1 Although the assumptions are applicable to artesian

5.2.1 Implicitin the assumptions are the conditions of radial°" confined conditions, the Theis solution may be applied to
flow. Vertical flow components are induced by a control wellUnconfined aquifers if drawdown is small compared with the
that partially penetrates the aquifer, that is, the well is not ope§aturated thickness of the aquifer or if the drawdown is
to the aquifer through its full thickness. If the control well does €Orrected for reduction in thickness of the aquifer, and the

not fully penetrate the aquifer, the nearest piezometer offfects of delayed gravity yield are small. _
5.2.3.2 Reduction in Aquifer Thicknesdn an unconfined

aquifer dewatering occurs when the water levels decline in the

3 The boldface numbers in parentheses refer to a list of references at the end ggcmlty of a pumping well. Corrgctlong, m' .drawdown' need to
the text. be made when the drawdown is a significant fraction of the
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aquifer thickness as shown by Jac(®). The drawdowns, Q

needs to be replaced Isj, the drawdown that would occur in ST gmT WU 4o
an equivalent confined aquifer, where: and:

) s? r?s

s =s— <%> @) U= 77 (12)

5.2.3.3 Gravity Yield Effects-In unconfined aquifers, de- Calculation
layed gravity yield effects may invalidate measurements o? '
drawdown during the early part of the test for application to the 8.1 The graphical procedure used to calculate test results is
Theis method. Effects of delayed gravity yield are negligible inbased on the functional relations betwewh(u) and s and
partially penetrating observation wells at and beyond a disbetweenu andt or t/r?.

tance,r, from the control well, where: 8.1.1 Plot values oW (u) versus 1l on logarithmic-scale
b paper (see Table 1). This plot is referred to as the type curve
r=— 8) plot.
K—Z 8.1.2 On logarithmic tracing paper of the same scale and
) _ s size as theW (u) versus 1 type curve, plot values of
After the time,t, as given in Eq 9 from Neuma®). drawdown,s, on the vertical coordinate versus either time on
t=10X S,(r¥T) (9)  the horizontal coordinate if one observation well is used or
versust/r> on the horizontal coordinate if more than one
where: observation well is used.

§ = the specific yield. For fully penetrating observation g 1.3 QOverlay the data plot on the type curve plot and, while
wells, the effects of delayed yield are negligible at the the coordinate axes of the two plots are held parallel, shift the
distancer, in Eq 8 after one tenth of the time given in plot to align with the type curve (see Fig. 2).
the Eq 9. 8.1.4 Select and record the valueswgf(u), 1/u, s andt at

6. Apparatus an arbitrary point, referred to as the match point (see Fig. 2),

6.1 Analysis of data from the field procedure (see Tes(imywhere on the overlapping part of the plots. For convenience

Method D 4050) by the method specified in this test metho r;-uggmt may be selected whewd (u) and 14 are integer

requires that the control well and observation wells meet the '

specifications in the following paragraphs. Note 1—Alternatively, the type curve can be constructed by plotihg
6.2 Construction of Control Wel-Screen the control well (1) againstu, then plotting the data asversusr?t.

in the aquifer to be tested and equip with a pump capable of 8.1.5 Using the coordinates of the point, determine the

discharging water from the well at a constant rate for thefransmissivity and storage coefficient from Eq 12 and Eq 13:

duration of the test. Preferably, screen the control well through- OWU)
out the full thickness of the aquifer. If the control well partially T="Zs (12)
penetrates the aquifer, take special precaution in the placement ¢
and design of observation wells (see 5.2.1). S= 4Tu|r—2 (13)

6.3 Construction of Observation WellsConstruct one or
more observation wells at a distance from the control well. 8.1.6 To apply the Theis nonequilibrium method to thin
Observation wells may be partially open or open throughoutinconfined aquifers where the drawdown is a significant
the thickness of the aquifer. fraction of the initial saturated thickness, apply a correction to

6.4 Location of Observation WellsLocate observation the drawdown in solving for transmissivity and coefficient of
wells at various distances from the control well within the aresstorage (see 5.2.3.2).
of influence of pumping. However, if vertical flow components

S ! . . . 9. Report

are significant and if partially penetrating observation wells are
used, locate them at a distance beyond the effect of vertical 9-1 Prepare a report including the information described in
flow components (see 5.2.1). If the aquifer is unconfinedthis section. The report of the analytical procedure will include
constraints are imposed on the distance to partially penetratingformation from the report on test method selection (see
observation wells and the validity of early time measurementéuide D 4043) and the field testing procedure (see Test Method

(see 5.2.3). D 4050). _ _ S
9.1.1 Introduction—The introductory section is intended to
7. Procedure present the scope and purpose of the constant discharge method

7.1 The overall procedure consists of conducting the fieldor determining transmissivity and storativity in a confined
procedure for withdrawal or injection well tests (described innonleaky aquifer under constant flux. Summarize the field
Test Method D 4050) and analysis of the field data that ishydrogeologic conditions and the field equipment and instru-
addressed in this test method. mentation including the construction of the control well and

7.2 The integral expression in Eq 1 and Eq 2 can not bebservation wells or piezometers, or both, the method of
evaluated analytically. A graphical procedure is used to solveneasurement of discharge and water levels, and the duration of
for the two unknown parameters transmissivity and storag¢he test and pumping rate. Discuss rationale for selecting the
coefficient where: Theis nonequilibrium method.
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TABLE 1 Values of Theis Equation  W(u) for values of 1/ u, From Reed (2)

lu ux 107 1 10 102 10® 10* 10° 10°

1.0 0.00000% 0.21938 1.82292 4.03793 6.33154 8.63322 10.93572 13.23830
1.2 0.00003 0.29255 1.98932 4.21859 6.51369 8.81553 11.11804 13.42062
15 0.00017 0.39841 2.19641 4.44007 6.73667 9.03866 11.34118 13.64376
2.0 0.00115 0.55977 2.46790 4.72610 7.02419 9.32632 11.62886 13.93144
25 0.00378 0.70238 2.68126 4.94824 7.24723 9.54945 11.85201 14.15459
3.0 0.00857 0.82889 2.85704 5.12990 7.42949 9.73177 12.03433 14.33691
35 0.01566 0.94208 3.00650 5.28357 7.58359 9.88592 12.18847 14.49106
4.0 0.02491 1.04428 3.13651 5.41675 7.71708 10.01944 12.32201 14.62459
5.0 0.04890 1.22265 3.35471 5.63939 7.94018 10.24258 12.54515 14.84773
6.0 0.07833 1.37451 3.53372 5.82138 8.12247 10.42490 12.72747 15.03006
7.0 0.11131 1.50661 3.68551 5.97529 8.27659 10.57905 12.88162 15.18421
8.0 0.14641 1.62342 3.81727 6.10865 8.41011 10.71258 13.01515 15.31774
9.0 0.18266 1.72811 3.93367 6.22629 8.52787 10.83036 13.13294 15.43551
1/u 1/u x 107 108 10° 10%° 10t 10*2 1013 104

1.0 15.54087 17.84344 20.14604 22.44862 24.75121 27.05379 29.36638 31.65897
1.2 15.72320 18.02577 20.32835 22.63094 24.93353 27.23611 29.53870 31.84128
15 15.94634 18.24892 20.55150 22.85408 25.15668 27.45926 29.76184 32.06442
2.0 16.23401 18.53659 20.83919 23.14177 25.44435 27.74693 30.04953 32.35211
25 16.45715 18.76974 21.06233 23.36491 25.66750 27.97008 30.27267 32.57526
3.0 16.63948 18.94206 21.24464 23.54723 25.84982 28.15240 30.45499 32.75757
35 16.79362 19.09621 21.39880 23.70139 26.00397 28.30655 30.60915 32.91173
4.0 16.92715 19.22975 21.53233 23.83492 26.13750 28.44008 30.74268 33.04526
5.0 17.15030 19.45288 21.75548 24.05806 26.36064 28.66322 30.96582 33.26840
6.0 17.33263 19.63521 21.93779 24.24039 26.54297 28.84555 31.14813 33.45071
7.0 17.48677 19.78937 22.09195 24.39453 26.69711 28.99969 31.30229 33.60487
8.0 17.62030 19.92290 22.22548 24.52806 26.83064 29.13324 31.43582 33.73840
9.0 17.73808 20.04068 22.34326 24.64584 26.94843 29.25102 31.55360 33.85619

“Value shown as 0.00000 is nonzero but less than 0.000005.

10940t pumping rate, barometric changes, and other environmental
Data piot conditions pertinent to the test. Include a list of measuring
devices used during the test, the manufacturers name, model
10840 305 number, and basic specifications for each major item, and the
name and date and method of the last calibration, if applicable.
—————————————— 3 i 9.1.5 Testing Procedures-State the steps taken in conduct-
Aquifer- e ;T ing pre-test, drawdown, and recovery phases of the test.
test "‘“a\ //,-/’ : 2 Include the date, clock time, and time since pumping started or
N P [ stopped for measurements of discharge rate, water levels, and
Z 7 Match point : other environmental data recorded during the testing proce-
7 coordinates
U-?T r W(u), 1/u,s,t | dure.
2 ' 9.2 Presentation and Interpretation of Test Results
a7 9.2.1 Data—Present tables of data collected during the test.
-<—Iog1orTs—>

Show methods of adjusting water levels for background
water-level and barometric changes and calculation of draw-
down and residual drawdown.

9.2.2 Data Plots—Present data plots used in analysis of the
data. Show overlays of data plots and type curve with match
points and corresponding values of parameters at match points.

9.1.2 Hydrogeologic Setting-Review the information = g 5 3 ghow calculation of transmissivity and storage coef-
available on the hydrogeology of the site; interpret a”dficient

describe the hydrogeology of the site as it pertains to the o .
selection of this test method for conducting and analyzing an 9.2.4 Evalugte qualltatl\_/ely the test on the basis of the
dequacy of instrumentation, observations of stress and re-

aquifer test. Compare the hydrogeologic characteristics of th@ nse th nforman f the hvdr lodi nditions. and
site as it conforms and differs from the assumptions of this tes pOnse, the contormance of the nydrogeologic co ons, a

the performance of the test to the assumptions of this test

method.

9.1.3 Equipment—Report the field installation and equip- method.
ment for the aquifer test, including the construction, diameter . .
depth of screened and gravel packed intervals, and location 310 Precision and Bias
control well and pumping equipment, and the construction, 10.1 It is not practicable to specify the precision of this test
diameter, depth, and screened interval of observation wells anethod because the response of aquifer systems during aquifer
piezometers. tests is dependent upon ambient system stresses. No statement

9.1.4 Describe the methods of observing water levelscan be made about bias because no true reference values exist.

Type-curve plot

Iogw%
—

FIG. 2 Relation of 1/ u, W(u) Type Curve and t, s Data Plot
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11. Keywords

11.1 aquifers; aquifer tests; control wells; ground water;
hydraulic conductivity; observation wells; storage coefficient;
transmissivity

REFERENCES

(1) Theis, C. V., “The Relation Between the Lowering of the Piezometric(5) Jacob, C. C., “Determining the Permeability of Water-Table Aquifers,”
Surface and the Rate and Duration of Discharge of a Well Using in Bentall, Ray, compiler, “Methods of Determining Permeability,
Ground-Water Storage American Geophysical Union Transactions Transmissibility, and Drawdown,” U.S. Geological Survey Water-
Vol 16, Part 2, 1935, pp. 519-524. ~ Supply Paper 1536-I, 1963, pp. 245-271.

(2) Reed, J. E., “Type Curves for Selected Problems of Flow to Wells in gy Neyman, s. P., “Effect of Partial Penetration on Flow in Unconfined
Confined Aqwferg, US Geological Survey Techniques of Water- Aquifers Considering Delayed Gravity Respons@/ater Resources
Resources InvestigationBook 3, Chapter B3, 1980. ResearchVol 10, No. 2, 1974, pp. 303-312

(3) Hantush, M. S., and Jacob, C. E., “Non-Steady Radial Flow in an R T o »
Infinite Leaky Aquifer,” American Geophysical Union Transactions, (7) Wenzel, L. K., “Methods for Determining Permeability of Water-
Vol 36, No. 1, 1955, pp. 95-100. Bearing Materials, with Special Reference to Discharging Well Meth-

(4) Weeks, E. P., Aquifer Tests—The State of the Art in Hydrology ods,” U.S. Geological Survey Water Supply Paper 887, 1942,
Proceedings of the International Well-Testing Symposium, October
19-21, 1977, Berkeley, California, LBL, 7027, Lawrence Berkeley
Laboratory, pp 14-26.

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).



[‘IM) Designation: D 4630 — 96 (Reapproved 2002)
i’

INTERNATIONAL

Standard Test Method for

Determining Transmissivity and Storage Coefficient of Low-
Permeability Rocks by In Situ Measurements Using the
Constant Head Injection Test *

This standard is issued under the fixed designation D 4630; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope g = acceleration due to gravity.

1.1 This test method covers a field procedure for determin- 2.1.2 storage coefficient, -Sthe storage coefficient of a
ing the transmissivity and storativity of geological formationsformation of thicknessb, is defined as follows:
having permeabilities lower than 17 (1 millidarcy) using S=sb ®)
constant head injection.

1.2 The transmissivity and storativity values determined by
this test method provide a good approximation of the capacityVhere:
of the zone of interest to transmit water, if the test intervals ares = SPecific storage. o
representative of the entire zone and the surrounding rock is 1he €brss is the specific storage of a material if it were
fully water-saturated. homoge_neo_us and porous over the entire interval. The specific

1.3 The values stated in Sl units are to be regarded as tH0rage is given as follows:
standard. S = pg(C, + NC,) (4)

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica—c\‘,’v

where:
bulk rock compressibility,
fluid compressibility, and

bility of regulatory limitations prior to use. n formation porosity.
: 2.2 Symbols:
2. Terminolo .
. 'gy . . 2.2.1 C,—bulk rock compressibility (M'LT?).

2.1 Definitions of Terms Specific to This Standard: 2.2.2 C,—compressibility of water (MLT?).

2.1.1 transmissivity, Fthe transmissivity of a formation of 2 2.3 G—dimensionless function.
thickness, is defined as follows: 2.2.4 K—hydraulic conductivity (LTY).

T=Kb 1) 2.2.4.1 Discussior—The use of symbolK for the term

hydraulic conductivity is the predominant usage in ground
water literature by hydrogeologists, whereas the synkbisl
commonly used for this term in the rock and soil mechanics
and soil science literature.

2.2.5 P—excess test hole pressure (ML 2).

where:
K = hydraulic conductivity.
The hydraulic conductivityK, is related to the permeability,

k, as follows: 2.2.6 Q—excess water flow rate I ?).
K= koglu @ 2.2.7 Q—maximum excess water flow rate¥L™).
2.2.8 S—storativity (or storage coefficient) (dimensionless).
where: 2.2.9 S—specific storage (I).
p = fluid density, 2.2.10 T—transmissivity (I2T7%).
i = fluid viscosity, and 2.2.11 b—formation thickness (L).

2.2.12 e—fracture aperture (L).
2.2.13 g—acceleration due to gravity (CF).

* This test method is under the jurisdiction of ASTM Committee D18 on Soil and 2.2.14 k_perme.ablht.y (LZ) .
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and 2.2.157 |—por0_5|ty (dlmenS|onIess).
Vadose Zone Investigations. 2.2.16 r,—radius of test hole (L).

Current edition approved Oct. 10, 1996. Published June 1997. Originally 2 2 17 t—time elapsed from start of test (T)
published as D 4630 — 86. Last previous edition D 4630 — 86 (£991)

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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2.2.18 a—dimensionless parameter. Flow meter Constant pressure o
2.2.19 u—viscpsity of water (MIT™). rmrldmg joures trraensssdut.rxser
2.2.20 p—density of water (MLC3).

/ Transducer recording

.J'\ conditioning 1
3. Summary of Test Method Flow I m
3.1 Aborehole is first drilled into the rock mass, intersecting meters

the geological formations for which the transmissivity and pressure source
storativity are desired. The borehole is cored through potentiafor inflating LF‘J

zones of interest, and is later subjected to geophysical borehofe#e<ers T ke _DTQ: - Water
logging over these intervals. During the test, each interval of
interest is packed off at top and bottom with inflatable rubber
packers attached to high-pressure steel tubing.

3.2 The test itself involves rapidly applying a constant High pressure
pressure to the water in the packed-off interval and tubing ~ tubing to High pressure tubing
string, and recording the resulting changes in water flow rate. inflate packers
The water flow rate is measured by one of a series of flow
meters of different sensitivities located at the surface. The Vv
initial transient water flow rate is dependent on the transmis-
sivity and storativity of the rock surrounding the test interval R

: . : ock
and on the volume of water contained in the packed-off interval mass
and tubing string.

Remotely controiled vaive

Inflated packer

le—— Pressure transducer
4. Significance and Use

4.1 Test Method-The constant pressure injection test
method is used to determine the transmissivity and storativity
of low-permeability formations surrounding packed-off inter-
vals. Advantages of the method are) {t avoids the effect of
well-bore storage 1 it may be employed over a wide range of
rock mass permeabilities, and) (it is considerably shorter in
duration than the conventional pump and slug tests used in FIG. 1 Equipment Schematic

more permeable rocks. o . . L
4.2 F,;\nalysis—The transient water flow rate data obtained psi) in magnitude, preferably with a rise time of less than 1 %
f one half of the flow rate decay)(Q, = 0.5).

using the suggested test method are evaluated by the cun/@ 5 2 Pack Hvdraulicall tuated K
matching technique described by Jacob and Lohfiyhand - Fackers—rydraulically actuated packers are recom-
mended because they produce a positive seal on the borehole

extended to analysis of single fractures by @oal. (2). If the I and b fihe | ibility of h

water flow rate attains steady state, it may be used to calcula all and because of the low compressibility of water they are

the transmissivity of the test interv(g). also comparatively rigid. Each packer shall seal a portion of the
4.3 Units: borehole wall at least 0.5 m in length, with an applied pressure

4.3.1 Conversions-The permeability of a formation is at least equal to the excess constant pressure to be applied to

often expressed in terms of the unit darcy. A porous mediunjihe packed-off interval and less than the formation fracture

h ilitv of 1 h fluid of vi ity 1 qPressure at that depth.
malfa?s?eflror(/lvesat?:rlgjgh itozi\?r?;a\ll:e %? f %,g(dlg_\éligfss)l/?/ cngp ( 5.3 Pressure TransducersThe pressure shall be measured

(10-4 n?) cross-sectional area at a pressure differential of £ & function of time, with the transducer located in the
atm (101.4 kPa)/1 cm (10 mm) of length. One darcy corre Packed-off test interval. The pressure transducer shall have an

sponds to 0.987 pfmFor water as the flowing fluid at 20°C, a accuracy of at Ieastt3_kPa (0.4 psi), including errors
hydraulic conductivity of 9.66 um/s corresponds to a permelntroduced by the recording system, and a resolution of at least
ability of 1 darcy. 1 kPa (0.15 psi). . .

5.4 Flow Meters—Suitable flow meters shall be provided

Perforated tubing

Inflated packer

5. Apparatus for measuring water flow rates in the range fron? t/s to
. . . o 1073 cm®/s. Commercially available flow meters are capable of
Note 1—A schematic of the test equipment is shown in Fig. 1. measuring flow rates as low as?€m®/s with an accuracy of

5.1 Source of Constant Presswed pump or pressure =1% and with a resolution of I8 cm®/s; these can test
intensifier shall be capable of providing an additional amounpermeabilities to 13 md based on a 10-m packer spacing.
of water to the water-filled tubing string and packed-off testPositive displacement flow meters of either the tank type
interval to produce a constant pressure of up to 1 MPA (14§Haimson and Do€4) or bubble-type (Wilsoret al. (3) are

capable of measuring flow rates as low as*kn’/s; these can
test permeabilities to I0 md based on a 10-m packer spacing.

2 The boldface numbers in parentheses refer to the list of references at the end of 5.5 Hydraulic Systems-The inflatable rubber packers shall
this standard. be attached to high-pressure steel tubing reaching to the
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surface. The packers themselves shall be inflated with wateyut of solution, and the resulting bubbles will radically modify
using a separate hydraulic system. The pump or pressutlBe pressure transient characteristics.

intensifier providing the constant pressure shall be attached to 6.4 Testing

the steel tubing at the surface. Aremotely controlled down-hole 6.4.1 Filling and Purging System-Once the packers have
valve, located in the steel tubing immediately above the uppebeen set, slowly fill the tubing string and packed-off interval
packer, shall be used for shutting in the test interval and fowith water to ensure that no air bubbles will be trapped in the
instantaneous starting of tests. test interval and tubing. Close the downhole valve to shut in the
test interval, and allow the test section pressures (as determined
6. Procedure from downhole pressure transducer reading) to dissipate.

6.1 Drilling Test Holes 6.4.2 Constant Pressure TestPressurize the tubing, typi-
6.1.1 Number and Orientatior-The number of test holes cally to between 300 and 600 kPa (50 to 100 psi) above the
shall be sufficient to supply the detail required by the scope okhut-in pressure. This range of pressures is in most cases

the project. The test holes shall be directed to intersect majaufficiently low to minimize distortion of fractures adjacent at
fracture sets, preferably at right angles. the test hole, but in no case should the pressure exceed the

6.1.2 Test Hole Quality-The drilling procedure shall pro- minimum principal ground stress. It is necessary to provide
vide a borehole sufficiently smooth for packer seating, shalkufficient volume of pressurized water to maintain constant
contain no rapid changes in direction, and shall minimizepressure during testing. Open the down-hole valve, maintain
formation damage. the constant pressure, and record the water flow rate as a

6.1.3 Test Holes Cored-Core the test holes through zones function of time. Then close the down-hole valve and repeat
of potential interest to provide information for locating test the test for a higher value of constant test pressure. A typical
intervals. record is shown in Fig. 2.

6.1.4 Core Descriptior—Describe the rock core from the ) ]
test holes with particular emphasis on the lithology and naturaf- Calculation and Interpretation of Test Data
discontinuities. 7.1 The solution of the differential equation for unsteady

6.1.5 Geophysical Borehole LoggirglLog geophysically state flow from a borehole under constant pressure located in
the zones of potential interest. In particular, run electrical-an extensive aquifer is given by Jacob and Lohr(fBras?
induction anq gamma-gamma densﬁy Iogs_. Whenever possible, Q = 27 TP Galpg, ©)
also use sonic logs and the acoustic televiewer. Run other logs
as required. where:

6.1.6 Washing Test HolesThe test holes must not contain Q
any material that could be washed into the permeable zoned
during testing, thereby changing the transmissivity and storat™
ivity. Flush the test holes with clean water until the return is P
free from cuttings and other dispersed solids. 9

6.2 Test Intervals Gl

6.2.1 Selection of Test IntervaisDetermine test intervals o = TtSr,2 (6)
from the core descriptions, geophysical borehole logs, and, if
necessary, from visual inspection of the borehole with ahere:
borescope or TV camera. tS storativity, and
. 6.2.2 Changes in I__|thology—Test each major change in r radius of ,the borehole over the test interval.
lithology that can be isolated between packers. w . he flow rate in the shut-in. packed-off

6.2.3 Sampling Discontinuities-Discontinuities are often . /11 I.n Fig. 2 the : P

) . S interval is considered constant. In those cases where the
the major permeable features in hard rock. Test jointed zones

fault zones, bedding planes, and the like, both by isolatingieSponse of the shut-in interval is time dependent, interpreta-

water flow rate,

transmissivity of the test interval,
excess test hole pressure,

water density,

acceleration due to gravity, and

function of the dimensionless parameter

time elapsed from start of test,

individual features and by evaluating the combined effects o 1on %f the gonsta_n t I_pressure test is unaffected, provided the
several features Ime dependency 1S linear. L .
X 7.2 To determine the transmissivity, and storativity,S

624 Redundancy c_)f TestsTo evaluate variability in trans- data on the water flow rate at constant pressure as a function of
missivity and storativity, conduct three or more tests in eact}ime are plotted in the following mannét)

rock type, if homogeneous. If the rock is not homogeneous, the 7.2.1 First, plot a type curve log of of the functi@ (a)

sets of tests should encompass similar types of dlscontlnwne\s/érsuw where values o («) are given in Table 1.
6.3 Test Water

. 7.2.2 Second, on transparent logarithmic paper to the same
6.3.1 Quallty—Water u_sed for pressure pulse tests shall bescale, plot values of the log of flow rat®, versus values of the
clean, and compatible with the formation. Even small amount?Og of time, t at the same scale as the type curve
of dispersed solids in the injection water could plug the rock 7923 Th,en by placing the experimental dafa over the
face of the test interval and result in a measured transmissivi%e(')r'etical cu7rve the best fit of the data to the curve can be
value that is erroneously low. made '

6.3.2 Temperature-The lower limit of the test water tem- '

perature shall be 5°C below that of the rock mass to be tested.—_

Cold water injected into a warm rock mass causes air to come 2 For bounded aquifers the reader is referred to HantGsh
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Test no. 2
Constant excess
pressure P
(@]
[
2
[
18]
2 Second
LTC_) shut-in—
pressure
First
shut-in
pressure
Time t
FIG. 2 Typical Flow Rate Record
TABLE 1 Values of G(a) for Values of « Between 10 ™* and 1024
1074 1073 1072 107t 1 10 102 103
1 56.9 18.34 6.13 2.249 0.985 0.534 0.346 0.251
2 40.4 13.11 4.47 1.716 0.803 0.461 0.311 0.232
3 33.1 10.79 3.74 1.477 0.719 0.427 0.294 0.222
4 28.7 9.41 3.30 1.333 0.667 0.405 0.283 0.215
5 25.7 8.47 3.00 1.234 0.630 0.389 0.274 0.210
6 235 7.77 2.78 1.160 0.602 0.377 0.268 0.206
7 21.8 7.23 2.60 1.103 0.580 0.367 0.263 0.203
8 20.4 6.79 2.46 1.057 0.562 0.359 0.258 0.200
9 19.3 6.43 2.35 1.018 0.547 0.352 0.254 0.198
10 18.3 6.13 2.25 0.985 0.534 0.346 0.251 0.196
10 10° 10° 107 10° 10° 10%° 10t
1 0.1964 0.1608 0.1360 0.1177 0.1037 0.0927 0.0838 0.0764
2 0.1841 0.1524 0.1299 0.1131 0.1002 0.0899 0.0814 0.0744
3 0.1777 0.1479 0.1266 0.1106 0.0982 0.0883 0.0801 0.0733
4 0.1733 0.1449 0.1244 0.1089 0.0968 0.0872 0.0792 0.0726
5 0.1701 0.1426 0.1227 0.1076 0.0958 0.0864 0.0785 0.0720
6 0.1675 0.1408 0.1213 0.1066 0.0950 0.0857 0.0779 0.0716
7 0.1654 0.1393 0.1202 0.1057 0.0943 0.0851 0.0774 0.0712
8 0.1636 0.1380 0.1192 0.1049 0.0937 0.0846 0.0770 0.0709
9 0.1621 0.1369 0.1184 0.1043 0.0932 0.0842 0.0767 0.0706
10 0.1608 0.1360 0.1177 0.1037 0.0927 0.0838 0.0764 0.0704

AFrom Jacob and Lohman (1).

7.2.4 Determine the values of transmissivify,and storat- the testing program and the limitations of the data within the
ivity, S, using Eq 5 and Eq 6 from the coordinates of any pointareas of application.

in both coordinate systems. 8.1.1.2 Brief Description of the Test IntervalsDescribe
rock type, structure, fabric, grain or crystal size, discontinui-
8. Report ties, voids, and weathering of the rock mass in the test
8.1 The report shall include the following: intervals. A more detailed description may be needed for

8.1.1 Introduction—The introductory section is intended to certain applications. In a heterogeneous rock mass or for
present the scope and purpose of the constant pressure tesweral rock types, many intervals may be described; a tabular
program, and the characteristics of rock mass tested. presentation is then recommended for clarity.

8.1.1.1 Scope of Testing Program 8.1.2 Test Method

8.1.1.1.1 Report the location and orientation of the bore- 8.1.2.1 Equipment and Apparatusinclude a list of the
holes and test intervals. For tests in many boreholes or in aquipment used for the test, the manufacturer's name, model
variety of rock types, present the matrix in tabular form. number, and basic specifications for each major item, and the

8.1.1.1.2 Rationale for test location selection, including thedate of last calibration, if applicable.
reasons for the number, location, and size of test intervals.  8.1.2.2 Procedure—State the steps actually followed in the

8.1.1.1.3 Discuss in general terms limitations of the testingrrocedure for the test.
program, stating the areas of interest which are not covered by 8.1.2.3 Variations—If the actual equipment or procedure
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deviates from this test method, note each variation and ththe combined effects of flow rate determination, measurement
reasons. Discuss the effects of any deviations upon the tesf time, and type curve matching.

results. _ 9.1.3 Sample Variability—For each rock or discontinuity
8.1.3 Theoretical Background type, calculate, as a minimum, the mean transmissivity and
8.1.3.1Data Reduction EquatiorsClearly present and giorativity and their ranges, standard deviations, and 95 %

fully define all equations and type curves used to reduce th80nfidence limits for the means. Compare the uncertainty

data. Note any assumptions inherent in the equations and YRRsociated with the transmissivity and storativity for each rock

curves and any limitations in their applications and dlscus?ype with the measurement uncertainty to determine whether
their effects on the results.

8.1.3.2Site Specific InfluencesDiscuss the degree to measurement error or sample variability is the dominant factor

which the assumptions contained in the data reduction equér—] the results.

tions pertain to the actual test location and fully explain any

factors or methods applied to the data to correct for departures): Keywords

from the assumptions of the data reduction equations. 10.1 borehole; constant head testing; flow; in situ; fault-
8.1.4 Results zones; field testing; flow and flow rate; permeability; pressure

~ 8.1.4.1 Summary Table-Present a table of results, includ- testing; rock; saturation; storativity; transmissivity; viscosity;
ing the types of rock and discontinuities, the average values Gfater: water saturation

the transmissivity and storativity, and their ranges and uncer-
tainties.

8.1.4.2 Individual Results-Present a table of results for
individual tests, including test number, interval length, rock
types, value of constant pressure transmissivity and storativity,
and flow rate as a function of time.

8.1.4.3 Graphic Data—Present water flow rate versus time
curves for each test, together with the appropriate type curves
used for their interpretation.

8.1.4.4 Other—Other analyses or presentations may be
included as appropriate, for exampla) (discussion of the
characteristic of the permeable zondg Histograms of results,
and €) comparison of results to other studies or previous work.

8.1.5 Appended Data-Include in an appendix a completed
data form (Fig. 3) for each test.

9. Precision and Bias

9.1 Error Estimate

9.1.1 Analyze the results using standard statistical methods.
Calculate all uncertainties using a 95 % confidence interval.

9.1.2 Measurement Errer-Evaluate the errors in transmis-
sivity and storativity associated with a single test. This includes
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Data Sheet
Project Test No.
Test Location Borehole No.
Rock Type Borehole Dip and Dip Direction
Date Measured Depth of Test to Top Packer, m
Testing by Borehole Diameter, mm

Rock Temperature, °C

Equipment . Date of last
Description Serial No. Calibration
Length of Packed-off Interval, m Packer Pressure, kPa
Length of Tubing Above Top Packer, m Tubing ID, mm
Water Temperature, °C Shut-in Borehole Pressure, kPa

Constant Water Pressure, kPa
FIG. 3 Data Sheet for In Situ Measurement of Transmissivity and Storativity Using the Constant Head Injection Test
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QHW Designation: D 4631 — 95 (Reapproved 2000)

Standard Test Method for

Determining Transmissivity and Storativity of Low
Permeability Rocks by In Situ Measurements Using
Pressure Pulse Technique

This standard is issued under the fixed designation D 4631; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope g = fluid viscosity, and
1.1 This test method covers a field procedure for determin-g = acceleration due to gravity.
ing the transmissivity and storativity of geological formations 2.1.2 storativity, S—the storativity (or storage coefficient) of
having permeabilities lower than Toun? (1 millidarcy) using ~ a formation of thickness, is defined as follows:
the pressure pulse technique. S=sb @)
1.2 The transmissivity and storativity values determined by
this test method provide a good approximation of the capacity

of the zone of interest to transmit water, if the test intervals are?Vnere: .
= equivalent bulk rock specific storage (ebrss).

representative of the entire zone and the surrounding rock |$SS
The ebrss is defined as the specific storage of a material if it

fully water saturated.
1.3 The values stated in SI units are to be regarded as tH4er¢ homogeneous and porous over the entire interval. The

standard specific storage is given as follows:

1.4 This standard does not purport to address all of the &= pg(Cy, + NCy) (4)
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-

priate safety and health practices and determine the applica- er:' bulk rock compressibility
bility of regulatory limitations prior to use. CW = fluid compressibility, and
. n = formation porosity.

2. Termln_ol.o_gy -~ ) 2.2 Symbols:

2.1 Definitions of Terms Specific to This Standard: 2.2.1 C,—bulk rock compressibility =1L T 2.

2.1.1 ransmissivity, #the transmissivity of a formation of 2 5 > ¢ _compressibility of waterj LT 2.
thicknessp, is defined as follows: 2.2.3 K—hydraulic conductivity [LT1.

T=Kb 1) 2.2.3.1 Discussior—The use of the symbdK for the term

hydraulic conductivity is the predominant usage in ground-
water literature by hydrogeolists, whereas the symkads
commonly used for this term in rock mechanics and soil
science.

2.2.4 L—length of packed-off zone [[].

2.2.5 P—excess test hole pressuré/L T 2.

2.2.6 P,—initial pressure pulseML™*T 7.

where:

K = equivalent formation hydraulic conductivity (efhc).
The efhc is the hydraulic conductivity of a material if it were

homogeneous and porous over the entire interval. The hydrau-

lic conductivity, K, is related to the equivalent formatidg,as

follows: 2.2.7 S—storativity (or storage coefficient) (dimensionless).
K= keglu @ 2.2.8 S—specific storage [7Y.
2.2.9 T—transmissivity [ T 1.
where: 2.2.10 V,,—volume of water pulsed.f].
p = fluid density, 2.2.11 b—formation thickness L].

2.2.12 e—fracture aperture [].
2.2.13 g—acceleration due to gravityl[T 2.

2.2.14 k—permeability [ 2.
1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and

Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and 2.2.15 poro_sny (dlmensmnless)_
Vadose Zone Investigations. 2.2.16 rw—radlus of test hoIeLI].

Current edition approved Oct. 10, 1995. Published March 1996. Originally 2.2.17 t—time elapsed from pulse initiatiol].
published as D 4631 — 86. Discontinued April 1995 and reinstated as D 4631 — 95.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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2.2.18 a—dimensionless parameter. 4.2 Analysis—The transient pressure data obtained using
2.2.19 B—dimensionless parameter. the suggested method are evaluated by the curve-matching
2.2.20 p—viscosity of watenL 1T 1]. technique described by Bredehoeft and Papadofdipsr by
2.2.21 p—density of water ML™3]. an analytical technique proposed by Wang ef2al The latter
is particularly useful for interpreting pulse tests when only the
3. Summary of Test Method early-time transient pressure decay data are available.

3.1 Aborehole is first drilled into the rock mass, intersecting 4.3 Units:
the geological formations for which the transmissivity and 4.3.1 Conversions-The permeability of a formation is
storativity are desired. The borehole is cored through potentiadften expressed in terms of the unit darcy. A porous medium
zones of interest, and is later subjected to geophysical borehol@s a permeability of 1 darcy when a fluid of viscosity 1 cP (1
logging over these intervals. During the test, each interval omPa-s) flows through it at a rate of 1 ¥s(10° m %s)/1 cnf
interest is packed off at top and bottom with inflatable rubber(10~* m?) cross-sectional area at a pressure differential of 1 atm
packers attached to high-pressure steel tubing. After inflatingl01.4 kPa)/1 cm (10 mm) of length. One darcy corresponds to
the packers, the tubing string is completely filled with water. 0.987 unf. For water as the flowing fluid at 20°C, a hydraulic

3.2 The test itself involves applying a pressure pulse to theonductivity of 9.66 um/s corresponds to a permeability of 1
water in the packed-off interval and tubing string, and record-darcy.
ing the resulting pressure transient. A pressure transducer,4.3.2 Viscosity of Water-Table 1 shows the viscosity of
located either in the packed-off zone or in the tubing at thevater as a function of temperature.
surface, measures the transient as a function of time. The decgy Apparatus
characteristics of the pressure pulse are dependent on the
transmissivity and storativity of the rock surrounding the Note 1—A schematic of the test equipment is shown in Fig. 2.
interval being pulsed and on the volume of water being pulsed. 5.1 Source of Pressure PulseA pump or pressure intensi-
Alternatively, under non-artesian conditions, the pulse test mafier shall be capable of injecting an additional amount of water
be performed by releasing the pressure on a shut-in welto the water-filled tubing string and packed-off test interval to
thereby subjecting the well to a negative pressure pulsgroduce a sharp pressure pulse of up to 1 MPa (145 psi) in
Interpretation of this test method is similar to that described fomagnitude, preferably with a rise time of less than 1 % of one

the positive pressure pulse. half of the pressure decaP/P, = 0.5).
o 5.2 Packers—Hydraulically actuated packers are recom-
4. Significance and Use mended because they produce a positive seal on the borehole

4.1 Test Method-The pulse test method is used to deter-wall and because of the low compressibility of water they are
mine the transmissivity and storativity of low-permeability also comparatively rigid. Each packer shall seal a portion of the
formations surrounding the packed-off intervals. This testorehole wall at least 0.5 m in length, with an applied pressure
method is considerably shorter in duration than the pump andt least equal to the excess maximum pulse pressure to be
slug tests used in more permeable rocks. To obtain results ®pplied to the packed-off interval and less than the formation
the desired accuracy, pump and slug tests in low-permeabilitfracture pressure at that depth.
formations are too time consuming, as indicated in Fig. 1 (from 5.3 Pressure TransducersThe test pressure may be mea-
Bredehoeft and Papadopul(i)).? sured directly in the packed-off test interval or between the

fast-acting valve and the test interval with an electronic
pressure transducer. In either case the pressure shall be
recorded at the surface as a function of time. The pressure

2The boldface numbers in parentheses refer to the list of references at the end f’rfansducer shall have an accuracy of at least kPa (iO 4
the text. .

1.0 T T I T

08—

Pressure pulse test Slug test

)
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©
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! I |
0 L | | | | |
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Time, (sec.)
FIG. 1 Comparative Times for Pressure Pulse and Slug Tests
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TABLE 1 Viscosity of Water as a Function of Temperature because of formation of a free surface at or near zero absolute
Temperature, °C Absolute Viscosity, mPa:s pressure (NeUZi{3)).

0 1.79
2 167 6. Procedure
g 13; 6.1 Drilling Test Holes
8 139 6.1.1 Number and Orientation-The number of test holes
10 1.31 shall be sufficient to supply the detail required by the scope of
ii ii‘; the project. The test holes shall be directed to intersect major
16 i fracture sets, preferable at right angles.
18 1.06 6.1.2 Test Hole Quality—The drilling procedure shall pro-
32 é-gg vide a borehole sufficiently smooth for packer seating, shall
24 0.91 contain no rapid changes in direction, and shall minimize
26 0.87 formation damage.
28 0.84 6.1.3 Test Holes Cored-Core the test holes through zones
30 0.80 . . . . . .
32 077 of potential interest to provide information for locating test
34 0.74 intervals.
36 071 6.1.4 Core Descriptior—Describe the rock core from the
38 0.68 . . . .
20 0.66 test holes with particular emphasis on the lithology and natural

discontinuities.
6.1.5 Geophysical Borehole LoggirgLog geophysically

Pressure pulse the zones of potential interest. In particular, run electrical-

Pressure

source transducer induction and gamma-gamma density logs. Run other logs as
Wil fecording required.
7 6.1.6 Washing Test HolesThe test holes must not contain
Fast-acting Prossura rf\ any materi_al that could be W_ashed into the_ pt_ar_meable zones
Pressure source '2VO~ transducer during testing, thereby changing the transmissivity and storat-
for inflating ) Water ivity. Flush the test holes with clean water until the return is
packers ™ % “T reservoir free from cuttings and other dispersed solids.

6.2 Test Intervals

6.2.1 Selection of Test IntervaisTest intervals are deter-
mined from the core descriptions, geophysical borehole logs,
—High pressure tubing and, if necessary, from visual inspection of the borehole with a
borescope or television camera.

6.2.2 Changes in Lithology-Test each major change in
lithology that can be isolated between packers.
~—Intlated packer 6.2.3 Sampling Discontinuities-Discontinuities are often
the major permeable features in hard rock. Test jointed zones,
fault zones, bedding planes, and the like, both by isolating
r—— Perforated tubing individual features and by evaluating the combined effects of
T several features.

6.2.4 Redundancy of TestsTo evaluate variability in trans-
missivity and storativity, conduct several tests in each rock
type, if homogeneous. If the rock is not homogeneous, each set
of tests should encompass similar types of discontinuities.

FIG. 2 Schematic of Test Equipment 6.3 Test Water
6.3.1 Quality—Water used for pressure pulse tests shall be
psi), including errors introduced by the recording system, analean and compatible with the formation. Even small amounts
a resolution of at least 1 kPa (0.15 psi). of dispersed solids in the injection water could plug the rock

5.4 Hydraulic Systems-The inflatable rubber packers shall face of the test interval and result in a measured transmissivity
be attached to high-pressure steel tubing reaching to thealue that is erroneously low.
surface. The packers themselves shall be inflated with water 6.3.2 Temperature-The lower limit of the test water tem-
using a separate hydraulic system. The pump or pressuperature shall be 5°C below that of the rock mass to be tested.
intensifier providing the pressure pulse shall be attached to th€old water injected into a warm rock mass causes air to come
steel tubing at the surface. If the pump is used, a fast-operatingut of solution, and the resulting bubbles will radically modify
valve shall be located above, but as near as practical to thibe pressure transient characteristics.
upper packer. That valve should be located less than 10 m 6.4 Testing
above the anticipated equilibrium head in the interval being 6.4.1 Filling and Purging System-Allow sufficient time
tested to avoid conditions in the tubing changing during the tesafter washing the test hole for any induced formation pressures
from a full water column to a falling water-level column to dissipate. Once the packers have been set, slowly fill the

High pressure
tubing to
inflate packers

Rock
mass

inflated packer
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tubing string and packed-off interval with water to ensure that\yhere:
no air bubbles will be trapped in the test interval and tubing. V,,

6.4.2 Pressure Pulse TestThis range of pressures is in 'w
most cases sufficiently low to minimize distortion of fractures t
adjacent to the test hole, but in no case should the pressurgw
exceed the minimum principal ground stress. Record the
resulting pressure pulse and decay transient detected by t density of water, and
pressure transducer as a function of time. A typical record isg gravitational acceleration.

shown in Fig. 3. Tables of the functionF (a B) have been provided by
6.4.2.1 Before the pressure pulse test can be started it Sooper, et al4), Papadopulog5), and Bredehoeft and Papa-

necessary to reliably estimate the natural pressure in the tedbpulos(1).

interval. See 7.1.1 and Fig. 3 for a description of a method to 7.1.1 In Fig. 3 the pressurp, shown before (to the left of)

prepare the system for the pulse test. After the pressure is at, dimet , represents the unknown natural pressure in the interval

estimated to be approaching at a predictable rate, neaeventually to be tested. The drill hole encounters that interval

equilibrium conditions, then rapidly pressurize the tubing,at Timet, and from then until Time , the pressure variation

typically to between 300 and 600 kPa (50 to 100 psi), and thereflects the effects of drilling and test hole development. If the
shut in. interval consists of rocks or sediments of low hydraulic

conductivity, there might be a long time period before the
water level in an open hole would stabilize to the equilibrium
) _ level. For that reason before a pulse test can be conducted we
7.1 The type of matching technique developed by Bredeygant to establish a condition that provides a reasonable
hoeft and Papadopuld4) involves plotting normalized pres- estimate of the undisturbed pressure for the interval. The
sure (the ratio of the excess borehole pressByet a given  following procedure is intended to provide that condition. At
time to the initial pressure puls®,) against the logarithm of Time t, the packers are inflated, and then the system is filled
time, as indicated in Fig. 1 and Fig. 3. The pulse decay is givewith water and shut in. By this operation the change in pressure
as follows: in the packed-off interval will reflect a compressive system and
p should approach the pressure in the interval being tested much
[ F(a,p) () more rapidly than would the water level in an open test hole.
Monitoring the pressure changes should indicate when near-
where: ) ] . equilibrium conditions are approached. At Titngthe value is
a andB = dimensionless parameters given by: opened, the system is subjected to the PRlseand the valve
to: is closed. Monitoring the heads after Tiniggives the data
o« = 2,9V, C,0g () heeded to use the calculation procedure of Bredehoeft and
Papadopulos.
and: 7.1.1.1 Neuzil3) points out the necessity of measuring the
B = wTtV,Cyupg (7)y  amount of water used to create the pulse to account for the fact
that the compressibility of the shut-in test system can be larger
thanC,, the compressibility of water. NeuZiB) suggests that
the larger compressibility reflects “give” in the downhole test
equipment and in the tubing, and possibly air trapped in the
system. The direct computation of the observed test system
compressibility can be expressed as

volume of water being pulsed,
well radius,

time elapsed from pulse initiation,
compressibility of water,
transmissivity,

storage coefficient,

7. Calculation and Interpretation of Test Data

g'é 5 g C.,. = M ®)
f—_ g w dow
5% 3%3 where
fge s v = total fluid volume of the test system,
A3IE gi dv = injected volume (the pulse), and
! i dp = pressure pulse.
g 7.2 The method for analyzing pulse decay data depends on
5 whether the parametes, is larger or smaller than 0.1. Since
° the value ok is not knowna priori, the test data are first
g analyzed by the method applicabledo< 0.1. If this analysis
3 indicates thatx > 0.1, then that method is used.
£ | unknown 7.2.1 Fora < 0.1, the data are analyzed by the method
time described by Cooper et &), in which the family of curves
i 5 * shown in Fig. 4 forF («, B) as a function ofg for various
FIG. 3 Typical Pressure Record values ofa are used. Observed valuesR/P, are plotted as a
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FIG. 4 Type Curves of the Function F(a, B) Against the Parameter f for Different Values of «

function of timet, on semilogarithmic paper of the same scale,the data. Matching of the observed valuePd#?, plotted as a
and are matched with a type curve by keepingfitendt axes  function oft with a type curve is performed in the same manner
coincident and movir)g the plots hori;ontally. _ as indicated previously fat < 0.1. In this way, the produdiS
7.2.2 The expressions correspondingtand in Eq 5and  andSare determined. Analysis with the type curves shown in
Eq 6, thea value of the matched type curve, and i@ndt  Fig. 5 provides an indication as to whether the data are
values from a match point are used to determine the transmigmequate for identifying botk andg and, hence, determining
sivity, T, and the storage coefficierss, of the tested interval. - hoth SandT, or whether the data fall in the range where only
Bredehoeft and Papadopul@s) indicate that this procedure ha producfTScan be determined.
yields good estimates of the transmissivity when0.1, but 7.3 Wang et a[2) present an alternative method of analyz-
that the storage coefficient could be of questionable reliability, - 9 pres . . . y
for values ofa < 10°5. ing pressure pulse data involving anlalytl'cal solutlpns for pulse
7.2.3 Fora > 0.1, Bredehoeft and Papadopuld3 recom- decay ||_1_5|ngle fr_at_:tures of both |nf|n|te_ and finite extent.
mend the use of the family of curves shown in Fig. 5fofw, Recggnlzmg that finite fracture geometry introduces errors in
w2 2TSt the interpretation of the pulse decay data, Wang suggests a
B) as a function of the produeif = <ng)2> tointerpret  method that uses data from elapsed times before the fracture
w
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boundaries begin to influence the pressure data. Wang found lgany intervals may be described; a tabular presentation is then
linear regression of calculated decay pressure versus time aacommended for clarity.

empirical expression for the fracture aperture of the following 8.1.4 Test Method

form: 8.1.4.1 Equipment and Apparatusinclude a list of the
equipment used for the test, the manufacturer's name, model

log (¢/10%) = ~0.32 log(®) + C ©) number, and basic specifications for each major item, and the
+0.32[2 log(r,/0.04) date of last calibration, if applicable.
+ log (2.3941C, X 10'%)] 8.1.4.2 Procedure—State the steps actually followed in the
1 0.333 log(L/2). procedure for the test. _
8.1.4.3 Variations—If the actual equipment or procedure
where deviates from this test method, note each variation and the
e = parallel-plate equivalent aperture, m, reasons. Discuss the effects of the deviations upon the test
t = time, s, _ results.
rw = borehole radius, m, 8.1.5 Theoretical Background
B = water viscosity, mPa:s, 8.1.5.1 Data Reduction EquationsClearly present and
Ew = ;’;‘;’]‘tetrhcoofr?ﬁéesgg('gg’o}f/ Pna;,er AL m. and fully define all equations and type curves used to reduce the
C _ congstant that F()jepends orll thevfréctién of pulse decaydata' Note any assumptions inherent in the equations and type

as follows: curves and any limitations in their applications and discuss
 Cuse d (' ' their effects on the results.

Fraction of pulse decay, (P, — P)/P, 0.05 0.10 0.15 ; e ;
Wang constant, C: 100 120 129 3.1.5.2 Site Spegﬁc Ianue_ncestcuss the degr'ee to

] . which the assumptions contained in the data reduction equa-

7.3.1 Wang shows that in test zones containing two fracturegons pertain to the actual test location and fully explain any

of different apertures, the wider fracture dominates the early,ctors or methods applied to the data to correct for departures
time behavior. The early pressure pulse decay therefore reflecigym the assumptions of the data reduction equations.

the major fracture only. Doe et &b) view individual fractures 8.1.6 Results
as confined aquifers whose transmissivities are given by the g 1 6.1 Summary Table-Present a table of results, includ-
cubic relationship: ing the types of rock and discontinuities, the average values of
T = pge¥12u 10y  the transmissivity and storativity, and their ranges and uncer-
tainties.

Thus, Eq 10 provides transmissivity in terms of a parallel 8.1.6.2 Individual Results—Present a table of results for

plate equivalent fracture aperture calculated from Eq 9. individual tests, including test number, interval length, rock

/3.2 Eq 9 and Eq 10 can be solved for the early-timg es, transmissivity and storativity, and pressure pulse ampli-
pressure pulse decay data to provide a transmissivity value f YPES, Y Y,  Press P P
ude and decay time (or recording time, if the decay is

the test interval from the calculated parallel-plate equivalen

incomplete).
aperture. 8.1.6.3 Graphic Data—Present pressure pulse decay versus
8. Report time curves for each test, together with the appropriate type

8.1.1 Introduction—The introductory section is intended to ~ 8:1.6.4 Other—Other analysis or presentations may be in-
present the scope and purpose of the pressure pulse tédgded as appropriate, for examplet) (discussion of the
program, and the characteristics of the rock mass tested. ~ characteristics of the permeable zones?)(histograms of

8.1.2 Scope of Testing Program results, and 3) comparison of results to other studies or

8.1.2.1 Report the location and orientation of the boreholegrévious work. _ _
and test intervals. For tests in many boreholes or in a variety of 8-1.7 Appended Data-Include in an appendix a completed
rock types, present the test matrix in tabular form. data form (Fig. 6) for each test.

8.1.2.2 Rationale for test location selection, including theg, Precision and Bias

re:;sor;sgfor.the number, Iocat||on, and sr|]ze I(')f test mtervfalsr.] 9.1 It is not practicable to specify the precision of this test
-1.2.3 Discuss in genﬁra termsft. € |m|tat|r?.ni of themethod because the response of aquifer systems during aquifer
testing program, stating the areas of interest which are NQbqiq js dependent upon ambient system stresses. No statement

covered by the testing program and the limitations of the dat@,, he made about bias because no true reference values exist.
within the areas of application.

8.1.3 Brief Description of the Test IntervaisDescribe rock ~ 10. Keywords
type, structure, fabric, grain or crystal size, discontinuities, 10.1 borehole drilling; discontinuities; fault zones; field
voids, and weathering of the rock mass in the test intervals. Aesting flow and flow rate; ground water; permeability; pressure
more detailed description may be needed for certain applicaesting; pulse testing; rock; saturation; storativity; transmissiv-
tions. In a heterogeneous rock mass or for several rock typeRy; viscosity; water; water saturation
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Data Sheet
Project Test No.
Test Location Borehole No.
Rock Type Borehole Dip and Dip Direction
Date Measured Depth of Test to Top Packer, m
Testing by Borehole Diameter, mm

Rock Temperature, °C

Equipment Description Serial No. Date of Last Calibration
Length of Packed-off Interval, m Packer Pressure, kPa
Length of Tubing Above Top Packer, m Tubing ID, mm
Water Temperature, °C Maximum Pulse Pressure, kPa

Pulse Decay Time, s
FIG. 6 Data Sheet for In Situ Measurement of Transmissivity and Storativity Using the Pressure Pulse Technique
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Standard Test Method for
Determining Subsurface Liquid Levels in a Borehole or
Monitoring Well (Observation Well) *

This standard is issued under the fixed designation D 4750; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.

1. Scope represented as an elevation or as a depth below the ground

1.1 This test method describes the procedures for measurirfg'face. o
the level of liquid in a borehole or well and determining the ~3-1.4 liquid level—the level of liquid in a borehole or well
stabilized level of liquid in a borehole. at a particular time. The liquid level can be reported as an

1.2 The test method applies to boreholes (cased or uncase%_f?\_’at!on orasa depth_ b_elow the top of the land surface. If the
and monitoring wells (observation wells) that are vertical orliquid is ground water it is known as water level.
sufficiently vertical so a flexible measuring device can be 3:1.5monitoring well (observation wek)-a special well
lowered into the hole. drilled in a selected location for observing parameters such as

1.3 Borehole liquid-level measurements obtained using thi§quid level or pressure changes or for collecting liquid
test method will not necessarily correspond to the level of théa@mples. The well may be cased or uncased, but if cased the
liquid in the vicinity of the borehole unless sufficient time has ¢asing should have openings to allow flow of borehole liquid
been allowed for the level to reach equilibrium position. ~ Into or out of the casing. o

1.4 This test method generally is not applicable for the 3.1.6 stabilized borehole liquid levetthe borehole liquid
determination of pore-pressure changes due to changes lgvel which remains essentially constant with time, that is,
stress conditions of the earth material. liquid does not flow into or out of the borehole.

1.5 This test method is not applicable for the concurrent 3:1.7 top of borehole-the surface of the ground surround-

determination of multiple liquid levels in a borehole. ing the borehole.
1.6 The values stated in inch-pound units are to be regarded 3.1.8 water table (ground-water tablejthe surface of a
as the standard. ground-water body at which the water pressure equals atmo-
safety problems, if any, associated with its use. It is thdS Saturated with water.
responsibility of the user of this standard to establish appro- 3-2 Definitions: - o

bility of regulatory limitations prior to use. see Terminology D 653.
2. Referenced Documents 4. Significance and Use
2.1 ASTM Standards: 4.1 In geotechnical, hydrologic, and waste-management
D 653 Terminology Relating to Soil, Rock, and Containedinvestigations, it is frequently desirable, or required, to obtain
Fluid< information concerning the presence of ground water or other
liquids and the depths to the ground-water table or other liquid
3. Terminology surface. Such investigations typically include drilling of ex-
3.1 Definitions of Terms Specific to This Standard: ploratory boreholes, performing aquifer tests, and possibly

3.1.1 borehole—a hole of circular cross-section made in soil COmpletion as a monitoring or observation well. The opportu-
or rock to ascertain the nature of the subsurface material§lity exists to record the level of liquid in such boreholes or
Normally, a borehole is advanced using an auger, a drill, oWells, as the boreholes are being advanced and after their
casing with or without drilling fluid. completion.

3.1.2 earth material—soil, bedrock, or fill. 4.2 Conceptually, a stabilized borehole liquid level reflects

3.1.3 ground-water levek-the level of the water table sur- the pressure of ground water or other liquid in the earth

rounding a borehole or well. The ground-water level can benaterial exposed along the sides of the borehole or well. Under
suitable conditions, the borehole liquid level and the ground-

_ _ o _ . water, or other liquid, level will be the same, and the former
1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and b d to det . the latt H h th
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water an@n _e used to determine the latter. However, w e_n ear_
Vadose Zone Investigations. materials are not exposed to a borehole, such as material which

Current edition approved Nov. 27, 1987. Published January 1988. is sealed off with casing or drilling mud, the borehole water
2 Annual Book of ASTM Standardgol 04.08.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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levels may not accurately reflect the ground-water level(land surface). If the borehole liquid level is to be reported as
Consequently, the user is cautioned that the liquid level in @n elevation, determine the elevation of the reference point or
borehole does not necessarily bear a relationship to th#he top of borehole (land surface). Three alternative measure-
ground-water level at the site. ment procedures (A, B, and C) are described.
4.3 The user is cautioned that there are many factors which N
; . . . ote 1—In general, Procedure A allows for greater accuracy than B or
can mfluenpe_borehole liquid levels and the interpretation OE:, and B allows for greater accuracy than C; other procedures have a
borehole liquid-level measurements. These factors are NQbriety of accuracies that must be determined from the referenced
described or discussed in this test method. The interpretatioferature(2-5).
and application of borehole liquid-level information should be 7 2 procedure A—Measuring Tape
done by a trained specialist. 7.2.1 Chalk the lower few feet of tape by drawing the tape
4.4 Installation of piezometers should be considered whergcross a piece of colored carpenter’s chalk.
complex ground-water conditions prevail or where changesin 722 Lower a weighted measuring tape slowly into the
intergranular stress, other than those associated with fluctugnrehole or well until the liquid surface is penetrated. Observe
tion in water level, have occurred or are anticipated. and record the reading on the tape at the reference point.
5. Apparatus Withdraw the tape from the bore_hole and observe the lower
' end of the tape. The demarcation between the wetted and
5.1 Apparatus conforming to one of the following shall be ynwetted portions of the chalked tape should be apparent.
used for measuring borehole liquid levels: Observe and record the reading on the tape at that point. The

5.1.1 Weighted Measuring TapeA measuring tape with a difference between the two readings is the depth from the
weight attached to the end. The tape shall have graduations thafference point to the liquid level.
can be read to the nearest 0.01 ft. The tape shall not stretch ) )
more than 0.05% under normal use. Steel surveying tapes '{55&23; Fse i wélls or boreholes having very sl dameters, Ths.
Iength_s of 50, 1.00’ 200, 300, and 500 ft (20, 30, 50 or 100 m ffect can be significant if the well is in materials of very low hydraulic
and widths of/s in. (6 mm) are commonly used. A black metal conductivity.
tape is better than a chromium-plated tape. Tapes are mounted\ore 3—Under dry surface conditions, it may be desirable to pull the
on hand-cranked reels up to 500 ft (100 m) lengths. Mount aape from the well or borehole by hand, being careful not to allow it to
slender weight, made of lead, to the end of the tape to ensufgcome kinked, and reading the liquid mark before rewinding the tape
plumbness and to permit some feel for obstructions. Attach thento t_he reel. In this way, the liquid mark on the chalked part of the ta_pe
weight to the tape with wire strong enough to hold the Weighqs rapidly brought to the surface before the wetted part of the tape dries.

. - . . Id ions, id withd | of the t fi th I
but not as strong as the tape. This permits saving the tapemtrg)n co'dl Feglons, rapid Witndrawal of ‘e fape from e W 1s necessary

: . %fore the wet part freezes and becomes difficult to read. The tape must be
event the weight becomes lodged in the well or borehole. Thgrotected if rain is falling during measurements.
size of the weight shall be such that its displacement of water Note 4—In some pumped wells, or in contaminated wells, a layer of oil
causes less than a 0.05-ft (15-mm) rise in the borehole watenay float on the water. If the oil layer is only a foot or less thick, read the
level, or a correction shall be made for the displacement. If théape at the top of the oil mark and use this reading for the water-level
weight extends beyond the end of the tape, a length correctigféasurement. The measurement WI‘|| not be great_ly in error because the
will be needed in measurement Procedure C (see 7.2.3). level of the oil surface in this case will differ only_sllghtly from the level
. . . . of the water surface that would be measured if no oil was present. If

5'1'.2 Ele‘_:tr'cal Measur'ng_ DeV|ce'—A Cablg or tape W',th several feet of oil are present in the well, or if it is necessary to know the
electrical wire encased, equipped with a weighted sensing tighickness of the oil layer, a water-detector paste for detecting water in oil
on one end and an electric meter at the other end. An electrignd gasoline storage tanks is available commercially. The paste is applied
circuit is completed when the tip contacts water; this isto the lower end of the tape that is submerged in the well. It will show the
registered on the meter. The cable may be marked witfPp of the oil as a wet line and the top of the water as a distinct color

graduations similar to a measuring tape (as described in 5.1.19ange.

5.1.3 Other Measuring DevicesA number of other record- ~ 7.2.3 As a standard of good practice, the observer should
ing and non-recording devices may be used. See @pfor make two measurements. If two measurements of static liquid
more detail$ level made within a few minutes do not agree within about 0.01

or 0.02 ft (generally regarded as the practical limit of precision)
6. Calibration and Standardization in boreholes or wells having a depth to liquid of less than a

6.1 Calibrate measuring apparatus in accordance with theouple of hundred feet, continue to measure until the reason for

manufacturers’ directions. the lack of agreement is determined or until the results are
shown to be reliable. Where water is dripping into the hole or
7. Procedure covering its wall, it may be impossible to get a good water

7.1 Liquid-level measurements are made relative to a refefnark on the chalked tape. _
ence point. Establish and identify a reference point at or near 7:2-4 After each well measurement, in areas where polluted
the top of the borehole or a well casing. Determine and recor§auids or ground water is suspected, decontaminate that part of

the distance from the reference point to the top of the boreholg‘ﬁ tape”measure that was wetted to avoid contamination of
other wells.

7.3 Procedure B—Electrical Measuring Device

3 The boldface numbers in parentheses refer to the list of references at the end of 731 Check proper op.erat.ion of the instrument by insferting
this standard. the tip into water and noting if the contact between the tip and
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the water surface is registered clearly. the stabilized liquid level.
. . ) 8.2.1 Procedure 3+-Take a series of liquid-level measure-
Note 5—In pumped wells having a layer of oil floating on the water,

the electric tape will not respond to the oil surface and, thus, the quuiom_er_]tS until the liquid level remains (’tonStant with time. As a
level determined will be different than would be determined by a steeMiNimum, two such constant readings are needed (more
tape. The difference depends on how much oil is floating on the water. Aeadings are preferred). The constant reading is the stabilized
miniature float-driven switch can be put on a two-conductor electric tapdiquid level for the borehole or well.

that permits detection of the surface of the uppermost fluid. N 9 If desired. the i d level dat d be plotted h
. o ote 9—If desired, the time and level data could be plotted on grap
7.3.2 Dry the tip. Slowly lower the tip into the borehole or paper in order to show when equilibrium is reached.

well until the meter indicates that the tip has contacted the -
surface of the liquid P 8.2.2 Procedure 2-Take at least three liquid-level measure-
7.3.3 For devices with measurement graduations on thirents at approxmately equal time mteryals as th_e liquid level
: ghanges during the approach to a stabilized liquid level.

cable, note the reading at the reference point. This is th 8221 Th . - ¢ th bilized lquid
liquid-level depth below the reference point of the borehole or “-:< e approximate position of the stabilized liqui
level in the well or borehole is calculated using the following

well. )
7.3.4 For measuring devices without graduations on th&auation:
cable, mark the cable at the reference point. Withdraw the cable y, 2
from the borehole or well. Stretch out the cable and measure ho = Yi— Y, @
and record the distance between the tip and the mark on the

o di ; - where:
cable by use of a tape. This distance is the liquid-level depthho = distance the liquid level must change to reach the

below the reference point. bilized liquid level
7.3.5 A second or third check reading should be taken _ Ztigta{r;f:ee tr|1qew|i Si\c/je I’evel chanaed during the time
before withdrawing the electric tape from the borehole or well.’* ~ interval betwee?1 the first two I? uid-levelgreadin S
7.3.6 Decontaminate the submerged end of the electric tape q gs,

. and
or cable after measurements in each well. y, = distance the liquid level changed during the time
NoTe 6—The length of the electric line should be checked by measur- interval between the second and the third liquid level
ing with a steel tape after the line has been used for a long time or after readings.

it has been pulled hard in attempting to free the line. Some electric lines, g 2 2 2 Repeat the above process using successive sets of

especially the single line wire, are subject to considerable permaner{hree measurements until the computed is consistent to the
stretch. In addition, because the probe is usually larger in diameter than

the wire, the probe can become lodged in a well. Sometimes the probe caPeuracy desired. Compute the stabilized liquid level in the
be attached by twisting the wires together by hand and using only enoug®ll or borehole.

electrical tape to support the weight of the probe. In this manner, the point
of probe attachment is the weakest point of the entire line. Should th
probe become “hung in the hole,” the line may be pulled and breakage Wi%
occur at the probe attachment point, allowing the line to be withdrawn.

Note 10—The time span required between readings for Procedures 1
nd 2 depends on the permeability of the earth material. In material with
omparatively high permeability (such as sand), a few minutes may be
sufficient. In materials with comparatively low permeability (such as

7.4 Procedure C—Measuring Tape and Sounding Weight clay), many hours or days may be needed. The user is cautioned that in

7.4.1 Lower a weighted measuring tape into the borehole o¢layey soils the liquid in the borehole or well may never reach a stabilized
well until the liquid surface is reached. This is indicated by anlevel equivalent to the liquid level in the earth materials surrounding the
audible splash and a noticeable decrease in the downward forggrehole or well

on the tape. Observe and note the reading on the tape at the Report
reference point. Repeat this process until the readings are 9.1 For borehole or well liquid-level measurements. report
consistent to the accuracy desired. Record the result as trée ) q » report,

liquid-level depth below the reference point 5 a minimum, the following information:
q P P ’ 9.1.1 Borehole or well identification.

Note 7—The splash can be made more audible by using a “plopper,”a 9.1.2 Description of reference point.
lead weight with a concave bottom surface. 9.1.3 Distance between reference point and top of borehole
7.4.2 If the liquid level is deep, or if the measuring tapeor land surface.
adheres to the side of the borehole, or for other reasons, it may 9.1.4 Elevation of top of borehole or reference point (if the
not be possible to detect the liquid surface using this methodorehole or well liquid level is reported as an elevation).
If so, use Procedure A or Procedure B. 9.1.5 Description of measuring device used, and graduation.

8. Determination of a Stabilized Liquid Level 9.1.6 Procedure of measurement.

o . 9.1.7 Date and time of reading.
_ 8:1 As I|qu!d flows into or out of the borehole o.r.well, the 9.1.8 Borehole or well liquid level.
liquid level will approach, and may reach, a stabilized level.

o . : ; . 9.1.9 Description of liquid in borehole or well.
The liquid level then will remain essentially constant with g 7 10 state whether borehole is cased, uncased, or contains
time. , ,

a monitoring (observation) well standpipe and give description
Note 8—The time required to reach equilibrium can be reduced byof, and length below top of borehole of, casing or standpipe.
removing or adding liquid until the liquid level is close to the estimated 9.1.11 Drilled depth of borehole, if known.
stabilized level. 9.2 For determination of stabilized liquid level, report:
8.2 Use one of the following two procedures to determine 9.2.1 All pertinent data and computations.



9.2.2 Procedure of determination.
9.2.3 The stabilized liquid level.

9.3 Report Forms—An example of a borehole or well-
schedule form is shown in Fig. 1. An example of a liquid-level
measurement form, for recording continuing measurements fqr
a borehole or well, is shown in Fig. 2. An example of a
borehole or well schedule form designed to facilitate computef

data storage is shown in Fig. 3.

10. Precision and Bias

10.1 Borehole liquid levels shall be measured and recorded —
to the accuracy desired and consistent with the accuracy of the
measuring device and procedures used. Procedure A multip|e
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LIQUID LEVEL MEASUREMENT FORM

Fizrp No. oo
OWNER _. Orrice No.
LocaToN .. PROJECT o

MzxasvriNGg PoINt

ELEVATION OF MEABURING POINT _______

DErTE TO

D FLEV. OF WATER | MEas.
ATE Watxn SURFACE BY

REMARKS
(Nearby wells pumping, etc.)

BOREAOLE OR WELL SCHEDULE FORM

Date : 19 .
Record by
Bource of data

1. Location: State

Map
Y 14 sec. T [

2. Owner:

Tenant

Driller

. Topography
above

Elevati ft.
" below
. Type: Dug,drilled, driven, bored, jetted _.____. 19

. Depth: Rept. ft. Meas. ft.

Nooo;oe oW

. Casing: Diam.__._____ in, to ... in., Type ...
Depth tt., Finish

8. Chief Aquifer

Others

rept.
9. Water level ft. eas. 19

above
ft. below

G. M.

10. Pump: Type oo Capacity

below =-===—~
surface

Power: Kind

Drawdown ft. after

11, Yield: Flow ___........ G.M.,,Pump ... G.M., Meas., Rept. Est. __

hours pumping .. _________

G. M.

12. Use: Dom., 8tock, P8., RR., Ind,, Irr., Obs.
Adequacy, per

FIG. 2 Example of a Liquid Level Measurement Form

measurements by wetted tape should agree within 0.02 ft (6
mm). Procedure B multiple measurements by electrical tape
should agree within 0.04 ft (12 mm). Procedure C multiple
measurements by tape and sounding weight should agree
within 0.04 ft (12 mm). Garber and KoopmdR) describe

13. Quality

Unfit for

Taste, odor, color

i4. Remarks: (Log, Analyses, etc.)

FIG. 1 Example of a Borehole or Well Schedule Form

corrections that can be made for effects of thermal expansion of
tapes or cables and of stretch due to the suspended weight of
tape or cable and plumb weight when measuring liquid levels
at depths greater than 500 ft (150 m).

11. Keywords

11.1 borehole; electrical measuring device; ground water;
liquid level; measuring tape; well
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SITE NO

BOREHOLE OR WELL SCHEDULE FORM

Recorded by

Date -

Check One e Englsh —— Metnic Unite
GENERAL SITE DATA (0)
S— = CS TSR
StefgentNol L+ 1o % o0 L4141 RG Number T
5 19 . add delere modify verihred
Data Reparting —
- T ﬂ - v J [ 4 -
STy 221 C O E H 1M @ P S WX | JE c e !
coliacinr, draim. S5Cavs. Bnk. CONNECIOr MUITIBIE. OUICrop, pond, spring, lunne.  well, test fietd checkad, unchack ed
uon, hole, well, or shat, hole
Project [T TUTTTomT Ty T T ,] r o] County
Ne 5° . s 4 * D] 81 : State L7 ‘ L fortown) < ...
[ 7 T+ fro-] L LavLong
Latitude S Longitude I e i i Accuracy
deg  min sec
Local < — s T
Number 125 L1l Lo liodld i i !
A 14 section, Tange
Location | T - T
Map ! il Scate 157
T T 177 Method of I " T4V f .
D a . A L M ix i e .
Atutude 167, L pey 4o i1 ™M n o 7 ; Accoracy VB0 4 o T
altimeter, level, map
Topo - Hydioloaic ”._—_T>7 T
W 20 .
Setting c b E F G H K L M o P s T u v * Uni IOWDC) | Ll n
stream cepres dunes tiat, {loog Mt siNk swamp mangrove B ped: it tesace, unoulsting valiey , upland
al fan, channel wmon, plain t0p, swamp  shore, ment side. tiat draw
Use - . i .-
i T ! ’tl Secondary - } T Tertiary | T .
ol 23:;A C D E_G M M @ * R s Ty w X Z ' oswuse L300 2l sweue 392
Site anode, 113n0by ram, 9RO Senmic. heal, minc, DOVerva o1l OF. reCharge. repress. Teat, unused. wilh- waste, Gesteoyed
emer thermal reen wor  gas deawal
mpply
Ueof 24 A B C D E F # ] f K ™ 3 Q R s T T 4 -
anr 7b;7 tom o power,  lore, oo e andustrigl men med: pubic, agua recreation, stock, imstitulion, wnused, desa:, other
cond . ihng mercial, water, mestic. ganion,  {cooling) anal WOBlY  cutture
o _ (E—
Secondsry 5.1 w, TertaryUse ¢ 17 ,J Depthof "5, . " Depthof 07 Source of & 5 Tx
Water Use =7 . 1 of Vater {7 Hote o ie _ Well gt 4 Depth Data =~ 1 .
r~ T I
I . n] 1311 4 o ~ -
Water Levet |30 l g se o] Data Measured .00 L /1 /A L ~ SovraeV 33T
month  dav verr
—— I enth -
' = -
Method of Measuremeny 52 "1 A B ¢ £ s H L i N RS T v z
A1hing, anaiog. Canbrated. sfiMated. Prossure, calibiatled, @eoPhywtal, Ménometer, non ivc. reported, sleel. wleciric, canbraied, opther
airhine $29¢  remure page  logn gage tape 1apx  elecirk tape
- - [ e,
[37- 1o E F G H ! 4 N ] 4 R s T v w X z *
Site Status L A —
dry. tecently, fiowing. nmarby, Nuarby njECIOr. In) mte. Meat, ODSIrUCTOR, Pumping recently, nearby, nearby, fouregn well surface watet  other
flowing towing 1ecently M monitue Biscon PUMpPed Pumping 1ecently substance destroywd eftucts
Howing pumped
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INTERNATIONAL

Standard Test Method for
Determining Transmissivity of Nonleaky Confined Aquifers
by the Theis Recovery Method *

This standard is issued under the fixed designation D 5269; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.

1. Scope D 4750 Test Method for Determining Subsurface Liquid

1.1 This test method covers an analytical procedure for Levels in a Borehole or Monitoring Well (Observation
determining the transmissivity of a confined aquifer. This test Well)?
method is used to analyze data from the recovery of wat
levels following pumping or injection of water to or from a L
control well at a constant rate. 3.1 Definitions: _

1.2 The analytical procedure given in this test method is 3-1-1 aquifer, confined-an aquifer bounded above and
used in conjunction with the field procedure in Test MethodPelow by conflnlng beds and in which the static head is above
D 4050. the top of the aquifer.

1.3 Limitations—The valid use of the Theis recovery 3-1.2 confining bee-a hydrogeologic unit of less perme-
method is limited to determination of transmissivities for @Plé material bounding one or more aquifers.
aquifers in hydrogeologic settings with reasonable correspon- 3:1.3 control well—a well by which the aquifer is stressed,

=} Terminology

dence to the assumptions of the Theis theory (see 5.1). for example, by pumping, injection, or change of head.
1.4 The values stated in Sl units are to be regarded as 3.1.4 drawdown—vertical distance the static head is low-
standard. ered due to the removal of water.

1.5 This standard does not purport to address all of the 3:1.5 hydraulic conductivity (field aquifer testsjhe vol-
safety concerns, if any, associated with its use. It is thd!Mme of water at the existing kinematic viscosity that will move
responsibility of the user of this standard to establish appro" @ unittime under unit hydraulic gradient through a unit area
priate safety and health practices and determine the applicaméasured at right angles to the direction of flow.

bility of regulatory limitations prior to use. 3.%.6 observation well-a well open to all or part of an
aquifer.
2. Referenced Documents q3.1.7 piezometer-a device used to measure head at a point
2.1 ASTM Standards: in the subsurface.
D 653 Terminology Relating to Soil, Rock and Contained 3-1.8 residual_drawdown—The difference between the pro-
Fluidg jected prepumping water-level trend and the water level in a
D 4043 Guide for Selection of Aquifer-Test Method in Well or piezometer after pumping or injection has stopped.
Determining Hydraulic Properties by Well Technig@ies 3.1.9 specific storage-the volume of water released from

D 4050 Test Method (Field Procedure) for Withdrawal andOf taken into storage per unit volume of the porous medium per
Injection Well Tests for Determining Hydraulic Properties Unit change in head. o _
of Aquifer System$ 3.1.10 step-drawdown tes_%a testin whlgh a cor)trol v_veII is

D 4105 Test Method (Analytical Procedure) for Determin- PUmped at constant rates in “steps” of increasing discharge.
ing Transmissivity and Storage Coefficient of Nonleaky Each step is approximately equal in duration, although the last
Confined Aquifers by the Modified Theis Nonequilibrium Stép may be prolonged. _
Method? 3.1.11 storage coefficiertthe volume of water an aquifer

D 4106 Test Method (Analytical Procedure) for Determin- féleases from or takes into storage per unit surface area of the
ing Transmissivity and Storage Coefficient of Nonleaky aduifer per unit change in head. For a confined aquifer it is

Confined Aquifers by the Theis Nonequilibrium MetRod €qual to the product of specific storage and aquifer thickness.
For an unconfined aquifer, the storage coefficient is approxi-

mately equal to the specific yield.

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and 3.1.12 transmissivity—the volume of water of the prevail-

Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and

Vadose Zone Investigations. ing kinematic viscosity transmitted in a unit time through a unit
Current edition approved Oct. 10, 1996. Published June 1997. Originalywidth of the aquifer under a unit hydraulic gradient.
published as D 5269 — 92. 3.2 SymbolsSymbols and Dimensions:

2 Annual Book of ASTM Standardéol 04.08.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.2.1 b [L]—aquifer thickness. 4.3 At a control well, observation well, or piezometer, for

3.2.2 K [LT ~Y—hydraulic conductivity. large values of timet, and small values of radius, the Theis

3.2.2.1 Discussior—The use of the symbd( for the term  equation reduces, as shown by Cooper and J&&amnd Jacob
hydraulic conductivity is the predominant usage in ground<3) to the following:

water literature by hydrogeologists, whereas the synkbial Q
commonly used for this term in rock mechanics and soil §' =z InWt) 3
science.
3.2.3 K,—hydraulic conductivity in the plane of the aquifer,
radially from the control well. where.

t
t'

the time after pumping began and

3.2.4 K,—hydraulic conductivity in the vertical direction. X ; L
Znyarau Hetivity | vert recti the time after pumping ceases. From which it can be

3.2.5 In—natural logarithm.

3.2.6 logs—logarithm to the base 10. shown that:
3.2.7 Q [L3*T Y—discharge. 1.2 @
3.2.8 r [L]—radial distance from control well. 4mAs’
3.2.9 r. [L]—equivalent inside radius of control well.
3.2.10 S [nd]—storage coefficient. where:
3.2.11 s [L]—drawdown. As' = the measured or projected residual drawdown over
3.2.12 s; [L]—drawdown corrected for the effects of reduc- one log, cycle oftit'.
tion in saturated thickness. 4.4 A similar analysis (see 4.3) may also be used for a
3.2.13 §, [nd]—specific yield. step-drawdown test in which a well is pumped at a constant
3.2.14 ¢’ [L] —residual drawdown. rate for an initial period, and then the pumping rate is increased
3.2.15 As' [L]—change in residual drawdown over one 10g through several new constant rates in a series of steps. Harrill
cycle oftt’. -~ o (4) shows that:
3.2.16 T [L?T Y—transmissivity. b o oa .
3.2.17t [T]—time since pumping or injection began. g = '4T$1 <| gmt_}> + ng <|ogmt_?> (5)
3.2.181t' [T]—time since pumping or injection stopped.
3.2.19 u—dimensionless parameter, equalrt&/4Tt. L 230, <|og t_n)
3.2.20 u'—dimensionless parameter, equalrt&/4Tt'. AT 1
4. Summary of Test Method where:

R PV the elapsed times since either pump-
ing was begun or the discharge rate
was increased,

the well discharge rates, and

the incremental increases in discharge.

4.1 This test method describes an analytical procedure fortl
determining transmissivity using data collected during the
recovery phase of a withdrawal or injection well test. The field . Q
test (see Test Method D 4050) requires pumping or injecting aA(ljl, ZQz--- AQ,
control well that is open to the entire thickness of a confined
aquifer at a constant rate for a specified period. The water- Eq 5 can be rewritten as follows:
levels in the control well, observation wells, or piezometers are
measured after pumping is stopped and used to calculate the T= %mgmf(t, Q) (6)

. . . . . TS
transmissivity of the aquifer using the procedures in this test
method. Alternatively, this test method can be performed by
injecting water into the control well at a constant rate. With Where:
some modification, this test method can also be used to analyze QA AQWQ:
the residual drawdown following a step test. This test method ft,Q) = v ™
is used by plotting residual drawdown against either a function
of time or a function of time and discharge and determining the
slope of a straight line fitted to the points. T= ﬁ @)

4.2 Solution—The solution given by Theig1)3 can be AmAs’y

expressed as follows:

Q e where: _
s=z71J), Tdy ) As',, = the residual drawdown over one log cycle of the
expressiorf (t, Q) in Eq 6.
and: Eq 8 can also be used to analyze the residual drawdown
: following a test in which discharge varies significantly, so long
r’s as the discharge can be generalized as a series of constant-
U= am @ discharge steps.

5. Significance and Use

3 The boldface numbers given in parentheses refer to a list of references at the 5.1 Assumptlorts_
end of the text. 5.1.1 The well discharges at a constant r@teor at steps of
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constant rat®),, Q,... Q. 6.2 Construction of Control WelkInstall the control well in
5.1.2 Well is of infinitesimal diameter and is open throughthe aquifer and equip with a pump capable of discharging water

the full thickness of the aquifer. from the well at a constant rate, or several steps at constant
5.1.3 The nonleaky aquifer is homogeneous, isotropic, andate, for the duration of the test. Preferably, the control well

areally extensive. should be open throughout the full thickness of the aquifer. If
5.1.4 Discharge from the well is derived exclusively from the control well partially penetrates the aquifer, take special

storage in the aquifer. precautions in the placement or design of observation wells
5.1.5 The geometry of the assumed aquifer and well arésee 5.2.1).

shown in Fig. 1. 6.3 Construction of Observation Wells and Piezometers
5.2 Implications of Assumptions Construct one or more observation wells or piezometers at a

5.2.1 Implicit in the assumptions are the conditions of radialdistance from the control well. Observation wells may be open
flow. Vertical flow components are induced by a control wellthrough all or part of the thickness of the aquifer.
that partially penetrates the aquifer, that is, not open to the 6.4 Location of Observation Wells and Piezometeks/ells
aquifer through the full thickness of the aquifer. If vertical flow may be located at any distance from the control well within the
components are significant, the nearest partially penetratingrea of influence of pumping. However, if vertical flow
observation well should be located at a distangeheyond components are significant and if piezometers or partially
which vertical flow components are negligible. See 5.2.1 ofpenetrating observation wells are used, locate them at a
Test Method D 4106 for assistance in determining the minidistance beyond the effect of vertical flow components. If the
mum distance to partially penetrating observation wells andquifer is unconfined, constraints are imposed on the distance
piezometers. to partially penetrating observation wells and the validity of
5.2.2 The Theis method assumes the control well is okarly time measurements (see 5.2.1).
infinitesimal diameter. The storage in the control well may
adversely affect drawdown measurements obtained in the earfy Procedure
part of the test. See 5.2.2 of Test Method D 4106 for assistance 7.1 The overall procedure consists of conducting the field
in determining the duration of the effects of well-bore storageprocedure for withdrawal or injection well tests (described in

on drawdown. Test Method D 4050) and analysis of the field data, which is
5.2.3 Application of Theis Recovery Method for Unconfinedaddressed in Section 8.
Aquifers

5.2.3.1 Although the assumptions are applicable to artesia® C@lculation and Interpretation of Results
or confined conditions, the Theis solution may be applied to 8.1 The Theis recovery method gives satisfactory results
unconfined aquifers ifA) drawdown is small compared with when properly used. However, the method is valid only for
the saturated thickness of the aquifer or if the drawdown ismall values ol, that is:

corrected for reduction in thickness of the aquifer aBiithe for confined aquifers:
effects of delayed gravity yield are small. See 5.2.3 of Test ' 25
Method D 4106 for guidance in treating reduction in saturated U =77 9)
thickness and delayed gravity drainage in unconfined aquifers.
6. Apparatus or for unconfined aquifers:
6.1 Analysis of data by this test method from the field g oS (10)
procedure given in Test Method D 4050 requires that the 4Tt
control well and observation wells meet the requirements
specified in the following subsections. Note 1—The limiting value foru of less than 0.01 may be excessively

restrictive in some applications. The errors for small valuesi,dfom
Kruseman and De Ridd€b) are:

o

T Error less than, % 1 2 5 10

‘ o Croundsurface, For u smaller than 0.03 0.05 0.1 0.15

| 8.1.1 This test method allows only the calculation of trans-
L s missivity, T, not storage coefficient5 or specific yield,S,.

Static level

Py,
My ing "
e/

Therefore, to determine whether the assumption in Eq 9 or Eq
10 has been violated it is necessary to estimate a value for

r storage coefficient for confined aquifers or specific yield for
Impermeable bed unconfined aquifers. If data are available during the pumping

period, the storage may be computed using the procedures in
Test Method D 4105. Storage coefficients can be estimated as
about 3 X 10°b, where b is aquifer thickness in meters.
Whereas the specific yield of unconfined aquifers averages
\ Impermeable bed \ about 0.2 according to Lohma¢6). After calculating T,
FIG. 1 Cross Section Through a Discharging Well in a Nonleaky substitute the appropriate values into Eq 9 or Eq 10 and solve
Aquifer for u'. It is not adequate to simply note that the data described

L
Screen =] Aquifer
=
——
——
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a straight line on semi-log graph paper. 6 0- 49 m3/d

8.2 Plot either residual drawdowsl, or water level, on the -
arithmetic axis of semilogarithmic graph paper versus either 5[~ T- 230 u)r(_TZ- 913d) = 64mYq
t/t’ (for recovery from a constant-discharge test) (see Fig. 2) o€ [ wlsi. WOK4m)

f(t, Q) (for recovery from a step-drawdown test) (see Fig. 3) on& .
the logarithmic axis. Fit a straight line to the linear part of the f i
data plot, usually at smaller values thf . Extend the straight
line to intercept the/t’ = 1 axis. Att/t’ = 1, residual drawdown
should be approximately equal to zero, or if water levels wereg .
plotted, the intercept should be equal to the prepumping wateg

levels corrected for prepumping water-level trends. Substituté& '
the values forAs' or As',, in Eq 4 or Eq 8 and solve for

drawdow
N

I T

[}

[}

[ ]
[
[ ]
Al YA

>

(Il_
-

n

'S

=]

ua
T

Lol Lo el Lol

transmissivity. Check that all values tffor the points used in ° 10 100 1000
defining the straight line meet the criterion that< 0.01 (Eq f1(1.Q)

9 and Eq 10), as described in 8.1. FIG. 3 Example Analysis Using Harrill's Method

9. Report

Odepth of screened interval, and location of control well and
pumping equipment, and the construction, diameter, depth, and
screened interval of observation wells or piezometers.

9.1 Prepare a report including the information describe
below. The report of the analysis will include information from

the field testing procedure. 9.1.3.2 Instrumentatior—Report the field instrumentation

9.1.1 Introduction—The introductory section is intended to for observing water levels. pumpind rate. barometric chanaes
present the scope and purpose of the Theis recovery method for 9 » PUMpINg ' ges,

C o P ! . and other environmental conditions pertinent to the test.
determining transmissivity in a confined nonleaky aquifer. : : . )
) - . ” .~ ‘Include a list of measuring devices used during the test, the
Summarize the field hydrogeologic conditions and the fiel

: . U ; : anufacturer's name, model number, and basic specifications
equipment and instrumentation including the construction OP;

' . r each major item, and the name and date of the last
the control well and observation wells and piezometers, th% libration. if applicable
method of measurement of discharge and water levels, and th(gl9 13 3T,estinpp Procedure&State the steps taken in con-
duration of the test and pumping rates. Discuss rationale for ~ =" 9 P
ducting pretest, drawdown, and recovery phases of the test.

selecting the Theis recovery method. )
i . ; . . Include the frequency of measurements of discharge rate, water
9.1.2 Hydrogeologic Setting-Review the information ) . )
. ; R level in observation wells, and other environmental data
available on the hydrogeology of the site. Include driller's logs ) )
- - . . recorded during the testing procedure.
and geologist’s description of drill cuttings. Interpret and : ;
describe the hvdrogeoloav of the site as it pertains to the 9.1.4 Presentation of Interpretation of Test Results
ydrog ay P 9.1.4.1 Data—Present tables of data collected during the

selection of this method for conducting and analyzing ANest. Show methods of adjusting water levels for barometric

aquifer test. Compare the hydrogeologic characteristics of th((?hanges and calculation of drawdown and residual drawdown.

site as it conforms and differs from the assumptions in the 9.1.4.2 Data Plots—Present data plots used in analysis of

solution to the aquifer test method. . ; :
9.1.3 Scope of Aquifer Test _the data. Show (/leita pI(_)ts with straight line segments and
intercepts of the/t’ = 1 axis.

9.13.1 Equment Rep.ort th(_a field |nstallat|on_ and CaUP- "9 1.4.3 Evaluate qualitatively the overall accuracy of the
ment for the aquifer test, including the construction, diameter, . ; .
test on the basis of the adequacy of instrumentation and

observations of stress end response, and the conformance of

51—
- L the hydrogeologic conditions and the performance of the test to
s sp Q- 67 m3/d the assumptions of the test method (see 5.1) and the implica-
E . .
L v tions of the assumptions (see 5.2).
= . 1. 202360 050 prions (see 5.2
£ I raS 14) (117m) 10. Precision and Bias
B . . . - .
g 3k . 10.1 Itis not practicable to specify the precision of this test
g - . method because the response of aquifer systems during aquifer
b AS =147 m tests is dependent upon ambient system stresses. No statement
= i can be made about bias because no true reference values exist.
.
B l I 11. Keywords
ot 1ol oo g G0 ifers: aquifer tests; confined aquifers; control wells;
ut ground water; hydraulic properties; observation wells; step
FIG. 2 Example Analysis Using the Theis Recovery Method tests; transmissivity; unconfined aquifers
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INTERNATIONAL
Standard Test Method for
Determining Transmissivity and Storage Coefficient of
Bounded, Nonleaky, Confined Aquifers *
This standard is issued under the fixed designation D 5270; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilone] indicates an editorial change since the last revision or reapproval.
1. Scope D 653 Terminology Relating to Soil, Rock, and Contained

1.1 This test method covers an analytical procedure for Fluids® i . . ]
determining the transmissivity, storage coefficient, and possible D 4043 Guide for Selection of Aquifer-Test Method in
location of boundaries for a confined aquifer with a linear _ Determining Hydraulic Properties by Well Techniggies
boundary. This test method is used to analyze water-level or D 4050 Test Method (Field Procedure) for Withdrawal and
head data from one or more observation wells or piezometers ~Injection Well Tests for Determining Hydraulic Properties
during the pumping of water from a control well at a constant of Aquifer System$ _ _
rate. This test method also applies to flowing artesian wells D 4105 Test Method (Analytical Procedure) for Determin-
discharging at a constant rate. With appropriate changes in Ng Transmissivity and Storage Coefficient of Nonleaky
sign, this test method also can be used to analyze the effects of Confined Aquifers by the Modified Theis Nonequilibrium

injecting water into a control well at a constant rate. Method? . .
1.2 The analytical procedure in this test method is used in D 4106 Test Method (Analytical Procedure) for Determin-
conjunction with the field procedure in Test Method D 4050.  ing Transmissivity and Storage Coefficient of Nonleaky

1.3 Limitations—The valid use of this test method is limited ~_ Confined Aquifers by the Theis Nonequilibrium Metrfod
to determination of transmissivities and storage coefficients for D 4750 Test Method for Determining Subsurface Liquid
aquifers in hydrogeologic settings with reasonable correspon- Levels in a Borehole or Monitoring Well (Observation
dence to the assumptions of the Theis nonequilibrium method Well)?

(_se_e Tgst Method D 4106) .(see 5.1), except that the aquifer is Terminology

limited in areal extent by a linear boundary that fully penetrates L
the aquifer. The boundary is assumed to be either a constant-3-1 Definitions:

head boundary (equivalent to a stream or lake that hydrauli- 3-1-1 constant-head boundarythe conceptual representa-
cally fully penetrates the aquifer) or a no-flow (impermeable)tion of a natural feature.such as a lake or river that effectlvely
boundary (equivalent to a contact with a significantly lesgfully per_1etrates the aqu_n‘er and prevents water-level change in
permeable rock unit). The Theis nonequilibrium method isthe aquifer at that location. _ _

described in Test Methods D 4105 and D 4106. 3.1.2 equipotential line—a line connecting points of equal

1.4 The values stated in Sl units are to be regarded ddydraulic head. A set of such lines provides a contour map of
standard. a potentiometric surface.

1.5 This standard does not purport to address all of the 3-1.3image wel—an imaginary well located opposite a
safety concerns, if any, associated with its use. It is theontrol vyell s_uch thatab_oundary is the perp_end|cular bisector
responsibility of the user of this standard to establish appro-Of a straight line connecting the control and image wells; used

priate safety and health practices and determine the applical® Simulate the effect of a boundary on water-level changes.
bility of regulatory limitations prior to use. 314 impermeable boundawythe conceptual representa-
tion of a natural feature such as a fault or depositional contact

2. Referenced Documents that places a boundary of significantly less-permeable material
2.1 ASTM Standards: laterally adjacent to an aquifer.
3.1.5 See Terminology D 653 for other terms.
3.2 Symbols and Dimensions
- 3.2.1 K, [nd]—constant of proportionality; /r,.
* This test method is under the jurisdiction of ASTM Committee D18 on Soiland ~ 3.2.2 Q [L°T *]—discharge.
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Waterand 3 2 3t [L]—radial distance from control well.

Vadose Zone Investigations. . . .
Current edition approved Oct. 10, 1996. Published February 1997. Originally 3.2.47, [L]—distance from observation well to image well.

published as D 5270 — 92. Last previous edition D 5270 — 92.

2 Annual Book of ASTM Standardgol 04.08.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.2.5 r, [L]—distance from observation well to control well. a. REAL SYSTEM
3.2.6 S[nd]—storage coefficient. o Discharging well _—
3.2.7s [L]—draWdOWn. wat;?tllgvel (Contral well) strenam

Land surface

3.2.8 5 [L]—component of drawdown due to image well. b e
3.2.9 s, [L]—drawdown at an observation well. = = -

3.2.10 s, [L]—component of drawdown due to control well. Ping water S A8~ (S o S T p e

3.2.11 T [L2T Y]—transmissivity. i
3.2.12t [T]—time since pumping or injection began.

3.2.13 1, [T]—time at projection of zero drawdown. {{4_90_”@iﬂEﬁ_ﬁ;{{{{{{.{{{{{{{{{{{{{{:_. :
4. Summary of Test Method b. HYDRAULIC COUNTERPART OFQR/E_AL\SYSTEM

4.1 This test method prescribes two analytical procedures Buldup ! L Fooea wo
for analysis of a field test. This test method requires pumping Discharging @ image ! /of": : ‘9’5155@,
water from, or injecting water into, a control well that is open \_1 —-\Q'_{' s Tt
to the entire thickness of a confined bounded aquifer at a - - - - —rrr7000 oot Staticwaterlevel 77

f>\1\
P e ] Drawdown by

real well

constant rate and measuring the water-level response in one or
more observation wells or piezometers. The water-level re-
sponse in the aquifer is a function of the transmissivity and
storage coefficient of the aquifer, and the location and nature of —————— == ————=—~I=- TTT27T Confiningbed T
the aquifer boundary or boundaries. Drawdown or build up of

the water level is analyzed as a departure from the type curve c. PLAN VIEW OF THE HYDRAULIC COUNTERPART
defined by the Theis nonequilibrium method (see Test Metho
D 4106) or from straight-line segments defined by the modified
Theis nonequilibrium method (see Test Method D 4105).

4.2 A constant-head boundary such as a lake or stream that
fully penetrates the aquifer prevents drawdown or build up of} ¢
head at the boundary, as shown in Fig. 1. Likewise, an| 5/’
impermeable boundary provides increased drawdown or build “
up of head, as shown in Fig. 2. These effects are simulated by Rischarging
treating the aquifer as if it were infinite in extent and
introducing an imaginary well or “image well” on the opposite
side of the boundary a distance equal to the distance of the
control well from the boundary. A line between the control well
and the image well is perpendicular to the boundary. If the

)
. \W;é/
X

boundary is a constant-head boundary, the flux from the image B Modified from Ferris
well is oppos_lte In sign _from th_at of the Contr_OI W'_EII_; fqr Note 1—Modified from Ferris and other®) and Heath(7).
example, the image of a discharging control well is an injection FIG. 1 Diagram Showing Constant-Head Boundary

well, whereas the image of an injecting well is a discharging
well. If the boundary is an impermeable boundary, the flux
from the image well has the same sign as that from the control

we Y
. . . —dy=W
well. Therefore, the image of a discharging well across an fu y & W

. h . . 2 3 4
impermeable boundary is a discharging well. Because the — 0.577216- logu + _2u_12+;_l3_4':]_l4+
effects are symmetrical, only discharging control wells will be : - :
described in the remainder of this test method, but this test ®)
method is equally applicable, with the appropriate change in 4.4 According to the principle of superposition, the draw-
sign, to control wells into which water is injected. down at any point in the aquifer is the sum of the drawdown
4.3 Solution—The solution given by Theig1)® can be due to the real and image well$) and (2):
expressed as follows: S=5 S 4)
Q (=e” Equation(4) can be rewritten as follows:
s=z—g | ~ay 1)
AT Iy Y 0 Q
and: S = 27 [MU) = W(U)] = 7 2 W(U) ©)
r’s @ where:
u = e——
4Tt s’
where: U = 770 U = 7% (6)
so that:
3 The boldface numbers given in parentheses refer to a list of references at the _ (T 2 )
end of the text. U= (r_r) U U = Ky U, @)
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a. REAL SYSTEM impermeable boundaries, whereas recharging boundaries are in
Discharging wel perfect hydraulic connection with the aquifer.
{Control well) 9\)“359

5.1.7 Observation wells represent the head in the aquifer;
that is, the effects of wellbore storage in the observation wells
= rinie - are negligi_ble._ .

S P — - ==L mpormesble 5.2 Implications of Assumptions

bedrock 5.2.1 Implicit in the assumptions are the conditions of a

fully-penetrating control well and observation wells of infini-

tesimal diameter in a confined aquifer. Under certain condi-

—

——— - Static water - le

——————————— tions, aquifer tests can be successfully analyzed when the
control well is open to only part of the aquifer or contains a
significant volume of water or when the test is conducted in an

b. HYDRAULIC COUNTERPART OF REAL SYSTEM

P o unconfined aquifer. These conditions are discussed in more
Discharging/\f ! t~ Discharging detail in Test Method D 4105.
et el e wel | by ealwel 11 "20° ! 5.2.2 In cases in which this test method is used to locate an
"""" Goniimnal ForIIsf j_{_ﬁ_'_'_'_'-} T unknown boundary, a minimum of three observation wells is
m P Sani Inh VU et needed. If only two observation wells are available, two
Fer N\ e | NI possible locations of the boundary are defined, and if only one
Confined | | aquirer ! : : observation well is used, a circle describing all possible
—————————————————— e locations of the image well is defined.

5.2.3 The effects of a constant-head boundary are often
indistinguishable from the effects of a leaky, confined aquifer.
Therefore, care must be taken to ensure that a correct concep-

7z J«é 7 < N tual model of_the system has been created prior to analyzing the
g 4 e test. See Guide D 4043.
o9 v l‘\ // /K
o b NN 6. Apparatus

= éé /\ T\/ //’X 6.1 Analysis of the data from the field procedure (see Test

%é _ 4¥ -] Method D 4050) by this test method requires that the control

El Py 7} I well and observation wells meet the requirements specified in

. ‘ gé \// AN the following subsections.
Discharging £ é Discharging \ /\\ / 6.2 Construction of Control Wek-Install the control well in

/ —=f — — Pz S~ the aquifer and equip with a pump capable of discharging water

N I \ ) ™ from the well at a constant rate for the duration of the test.

@ Modified from Ferris Preferably, the control well should be open throughout the full

thickness of the aquifer. If the control well partially penetrates
the aquifer, take special precautions in the placement or design
of observation wells (see 5.2.1).

Note 1—Modified from Ferris and other®) and Heath(7).
FIG. 2 Diagram Showing Impermeable Boundary

where: 6.3 Construction of Observation Wells and Piezometers
ki 8 Construct one or more observation wells or piezometers at
o ®) specified distances from the control well.
Note 1—XK; is a constant of proportionality between the radii, not to be 6.4 Location of Obserlvat'on Wells and P|ezometeWeII_s
confused with hydraulic conductivity. may be located at any distance from the control well within the
. area of influence of pumping. However, if vertical flow
5. Significance and Use components are expected to be significant near the control well
5.1 Assumptiorns and if partially penetrating observation wells are to be used, the
5.1.1 The well discharges at a constant rate. observation wells should be located at a distance beyond the
5.1.2 Well is of infinitesimal diameter and is open througheffect of vertical flow components. If the aquifer is unconfined,
the full thickness of the aquifer. constraints are imposed on the distance to partially penetrating

5.1.3 The nonleaky confined aquifer is homogeneous, isoebservation wells and on the validity of early time measure-
tropic, and areally extensive except where limited by lineaments (see Test Method D 4106).

boqujr::(;:is. har from the well is derived initially from Note 2—To ensure that the effects of the boundary may be observed
T scharge 1ro e well 1S derve ally 1ro during the tests, some of the wells should be located along lines parallel

storage in the aquifer; later, movement of water may be the suspected boundary, no farther from the boundary than the control
induced from a constant-head boundary into the aquifer. well.

5.1.5 The geometry of the assumed aquifer and well are
shown in Fig. 1 or Fig. 2. 7. Procedure

5.1.6 Boundaries are vertical planes, infinite in length that 7.1 The general procedure consists of conducting the field
fully penetrate the aquifer. No water is yielded to the aquifer byprocedure for withdrawal or injection wells tests (see Test
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Method D 4050) and analyzing the field data, as addressed welues oft and small values af, the terms to the right of log
this test method. in Eq 3 may be neglected, as recognized by Tlig)s The
7.2 Analysis of the field data consists of two steps: determodified Theis equation can then be written as follows:

mination of the properties of the aquifer and the nature and 0 (25
distance to the image well from each observation well, and s= m<—0.577216— Ioge<ﬁ>) 9)
determination of the location of the boundary. o
7.3 Two methods of analysis can be used to determine the from which it has been shown by Lohmé4) that:
aquifer properties and the nature and distance to the image _ 2.3Q
well. One method is based on the Theis nonequilibrium ~ 4mAs
method; the other method is based on the modified Theis here:
nonequilibrium method. vAvSerS. the drawdown (measured or projected) over one log
7.3.1 Theis Nonequilibrium MethedExpressions in Eq 5-8 cycle of time
are used to generate a family of curveslad, versus= W (u) '
for values ofK, for recharging and discharging image wells as
shown in Fig. 3(2). Table 1 gives values d (u) versusl/u.

(10

8. Calculation and Interpretation of Results

This table may be used to create a tabl&w (u) versusl/u 8.1 Determine the aquifer properties and the nature and
for each value oK, by picking values fol (u,) andWw (u),  distance to the image well by either the Theis nonequilibrium
and computing th& W (u) for the each value of 1/u. method or the modified Theis method.

7.3.1.1 Transmissivity, storage coefficient, and the possible 8.1.1 Theis Nonequilibrium MetheeThe graphical proce-
location of one or more boundaries are calculated frorﬁjure for solution by the Theis nonequilibl’ium method is based
parameters determined from the match point and a curven the relationship betwe@iV (u) ands, and betweer/uand
selected from a family of type curves. t/re.

7.3.2 Modified Theis Nonequilibrium MethedThe sum of 8.1.1.1 Plot the log of values aEW (u) on the vertical
the terms to the right of lqg in Eq 3 is not significant when coordinate and/u on the horizontal coordinate. Plot a family
u becomes small, that is, equal to or less than 0.01. of curves for several values df,, for both recharging and

discharging images. This plot (see Fig. 3) is referred to as a

Note 3—The limiting value foru of less than 0.01 may be excessively family of type curves. Plots of the family of type curves are

restrictive in some applications. The errors for small values,dfom

Kruseman and DeRidd€B) are as follows: contained in(2) and (4). )
Err : 8.1.1.2 Plot values of the log of drawdovapn the vertical
or less than, %: 1 2 5 10

For u smaller than: 0.03 0.05 0.1 0.15 coordinate versus the log ¢F2 on the horizontal coordinate.
Use a different symbol for data from each observation well.
7.3.2.1 The value ofi decreases as timeg, increases and 8.1.1.3 Overlay the data plot on the type curve plot and,
decreases as radial distancedecreases. Therefore, for large while the coordinate axes are held parallel, shift the plot to

Note 1—From Stallman(2).
FIG. 3 Family of Type Curves for the Solution of the Modified Theis Formula
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TABLE 1 Values of Theis equation  W(u) for values of 1/u (8)

1/u 1/ux 107 1 10 102 10 10* 10* 10*

1.0 0.00000% 0.21938 1.82292 4.03793 6.33154 8.63322 10.93572 13.23830
12 0.00003 0.29255 1.98932 4.21859 6.51369 8.81553 11.11804 13.42062
15 0.00017 0.39841 2.19641 4.44007 6.73667 9.03866 11.34118 13.64376
2.0 0.00115 0.55977 2.46790 4.72610 7.02419 9.32632 11.62886 13.93144
25 0.00378 0.70238 2.68126 4.94824 7.24723 9.54945 11.85201 14.15459
3.0 0.00857 0.82889 2.85704 5.12990 7.42949 9.73177 12.03433 14.33691
35 0.01566 0.94208 3.00650 5.28357 7.58359 9.88592 12.18847 14.49106
4.0 0.02491 1.04428 3.13651 5.41675 7.71708 10.01944 12.32201 14.62459
5.0 0.04890 1.22265 3.35471 5.63939 7.94018 10.24258 12.54515 14.84773
6.0 0.07833 1.37451 3.53372 5.82138 8.12247 10.42490 12.72747 15.03006
7.0 0.11131 1.50661 3.68551 5.97529 8.27659 10.57905 12.88162 15.18421
8.0 0.14641 1.62342 3.81727 6.10865 8.41011 10.71258 13.01515 15.31774
9.0 0.18266 1.72811 3.93367 6.22629 8.52787 10.83036 13.13294 13.43551
1u 1/u % 10* 10t 10° 10 0% 10*2 1013 104

1.0 15.54087 17.84344 20.14604 22.44862 24.75121 27.05379 29.35638 31.65897
12 15.72320 18.02577 20.32835 22.63094 24.93353 27.23611 29.53870 31.84128
15 15.94634 18.24892 20.55150 22.85408 25.15668 27.45926 29.76184 32.06442
2.0 16.23401 18.53659 20.83919 23.14177 25.44435 27.74693 30.04953 32.35211
25 16.45715 18.75974 21.06233 23.36491 25.66750 27.97008 30.27267 32.57526
3.0 16.63948 18.94206 21.24464 23.54723 25.84982 28.15240 30.45499 32.75757
35 16.79362 19.09621 21.39880 23.70139 26.00397 28.30655 30.60915 32.91173
4.0 16.92715 19.22975 21.53233 23.83492 26.13750 28.44008 30.74268 33.04526
5.0 17.15030 19.45288 21.75548 24.05806 26.36054 23.66322 30.96582 33.26840
6.0 17.33263 19.63521 21.93779 24.24039 26.54297 28.84555 31.14813 33.45071
7.0 17.48677 19.78937 22.09195 24.39453 26.69711 28.99969 31.30229 33.60487
8.0 17.62030 19.92290 22.22548 24.52806 26.83064 29.13324 31.43582 33.73840
9.0 17.73808 20.04068 22.34326 24.64584 29.94843 29.25102 31.55360 33.85619

AValue shown as 0.00000 is nonzero but less than 0.000005.

align the data with the type curve. The data points for small o | S : ki Y ot
values oft/r? should fall on or near the central (standard) type X XX Q o !
curve, and larger values 0f? should fall on curves represent- 02 £ /x\it e s o 1 2+
ing different values oK,, ordinarily a different value oK, for A|S Nf:p%mn”f o
each observation well. 04 I s \ i

8.1.1.4 Select and record the values>W (u), 1/u, s and S \ |
t/r? for a point (called the match point) common to both the g s X {
type curve and the data plot. For convenience, the point may bg \\x E
selected wher&W (u) and1/u are major axes, thatis, 0.1, 1.0, o Later svaigtne N \
10.0, etc. Record a value &f for each observation well. Sfﬁn";iT‘m‘SSSTé‘E%fé‘éﬁ‘&x \ §

8.1.1.5 Using the match point coordinates, determine the *° g(i
transmissivity and storage coefficient from the following equa- | N
tions: ’ Modified from Heath (4)

Time
T= & = W(U) (11) FIG. 4 Semilogarithmic Plot of Drawdown Versus Time Showing
4ms Effects of an Impermeable Boundary
and: above the projected straight line, whereas an impermeable
S= 4T(Ur*)u (12)  boundary will cause increased drawdown and points will fall

8.1.1.6 For each observation well, determine the distance toelow the projected line. Note that an impermeable boundary

the image welly;, using the following: doubles the slope of t_he d(awdown plot. o _ _
r= Ky, (13) 8.1.2.2 Draw a straight line through the initial straight-line

. . . part of the data where < 0.01 and the effects of boundary are
8.1.2 Modified Theis Methoe-The graphical procedure for |, yet apparent. The drawdown over one log cycle of time

solution by the modified Theis nonequilibrium method is base‘{measured or projectedys, is used to calculate transmissivity

on the relationship betweeiand logt using Eq 10. from Eq 10. This method of calculating hydraulic properties is
8.1.2.1 Plot values cffor each observation well or piezom- prescribed in more detail in Test Method D 4105.

eter on the vertical (arithmetic) coordinate and values of the 10 g 1 2 3 Determine the storage coefficient from the semiloga-

of t on the horizontal (logarithmic) coordinate. For values of iihmic plot of drawdown versus lqg time by a method
that are sufficiently large such thats less than 0.01, the points proposed by Jacofs), where:

should fall on a straight line. At larger values tfthe points

will begin to diverge from the straight line due to the effects of 5= 2R gy, (%m) (14)
the nearest boundary (see Fig. 4). A constant-head boundary AmT r's

will cause decreased drawdown, and measurements will fall Project the initial straight-line part of the curve to the left
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until it intercepts the line of zero drawdown. Takiag= 0 atthe  describe the hydrogeology of the site as it pertains to the
zero-drawdown intercept of the straight-line plot of drawdownselection of this test method for conducting and analyzing an

versus log, time: aquifer test. Compare the hydrogeologic characteristics of the
2.25Tt, site as they conform and differ from those assumed in the
S=— (15)  solution to the aquifer test method. In particular, locate all
possible boundaries and describe their characteristics.
where: 9.1.3 Scope of Aquifer Test
t, = the value of time at the projection of zero. 9.1.3.1 Equipment—Report the field installation and equip-
Additional discussion of the limits of the modified Theis ment for the aquifer test, including the construction, diameter,
nonequilibrium method is found in Test Method D 4105. depth of screened interval, and location of control well and

8.1.2.4 Select a convenient value sfwithin the initial  pumping equipment, and the construction, diameter, depth, and
straight-line part of the plot. Because the drawdown has not yetcreened interval of observation wells or piezometers.
been affected by the boundasy= s.. Note the value of, that 9.1.3.2 Instrumentatior—Report the field instrumentation
corresponds to this value gf. for observing water levels, pumping rate, barometric changes,

8.1.2.5 Graphically extend the initial straight-line part of theand other environmental conditions pertinent to the test.
curve to the right. The departure of the measured drawdowinclude a list of measuring devices used during the test, the
from the extended straight line is the drawdown due to thananufacturer's name, model number, and basic specifications
presence of the boundary, the image-well drawdasvigelect  for each major item, and the name and date of the last
a point within the second straight-line part of the curve suctcalibration, if applicable.

thats = s, and note the value of timé, at whichs is found. 9.1.3.3 Testing Procedures-State the steps taken in con-
8.1.2.6 Becausk andt; were selected such thgt=s, u,is  ducting pretest, drawdown, and recovery phases of the test.
equal tou; andr,?SJ/4Tt, = r,>S4Tt;, so that: Include the frequency of measurements of discharge rate, water
. n level in observation wells, and other environmental data
K, = r—: = t—'r (16)  recorded during the testing procedure.

. . _ . 9.1.4 Presentation of Interpretation of Test Results
Determine the radius to the image well using Eq 13. 9.1.4.1 Data—Present tables of data collected during the
8.2 Determine Location of Boundary test. Show methods of adjusting water levels for barometric

8.2.1 On a map showing the locations of the control and:anges or other background water level changes and calcula-
observation wells, with a compass describe a circle aroungyn of drawdown.

each observation well. The radius of the circle should be the 9.1.4.2 Data Plots—Present data plots used in analysis of

radius to the image welk;, from that observation well. the data. Show overlays of data plots and type curves with
/8.2.2 The image well is located at the intersection of theyaich points and corresponding values of parameters at match

circles. If the circles do not intersect exactly, the most probabl%oints_ Show values df,, selected for each observation well.

location is the centroid of the intersections. 9.1.4.3 Calculation—Show calculation of transmissivity,

~ 8.2.3 Draw a straight line between the control well and thegorage coefficient, radius to image well and radius to bound-
image well. The boundary is represented by the perpendlculagry.

bisector of this line. 9.1.5 Evaluate qualitatively the overall accuracy of the test

on the basis of the adequacy of instrumentation and observa-

9. Report tions of stress and response, and the conformance of the
9.1 Prepare a report including the following information: hydrogeologic conditions and the performance of the test to the
9.1.1 Introduction—The introductory section is intended to model assumptions.

present the scope and purpose of this test method for deter- o .

mining transmissivity, storage coefficient, and boundary local0- Precision and Bias

tion in a confined nonleaky aquifer. Summarize the field 10.1 Itis not practicable to specify the precision of this test

hydrogeologic conditions and the field equipment and instrumethod because the response of aquifer systems during aquifer

mentation including the construction of the control well andtests is dependent upon ambient system stresses. No statement

observation wells, the method of measurement of dischargean be made about bias because no true reference values exist.

and water levels, and the duration of the test and pumpin

rates. Discuss the rationale for selecting a method that incoa-l- Keywords

porates the effects of boundaries. 11.1 aquifers; aquifer boundaries; aquifer tests; confined
9.1.2 Hydrogeologic Setting-Review the information aquifers; control wells; ground water; hydraulic properties;

available on the hydrogeology of the site. Include driller's logsimage wells; observation wells; storage coefficient; transmis-

and geologist’'s description of drill cuttings. Interpret and sivity
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Standard Test Method for
Determining Specific Capacity and Estimating
Transmissivity at the Control Well *

This standard is issued under the fixed designation D 5472; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

€' Note—Section 10.2.1 was corrected editorially in August 1999.

1. Scope D 4750 Test Method for Determining Subsurface Liquid

1.1 This test describes a procedure for conducting a specific  L€Vels in a Borehole or Monitoring Well
capacity test, computing the specific capacity of a control well
and estimating the transmissivity in the vicinity of the control

well. Specific capacity is the well yield per unit drawdown at 3-1 Definitions: ,
an identified time after pumping started. 3.1.1 aquifer, confined-an aquifer bounded above and

1.2 This test method is used in conjunction with TestPelow by confining beds and in which the static head is above
Method D 4050 for conducting withdrawal and injection well the top of the aquifer. _
tests. 3.1.2 aquifer, unconfined-an a_qwfer that has a water table.
1.3 The method of determining transmissivity from specific ~ 3-1-3 control well—well by which the head and flow in the
capacity is a variation of the nonequilibrium method of Theis@duifer is changed by pumping, injecting, or imposing a

(1) for determining transmissivity and storage coefficient of anconstant change of head.
aquifer. The Theis nonequilibrium method is given in Test 3.1.4 head, statie-the height above a standard datum of the

Method D 4106. surface of a column of water that can be supported by the static
1.4 Limitations—The limitations of the technique for deter- Pressure at a given point. .

mining transmissivity are primarily related to the correspon- 3-1.5 hydraulic conductivity(field aquifer test) the volume

dence between the field situation and the simplifying assumef water at the existing kinematic viscosity that will move in a

3. Terminology

tions of the Theis method. unit time under a unit hydraulic gradient through a unit area
1.5 The values stated in SI units are to be regarded d®€asured at right angles to the direction of flow.
standard. 3.1.6 observation wela well open to all or part of an

1.6 This standard may involve hazardous materials, opergduifer, and used to make measurements.
tions, and equipment. This standard does not address safety3-1-7 Specific capacity-well yield per unit drawdown at an
problems associated with its use. It is the responsibility of thddentified time after pumping started. ,
user of this standard to establish appropriate safety and health3-1-8 storage coefficiertthe volume of water an aquifer
practices and determine the applicability of regulatory limita-r€leases from or takes into storage per unit surface area of the

tions prior to use. aquifer per unit change in head.
3.1.9 transmissivity—the volume of water at the existing
2. Referenced Documents kinematic viscosity that will move in a unit time under a unit
2.1 ASTM Standards: hydraulic gradient through a unit width of the aquifer.
D 653 Terminology Relating to Soil, Rock, and Contained 3.1.10 For definitions of other terms used in this method see
Fluids® Terminology, D 653.

D 4050 Test Method (Field Procedure) for Withdrawal and 3-2 SymbolsSymbols and Dimensions:

Injection Well Tests for Determining Hydraulic Properties ~ 3-2.1 K—hydraulic conductivity [LT"]

of Aquifer Systemd 3.2.2 m—saturated thslckness [L]

; -1

D 4106 Test Method for Analytical Procedure for Determin-  3.2.3 Q—discharge [ET ] -

ing Transmissivity and Storativity of Nonleaky Confined ~3-2-4 Q/s—specific capacity [(ET )L ™]

Aquifers by the Theis Nonequilibrium Methéd 3.2.5 r—well radius [L]

3.2.6 s—drawdown [L]
_ _ N _ _ 3.2.7 S—storage coefficient [dimensionless]

1 This test method is under the jurisdiction of ASTM Committee D-18 on Soil

. PR )
and Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water 3.2.8 T/—trans_m_lsswlty [T L. _1
and Vadose Zone Investigations. 3.2.9 T'—provisional value of transmissivity flT ]

Current edition approved Nov. 15, 1993. Published January 1994. 3.2.10 t—elapsed time of pumping [T]
2 Annual Book of ASTM Standardgol 04.08.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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3.2.11 u—r 294Tt[dimensionless] 6.1.3 Equip control well for measuring the pretest water
3.2.12 W(u)}—well function of “u” [dimensionless] level (prepumping water level) and pumping water levels
3.2.13 ¢;— [W (u)/4] during the specific capacity test.
o 6.1.4 Measure static water level immediately before starting
4. Significance and Use the pump.

4.1 Assumptions of the Theifl) equation affect specific 6.1.5 Start pump and simultaneously measure elapsed time
capacity and transmissivity estimated from specific capacitywith a stop watch or data recorder. After 3 to 5 minutes well

These assumptions are given below: yield and drawdown should be measured and recorded.

4.1.1 Aquifer is homogeneous and isotropic. 6.1.6 If all the equipment is working properly, drawdown

4.1.2 Aquifer is horizontal, of uniform thickness, and infi- measurements can be obtained, and constant discharge main-
nite in areal extent. tained, the equipment check can be ended.

4.1.3 Aquifer is confined by impermeable strata on its upper 6.1.7 Cease pumping and allow the water level to recover to
and lower boundaries. its prepumping level before the specific capacity test procedure

4.1.4 Density gradient in the flowing fluid must be negli- (Section 5) is initiated.
gible and the viscous resistance to flow must obey Darcy’s

Law. 7. Test Procedure
4.1.5 Control well penetrates and receives water equally 7.1 Initiate well discharge.

from the entire thickness of the aquifer. 7.2 Measure the well yield and pumping water level in the
4.1.6 Control well has an infinitesimal diameter. control well at predetermined time intervals, for example, 2-,
4.1.7 Control well discharges at a constant rate. 5-,10-, 20-, 30-, minutes after discharge is initiated. Adjust the
4.1.8 Control well operates at 100 percent efficiency. discharge rate during the test to maintain discharge within 5 %
4.1.9 Aquifer remains saturated throughout the duration obf the rate planned.

pumping. 7.3 While test continues make the following calculations:

4.2 Implications of Assumptions and Limitations of Method  7.3.1 Adjust drawdown for effects of desaturation of the
4.2.1 The simplifying assumptions necessary for solution otquifer, if applicable (see Section 8).
the Theis equation and application of the method are never 7.3.2 Determine the specific capacity (see Section 10) and
fully met in a field test situation. The satisfactory use of theestimate transmissivity (see Section 11). If well bore storage
method may depend upon the application of one or moreffects are negligible (see Section 9), compare the new value of
empirical correction factors being applied to the field data. T’ to the value used to calculatg if the value is within 10 %,
4.2.2 Generally the values of transmissivity derived fromthe test can be terminated.
specific capacity vary from those values determined from 7.3.3 If control well is not screened through the entire
aquifer tests utilizing observation wells. These differences mayhickness of the aquifer, estimate the transmissivity of the
reflect 1) that specific-capacity represents the response of ajuifer following procedure in Sections 11 and 12.
small part of the aquifer near the well and may be greatly ) ) ) )
influenced by conditions near the well such as a gravel pack ¢¢- Correction of Drawdown in an Unconfined Aquifer
graded material resulting from well development, and 2) 8.1 The Theis equation is directly applicable to confined
effects of well efficiency and partial penetration. aquifers and is suitable for use with limitations in unconfined
4.2.3 The values of transmissivity estimated from specificaquifers. If the aquifer is unconfined and drawdown is less than
capacity data are considered less accurate than values obtairi@ percent of the prepumping saturated thickness, little error
from analysis of drawdowns that are observed some distanagill be introduced. If drawdown exceeds 25 percent of the
from the pumped well. prepumping saturated thickness, this test should not be used to
estimate transmissivity. For unconfined aquifers with draw-
5. Apparatus down equal to 10 to 25 percent of the original saturated
5.1 Apparatus required for specific capacity testing includeshickness, correct the drawdown for the effects of reduced

control well, control well pump, discharge measuring equip-saturated thickness by the following formula given by Jacob
ment and water-level measuring equipment. The descriptio(p):

and function requirements of this equipment is given in Test )
Method D 4050. s =s5— 5= (€H)

6. Conditioning Procedures where:

6.1 Conditioning procedures are conducted before the testt@ = measured drawdown in the control well,
ensure that the control well is properly equipped and that thes' corrected drawdown, and
well discharge and water-level measuring equipment is operam saturated thickness of the aquifer prior to pumping.
tional.
6.1.1 Equip the control well with a calibrated accumulating®- Well Bore Storage Effects
water meter or another type of calibrated well yield measuring 9.1 Evaluate the time criterion to determine if well-bore

device. storage affects drawdown at the current duration of the test.
6.1.2 Provide the control well with a system for maintaining Weeks(3) gives a time criterion modified after Papadopulos
a constant discharge. and Cooper(4) of t > 25r /T after which drawdown in the
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control well is not affected by well-bore storage. For example, S=2x10"°
a well with a radius of 1 foot and Bof 1000 fé/day has a time ¢, = W ( u)dm
criterion oft > 25 r T =t > 25 (1//1000= t > 0.025 W (u) = (-0.5772 — In[u])
days=t > 36 min.
where:
10. Computation of Specific Capacity u = (r?9)/(4Tt) = 8.9780x 10 ° = 6.9597x 10°*°
= (-0.5772 - In 6.9597X 10 ~*9/4x
st;r(t)e%j Record the drawdown and the time since pumplng _ g 0.5772 - Ln 6.9597% 10-19/12 5664
C1 = (-0.5772 - (-21.0857)/12.5664
=2

10.2 Compute the specific capacity of the control well from
the average well yield@) and the drawdowns}:
Specific Capacity= Q/s (LT )L 2) thus:
pecific Capacity QLT Ol @ 771 ¢ (0l = 1.6320x 3850= 6300 fe/day (rounded),

10.2.1 An example of specific capacity where discha_rge s The new value of transmissivity is within 10 % of the
given in American Standard Units (1000 gallons per minute) value used to compute transmissivity.

and drawdown in feet (50): 11.1.5 To obtain S| units, multiply American units by

C, 0.5085/12.5664- 1.6320

Specific Capacity= 2 2
[1000 gpm (1440 min/day/7.48 gaBfi/50 ft = 9.290> 10° for mr/day.
3850 [(f@/day)]ft Note 1—The initial estimates of transmissivity can be based on values
of transmissivity and storage of the aquifer determined at other locations
11. Estimate Transmissivity from Specific Capacity or from a general knowledge of the aquifer properties. The transmissivity

e . ey _could be estimated from driller's logs using methods described by
11.1 A modification of the Theigl) nonequilibrium equa Gutentag and othergs). The storage coefficient can be estlmated for

tion is used to evaluate transmissivity data derived fromunconflned aquifer as 0.2 and for confined aquifers asi® ~6, whereb

specific capacity as follows: is the thickness of the aquifer in feet. In areas where aqwfer properties are
= [W(u)/4m]Qls 3) not known and drillers log data are lacking, the following values, modified
o from Harlan, Kolm, and Gutentg@) can be used as initial estimatesof
11.1.1 A general form of the equation is: Confined aquifers 16
T =¢Qls (4) Unconfined aquifers 0.8

where: 12. Correction of Transmissivity for Partially Penetrating
c, = W(u)dm. Well

11.1.2 Calculate the value of; from a provisional value of 12.1 If the full aquifer thickness is not screened, the value of
transmissivity,T’, estimated storage coefficiel8, well radius, T’ represents the transmissivity of the screened section of the
r, and duration of the test, An example of the computation of aquifer. To estimate the transmissivity of the full thickness of
¢, using field values of discharge in American units is asthe aquifer, divide estimated transmissivity by the length of the

follows: screened interval to compute the hydraulic conductivii) (
After computing K) the hydraulic conductivity value is
where: 5 multiplied by the entire thickness of the saturated thicknegs (
; - élxogg_ft /day, of the aquifer to compute an estimate of transmissivity as:
r = 0.67 ft (16-in. diameter pipe), T=Km
t = 0.50 days 13. Report
C, =W (u)/4mn

13.1 Prepare a report containing all data, including a de-

W(U) = (=0.5772 = Infu]) scription of the field site, well construction, plots of pumping

where water level and well discharge with time.

u = (r’S)/(4Tt)= 4.0809x 101° 13.2 Present analysis of data, using iteration techniques for

C, = (-0.5772 - Ln[4.0809x 10 *9/4x] ¢, when results differ from initial input values dfandS.

C, = (-0.5772 - In[4.0809x 10719)/12.5664 13.3 Compare estimated test conditions with the test method

C, = (-0.5772 - [-21.6195])/12.5664 assumptions listed in 4.1.

C, = 21.0423/12.5664 1.6745 N .

11.1.3 Calculate transmissivity from Eq 4; 14. Precision and Bias

T=¢c,Qls, 14.1 It is not practicable to specify the precision of this
AssumeQ/s = 3850 [(f/day)/ft] procedure because the response of aquifer systems during
T = 1.6745x% 3850= 6450 ff/day (rounded) aquifer tests is dependent upon ambient system stresses. No

11.1.4 If transmissivity calculated in 11.1.3 is not within statement can be made about bias because no true reference
10 % of the provisional transmissivity,, recalculatec, from  values exist.
the new value of transmissivity and recalculate transm|SS|V|ty
by formula. In the example, because 6450y is 59 percent 15. Keywords

of the initial T’ value of the 11 000 f{day, a more accuraig 15.1 aquifers; aquifer tests; control wells; hydraulic conduc-
can be computed to match the n&wvalue. tivity; observation wells; specific capacity; storage coefficient;
T = 6450 ff/day transmissivity; unconfined aquifers
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QHW Designation: D 5473 — 93 (Reapproved 2000)

Standard Test Method for

(Analytical Procedure for) Analyzing the Effects of Partial
Penetration of Control Well and Determining the Horizontal
and Vertical Hydraulic Conductivity in a Nonleaky Confined
Aquifer *

This standard is issued under the fixed designation D 5473; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope 3. Terminology

1.1 This test method covers an analytical solution for 3.1 Definitions:
determining the horizontal and vertical hydraulic conductivity 3.1.1 aquifer, confined-an aquifer bounded above and
of an aquifer by analysis of the response of water levels in th&elow by confining beds and in which the static head is above
aquifer to the discharge from a well that partially penetrates théhe top of the aquifer.
aquifer. 3.1.2 confining bed—-a hydrogeologic unit of less perme-
1.2 Limitations—The limitations of the technique for deter- able material bounding one or more aquifers.
mination of the horizontal and vertical hydraulic conductivity 3.1.3 control well—well by which the head and flow in the
of aquifers are primarily related to the correspondence betweesquifer is changed, for example, by pumping, injection, or
the field situation and the simplifying assumption of this testimposing a constant change of head.
method. 3.1.4 drawdown—vertical distance the static head is low-
1.3 The values stated in either inch-pound or Sl units are tered due to the removal of water.
be regarded separately as the standard. The values given in3.1.5 hydraulic conductivity—(field aquifer tests), the vol-
parentheses are for information only. ume of water at the existing kinematic viscosity that will move
1.4 This standard does not purport to address all of thein a unit time under a unit hydraulic gradient through a unit
safety problems, if any, associated with its use. It is thearea measured at right angles to the direction of flow.
responsibility of the user of this standard to establish appro- 3.1.6 observation wel-a well open to all or part of an
priate safety and health practices and determine the applicaaquifer.

bility of regulatory limitations prior to use. 3.1.7 piezometer-a device so constructed and sealed as to

measure hydraulic head at a point in the subsurface.

2. Referenced Documents 3.1.8 specific storage-the volume of water released from
2.1 ASTM Standards: or taken into storage per unit volume of the porous medium per
D 653 Terminology Relating to Soil, Rock, and Containedunit change in head.

Fluids® 3.1.9 storage coefficientthe volume of water an aquifer

D 4050 Test Method for (Field Procedure for) Withdrawal releases from or takes into storage per unit surface area of the
and Injection Well Tests for Determining Hydraulic Prop- aquifer per unit change in head.
erties of Aquifer Systents 3.1.10 transmissivity—the volume of water at the existing
D 4105 Test Method for (Analytical Procedure for) Deter- kinematic viscosity that will move in a unit time under a unit
mining Transmissivity and Storativity of Nonleaky Con- hydraulic gradient through a unit width of the aquifer.
fined Aquifers by the Modified Theis Nonequilibrium  3.1.11 unconfined aquifer-an aquifer that has a water table.
Method 3.1.12 For definitions of other terms used in this test
D 4750 Test Method for Determining Subsurface Liquid method, see Terminology D 653.
Levels in a Borehole or Monitoring Well (Observation 3.2 Symbols:Symbols and Dimensions
Well)? 3.2.1 a [nd]—( KJK,)"2
3.2.2 b [L]—thickness of aquifer.
3.2.3 d [L]—distance from top of aquifer to top of screened
1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and interval of control well.
Rock and is the diregt re;ponsibility of Subcommittee D18.21 on Ground Waterand 3.2.4 d’ [L]_distance from top of aquifer to top of screened
Vadose Zone Investigations. interval of observation well.

Current edition approved Nov. 15, 1993. Published January 1994. . .
2 pnnual Book OprSTM Standardéol 04.08. Y 3.2.5 f; [nd]—dimensionless drawdown factor.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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3.2.6 K [LT "Y—hydraulic conductivity. near a control well fully penetrating the aquifer. These devia-
3.2.7 K, [LT “Y—hydraulic conductivity in the plane of the tions occur when a well partially penetrating the aquifer is
aquifer, radially from the control well. pumped because water levels are drawn down more near the

3.2.8 K, [LT ~Y—hydraulic conductivity normal to the level of the screen, and less at levels somewhat above or below
plane of the aquifer. the screened interval, than they would be if the pumped well
3.2.9 Kq— modified Bessel function of the second kind andfully penetrated the aquifer. These effects are shown in Fig. 1
zero order. by comparing drawdown and flow lines for fully penetrating
3.2.101 [L]—distance from top of aquifer to bottom of and partially penetrating control wells in an isotropic aquifer.
screened interval of control well. Drawdown deviations due to partial penetration are amplified
3.2.111" [L]—distance from top of aquifer to bottom of when the vertical permeability is less than the horizontal
screened interval of observation well. permeability, as often occurs in stratified sedime(is.3
3.2.12 Q [L3T Y}—discharge. Hantush(2) has shown that at a distanae,from the control
3.2.13r [L]—radial distance from control well. well the drawdown deviation due to pumping a partially

3.2.14r— distance from pumped well at which an ob- penetrating well at a constant rate is the same as that at a
served drawdown deviatiods, would occur in the equivalent distancer (K/K,)Y? if the aquifers were transformed into an

isotropic aquifer. equivalent isotropic aquifer.
3.2.15 S [nd]—storage coefficient. 4.2 Solutions—Solutions are given by HantuqR) for the
3.2.16 s [L]—drawdown. drawdown near a partially penetrating control well being
3.2.17 S [L ~—specific storage. pumped at a constant rate and tapping a homogeneous,
3.2.18 T [L?T Y]—transmissivity. isotropic artesian aquifer:
3.2.19 u [nd]—(r?9)/(4 TY). Q
3.2.20 W(u) [nd]—an exponential integral known in hydrol- $ =z (W) + £ @

ogy as the well function ofl.

3.2.21 W(u, f)—partial-penetration control well function.

3.2.22 3s [L]—drawdown deviation due to partial penetra- W) = f _d @
tion from that given by equations for purely radial flow. u y

13.2.23z [L}—distance from top of aquifer to bottom of  andf, is the dimensionless drawdown correction factor. The
piezometer. function [W (u) +fJ in Eq 1 can be referred to as the partial
penetration well function.

where:

4. Summary of Test Method

4.1 -ThiS test me.'thOd uses the deviations in drawdown Near sthe poldface numbers in parentheses refer to a list of references at the end of
a partially penetrating control well from those that would occurthe text.
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FIG. 1 Vertical Section Showing Drawdown Lines and Approximate Flow Paths Near a Pumped Well in an Ideal Artesian Aquifer
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4.2.1 The dimensionless drawdown correction factor for &or ar/b < 1.5. There is a response curve for each valuar i,

piezometer is given by: d/b, I/b, and eitherz/b for piezometers, ot'/ b and d'/b for
ar | dz observation wells. A table of dimensionless drawdown factors
fs=1 < Ub b b 5> (3  for piezometers from WeeK4) is given in Table 1 covering 56

. different partial-penetration situations. A graph of one of the
2b 1/ nml ~nmd nmz nmar P . . .
=—= S (sin—+— —sin—] cos ——W| u,—— many families of curves showing the dimensionless drawdown
wd — d)<4n b b b b
factorf, versusar/b for a control well screened, or open, from
and the solution for the dimensionless drawdown correctiory = 0.6bto z = 0.% for various values of piezometer penetra-

factor for an observation well is given by: tion, z/h is shown in Fig. 3. Because of the even greater

ar | d Il o number of possible drawdown factors for observation wells,
fs= f( “ bbb _b) ) drawdown correction factors for wells are not tabulated.
_ 22|oz o % _12 < sin ”_b“' —sin n—gd> 5. Significance and Use
(- d nern 5.1 Assumptions
(Sin ' i nTr_d’> W(u mTar) 5.1.1 Control well discharges at a constant re,
b ©b 5.1.2 Control well is of infinitesimal diameter and partially
where: penetrates the aquifer.

2 5.1.3 The nonleaky artesian aquifer is homogeneous, and

. exp( -y - @> aerially extensive. The aquifer may also be anisotropic and, if

W(m, x) = fu #dy (5) so, the directions of maximum and minimum hydraulic con-

ductivity are horizontal and vertical, respectively. The methods

_ The hydrogeologic conditions and symbols used in conneGyay he used to analyze tests on unconfined aquifers under
tion with piezometer and well geometries are shown in Fig. 25nditions described in a following section.

H H 2 2:
4.2.2 For large values of time, that is, fop b°S(2a°T) or 57 4 pischarge from the well is derived exclusively from
t > bS(2K)), the effects of partial penetration are constant INstorage in the aquifer.

time, and W(u, (nrar)/b)) can be approximated byK 5.1.5 The geometry of the assumed aquifer and well condi-

o((nmar)/b) (2). K, is the modified Bessel function of the ons are shown in Fig. 2.

second kind of order zero. 5.2 Implications of AssumptioasThe vertical flow compo-
4.2.3 Eq 1 can be written nents in the aquifer are induced by a control well that partially

Q Q penetrates the aquifer, that is, a well that is not open to the

$= Zmr WU + 777 ¥ ©  aquifer through its full thickness. The effects of vertical flow

4nT s
The first term in Eq 6 is the drawdown in an isotropic COmponents are measured in piezometers near the control well,

homogeneous confined aquifer under radial flow, as given b$hat is, within a distance, in which vertical flow components

Theis (3). The second term is deviation from the Theis are significant, that is:

drawdown caused by partial penetration of the control well. r < 1.50/Kr/Kz 8)

This term is designated as the drawdown deviation by Weeks

(1) and is given by: 5.3 Application of Method to Unconfined Aquifers

5.3.1 Although the assumptions are applicable to artesian or
55 = &f @) confined conditions, WeeK4&) has pointed out that the solution
4uT may be applied to unconfined aquifers if drawdown is small
4.2.4 The effects of partial penetration need to be considerecbmpared with the saturated thickness of the aquifer or if the
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FIG. 2 Cross Section Through a Discharging Well That is Screened in a Part of a Nonleaky Aquifer
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ar/b 6. Apparatus

30 0 ) 200 6.1 Apparatus for withdrawal tests is given in Test Method

D 4050. The apparatus described as follows are those compo-
nents of the apparatus that require special attributes for this
specific test method.

6.2 Construction of Control Wel-Screen the control well
through only part of the vertical extent of the aquifer to be
tested. The screened interval of the control well must be known
as a function of aquifer thickness.

6.3 Construction and Placement of Piezometers and Obser-
vation Wells—The requirements for observation wells and
piezometers are related to the method of analysis to be used.
Two methods of analysis are prescribed in Section 8; the
observation well and piezometer requirements for each method
are given as follows. The piezometers and observation wells
may be on the same or various radial lines from the control
well.

6.3.1 The type curve fitting methods require one or more
piezometers near the control well within the radial distance
affected by vertical flow components. This distance is given by
r < 1.50/(K JK,) *2. The depth of the piezometer opening must
be known as a function of the aquifer thickness. Construction

e of piezometers or wells for a specific test shall be identical with

FIG. 3 Graph of Dimension Less Drawdown Factor,  f., versus respect to distance from the top of_ the aquifer to the bottom of

ar/b for a Pumped Well Screened from  z=0.66 to z = 0.96 for the piezometers or the screened interval of the wells.

Values of Piezometer Penetration,  z/b 6.3.2 Method 1 of the drawdown deviation methods re-
quires one or more piezometers or wells near the control well
within the radial distance affected by vertical flow components.

drawdown is corrected for reduction in thickness of the aquifer;rhe depth of these piezometers and the screened interval of
and the effects of delayed gravity response are small. Th@ells must be known as a function of aquifer thickness.
effects of gravity response become negligible after a time agonstruction of piezometers or wells for a specific test within
given, for piezometers near the water table, by the equationthe distance affected by vertical flow components shall be
bs, identical with respect to distance from the top of the aquifer to

t:Tz ©®  the bottom of the piezometers or the screened interval of the

wells. In addition, the method requires two or more observation
wells or piezometers at a distance from the control well beyond

o
o
~
o
o
w
o
o
o

+6

+2
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QL

[ .
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for values ofar/b < 0.4 and by the equation:

t= k:(_s/ (0.5+ 1_25% \/%) 10) the effect of vertical flow components. o
z ' 6.3.3 Method 2 of the drawdown deviation methods re-
for greater values ofr/b. quires two or more piezometers within the radial distance

5.3.2 Drawdown in an unconfined aquifer is also affected byaffected by vertical flow components. Construction of piezom-
curvature of the water table or free surface near the contradters or wells for a specific test within the distance affected by
well, and by the decrease in saturated thickness, that causes t&tical flow components shall be identical with respect to
transmissivity to decline toward the control well. This testdistance from the top of the aquifer to the bottom of the
method should be applicable to analysis of tests on water-tabigiezometers or the screened interval of the wells.
aquifers for which the control well is cased to a depth below o o
the pumping level and the drawdown in the control well is less Note 1—The drawdown deviation methods were originated by Weeks

. . (1) who published tables of the drawdown correction factors for piezom-
than 0.D. Moreover, little error would be introduced by effects eters. Partially penetrating observation wells may be used in place of or in

of water-table curvature, even for a greater drawdown in thggition to the piezometers. Week has found that data from observa-
control well, if the term §/2 b) for a given piezometer is small tion wells screened for less than 20 % of the aquifer thickness, using the
compared to thé sterm. center of the screen as the piezometer depth, can be used in place of
5.3.3 The transmissivity decreases as a result of decreasimgzzometers if the position of the screen in the observation well is above
thickness of the unconfined aquifer near the control well. Jacol Pelow that of the screen in the pumped well. However, if the

; i bservation well is screened at the same level or overlaps that in the
(4) has shown that the effect of decreasing t_rar?smlsswlty on th%umped well, Eq 1, or the values in Table 1 derived from Eq 1, should be

drawdown may be corrected by the equation: used only when the screen length of the observation well is less than about
s =s— (¥/2b) (11) 5 % of the aquifer thickness. Data obtained from observation wells open

) ) ) or screened in a larger part of the aquifer thickness could be analyzed by
wheresis the observed drawdown astis the drawdown in  values of the drawdown correction factor derived from Eq 4. Drawdown

an equivalent confined aquifer. correction factors can be derived from values &({u) +f], computed
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from the Fortran code of Red8) or the basic code of Dawson and Istok  8.1.1 Type Curve Method-3-This test method is applicable

(6). where one or more piezometers or wells are within the distance

7. Procedure from the control well affected by vertical rovglzcomponents.

. . ) . 8.1.2 Select a range of valuesaf= (K/K,) ““and prepare

7.1 Pretest Preparations-Pretest preparations are given in 5 qet of type curves for each observation well. For each type

more detail in Test Method D 40'.50' ._curve having values dd andar/b, plot [W ( u) + fJ] versus 1
7.1.1 Testing Response of Piezometers and Observatiog, logarithmic paper (see Fig. 4)

Wells—The piezometers and observation wells are tested by e

pumping or injecting water to assure hydraulic connection Note 2—The type curves can be plotted from values \bf (u) + f{

between the well and the aquifer. calculated from the Fortran program in Table 2.1 of RE8dr the Basic
7.1.2 Measure water levels to determine the trend of watef"09ram. TYPES, of Dawson and ISt¢g).
levels before the commencement of the test. 8.1.3 For each observation well, prepare plots of data by

7.1.3 Step Test-Pump the control well at steady, progres- plotting s versust using the same logarithmic scales used to
sively greater rates to estimate the transmissivity and selectglot the type curves (Fig. 4).
steady rate of pumping for the aquifer test. 8.1.4 Overlay the data plot on the family of type curves
7.2 Aquifer Testing-The field procedure summarized be- developed for that observation well. Shift the plots relative to
low for pumping the control well and measurement of watereach other, keeping the axes parallel, until a position of best fit
levels is given in detail in Test Method D 4050. is found between the data plot and one of the type curves.
7.2.1 Pump Control WeH-Pump the control well at a g 15 Selecta common match point on the data plot and the

constant rate. Measure well discharge periodically. _ type curve. Record the value affor the type curve and values
7.2.2 Measure Water Level in Piezometers and Observationy [y (u) +f], s, u andt for the data and type curve match

Wells—Measure water levels frequently during the early phasepoim_

of pumping; increase the interval between measurements g 1 ¢ calculate transmissivity,

logarithmically as pumping continues. 817 Calculatek. = T/h "
. . r - 3

7.3 Analysis of the Test DataThe field test data are _ 12
analyzed by methods described in Section 8. 8.1.8 Froin the v2alue 08 = (K/K,)™ for the type curve,
calculateK, =K, * a“.

8. Calculation and Interpretation of Results 8.1.9 Substitute values df, u, t andr in the equationu
8.1 Type Curve MethodsTwo type curve methods are = (r? S/4T) and solve for storage coefficiers,

presented. The first method is employed by plotting drawdown

versus time for each observation well and matching the data

from Eq 1.

Note 3—From the match point in Fig. 4, transmissivity is calculated:

plot with prepared-type curves of\ (u) + fJ] versus 4. The T = QlAms (W) + fy (12)
second method is employed by plotting drawdown veﬁﬂs . T = (19250 * 10/(4 * = * 3.22) = 4800 f¢ day (rounded
for one or more wells on the same graph and matching with
prepared families of type curves oWy (u) +f J versus 14. The hydraulic conductivity radially from the well is calculated:
10()E
100 F
r N
I -+
bt
- ~10r
- C
L =
O L
(3] © |
— =z M&‘VCH' Point
10: 8 - V\](u)*‘(ﬁ-:IO s
-+ - O i S = IXID
: A - 3.22 3
N = /{- - 7.0 K /0—
j = 1 T T TTIhny T T T T TTITIT T T YT T TTTTIT T T T LELRARLLI] T1
gl 10 10 107 107 107 1 0 102
= - Tirme (days)
1 T T TTTI T T TTTI T T VTTIf T T 1T, T TV TIT] T T VTTTH] T T TTTm T TTTTH

10 7 1 10 /1)* 10° 10* 10° 10° 107

FIG. 4 Data and Type Curves
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K, = T/b = 4800/100= 480 ftday* (13) 8.1.14 Select a common match point on the data plot and the

type curve plot. Record values oM( u) +f J, s, u andt for

The hydraulic conductivity normal to the plane of the aquifer is calculatedithe match point and the value afor the family of type curves.

K, = 480 *0.01= 4.8 ftday* (14) 8.1.15 Calculate transmissivity, from Eq 1.
8.1.16 Calculate the value & = T/b.
The storage coefficient is calculated: 8.1.17 From the value &f = (K,/ K,)*?for the match point,
S = 4Tutrd) (15) the transmissivity, and the thickness of the aquifegalculate
X s . s K, from Eq 12.
S=(474800*2.1*10)/(100*1000 = 4*10 8.1.18 Substitute values &t u, t andr in the equatioru

— (2 ;
Note that the curves are similar for both early and late times. In calculating™ (" 5479 and solve for storage coefficiers,
the values for a single well, both early and late water-level measurements Note 4—From the match point in Fig. 5, the transmissivity is calcu-

are needed to select the proper curve. Without early and late data to selggted:
the proper curve, values of transmissivity, and radial and vertical hydraulic _
conductivity are affected less than the value of storage coefficient. T = Qldms (W) + 1) (16)

8.1.10 Type Curve Method-2This test method is appli-
cgble where two or more observation wells are Wlthm theThe hydraulic conductivity radially from the control well is calculated:
distance from the control well affected by vertical flow L
components. K, = T/b = 16 000/80= 200 ft day a7

B.1.11 Prepare a set of family-type curves, ea_tch family Otrhe hydraulic conductivity normal to the plane of the aquifer is calculated:
several curves for selected valuesaofor each family of type
curves, with equala, plot [W (u)+ fJ versus 1/u on
logarithmic paper (see Fig. 5). The type curves can be plotted o .
from values of W (u)+f J calculated from the Fortran "¢ Storage coefficientis calculated:
program in Table 2.1 of Reg®) or the basic program, TYPESG, S = 4Tu(tr?)
of Dawson and IstoK6). . S=(4*16 000 * 0.002 (1/300 = 0.21

8.1.12 Prepare a data plot of all observation wells on the
same graph. Plot data for each wellsagersusr?/t using the It is noted in Fig. 5 that the early time data for each well lies above the

same sized |Ogarithmic scales used to p|0t the type curves (S@@pe curve. This is typical of the water level-data from unconfined aquifers
Fig. 5). to plot above the type curves for confined aquifers. This response has been

. attributed to delayed gravity release of water from the aquifer under water
8.1.13 Overlay the data plots on each family of type curves)able conditions. Applying Eq 9, = bS/K,, the effect of delayed gravity

Shift the plots relative to each other, keeping the axes parallelesponse is negligible after the tinte= (80 * 0.21)/8 = 2.1 days or for
until a position of best fit is found between the data plots andalues ofr?/t < (502/2.1 = 1190 for well £ andr?/t < (116}/2.1 = 6408

T = (204 050 * 1.0/(4 *  * 1.0) = 16 000 (rounded

K,=200*0.04= 8 ftday * (18)

(19)

one family of type curves. for well 2E. Applying Eq 10t = (bS/K,) (0.5 + 1.25) t/b) ( K/K,)2the
EPNTT
[t Sympo Wee o
o 1
* 2
a 3
0 %
av /6% 0'7'1‘/ @

Marew Porar

s
h C

g 4
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FIG. 5 Data and Type Curves for Multiple Observation Points and Match Point Located
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effect of delayed gravity response is negligible at wéllf8r t > ((80 * define the potentiometric profile of the cone of depression to
0.21)/8) (0.5+1.25) (221/80) * 0.2=24.0 * (0.5+0.69) =18, or for djstances both within and beyond the effects of partial penetra-
values ofr?/t < 2713. tion

8.2 Drawdown Deviation MethodsDrawdown near a par- 8.2.1.1 Prepare a plot of drawdows), versus logr for a
tially penetrating control well deviates from drawdown thattime, t, at or near the end of the test (see Fig. 6).

would occur near a control well fully penetrating the aquifer. 82.1.2 Compute the transmissivity and storage coefficient
These deviations occur when a well partially penetrating therom the straight line part of the curve defined by the most
aquifer is pumped because water levels are drawn down mogfistant wells or piezometers using the modified Theis nonequi-
in piezometers open near the level of the screen, and less jibrium method. This procedure is given in Test Method
piezometers open at an interval somewhat above or below thg 4105.

screened interval, than they would be if the pumped well fully g 5 1 3 Evaluate the values dfand S by calculating the
penetrated the aquifer. Drawdown deviations due to partialgjue ofu = r2954 Tt for the data used to calculafeandS. The
penetration are amplified when the vertical hydraulic conducyajye ofu shall be equal or less than 0.01 for the most distant

tivity is less than the horizontal hydraulic conductivity. The piezometer or well used in the determination of transmissivity
drawdown deviation method¢l) employ the relationship anq storage coefficient.

between the drawdown deviation in an anisotropic aquifer and
the drawdown deviation in an equivalent isotropic aquifer. The Note 5—The limiting value foru of less than 0.01 may be excessively
drawdown deviation at a given distancedue to pumping a restrictive in some applications. The errors for small values;,drom
. . . . y e Kruseman and De Ridd€7) are:

partially penetrating well in an anisotropic aquifer is the sameE e th Lo So 500 Lo

H 1/2 ; H H H rror less than: (] (] (] (0]
as t_hat at the dlstancre(Kr/K_ Z) in an equalent ISOtropiC  £o ) smaller 0.03 0.05 o1 015
aquifer. The drawdown deviation due to partial penetration othan:
the lcor.]tro_:_;/]vellhls det(.aml]lged f(rjom thiﬂeld délléa by griphlcﬁl Note 6—If the values ofu are not less than the limiting value for the
analysis. et eoretlpa raw OW” that .Wou .OCCUI’ .Or t.epiezometers used to calculafeand S calculateT and S from time-
same pumpeq well in an equivalent isotropic aqU_lfer ISdrawdown plots at later times as prescribed in Test Method D 4105. Draw
determined using Eq 1. From the computed curve, the distancéise of slope As = -2.3/2xT beneath the data points. Continue with
from the pumped well at which the observed drawdown8.2.1.4 through 8.2.1.11. Recalculate the position of the straight line in
deviations would occur in the equivalent isotropic aquifer areFi9- 6 and repeat 8.2.1.4 tothUQh 8.2.1.11 until the recomputed val§ie of
found, and the ratio of horizontal to vertical hydraulic conduc-Shanges by less than 10 %. _
tivity is computed by equating the ratio to the square of thet% Note 7—Wells used to calculat€andS (see 8.1) shall be at a distance

"

. . - . . eyond the effects of partial penetration, that is, beyond a distance such
ratio of the actual distance to the distance in an equivale at (KJK)Yb > 1.5. Becausek. and K, will not be known, this

isotropic aquifer. o _ _ evaluation cannot be made prior to the completion of the final step of the
8.2.1 Drawdown Deviation Method-4This method is ap-  procedure. Proceed through the following steps and recompute the radial

plicable for aquifer tests for which piezometers are available talistance from the control well affected by vertical flow components. If the
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piezometers are not beyond the affected distance, it may be possible t0 8.2.1.11 Find the storage coefficient from data obtained in

evaluate the data by the second drawdown deviation method. piezometers located beyond the effects of partial penetration
8.2.1.4 Extend the straight line down to arvalue some- using the following equation from Test Method D 4105:

what smaller than that for the closest piezometer, I-J in Fig. 6. 2. 25Tt
8.2.1.5 Compute values of drawdown deviatiés, = (Q/ S=—2 (22)

47 T)f for assumed values af within the distance from the ) )
control well where the measured drawdown departs from the Wherer is the value at the zero drawdown intercept.
straight line. This line is shown by deviation from the straight 8-2.2 Method 2-This method is applicable where two or
line drawdown in piezomete, B, andC, in Fig. 6. Values of More p|ezomet_ers are within _the radial distant affeqted by
f_ are calculated from Eq 3 or interpolated from Table 1. partial penetrauon .but_where piezometers are not aval!able or

8.2.1.6 Construct the curve representing the drawdowd'€ Period of pumping is too short to determine the position of
profile that would occur in an equivalent isotropic aquifer bythe distance-drawdown curve for the region unaffected by
adding, algebraically, thésterm for each of the values, to the ~ Partial penetration.

drawdown of the straight line plot, I-J. Connect the resulting 8.2.2.1 Determine values of transmissivity from each pi-
points by a smooth curve (see Fig. 6). ezometer by the modified Theis nonequilibrium method, as

8.2.1.7 Draw a line parallel to the line I-J through a point ofdescribed in Test Method D 4105, using the data obtained

measured drawdown (such as Piezom&tén Fig. 6) and the during the later part of the test.

computed drawdown profile for the equivalent isotropic aqui- 8.2.2.2 Prepare a semilogarithmic plot, plotting drawdown,

fer. s, values for the piezometers for a selected time on the
8.2.1.8 Determine the, value for the intercept of this arithmetic scale and distanaeon the logarithmic scale. Draw

parallel line with the computed drawdown profile for equiva-any line of slopeAs =-2.30/2wT beneath the plotted draw-

lent isotropic conditions. The distance =20 m for the down values ifds is indicated to be negative (drawdown less

intercept of the parallel line throughwith the drawdown inan  than for an equivalent isotropic aquifer) or above the draw-

equivalent isotropic aquifer. down value ib s appears to be positive. An example of such a
8.2.1.9 Compute the ratio of horizontal to vertical hydraulicplot is shown in Fig. 7, showing drawdown in piezometers and
conductivity from the formula: the straight line plot E-F.
K 2 8.2.2.3 Determine values of the drawdown deviatBsfor
KLZ <f_c> (20)  each piezometer by subtracting the drawdown value for the

straight-line plot, E-F, from the observed drawdown.
8.2.2.4 Use th&s values to compute values &ffrom the
rmula: f,= 4w Tds/Q, and prepare a semilogarithmic graph
plotting fg on the arithmetic axis and/p) on the logarithmic
r=424, r;=30, K/K,=2 (21)  axis. An example of such a plot is shown in Fig. 8.
8.2.1.10 Repeat 8.2.1.7 through 8.2.1.9 for each piezometer 8.2.2.5 Prepare a semilogarithmic-type curve by plotting
in which the drawdown deviates from the drawdown in anvalues off, from Eq 3 or Eq 4 or Table 1 on the arithmetic axis

wherer is the distance from pumped well to piezometer
through which the line drawn in 8.1.2 was constructed. In Fig.fo
6, for Piezometer B:

equivalent isotropic aquifer. for various values of /b plotted on the logarithmic axis. An
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8.2.2.8 For the selected match point, subtract the data-plot

example of such a plot is shown in Fig. 9.

8.2.2.6 Match the data plot to the type curve, keeping thevalue off, (see Fig. 8) from the type-curve valuefof(Fig. 9)
coordinate axes of the two plots parallel, and select anwynd correct the data-plot valuesfof (see 8.2.2.4) by adding,

convenient point common to both plots (see Fig. 8 and Fig. 9)algebraically, the amount to eaéh

8.2.2.7 Determine for the selected match point, the coordi- 8.2.2.9 Replot data using corrected valued.aind repeat

nate value of/b from the data plot and the value Qf b from

the type-curve plot. Solve fdf,/K , from the formula:

8.2.2.6 (Points, B1, C1, and D1 in Fig. 8); recalcul&{éK,.

8.2.2.10 If the calculated values§f/K, differ by more than

10 %, repeat 8.2.2.8 and 8.2.2.9.

r/b)2

8.2.2.11 Correct straight-line plot in 8.2.2.2 (E-F, in Fig. 7)

(23)
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by adding, algebraicallyQ/4wT * (ftype-curve) — f(data- summarize the field hydrogeologic conditions and the field
curve). Corrected line is G-H in Fig. 7. equipment and instrumentation including the construction of

8.2.2.12 Using the zero drawdown intercept of the redrawrthe control well and observation wells or piezometers, or both,
straight-line plot, determine the coefficient of storage from Eqthe method of measurement of discharge and water levels, and
22. the duration of the test and pumping rate.

N - . 9.1.2 Conceptual Model-Review the information available

ote 8—The following is provided to complement the procedures for . . .

calculation of hydraulic properties using Deviation Method 2. Plot of O the hydrogeology of the site; interpret and describe the
drawdown in Fig. 7 is indicated to be greater than for an equivalenflydrogeology of the site as it pertains to the selection of this
isotropic aquifer. Straight line E-F of slopges = -2.3Q/2xT =(-2.3*  method for conducting and analyzing an aquifer test. Compare
10 000 nfd™)/(2 * = * 1500 nPd™*) = -2.44 m/log cycle is drawn above  the hydrogeologic characteristics of the site as it conforms and
drawdown values in Fig. 7. ' ' differs from the assumptions in the solution to the aquifer test

Drawdown deviationys, for each piezometer is the observed drawdown method.

minus the drawdown value for the straight-line plot, E-F, as shown in the - . . . .
accompanying table. The corresponding valuesfof 4wT8s/Q are 9.1.3 Equipment-—Report the field installation and equip-

calculated and a semilogarithmic graptf gbn the arithmetic scale versus ment for the aquifer test, including the. construction, diam.aer'
rlb (r of A =30 m,B =50 m,C =100 m, andD =150 m;b =100 m) depth of screened and gravel packed intervals, and location of

on the logarithmic scale as shown in Fig. 8. control well and pumping equipment, and the construction,
A B C D diameter, depth, and screened interval of piezometers and

o 270 Lar 0.68 057 observation wells. _ _ _ _ _

. 508 576 128 0.70 9.1.4 Instrumentatior-Describe the field instrumentation

) 0.3 0.5 1.0 1.50 for observing water levels, pumping rate, barometric changes,

Atype curve is prepared plotting values of f, versus r /b, shown in Fig. 9. and other environmental conditions pertinent to the test.

The plot of Points A, B, C, and D (see Fig. 8) are matched with the typeinclude a list of measuring devices used during the test, the
curve (see Fig. 9). Match point 1, Fig. 8 and Fig. 9, are selected, anghanyfacturer's name, model number, and basic specifications
values off; andr/b from the data plot (s_ee Fig. 8) are recorded and valuesrOr each major item, and the name and date and method of the
of fs an(;irclb frpm_the type curve (see Fig. 9) are recorded. From the matd]ast calibration, if abplicable.
point, determine: 9.1.5 Testing Procedures-State the steps taken in conduct-

Ki/K; = [(r/b)/(r J/b)}* = [0.31/0.1° = 9.6 (24)  ing pretest, drawdown, and recovery phases of the test. Include
the frequency of measurements of discharge rate, water level in
piezometers and observation wells, and other environmental
fs (type curve — f, (dataploj = 2.55— 3= —-0.45 (25  (ata recorded during the testing procedure.

9.1.6 Presentation and Interpretation of Test Results
9.1.6.1 Data—Present tables of data collected during the

For the selected match point, subtract data pqifroin the type-curvef

Correct the data plot by adding, algebraically, this amount td {k@ata

plot) values, as shown below: test. Show methods of a(_jjusting water levels for _background
Al B1 c1 D1 water-level and barometric changes and calculation of draw-
down and residual drawdown.
fs 4.63 231 083 035 9.1.6.2 Data Plots—Present data plots used in analysis of
Replot data in Fig 8 using corrected values of f,, match the type curve to the the data'. Show overlays of .data plots and type curve with
replotted data (March Point 2), and recalculate k/K.: me_ltch points and corresponding values of parameters at match
B 2 2_ points.
K /K, = [r/b)(rdb))” = [0-32/0.1" = 10.2 (26) 9.1.7 Evaluate qualitatively the overall accuracy of the test,
Recalculate the drawdown deviaticds = f, * (Q/4=T) the corrections and adjustments made to the original water-
A B c b level measurements, the adequacy and accuracy of instrumen-
tation, accuracy of observations of stress and response, and the
85 2.45 1.22 0.44 0.13 conformance of the hydrogeologic conditions and the perfor-

S ) o mance of the test to the model assumptions.
Redraw straight-line plot using these values of drawdown deviation, as shown

by Line G-H in Fig. 7. 10. Precision and Bias
8.2.2.13 Using the zero drawdown intercept, of the 10.1 Itis not practicable to specify the precision of this test
redrawn straight-line plot, determine the storage coefficient, method because the response of aquifer systems during aquifer
S= (2.25Tt)/r2 = (2.25 * 1500m2* d "1 * 1d)/(5400m)2 = 1 * 10~* tests is dependent upon ambient system stresses. No statement
27 can be made about bias because no true reference values exist.
9. Report 11. Keywords
9.1 Prepare a report including the following: 11.1 anistroph; aquifers; aquifer tests; control wells; ground

9.1.1 Introduction—The introductory section is intended to water; hydraulic conductivity; observation wells; storage coef-
present the scope and purpose of this test method. Brieflficient; transmissivity

10
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TABLE 1 Tabulated Values of the Dimensionless Drawdown Correction Factor

All values, including those for piezometer depth, are listed for percentages of the aquifer thickness, as measured from the top of the aquifer or from the pumped

well.

The f(s) values listed are for an isotropic aquifer. For an anisotropic aquifer the value of f(s) would be read as the value of r/b[Kz/Kr)2], expressed as a
percentage, equivalent to the r value listed.

Each of the tables listed below may also be used for the situation where values for the bottom and the top of the screen are reversed by reading the z value in the
table equivalent to (100 2) for the field situation. For example, the first table listed could also be used to determine values of fs for a well screened from the top of
the aquifer down to a depth equal to 90 % of the adapter thickness. If the piezometers penetrated 20 % of the aquifer thickness, the correction value for a given r/b
value would be found from the z = 80 listing.

Frequently it would be necessary to make a double or triple interpolation to use the data from these tables. Such interpolation probably would be best
accomplished from a plot of f(s) versus log r/b for each of the d/b, zw/b, and z/b values bounding the actual values of these parameters.

Bottom of Screen in Pumped Well is 100. Per Cent of Aquifer Thickness Below Top of Aquifer
Top of Screen in Pumped Well is 90. Per Cent of Aquifer Thickness Below Top of Aquifer
Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00

-3.457
-3.415
-3.284
-3.048
-2.674
-2.095
-1.185
0.341
3.170
8.218
11.404

15.00
-2.674
-2.633
-2.506
-2.280
-1.925
-1.387
-0.566
0.725
2.791
5.575
7.087

20.00
-2.134
-2.095
-1.976
-1.763
-1.434
-0.944
-0.225
0.829
2.312
3.974
4.778

25.00
-1.732
-1.696
-1.585
-1.388
-1.086
-0.650
-0.035
0.808
1.875
2.926
3.395

30.00
-1.421
-1.387
-1.284
-1.104
-0.833
-0.451
0.067
0.736
1511
2.207
2.499

40.00
-0.972
-0.944
-0.860
-0.715
-0.503
-0.219
0.138
0.556
0.983
1.322
1.454

Top of Screen in Pumped Well is 80. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-3.415
-3.371
-3.232
-2.979
-2.572
-1.929
-0.877
0.992
4.280
7.287
8.218

15.00
-2.633
-2.590
-2.457
-2.216
-1.834
-1.246
-0.331
1.113
3.150
4.939
5.575

20.00
-2.095
-2.055
-1.929
-1.705
-1.354
-0.829
-0.057
1.044
2.401
3.545
3.973

25.00
-1.696
-1.658
-1.542
-1.335
-1.019
-0.561
0.079
0.920
1.867
2.635
2.926

30.00
-1.387
-1.352
-1.246
-1.059
-0.778
-0.383
0.142
0.789
1471
2.005
2.207

40.00
-0.944
-0.916
-0.829
-0.681
-0.467
-0.182
0.168
0.561
0.939
1.219
1.322

Top of Screen in Pumped Well is 70. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-3.342
-3.293
-3.138
-2.853
-2.381
-1.601
-0.230

2.155

4.463

5.592

5.915

15.00
-2.562
-2.515
—-2.368
-2.100
-1.666
-0.981

0.100

1.638

3.104

3.958

4.223

20.00
-2.029
-1.985
-1.848
-1.601
-1.212
-0.626

0.218

1.286

2.289

2.925

3.134

25.00
-1.634
-1.593
-1.468
-1.245
-0.902
-0.410

0.251

1.028

1.745

2.220

2.382

30.00
-1.330
-1.293
-1.179
-0.981
-0.683
-0.273

0.248

0.830

1.359

1.716

1.840

40.00
-0.897
-0.868
-0.778
-0.626
-0.408
-0.126

0.206

0.553

0.859

1.067

1.140

Top of Screen in Pumped Well is 60. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-3.232
-3.175
-2.994
—-2.650
-2.055
-0.993
0.854
2.679
3.670
4.140
4.280

15.00
—-2.457
-2.403
-2.233
-1.918
-1.394
-0.552
0.658
1.847
2.622
3.026
3.150

20.00
-1.929
-1.880
-1.725
-1.442
-0.993
-0.331
0.524
1.358
1.958
2.295
2.401

25.00
—-1.542
-1.497
-1.358
-1.110
-0.731
-0.208
0.424
1.037
1.502
1.777
1.867

30.00
-1.246
-1.206
-1.082
—-0.868
-0.552
-0.135
0.347
0.811
1.174
1.397
1471

40.00
-0.829
-0.799
-0.705
-0.549
-0.331
-0.060
0.236
0.518
0.745
0.890
0.939

Top of Screen in Pumped Well is 50. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth
5.00
0.0 -4.828
10. -4.785
20. -4.651
30. -4.408
40. -4.020
50. -3.415
60. —-2.444
70. -0.736
80. 2.897
90. 13.344
100. 21.264
Piez. Depth
5.00
0.0 -4.785
10. -4.739
20. -4.597
30. -4.336
40. -3.912
50. -3.232
60. -2.076
70. 0.227
80. 6.304
90. 12.080
100. 13.344
Piez. Depth
5.00
0.0 -4.710
10. -4.659
20. -4.500
30. -4.203
40. -3.705
50. -2.853
60. -1.189
70. 3.064
80. 7.239
90. 8.651
100. 9.019
Piez. Depth
5.00
0.0 -4.597
10. -4.538
20. —4.348
30. -3.986
40. -3.336
50. -2.055
60. 1.196
70. 4.424
80. 5.634
90. 6.154
100 6.304
Piez. Depth
5.00
0.0 —4.434
10. -4.360

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-3.075
-3.005

15.00
-2.307
—-2.243

20.00
-1.791
-1.732

25.00
-1.415
-1.364

30.00
-1.131
-1.087

40.00
-0.739
-0.707

50.00
-0.673
-0.650
-0.584
-0.471
-0.312
-0.108
0.135
0.399
0.648
0.831
0.899

50.00
-0.650
-0.628
-0.561
-0.448
-0.290
-0.089
0.145
0.391
0.615
0.773
0.831

50.00
-0.613
-0.591
-0.523
-0.410
-0.254
-0.060

0.157

0.374

0.561

0.687

0.731

50.00
-0.561
-0.538
-0.470
-0.358
-0.208
-0.028
0.163
0.342
0.488
0.582
0.615

50.00
-0.493
-0.470

60.00
—-0.468
-0.451
-0.400
-0.315
-0.198
—-0.053
0.111
0.280
0.432
0.539
0.578

60.00
-0.451
-0.434
-0.383
-0.299
-0.184
-0.044
0.114
0.272
0.410
0.505
0.539

60.00
-0.423
-0.406
-0.355
-0.273
-0.162
—-0.029

0.115

0.255

0.374

0.453

0.481

60.00
—-0.383
-0.367
-0.318
-0.239
-0.135
-0.014
0.113
0.231
0.326
0.388
0.410

60.00
-0.333
-0.317

80.00
-0.229
-0.219
-0.191
-0.145
-0.085
-0.013
0.063
0.137
0.199
0.241
0.256

80.00
-0.219
-0.210
-0.182
-0.138
-0.079
-0.011
0.062
0.131
0.189
0.228
0.241

80.00
-0.204
-0.195
-0.168
-0.126
-0.071
—-0.007

0.059

0.122

0.173

0.206

0.218

80.00
-0.182
-0.174
-0.149
-0.110
-0.060
-0.003
0.055
0.108
0.152
0.179
0.189

80.00
-0.156
-0.149

100.00
-0.113
-0.219
-0.093
-0.069
-0.039
-0.003
0.033
0.067
0.095
0.113
0.120

100.00
-0.108
-0.103
-0.089
-0.066
-0.036
-0.003
0.032
0.064
0.090
0.107
0.113

100.00
-0.100
-0.095
-0.082
-0.600
-0.033
-0.002
0.030
0.059
0.083
0.098
0.103

100.00
-0.089
-0.084
-0.072
-0.053
-0.028
-0.001
0.027
0.052
0.073
0.086
0.090

100.00
-0.075
-0.072

120.00
—0.056
-0.053
-0.046
-0.034
-0.018
-0.001
0.017
0.033
0.046
0.055
0.058

120.00
-0.053
-0.051
-0.044
-0.032
-0.017
-0.001
0.016
0.032
0.044
0.052
0.055

120.00
—0.049
—-0.047
—-0.040
—-0.029
-0.016
—-0.000
0.015
0.029
0.040
0.048
0.050

120.00
-0.044
—0.041
-0.035
-0.026
—-0.014
—0.000
0.013
0.026
0.035
0.042
0.044

120.00
-0.037
-0.035

150.00
-0.020
-0.019
-0.016
-0.012
-0.006
0.000
0.006
0.012
0.016
0.019
0.020

150.00
-0.019
-0.018
-0.015
-0.011
-0.006
0.000
0.006
0.011
0.015
0.018
0.019

150.00
-0.017
-0.017
-0.014
-0.010
-0.005
0.000
0.005
0.010
0.014
0.017
0.017

150.00
-0.015
-0.015
-0.012
—-0.009
—-0.005
0.000
0.005
0.009
0.012
0.015
0.015

150.00
-0.013
-0.012
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TABLE 1 Continued

100.

-4.119
-3.626
-2.609
—0.000
2.609
3.626
4.119
4.360
4.434

-2.777
-2.327
-1.486
-0.000
1.486
2.327
2,777
3.005
3.075

-2.036
-1.642
-0.976
-0.000
0.976
1.642
2.036
2.243
2.307

-1.549
-1.214
-0.691
-0.000
0.691
1.214
1.549
1.732
1.791

-1.205 -0.951 -0.611
-0.924 -0.719 -0.453
-0.513 -0.392 -0.243
0.000 0.000 0.000
0.513 0.392 0.243
0.924 0.719 0.453
1.205 0.951 0.611
1.364 1.087 0.707
1.415 1.131 0.739

Top of Screen in Pumped Well is 40. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

0.0 —-4.203

100.

5.00
—-2.853
-4.102
-3.756
—2.949
-0.798
1.370
2.224
2.657
2.899
3.025
3.064

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-2.100
-2.760
—2.447
-1.786
-0.569
0.662
1.370
1.767
1.996
2117
2.155

15.00
-1.601
-2.017
-1.748
-1.231
-0.439
0.368
0.929
1.279
1.489
1.602
1.638

20.00
-1.245
-1.530
-1.305
-0.905
-0.349
0.220
0.662
0.961
1.150
1.253
1.286

25.00 30.00 40.00
-0.981 -0.626 -0.410
-1.185 -0.931 -0.593
-1.002 -0.783 -0.497
-0.691 -0.541 -0.345
-0.282 -0.231 -0.157

0.139 0.090 0.040

0.488 0.368 0.220

0.740 0.578 0.366

0.905 0.722 0.470

0.998 0.804 0.532

1.028 0.830 0.553

Top of Screen in Pumped Well is 20. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

100.

5.00
-3.336
-3.020
-1.576
-0.057
0.519
0.808
0.978
1.084
1.149
1.185
1.196

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
—-2.055
-1.822
-1.070
—-0.248
0.219
0.482
0.643
0.745
0.808
0.843
0.854

15.00
-1.394
-1.235
-0.788
-0.278
0.083
0.311
0.458
0.554
0.614
0.647
0.658

20.00
-0.993
-0.886
-0.600
-0.261
0.014
0.207
0.338
0.426
0.482
0.514
0.524

25.00 30.00 40.00
-0.731 -0.552 -0.331
-0.659 -0.501 -0.305
-0.467 -0.368 -0.235
-0.230 -0.197 -0.140
-0.020 -0.036 -0.042
0.140 0.096 0.046
0.255 0.194 0.117
0.334 0.265 0.170
0.385 0.311 0.207
0.415 0.338 0.229
0.424 0.347 0.236

Bottom of Screen in Pumped Well is 90. Per Cent of Aquifer Thickness Below Top of Aquifer
Top of Screen in Pumped Well is 80. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

0.0 -4.743

90.
100.

5.00
-3.373
-4.694
—4.547
—-4.263
-3.803
—-3.048
-1.708
1.189
9.712
10.816
5.425

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-2.592
-3.326
-3.179
-2.910
-2.470
-1.763
-0.569
1.644
5.389
6.356
5.032

15.00
-2.057
-2.547
-2.407
-2.151
-1.747
-1.104
-0.096
1.500
3.509
4.303
4.064

20.00
-1.660
-2.015
-1.883
-1.666
-1.274
-0.715
0.111
1.258
2.491
3.117
3.168

25.00 30.00 40.00
-1.354 -0.916 -0.628
-1.621 -1.318 -0.887
-1.499 -1.207 -0.799
-1.283 -1.013 -0.648
-0.952 -0.722 -0.431
-0.471 -0.315 -0.145
0.193 0.218 0.198
1.032 0.843 0.566
1.859 1.431 0.895
2.344 1.803 1.115
2.457 1.915 1.190

Top of Screen in Pumped Well is 70. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

100.

5.00
-4.651
-4.597
—4.424
-4.100
-3.547
-2.572
—-0.562

4.965

9.410

6.304

2.897

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-3.284
-3.232
-3.085
-2.755
-2.235
-1.354
0.248
3.061
5.109
4.280
3.170

15.00
-2.506
-2.457
—-2.299
-2.010
-1.536
-0.778
0.433
2.094
3.260
3.150
2.791

20.00
-1.976
-1.929
-1.784
-1.520
-1.101
-0.467
0.439
1.515
2.277
2.401
2.312

25.00 30.00 40.00
-1.585 -1.284 -1.860
-1.542 -1.246 -0.829
-1.409 -1.127 -0.737
1.173 -0.919 -0.582
-0.810 -0.069 -0.361
-0.290 -0.184 -0.079
0.395 0.339 0.240
1.138 0.878 0.551
1.680 1.283 0.796
1.867 1.471 0.939
1.875 1511 0.983

Top of Screen in Pumped Well is 60. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

0.0 -4.520
10.
20.
30.
40.
50.
60.

5.00
-3.157
—4.455
—4.247
-3.845
-3.108
-1.601
2.410

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
—-2.384
-3.095
-2.897
—-2.517
-1.848
-0.626
1.533

15.00
-1.861
-2.326
-2.142
-1.797
-1.217
-0.273
1.066

20.00
-1.478
-1.808
-1.641
-1.335
-0.847
-0.126
0.774

25.00 30.00 40.00
-1.187 -0.782 -0.524
-1.431 —-1.145 -0.750
-1.282 -1.015 -0.654
-1.017 -0.789 -0.494
-0.613 -0.458 -0.273
-0.060 -0.029 -0.007
0.577 0.440 0.269

-0.403
-0.296
-0.157
0.000
0.157
0.296
0.403
0.470
0.493

50.00
-0.273
-0.388
-0.325
-0.228
-0.108
0.019
0.139
0.239
0.313
0.359
0.374

50.00
-0.208
-0.193
-0.154
-0.098
-0.036
0.022
0.072
0.112
0.140
0.157
0.163

50.00
-0.434
-0.606
-0.538
-0.425
-0.267
-0.069
0.156
0.384
0.582
0.716
0.763

50.00
0.584
-0.561
-0.492
-0.379
-0.224
-0.036
0.168
0.362
0.517
0.615
0.648

50.00
-0.355
-0.501
-0.432
-0.321
-0.173
-0.002
0.172

-0.271
-0.198
-0.105
0.000
0.105
0.198
0.271
0.317
0.333

60.00
-0.126
-0.259
-0.218
-0.154
-0.075
0.009
0.090
0.159
0.212
0.244
0.255

60.00
-0.135
-0.126
-0.102
-0.068
-0.028
0.011
0.046
0.075
0.096
0.109
0.113

60.00
-0.210
-0.417
-0.366
-0.283
-0.170
-0.034
0.116
0.263
0.387
0.471
0.500

60.00
-0.400
-0.383
-0.333
-0.252
-0.144
-0.017
0.117
0.243
0.344
0.410
0.432

60.00
-0.167
-0.334
-0.290
-0.213
-0.114
-0.000
0.113

-0.127
-0.092
—-0.048
0.000
0.048
0.092
0.127
0.149
0.156

80.00
-0.060
-0.120
-0.101
-0.072
-0.037
0.002
0.040
0.074
0.100
0.116
0.122

80.00
—-0.060
-0.057
-0.047
—-0.033
-0.015
0.003
0.020
0.034
0.046
0.053
0.055

80.00
-0.103
-0.201
-0.174
-0.131
-0.074
-0.008
0.061
0.125
0.179
0.214
0.226

80.00
-0.191
-0.182
-0.157
-0.116
-0.064
—-0.004
0.057
0.114
0.160
0.189
0.199

80.00
—-0.081
-0.159
-0.136
—-0.009
-0.052
0.000
0.052

-0.061
-0.044
-0.023
0.000
0.023
0.044
0.061
0.072
0.075

100.00
-0.029
-0.057
-0.048
-0.035
-0.018
0.001
0.019
0.035
0.048
0.056
0.059

100.00
-0.028
-0.027
-0.023
-0.016
-0.008
0.001
0.009
0.016
0.022
0.026
0.027

100.00
-0.051
-0.098
-0.084
-0.062
-0.034
-0.002
0.031
0.061
0.086
0.101
0.107

100.00
-0.093
-0.089
-0.076
-0.056
-0.030
-0.001
0.028
0.055
0.076
0.090
0.095

100.00
-0.039
-0.077
-0.065
-0.047
-0.025

0.000

0.025

-0.030
-0.022
-0.011
0.000
0.011
0.022
0.030
0.035
0.037

120.00
-0.010
-0.028
-0.024
-0.017
-0.009
0.000
0.009
0.017
0.024
0.028
0.029

120.00
-0.014
-0.013
-0.011
-0.008
-0.004
0.000
0.004
0.008
0.011
0.013
0.013

120.00
-0.018
-0.048
-0.041
-0.030
-0.016
-0.001
0.015
0.030
0.042
0.049
0.052

120.00
-0.046
-0.044
-0.037
-0.027
-0.014
-0.000
0.014
0.027
0.037
0.044
0.046

120.00
-0.014
-0.037
-0.032
-0.023
-0.012

0.000

0.012

-0.010
-0.008
—-0.004
0.000
0.004
0.008
0.010
0.012
0.013

150.00

-0.010
-0.008
-0.006
-0.003
0.000
0.003
0.006
0.008
0.010
0.010

150.00
-0.005
-0.005
-0.004
-0.003
-0.001
0.000
0.001
0.003
0.004
0.005
0.005

150.00

-0.017
-0.015
-0.011
-0.006
0.000
0.006
0.011
0.015
0.017
0.018

150.00
-0.016
-0.015
-0.013
-0.009
-0.005
0.000
0.005
0.009
0.013
0.015
0.016

150.00

-0.013
-0.011
—-0.008
—-0.004
0.000
0.004
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TABLE 1 Continued

3.458
3.837
2.780
1.905

2.220
2.566
2.176
1.838

1.534
1.840
1.735
1.609

1.113
1.378
1.395
1.358

0.836
1.062
1.127
1.129

0.506
0.666
0.746
0.767

Top of Screen in Pumped Well is 50. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-2.216
-2.902
-2.650
-2.146
-1.189
0.524
2.154
2.823
2.679
1.701
0.992

15.00
-1.705
-2.145
-1.918
-1.482
-0.739
0.347
1.362
1.871
1.847
1.410
1.113

20.00
-1.335
-1.642
-1.442
-1.076
-0.506
0.236
0.920
1.310
1.358
1.172
1.044

25.00
-1.059
-1.280
-1.110
-0.809
-0.369
0.163
0.650
0.953
1.037
0.973
0.920

30.00
-0.681
-1.012
-0.868
-0.672
-0.282
0.113
0.473
0.714
0.811
0.807
0.789

40.00
-0.448
-0.648
-0.549
-0.388
-0.177
0.055
0.269
0.428
0.518
0.554
0.561

Top of Screen in Pumped Well is 40. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-1.985
-2.629
-2.279
-1.533
-0.148
1.214
1.881
2.052
1.761
0.896
0.305

15.00
-1.494
-1.894
-1.596
-1.021
-0.141
0.719
1.228
1.389
1.228
0.807
0.548

20.00
-1.147
-1.417
-1.171
-0.734
-0.132
0.453
0.840
0.988
0.917
0.709
0.588

25.00
-0.893
-1.083
-0.885
-0.552
-0.122
0.296
0.592
0.726
0.711
0.612
0.555

30.00
-0.557
-0.840
—-0.683
-0.428
-0.111
0.198
0.428
0.547
0.564
0.523
0.497

40.00
-0.357
-0.523
-0.424
-0.272
-0.088
0.092
0.237
0.328
0.368
0.374
0.373

Top of Screen in Pumped Well is 30. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-1.666
-2.227
-1.684
-0.569
0.560
1.150
1.388
1.370
1.041
0.277
-0.230

15.00
-1.212
-1.540
-1.134
-0.439
0.271
0.722
0.927
0.929
0.719
0.328
0.100

20.00
-0.902
-1.113
-0.815
-0.349
0.130
0.470
0.643
0.662
0.539
0.330
0.218

25.00
-0.683
-0.827
-0.608
-0.283

0.055
0.313
0.457
0.488
0.421
0.309
0.251

30.00
-0.408
-0.627
-0.465
-0.231

0.015

0.212

0.331

0.368

0.338

0.279

0.248

40.00
-0.254
-0.376
-0.286
-0.157
-0.019
0.100
0.181
0.220
0.225
0.213
0.206

Top of Screen in Pumped Well is 20. Per Cent of Aquifer Thickness Below Top of Aquifer

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-1.211
-1.594
-0.754
0.152
0.603
0.851
0.904
0.802
0.471
-0.211
-0.653

15.00
-0.830
-1.035
-0.542
0.008
0.370
0.554
0.605
0.530
0.303
-0.056
-0.260

20.00
-0.588
-0.714
-0.404
-0.046
0.221
0.372
0.419
0.369
0.221
0.020
-0.084

25.00
—-0.428
-0.511
-0.307
—-0.065
0.133
0.253
0.296
0.266
0.173
0.056
—-0.000

30.00
-0.239
-0.375
-0.237
-0.068
0.078
0.174
0.114
0.197
0.140
0.071
0.039

40.00
-0.141
-0.213
-0.145
-0.058
0.024
0.083
0.114
0.115
0.096
0.073
0.062

Top of Screen in Pumped Well is 10. Per Cent of Aquifer Thickness Below Top of Aquifer

70. 6.144
80 6.547
90 3.757
100. 1.318
Piez. Depth
5.00
0.0 -4.336 -2.979
10. —4.254
20. -3.986
30. -3.430
40. -2.256
50. 0.854
60. 3.872
70. 4.716
80. 4.424
90. 2.114
100. 0.227
Piez. Depth
5.00
0.0 -4.078 -2.732
10. -3.966
20. -3.577
30. -2.658
40. -0.153
50. 2.327
60. 3.158
70. 3.336
80. 2.899
90. 0.961
100. -0.575
Piez. Depth
5.00
0.0 -3.705 -2.381
10. -3.528
20. -2.844
30. -0.798
40. 1.264
50. 1.996
60. 2.260
70. 2.224
80. 1.767
90. 0.106
100. -1.189
Piez. Depth
5.00
0.0 -3.123 -1.854
10. -2.768
20. -1.137
30. 0.565
40. 1.167
50. 1.411
60. 1.467
70. 1.344
80. 0.899
90. -0.552
100. -1.670
Piez. Depth
5.00
0.0 -2.055 -0.993
10. -1.070
20. 0.219
30. 0.643
40. 0.808
50. 0.854
60. 0.808
70. 0.643
80. 0.219
90. -1.070
100. -2.054

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
—-0.552
-0.600
-0.014
0.338
0.482
0.524
0.482
0.338
0.014
—-0.600
-0.993

15.00
-0.331
-0.368
-0.036
0.194
0.311
0.347
0.311
0.194
-0.036
-0.368
-0.552

20.00
-0.208
-0.235
-0.042
0.117
0.207
0.236
0.207
0.117
-0.042
-0.235
-0.331

25.00
-0.135
-0.154
-0.036

0.072
0.140
0.163
0.140
0.072
-0.036
-0.154
—-0.208

30.00
—-0.060
-0.102
-0.028

0.046

0.096

0.113

0.096

0.046
-0.028
-0.102
-0.135

40.00
-0.028
-0.047
-0.015
0.020
0.046
0.055
0.046
0.020
-0.015
-0.047
-0.060

Bottom of Screen in Pumped Well is 80. Per Cent of Aquifer Thickness Below Top of Aquifer
Top of Screen in Pumped Well is 70. Per Cent of Aquifer Thickness Below Top of Aquifer

0.374
0.435
0.500
0.520

50.00
-0.299
-0.425
-0.358
-0.253
-0.118
0.027
0.163
0.271
0.342
0.380
0.391

50.00
-0.234
-0.336
-0.274
-0.180
-0.068
0.044
0.139
0.207
0.247
0.264
0.269

50.00
-0.162
-0.235
-0.183
-0.108
-0.026
0.048
0.104
0.139
0.154
0.157
0.157

50.00
-0.087
-0.128
-0.092
-0.044
0.003
0.041
0.063
0.071
0.068
0.061
0.057

50.00
-0.014
-0.023
-0.008
0.009
0.022
0.027
0.022
0.009
-0.008
-0.023
-0.028

0.214
0.291
0.338
0.354

60.00
-0.138
-0.284
-0.239
-0.169
—-0.081
0.013
0.103
0.177
0.231
0.262
0.272

60.00
-0.105
-0.220
-0.181
-0.122
-0.051
0.022
0.086
0.135
0.168
0.185
0.191

60.00
-0.071
-0.151
-0.120
-0.075
-0.024
0.024
0.063
0.090
0.106
0.113
0.115

60.00
-0.036
-0.080
-0.060
-0.033
-0.004
0.020
0.037
0.045
0.048
0.047
0.046

60.00
—-0.003
-0.011
-0.004
0.004
0.011
0.013
0.011
0.004
-0.004
-0.011
-0.014

0.099
0.136
0.159
0.167

80.00
-0.066
-0.131
-0.110
-0.079
—-0.039
0.003
0.045
0.081
0.108
0.125
0.131

80.00
-0.050
-0.100
-0.083
-0.058
-0.027
0.005
0.036
0.061
0.080
0.091
0.095

80.00
-0.033
-0.067
-0.055
-0.037
-0.015
0.006
0.025
0.040
0.051
0.057
0.059

80.00
-0.016
-0.034
-0.027
-0.017
-0.006
0.005
0.014
0.020
0.024
0.026
0.026

80.00
-0.001
-0.003
-0.001
0.001
0.003
0.003
0.003
0.001
-0.001
-0.003
-0.003

0.047
0.065
0.077
0.081

100.00
-0.032
-0.063
-0.053
-0.038
-0.019
0.001
0.021
0.038
0.052
0.061
0.064

100.00
-0.024
-0.047
-0.040
-0.028
-0.014
0.001
0.016
0.029
0.039
0.045
0.047

100.00
-0.016
-0.031
-0.026
-0.018
-0.008
0.001
0.011
0.019
0.025
0.029
0.030

100.00
-0.008
-0.015
-0.013
-0.008
-0.004
0.001
0.006
0.009
0.012
0.013
0.014

100.00
—-0.000
-0.001
-0.000
0.000
0.001
0.001
0.001
0.000
-0.000
-0.001
-0.001

0.023
0.032
0.037
0.039

120.00
-0.011
-0.030
-0.026
-0.019
-0.010
0.000
0.010
0.019
0.026
0.030
0.032

120.00
-0.008
-0.023
-0.019
-0.014
-0.007
0.000
0.008
0.014
0.019
0.022
0.023

120.00
-0.005
-0.015
-0.013
-0.009
-0.004
0.000
0.005
0.009
0.012
0.014
0.015

120.00
-0.003
-0.007
-0.006
-0.004
-0.002
0.000
0.003
0.004
0.006
0.007
0.007

120.00
-0.000
-0.000
-0.000
0.000
0.000
0.000
0.000
0.000
-0.000
-0.000
-0.000

0.008
0.011
0.013
0.014

150.00

-0.011
—-0.009
-0.007
-0.003
0.000
0.003
0.007
0.009
0.011
0.011

150.00

0.008
-0.007
-0.005
-0.003

0.000

0.003

0.005

0.007

0.008

0.008

150.00

-0.005
-0.004
-0.003
-0.002
0.000
0.002
0.003
0.004
0.005
0.005

150.00

-0.002
-0.002
-0.002
-0.001
0.000
0.000
0.002
0.002
0.002
0.003

150.00

-0.000
-0.000
-0.000
-0.000
0.000
0.000
0.000
0.000
0.000
0.000
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TABLE 1 Continued

Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 -4.560 -3.196 -2.421 -1.895 -1.509 -1.215 -0.803 —-0.539 -0.366 -0.172 —-0.083 -0.041 -0.014
10. -4.500 -3.137 -2.366 -1.844 -1.463 -1.174 -0.771 -0.516 -0.349 -0.164 -0.079 -0.039 -0.014
20. -4.306 -2.952 -2.192 -1.685 -1.320 -1.047 -0.676 -0.447 -0.300 —-0.140 -0.067 -0.033 -0.012
30. -3.937 -2.601 -1.868 -1.393 -1.063 -0.825 -0.515 -0.334 -0.221 -0.102 —-0.049 -0.024 -0.008
40. -3.292 -1.999 -1.330 -0.927 -0.668 -0.495 -0.240 -0.182 -0.119 -0.054 -0.026 -0.013 -0.004
50. -2.095 -0.944 -0.451 -0.219 -0.108 -0.053 -0.003 -0.003 -0.000 0.000 0.000 0.000 0.000
60. 0.584 1.065 0.962 0.768 0.596 0.460 0.282 0.180 0.118 0.054 0.026 0.013 0.004
70. 8.740 4.479 2.688 1.772 1.244 0.913 0.537 0.339 0.223 0.102 0.049 0.024 0.008
80. 9.109 4.830 3.012 2.063 1.500 1.135 0.698 0.452 0.302 0.140 0.067 0.033 0.012
90. 1.792 2.203 1.997 1.686 1.390 1.139 0.763 0.514 0.349 0.164 0.079 0.039 0.014
100. 0.369 1.308 1.519 1.456 1.294 1.108 0.776 0.532 0.364 0.172 0.083 0.041 0.014
Top of Screen in Pumped Well is 60. Per Cent of Aquifer Thickness Below Top of Aquifer
Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 -4.408 -3.048 —-2.280 -1.763 -1.388 -1.104 -0.715 -0.471 -0.315 -0.145 —-0.069 -0.034 -0.012
10. -4.336 -2.979 -2.216 -1.705 -1.335 -1.059 -0.681 —-0.448 -0.299 -0.138 —-0.066 -0.032 -0.011
20. -4.100 -2.755 -2.010 -1.520 -1.173 -0.919 -0.582 -0.379 -0.252 -0.116 -0.056 -0.027 -0.009
30. -3.636 -2.321 -1.620 -1.180 -0.884 -0.677 -0.417 -0.269 -0.178 -0.083 -0.040 -0.020 -0.007
40. -2.761 -1.537 -0.954 -0.633 -0.444 -0.326 -0.194 -0.126 -0.085 -0.041 -0.020 -0.010 -0.004
50. -0.877 -0.057 0.147 0.168 0.145 0.114 0.062 0.032 0.016 0.004 0.001 0.000 0.000
60. 4.468 2.585 1.647 1.105 0.769 0.551 0.304 0.180 0.112 0.048 0.022 0.011 0.004
70. 8.622 4.365 2.581 1.672 1.154 0.833 0.475 0.293 0.140 0.086 0.040 0.020 0.007
80. 4.965 3.061 2.094 1.515 1.138 0.878 0.551 0.362 0.243 0.114 0.055 0.027 0.009
90. 0.227 0.992 1.113 1.044 0.920 0.789 0.561 0.391 0.272 0.131 0.064 0.037 0.011
100. -0.736 0.341 0.725 0.829 0.808 0.736 0.556 0.399 0.280 0.137 0.067 0.033 0.012
Top of Screen in Pumped Well is 50. Per Cent of Aquifer Thickness Below Top of Aquifer
Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 —4.200 -2.848 -2.090 -1.587 -1.227 -0.961 -0.603 -0.388 -0.254 -0.114 -0.054 -0.026 -0.009
10. -4.108 -2.760 -2.011 -1.517 -1.167 -0.910 -0.568 -0.365 -0.239 -0.108 -0.051 -0.024 -0.008
20. -3.800 -2.474 -1.755 -1.295 -0.980 —-0.755 —-0.466 —-0.298 -0.196 —-0.089 -0.042 -0.021 -0.007
30. -3.153 -1.892 -1.259 -0.886 -0.650 -0.492 -0.301 -0.195 -0.131 -0.062 -0.030 -0.015 -0.005
40. -1.741 -0.762 -0.404 -0.250 -0.175 -0.135 -0.093 -0.069 -0.051 -0.028 -0.014 -0.007 -0.003
50. 2.155 1.286 0.830 0.553 0.374 0.255 0.122 0.059 0.029 0.007 0.002 0.000 0.000
60. 5.732 3.062 1.847 1.190 0.802 0.558 0.292 0.165 0.099 0.040 0.017 0.008 0.003
70. 5.892 3.216 1.994 1.327 0.927 0.672 0.382 0.233 0.149 0.066 0.031 0.015 0.005
80. 2.662 1.775 1.292 0.981 0.763 0.604 0.393 0.263 0.179 0.085 0.041 0.020 0.007
90. -0.786 0.150 0.445 0.524 0.516 0.475 0.366 0.268 0.192 0.096 0.048 0.024 0.008
100. -1.506 -0.354 0.129 0.335 0.408 0.414 0.351 0.268 0.195 0.100 0.050 0.025 0.009
Top of Screen in Pumped Well is 40. Per Cent of Aquifer Thickness Below Top of Aquifer
Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 -3.912 -2.572 -1.834 -1.354 -1.019 -0.778 -0.467 -0.290 -0.184 -0.079 -0.036 -0.017 -0.006
10. -3.784 —2.454 -1.731 -1.267 -0.948 -0.721 —-0.432 -0.268 -0.171 -0.074 -0.034 -0.016 -0.006
20. -3.336 -2.055 -1.394 -0.993 -0.731 -0.552 -0.331 -0.208 -0.135 -0.060 -0.028 -0.014 -0.005
30. -2.256 -1.189 -0.739 -0.506 -0.369 -0.282 -0.177 -0.118 -0.081 -0.039 -0.019 -0.010 -0.003
40. 0.759 0.432 0.259 0.153 0.085 0.042 -0.002 -0.018 -0.021 -0.015 —-0.009 —-0.005 -0.002
50. 3.670 1.958 1.174 0.745 0.488 0.326 0.152 0.073 0.035 0.009 0.002 0.001 0.000
60. 4.374 2.493 1.559 1.022 0.692 0.480 0.246 0.135 0.078 0.029 0.012 0.006 0.002
70. 3.872 2.154 1.362 0.920 0.650 0.473 0.269 0.163 0.103 0.045 0.021 0.010 0.003
80. 1.196 0.854 0.658 0.524 0.424 0.347 0.236 0.163 0.113 0.055 0.027 0.013 0.005
90. -1.503 -0.469 -0.067 0.107 0.180 0.203 0.189 0.151 0.114 0.060 0.031 0.015 0.006
100. -2.076 -0.877 -0.331 -0.057 0.079 0.142 0.168 0.145 0.114 0.062 0.032 0.016 0.006
Top of Screen in Pumped Well is 30. Per Cent of Aquifer Thickness Below Top of Aquifer
Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 -3.497 -2.183 -1.481 -1.042 -0.751 -0.549 -0.307 -0.179 -0.108 -0.043 -0.019 -0.009 -0.003
10. -3.295 -2.007 -1.339 -0.933 -0.669 -0.489 -0.274 -0.161 -0.098 -0.040 -0.018 -0.008 -0.003
20. -2.506 -1.385 -0.880 —-0.601 -0.430 -0.317 -0.183 -0.112 -0.071 -0.031 -0.014 -0.007 -0.002
30. -0.104 -0.101 -0.096 -0.090 -0.083 -0.075 -0.059 -0.045 -0.034 -0.018 -0.009 -0.005 -0.002
40. 2.278 1.167 0.674 0.411 0.257 0.162 0.063 0.022 0.005 -0.004 -0.003 -0.002 -0.001
50. 3.005 1.732 1.087 0.707 0.470 0.317 0.149 0.072 0.035 0.009 0.002 0.001 0.000
60. 3.053 1.780 1.132 0.750 0.510 0.353 0.178 0.094 0.052 0.018 0.007 0.003 0.001
70. 2.431 1.315 0.815 0.543 0.379 0.273 0.151 0.089 0.055 0.023 0.010 0.005 0.002
80. 0.178 0.171 0.161 0.148 0.134 0.119 0.091 0.068 0.049 0.025 0.013 0.006 0.002
90. -2.036 -0.939 -0.466 -0.227 -0.098 -0.026 0.033 0.045 0.041 0.026 0.014 0.007 0.003
100. -2.512 -1.282 -0.693 -0.372 -0.190 -0.085 0.009 0.036 0.038 0.026 0.014 0.008 0.003
Top of Screen in Pumped Well is 20. Per Cent of Aquifer Thickness Below Top of Aquifer
Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 -2.853 -1.601 -0.981 -0.626 -0.410 -0.273 -0.126 —-0.060 -0.029 -0.007 —-0.002 —0.000 —0.000
10. —-2.447 -1.305 -0.783 -0.497 -0.325 -0.218 -0.101 -0.048 -0.024 -0.006 -0.001 -0.000 -0.000
20. -0.569 -0.349 -0.231 -0.157 -0.108 -0.075 -0.037 -0.018 -0.009 -0.002 -0.001 -0.000 -0.000
30. 1.370 0.662 0.368 0.220 0.139 0.090 0.040 0.019 0.009 0.002 0.001 0.000 -0.000
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TABLE 1 Continued

100.
Bottom of Screen

Piez. Depth

90.
100.

1.996
2.155
1.996
1.370
-0.569
—2.447
—-2.853

1.150
1.286
1.150
0.662
-0.349
-1.305
-1.601

0.722
0.830
0.722
0.368
-0.231
-0.783
-0.981

0.470
0.553
0.470
0.220
-0.157
-0.497
-0.626

0.313
0.374
0.313
0.139
-0.108
-0.325
-0.410

0.212
0.255
0.212
0.090
-0.075
-0.218
0.273

0.100
0.122
0.100
0.040
-0.037
-0.101
-0.126

in Pumped Well is 70. Per Cent of Aquifer Thickness Below Top of Aquifer
Top of Screen in Pumped Well is 60. Per Cent of Aquifer Thickness Below Top of Aquifer

5.00
-4.256
-4.172
-3.895
-3.334
-2.229
0.341
8.352
8.504
0.820
-1.339
-1.841

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-2.901
-2.821
-2.559
-2.041
-1.075
0.829
4.104
4.251
1.293
-0.219
-0.626

15.00
-2.140
-2.066
-1.828
-1.371
-0.577
0.736
2.333
2.473
1.176
0.228
-0.069

20.00
-1.632
-1.565
-1.355
-0.966
-0.339
0.556
1.442
1.573
0.967
0.402
0.203

25.00
-1.266
-1.208
-1.027
-0.705
-0.219
0.399
0.943
1.064
0.775
0.450
0.323

30.00
-0.994
-0.944
-0.791
-0.529
-0.156
0.280
0.642
0.752
0.621
0.440
0.363

40.00
-0.626
-0.592
-0.488
-0.318
-0.098
0.137
0.326
0.414
0.405
0.359
0.335

Top of Screen in Pumped Well is 50. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

100

5.00
-4.020
-3.912
—-3.547
-2.761
—-0.965
4.280
8.306
4.468
-0.562
-2.076
—2.444

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
-2.674
-2.572
-2.235
-1.537
-0.144
2.401
4.060
2.585
0.248
-0.877
-1.185

15.00
-1.925
-1.834
-1.536
-0.954
0.059
1471
2.290
1.647
0.433
-0.331
-0.566

20.00
-1.434
-1.354
-1.101
-0.633
0.089
0.939
1.401
1.105
0.439
-0.057
-0.225

25.00
-1.086
-1.019
-0.810
-0.444
0.072
0.615
0.905
0.769
0.395
0.079
-0.035

30.00
-0.833
-0.778
-0.609
-0.326
0.045
0.410
0.607
0.551
0.339
0.142
0.067

40.00
-0.503
-0.467
-0.361
-0.194
0.006
0.189
0.297
0.304
0.240
0.168
0.138

Top of Screen in Pumped Well is 40. Per Cent of Aquifer Thickness Below Top of Aquifer

Piez. Depth

100.
Bottom of Screen

Piez. Depth
5.00
0.0

100.
Bottom of Screen

Piez. Depth

0.0
10.
20.
30.
40.
50.
60.

5.00
-3.695
—-3.545
-3.013
-1.696
2.110
5.592
5.637
2.250
-1.441
-2.601
—-2.890

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
—-2.364
-2.227
-1.756
-0.719
1.243
2.925
2.969
1.379
-0.471
-1.359
-1.605

15.00
-1.638
-1.519
-1.128
-0.362
0.788
1.716
1.758
0.919
0.126
—-0.755
-0.948

20.00
-1.173
-1.075
-0.763
-0.210
0.513
1.067
1.107
0.537
0.011
-0.419
-0.562

25.00
-0.856
-0.777
-0.535
-0.138
0.337
0.687
0.724
0.458
0.065
-0.224
-0.326

30.00
-0.632
-0.570
-0.387
-0.100
0.221
0.453
0.487
0.327
0.084
-0.109
-0.180

40.00
-0.355
-0.319
-0.215
—-0.065
0.093
0.206
0.235
0.179
0.082
—-0.002
-0.034

in Pumped Well is 30. Per Cent of Aquifer Thickness Below Top of Aquifer
Top of Screen in Pumped Well is 90. Per Cent of Aquifer Thickness Below Top of Aquifer

10.00
-3.232
—2.994
-2.055
0.854
3.670
4.280
3.670
0.864
—-2.055
-2.994
-3.232

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

15.00
-1.929
-1.725
-0.993
0.524
1.958
2.401
1.958
0.524
-0.993
-1.725
-1.979

20.00
-1.246
-1.082
-0.552
0.347
1.174
1471
1.174
0.347
-0.552
-1.082
-1.246

25.00
-0.829
-0.706
-0.331
0.236
0.745
0.939
0.745
0.236
-0.331
-0.705
-0.829

30.00
-0.561
-0.470
-0.208
0.163
0.488
0.615
0.488
0.163
-0.208
-0.470
-0.561

40.00
—-0.383
-0.318
-0.135
0.113
0.326
0.410
0.326
0.113
-0.135
-0.318
-0.383

50.00
-0.182
-0.149
-0.060
0.055
0.152
0.189
0.152
0.055
-0.060
-0.149
-0.182

in Pumped Well is 60. Per Cent of Aquifer Thickness Below Top of Aquifer
Top of Screen in Pumped Well is 50. Per Cent of Aquifer Thickness Below Top of Aquifer

5.00
-3.784
-3.651
-3.200
—-2.187
0.298
8.218
8.261

Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness

10.00
—2.446
-2.323
-1.911
-1.033
0.788
3.973
4.015

15.00
-1.711
-1.607
-1.245
-0.537
0.695
2.207
2.247

20.00
-1.235
-1.142
-0.846
-0.300
0.517
1.322
1.361

25.00
-0.907
-0.830
-0.593
-0.183
0.362
0.831
0.867

30.00
-0.673
-0.611
-0.426
-0.123
0.247
0.539
0.573

40.00
-0.380
-0.343
-0.234
-0.070
0.109
0.241
0.269

0.048
0.059
0.048
0.019
-0.018
-0.048
-0.060

50.00
-0.404
-0.380
-0.311
-0.204
-0.070
0.067
0.180
0.248
0.271
0.269
0.265

50.00
-0.312
-0.290
-0.224
-0.126
-0.013
0.090
0.158
0.180
0.168
0.145
0.135

50.00
-0.206
-0.186
-0.128
-0.047
0.037
0.098
0.120
0.104
0.065
0.031
0.016

60.00
-0.089
-0.072
-0.028
0.027
0.073
0.090
0.073
0.027
-0.028
-0.072
-0.089

50.00
-0.221
-0.199
-0.137
-0.048
0.045
0.113
0.136

0.024
0.029
0.024
0.009
-0.009
-0.024
-0.029

60.00
-0.264
—-0.249
-0.204
-0.136
-0.052
0.033
0.106
0.157
0.184
0.195
0.197

60.00
-0.198
-0.184
-0.144
-0.085
-0.018
0.044
0.089
0.112
0.177
0.114
0.111

60.00
-0.124
-0.112
-0.080
-0.034
0.012
0.048
0.065
0.063
0.050
0.036
0.030

80.00
—-0.044
-0.035
-0.014
0.013
0.035
0.044
0.035
0.013
-0.014
-0.035
—-0.044

60.00
-0.132
-0.120
-0.085
-0.035
0.016
0.055
0.072

0.006
0.007
0.006
0.002
-0.002
—-0.006
-0.007

80.00
-0.118
-0.112
-0.093
-0.064
-0.028
0.008
0.042
0.069
0.088
0.098
0.102

80.00
-0.085
-0.079
-0.064
-0.041
-0.015
0.011
0.032
0.048
0.057
0.062
0.063

80.00
-0.048
-0.045
-0.034
-0.018
-0.002
0.012
0.021
0.026
0.026
0.026
0.025

100.00
-0.011
-0.009
-0.003
0.003
0.009
0.011
0.009
0.003
-0.003
—-0.009
-0.011

80.00
—-0.051
-0.047
-0.035
-0.019
-0.001
0.013
0.023

0.001
0.002
0.001
0.001
-0.001
-0.001
-0.002

100.00
—-0.056
-0.053
-0.044
-0.031
-0.015
0.002
0.018
0.032
0.043
0.049
0.051

100.00
-0.039
-0.036
-0.030
-0.020
-0.009
0.003
0.013
0.022
0.028
0.032
0.033

100.00
-0.021
-0.019
-0.015
-0.010
-0.003
0.003
0.008
0.011
0.013
0.015
0.015

120.00
—-0.003
-0.002
-0.001
0.001
0.002
0.003
0.002
0.001
-0.001
-0.002
-0.003

100.00
-0.022
-0.020
-0.016
-0.010
-0.003

0.003

0.008

0.000
0.000
0.000
0.000
-0.000
-0.000
-0.000

120.00
-0.027
-0.025
-0.021
-0.015
-0.008
0.001
0.009
0.016
0.021
0.024
0.026

120.00
-0.018
-0.017
-0.014
-0.010
-0.005
0.001
0.006
0.011
0.014
0.016
0.017

120.00
-0.010
-0.009
-0.007
-0.005
-0.002
0.001
0.003
0.005
0.007
0.008
0.008

150.00
-0.001
-0.001
-0.000
0.000
0.001
0.001
0.001
0.000
-0.000
-0.001
-0.001

120.00
-0.010
-0.009
-0.008
-0.005
-0.002

0.001

0.004

-0.000
0.000
0.000
0.000
0.000
0.000
0.000

150.00
—-0.009
—-0.009
-0.007
—-0.005
—-0.003
0.000
0.003
0.005
0.007
0.009
0.009

150.00
-0.006
-0.006
-0.005
-0.004
-0.002
0.000
0.002
0.004
0.005
0.006
0.006

150.00
-0.003
-0.003
-0.002
-0.002
-0.001
0.000
0.001
0.002
0.002
0.003
0.003

-0.000
-0.000
-0.000
-0.000
-0.000
0.000
0.000
0.000
0.000
0.000
0.000

150.00
-0.003
—-0.003
-0.003
—-0.002
-0.001

0.000

0.001
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TABLE 1 Continued

70. 0.432 0.918 0.821 0.637 0.474 0.350 0.194 0.112 0.067 0.027 0.012 0.006 0.002
80. -1.944 -0.797 -0.311 -0.088 0.014 0.057 0.075 0.064 0.050 0.027 0.014 0.007 0.003
90. -2.812 -1.536 -0.890 -0.516 -0.292 -0.155 -0.022 0.022 0.032 0.025 0.015 0.008 0.003
100. -3.047 -1.745 -1.063 -0.653 -0.394 -0.229 -0.059 0.005 0.025 0.024 0.015 0.008 0.003
Top of Screen in Pumped Well is 40. Per Cent of Aquifer Thickness Below Top of Aquifer
Piez. Depth Distance of Piezometer from Pumped Well, as Per Cent of Aquifer Thickness
5.00 10.00 15.00 20.00 25.00 30.00 40.00 50.00 60.00 80.00 100.00 120.00 150.00
0.0 -3.415 -2.095 -1.387 -0.944 -0.650 -0.451 -0.219 -0.108 -0.053 -0.013 -0.003 -0.001 -0.000
10. -3.232 -1.929 -1.246 -0.829 -0.561 -0.383 -0.182 -0.089 -0.044 -0.011 -0.003 -0.001 -0.000
20. -2.572 -1.354 -0.778 -0.467 -0.290 -0.184 -0.079 -0.036 -0.017 -0.004 -0.001 -0.000 -0.000
30. -0.877 -0.057 0.142 0.168 0.145 0.114 0.062 0.032 0.016 0.004 0.001 0.000 -0.000
40. 4.280 2.401 1.471 0.939 0.615 0.410 0.189 0.090 0.044 0.011 0.003 0.001 -0.000
50. 8.218 3.973 2.207 1.322 0.831 0.539 0.241 0.113 0.055 0.013 0.003 0.001 0.000
60. 4.280 2.401 1471 0.939 0.615 0.410 0.189 0.090 0.044 0.011 0.003 0.001 0.000
70. -0.877 -0.057 0.142 0.168 0.145 0.114 0.062 0.032 0.016 0.004 0.001 0.000 0.000
80. -2.572 -1.354 -0.778 -0.467 -0.290 -0.184 -0.079 -0.036 -0.017 -0.004 -0.001 -0.000 0.000
90. -3.232 -1.929 -1.246 -0.829 -0.561 -0.383 -0.182 -0.089 -0.044 -0.011 -0.003 -0.001 0.000
100. -3.415 -2.095 -1.387 -0.944 -0.650 -0.451 -0.219 -0.108 -0.053 -0.013 -0.003 -0.001 0.000
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QHny) Designation: D 5716 — 95 (Reapproved 2000)

Standard Test Method for
Measluring the Rate of Well Discharge by Circular Orifice
Weir

This standard is issued under the fixed designation D 5716; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope D 5737 Guide for Methods for Measuring Well Discharge

1.1 This test method covers construction and operation of
circular orifice weir for measuring the discharge from a well. o
This test method is a part of a series of standards prepared on3-1 Definitions: _ _ . _
the in situ determination of hydraulic properties of aquifer 3.1.1 circular orifice weir—a circular restriction in a pipe
systems by single- or multiple-well tests. Selection of a welithat causes back pressure that can be measured in a piezometer

discharge ‘measurement test method is described in GuiddPe. Also calledbrifice tubeandorifice meter _
D 5737. 3.1.2 control well—a well by which the head and flow in the

1.2 This test method is common to a number of aquifer tesfduifer is changed, by pumping, injection, or imposing a
methods and to evaluation of well and pump performance. change of head. _

1.3 Limitations—This test method is limited to the descrip- 3-1.3 discharge—or rate of flow, is the volume of water that
tion of a method common to hydraulic engineering for thePaSses a particular reference section in a unit of time.
purpose of ground water discharge measurement in temporar 3.2_ For definitions of other terms used in this guide, see
or test conditions. erminology D 653. . .

1.4 Much of the information presented in this test method is 3-3 Symbols:Symbols and Dlmen23|ons:
based on work performed by the Civil Engineering Department 3-3-1 A—orifice plate open areal[’]. .
of Purdue University during the late 1940s. The essentials of 3-3-2 C—coefficient of discharge for the orifica].
that work have been presented in a pamphlet prepared by 3-3-3 g—acceleration due to gravity[T7].

Layne-Bowler, In@ and updated by Layne Western Company,  3-3-4 i—head in manometer].
Inc.3 3.3.5 Q—control well discharge [3T 1.

1.5 The values stated in inch-pound units are to be regarded 3-3-6 0—orifice diameter [L].
as the standard. The SI units given in parentheses are for 3-3-7 d—pipe inside diameter [].
information only.

) 4. Summary of Test Method
1.6 This standard does not purport to address all of the ) y ) i
safety concerns, if any, associated with its use. It is the 4-1 This test method involves pumping a control well at a

responsibility of the user of this standard to establish appro-constant or variable rate for a given period of time. Discharge
priate safety and health practices and determine the applicalS through an orifice weir that allows determination of the
bility of regulatory limitations prior to use. discharge rate. , o ,

4.2 This test method provides design information for con-

3 Terminology

2. Referenced Documents struction of an orifice weir. It also describes setup, operation,
2.1 ASTM Standards: inspection, calculation of discharge, and reporting.
D 653 Terminology Relating to Soil, Rock, and Contained

Fluidst 5. Significance and Use

D 4043 Guide for Selection of Aquifer-Test Method in 5.1 Many mathematical equations for determining aquifer

Determining Hydraulic Properties by Well Technigfies properties based on controlled field tests utilizing a single or
multiple-pumping wells include a dependent variable, termed
- . S _ ~discharge, and generally designatedagquations have been
This tt_est method is undert_ht_e_]urlsdlctlon ofA_STM Committee D18 on Soil a”déieveloped for constant and variable discharge. Those for
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water an . . . . K
Vadose Zone Investigations. variable discharge may specify regularly increasing, or regu-
Current edition approved April 15, 1995. Published August 1995. larly decreasing, or randomly varying discharge rate.
5 ;'\t/'_ea;g{er:em 0; WflﬂeflF'OWMThFOUQESPifgeSg”ﬁCG With Free Discharge 5.2 Aquifer testing has been conducted for the purposes of
ulletin , Layne-Bowler, Inc., Mission, s . . . .
3Measurement of Water Flow Through Pipe Orifice With Free Discharge prOdUCtlon and press_ure relief well des@n and _water _resourge
Layne-Western Company, Inc., Mission, KS, 1988. assessment. Production wells are used for public and industrial

4 Annual Book of ASTM Standagdgol 04.08.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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FIG. 1 Construction of a Circular Orifice Weir °
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Orifice plate

water supplies, hydraulic controls, and ground water capture. 6.1.3 Manometer—The discharge pipe wall is tapped mid-
Pressure relief wells are for hydraulic controls. Test wells aravay between the top and bottom with¥&in. (3.17 mm) or

for the purpose of water resource assessment. Ya-in. (6.35 mm) hole exactly 24 in. (609 mm) from the orifice
5.3 Discharge must also be known for certain methods telate. The manometer should be a distance of at least ten
evaluate well and pump performance. discharge pipe diameters from the gate valve used to control

pipe flow. Any burrs inside the pipe resulting from the drilling
6. Apparatus or tapping of the hole should be filed off. A nipple is screwed

6.1 Construction of a Circular Orifice We#A construction  into the tapped hole. The nipple must not protrude inside the
diagram of a circular orifice weir is presented in Fig> The  discharge pipe. A clear plastic tube 4 or 5 ft (1.2 or 1.5 mm)
circular orifice is a hole located in the center of a plate attachetbng is connected at one end to the nipple. A scale is fastened
to a straight horizontal length of discharge pipe. The pipe is ato a support so that the vertical distance from the center of the
least 6 ft (1.8 m) in length. Twenty-four inches (609 mm) from discharge pipe up to the water level in the manometer can be
the end plate and at least 4 ft (1.2 m) from the other end of theneasured. Alternately, a u-tube manometer or pressure trans-
discharge pipe, a manometer is attached to the discharge pidecer may be used. During a test the manometer must be free
so that the head in the discharge pipe can be measured. of air bubbles.

6.1.1 Orifice Plate—The orifice is a round hole with clean, 6.2 The water level in the manometer indicates the pressure
square edges in the center of a circular steel plate. The plateead in the approach pipe when water is being pumped through
must be a minimum of/s in. (1.59 mm) thick around the the orifice. For any given size of orifice discharge pipe, the rate
circumference of the hole. The remaining thickness of theof flow through the orifice varies with the pressure head as
orifice should be chamfered to 45° and with the chamfereaneasured in this manner. Table 1 presents the flow in gallons
edge down stream. per minute (gpm) for various combinations of orifice and pipe

6.1.2 Discharge Pipe-The discharge pipe must be straight diameters.
and level for a distance of at least 6 ft (1.8 m) before the water 6.3 The diameter of the orifice should be less than 80 % of
reaches the orifice plate. This approach channel should b&e inside diameter of the approach channel pipe.
longer if possible. The end of the pipe must be cut squarely s§ o, j.aqure
the plate will be vertical. The bore of the pipe should be smooth

and free of any obstruction that might cause abnormal turbu- /-1 Setup the apparatus as shown in Fig. 1 and Fig. 2. The
lence. apparatus should be set up so that the orifice pipe is horizontal

and the discharge is unimpeded. Use a combination of pipe and

orifice diameter so that the anticipated head will be at least

® Driscoll, F. G.,Ground Water and Wellslohnson Division, St. Paul, MN, 1986, thre_e times the d|amet_er of the_ orifice. Th_e orifice plate must be
pp. 537-541. vertical and centered in the discharge pipe.
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TABLE 1 Flow Rates Through Circular Orifice Weirs >4

Note 1—Flow rates indicated below the line are more exact than those above the line because the head developed in the piezometer tube for particular
pipe and orifice diameters is large enough to ensure the accuracy of results obtained from Eq 5.

Head of 4-in. Pipe 6-in. Pipe 8-in. Pipe 10-in. Pipe 12-in. Pipe 16-in. Pipe

;i;e? 2Y2-in. 3-in. 3-in. 4-in. 4-in. 5-in. 6-in. 6-in. 7-in. 8-in. 6-in. 8-in. 8-in. 10-in. 12-in
in. Orifice  Orifice  Orifice  Orifice  Orifice  Orifice  Orifice  Orifice ~ Orifice  Orifice  Orifice  Orifice  Orifice  Orifice  Orifice
gpm gpm gpm gpm gpm gpm gpm gpm gpm gpm gpm gpm gpm gpm gpm

5 55 89 76 145 131 220 355 310 460 680 300 580 530 880 1420
6 60 97 82 158 144 240 390 340 500 740 325 640 580 960 1560
7 65 105 88 171 156 260 420 370 540 830 350 690 620 1040 1680
8 69 112 94 182 166 275 450 395 580 880 375 730 670 1110 1800
9 73 119 100 193 176 295 475 420 610 940 400 780 710 1180 1910
10 7 126 106 204 186 310 500 440 640 990 420 820 750 1240 2010
12 85 138 115 223 205 340 550 480 700 1080 460 900 820 1360 2200
14 92 149 125 241 220 365 595 520 760 1170 500 970 880 1470 2380
16 98 159 132 258 235 390 635 555 810 1250 530 1040 940 1570 2540
18 104 168 140 273 250 415 675 590 860 1330 560 1100 1000 1670 2690
20 110 178 150 288 265 440 710 620 910 1400 590 1160 1050 1760 2840
22 115 186 158 302 275 460 745 650 950 1470 620 1220 1110 1840 2980
25 122 198 168 322 295 490 795 690 1020 1560 660 1300 1180 1960 3180
30 134 217 182 353 325 540 870 760 1120 1710 730 1420 1290 2150 3480
35 145 235 198 380 355 580 940 820 1210 1850 790 1530 1400 2320 3760
40 155 251 210 405 370 620 1000 880 1290 1980 840 1640 1490 2480 4020
45 164 267 223 430 395 660 1060 930 1370 2030 890 1740 1580 2630 4260
50 173 280 235 455 415 690 1120 980 1440 2140 940 1830 1670 2780 4490
60 190 310 260 500 455 760 1230 1080 1580 2340 1030 2010 1830 3040 4920
70 205 350 280 525 490 810 1280 1140 1710 2530 1110 2170 1970 3280 5310

A Values in mm are obtained by multiplying 25.38 mm/in. Values in Lpm are obtained by multiplying 3.785 L/gal.

0.9 : SiaeEmE EEaIEEssssessassasassasastaduass
IR 1 .‘ 1 T 1 T
; : T TIT T
. I T
T ! i i
: | : o S eananas
1 T
11" B b I
3 0.8 man T — T 7= :
e 1 . I ¢
a0 IWE 12 i ‘ +-
3 = : — ;
5 T 7 - :
2 0.7 = - ' / :
A . — + T
” T 7 | Il
s = 3 :
b= . T : ! '?’T? 1 s
8 0.6 & T : o T e !
* 1 1 el + ; 1 r T
E 1 et ; 1 i I
8 28 & ! - ! sk .
S : = it
! N
0.5 T “w I 1 f
i . 4
‘ BaE: m - @
T T 1 : HiM R
t T T )} It 1
T 1 41 11 I IBENEEREN! ;
Ll i I8 BB I il T I 1 : LN M
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Ratio of Orifice Diameter to Pipe Diameter

FIG. 2 The Coefficient of Discharge, C, in the Orifice-Weir Equation ®

7.2 Equipment should be inspected to minimize the poten8. Calculation
tial of wear, damage or misuse causing increased head loss that8
will bias results.

7.3 Initiate flow through the discharge pipe. Check that th
manometer is free of air bubbles. Record the manometer level. Q=AvC (1)
Using Table 1 for the appropriate pipe and orifice size, read the i

. Where:
discharge.

.1 Calculate the flow through the orifice using the basic
eequation:
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Q = the flow per unit time, orifice diameter, approach-pipe diameter, and water height in
A = the area of the orifice, the piezometer tube. The pumping ra@,will be in the units
V = the velocity of flow through the orifice, and of gallons (litres) per minute when the orifice arég,is in
C = the coefficient of discharge for the orifice. square inches (millimetres) and the water level in the manom-

eter,h, is in inches (millimetres). The value &ffrom Fig. 2 is
The velocity of the water at the orifice consists of its velocity gnly valid for use with this combination of units.
in the approach channel plus the additional velocity head g 4 A discharge of 55 gpm (208 Lpm) will cause 5 in. (127
created by the pressure drop that occurs between the CONNgeiy of head due to at2-in. (63.5 mm) orifice and a 4-in. (102
tion for the manometer and the orifice. Because the Watelth) approach pipe. Similarly, a discharge of 5 310 gal (20.100

discharges at atmospheric pressure, the pressure head indicaEe;dper minute will cause 70 in. (1.780 mm) of head due to a
by the manometer can be converted to the velocity if friction iny 5 ;- (305 mm) orifice and a 16-in. (406 mm) approach pipe.

th% Fz)'ps ||s tnetghlec\:eld. ity to the head in the manometer by th 8.5 Extensive calibrations of circular orifice weirs indicated
- helate the velocity to the hea € manometer by e, ot they will measure the flow through the orifice within 3 %

equation: of the true value when properly constructed and (fséd.

V= /2gh ©)
where: 9. Report
V = velocity, 9.1 Record pertinent information, including orifice and pipe
g = acceleration due to gravity, and sizes and manometer reading, time of reading, and well
h = the height of water in the manometer. discharge rate.

To compute the actual velocity through the orifice, the value 9-2 Describe the physical features of the apparatus and any
of V from Eq 2 must be added to the velocity in the dischargeinusual aspect of the measurements.
pipe approach, and the sum of these must be corrected by two o _
factors. One correction is for the contraction of the jet streamd.0. Precision and Bias
just outside of the orifice, and the other is for the sudden 10.1 Precision—Due to the nature of this test method it is
change in cross-sectional area of flow which is controlled byeither not feasible or too costly at this time to develop a valid
the size of the orifice relative to the size of the approactprecision statement. Subcommittee D18.21 welcomes propos-
channel. The approach velocity and the two correction factorgls that would allow for development of a valid precision
are combined into a single factdZ, whose value varies with statement.

the ratio of the orifice inside diameter to the approach-pipe 102 Bias—There is no accepted reference value for this test

inside diameter as presented in Fig. 2. method, therefore, bias cannot be determined.
8.3 The equation for flow through the orifice is:
Q= CA+\/2gh = 8.02%A\/h (3) 11. Keywords

Values ofC may be obtained from Fig. 2, and Eq 3 may be 11.1 aquifers; aquifer test methods; discharge rate; ground
used to calculate the pumping rate for any combination ofvater; orifice weir

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, at the address shown below.
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Standard Test Method for
(Analytical Procedure) for Determining Transmissivity of
Confined Nonleaky Aquifers by Underdamped Well

Response to Instantaneous Change in Head (Slug Test) !

This standard is issued under the fixed designation D 5785; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope 1.5 This standard does not purport to address all of the

1.1 This test method covers determination of transmissivitgafety concerns, if any, associated with its use. It is the
from the measurement of the damped oscillation about théesponsibility of the user of this standard to establish appro-
equilibrium water level of a well-aquifer system to a suddenPriate safety and health practices and determine the applica-
change of water level in a well. Underdamped response ofility of regulatory limitations prior to use.
water level in a well to a sudden change in water level i52 Referenced Documents
characterized by oscillatory fluctuation about the static water”
level with a decrease in the magnitude of fluctuation and
recovery to initial water level. Underdamped response may

occur in wells tapping highly transmissive confined aquifers Fluids® , . ) )
and in deep wells having long water columns. D 4043 Guide for Selection of Aquifer-Test Method in

1.2 This analytical procedure is used in conjunction with the _ Determining of Hydraulic Properties by Well-Techniqéies

field procedure Test Method D 4044 for collection of test data. D 4044 Test Method for (Field Procedure for) Instantaneous
1.3 Limitations—Slug tests are considered to provide an ~ Change in Head (Slug Test) for Determining Hydraulic

estimate of transmissivity of a confined aquifer. This test _Properties of Aquifers o o
method requires that the storage coefficient be known. As- D 4750 Test Method for Determining Subsurface Liquid
sumptions of this test method prescribe a fully penetrating well Levelss in a Borehole or Monitoring Well (Observation
(a well open through the full thickness of the aquifer), but the Well)

slug test method is commonly _conducted using a partial%_ Terminology
penetrating well. Such a practice may be acceptable for L

application under conditions in which the aquifer is stratified -1 Definitions: ,

and horizontal hydraulic conductivity is much greater than, 3-1-1aquifer, confinedé-an aquifer bounded above and
vertical hydraulic conductivity. In such a case the test would b?€!0W by confining beds and in which the static head is above
considered to be representative of the average hydraulf tOP of the aquifer. .

conductivity of the portion of the aquifer adjacent to the open 3-1-2 confining bee-a hydrogeologic unit of less perme-
interval of the well. The method assumes laminar flow and i&P/€ material bounding one or more aquifers.

applicable for a slug test in which the initial water-level 3.1.3 control well—well by which the aquifer is stressed, for

displacement is less than 0.1 or 0.2 of the length of the stati€X@MPle, by pumping, injection, or change in head.

water column. 3.1.4 head, statie-the height above a standard datum of the
1.4 This test method of analysis presented here is derived byFTface of a column of water (or other liquid) that can be

van der Kamp(1)? based on an approximation of the under- SUPPorted by the static pressure at a given point.

damped response to that of an exponentially damped sinusoid. 3-1-> observation wet-a well open to all or part of an

A more rigorous analysis of the response of wells to a suddefduifer. _

change in water level by Kipg2) indicates that the method  5-1.6 overdamped well responsecharacterized by the wa-

presented by van der Kan(ft) matches the solution of Kipp ter level _returnmg to the_ static level in an approxmately

(2) when the damping parameter values are less than about ge¥ponential manner following a sudden change in water level.

and time greater than that of the first peak of the oscillat®)n (See for comparisonnderdamped Wel_l resP°”$e .
3.1.7 slug—a volume of water or solid object used to induce

* This test method is under the jurisdiction of ASTM Committee D18 on Soil and a sudden Change of he.ad in a well. .
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and 3.18 storage coefficienrtthe volume of water an aqU|fer
Vadose Zone Investigations. releases from or takes into storage per unit surface area of the
Current edition approved Sept. 10, 1995. Published November 1995.
2 The boldface numbers given in parentheses refer to a list of references at the—————————
end of the text. 3 Annual Book of ASTM Standardéol 04.08.

2.1 ASTM Standards:
D 653 Terminology Relating to Soil, Rock, and Contained

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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aquifer per unit change in head. For a confined aquifer, thes = storage coefficient.

storage coefficient is equal to the product of specific storage 4 2 1 The initial condition is at =0 andh =h.and the
and aquifer thickness. For an unconfined aquifer, the storaggier boundary condition is as— « andh - h . ©
coefficient is approximately equal to the specific yield.

3.1.9 transmissivity—the volume of water at the existing
kinematic viscosity that will move in a unit time under a unit
hydraulic gradient through a unit width of the aquifer. )

3.1.10 underdamped well responsgesponse characterized qTrzd_""z ot Tﬂ @)
by the water level oscillating about the static water level ¢ dt > WM,
following a sudden change in water level (See for Comparisonwhere.
overdamped well respon$e '

4.3 The flow rate balance on the well bore relates the
displacement of the water level in the well-riser to the flow into
the well:

S . . r. = radius of the well casing, and
3.1.11 For definitions of other terms used in this test,, - displacement of the water level in the well from its
method, see Terminology D 653. initial position.

3.2 Symbols:Symbols and Dimensions:
3.2.1 T—transmissivity [ *T 1.
3.2.2 S—storage coefficient pd].
3.2.3 L—effective length of water column, equal kQ + g
(rehg) (m/2). gt Jon i pvz = [-pZ + py ~p, —pgrim? 3)
3.2.3.1 Discussior—This expression for the effective length
is given by Kipp(2). The expression for the effective length of where:
the water column from Cooper et ) is given asL + 3/8L v
and assumes that the well screen and well casing have the same

4.3.1 The third equation describing the system, relating
handw, comes from a momentum balance of Bird e{4)las
referenced in Kipg(2).

velocity in the well screen interval,
aquifer thickness,

diameter. p = pressure,
3.2.4 L—length of water column within casind.]. p = fluid density, _
3.2.5 L—length of water column within well scree] g = gravitational acceleration, and
3.2.6 g—acceleration of gravity [T . re = well screen radius. Well and aquifer geometry are
3.2.7 h—hydraulic head in the aquifet.] shown in Fig. 1.
3.2.8 hy—initial hydraulic head in the aquifeL]. Atmospheric pressure is taken as zero.
3.2.9 h—hydraulic head in the well screeh][ )
3.2.10 r—radius of well casingL[]. 5. Solution
3.2.11 rq—radius of well screenL]]. 5.1 The method of van der Kamfl) assumes the water
3.2.12 t—time [T]. level response to a sudden change for the underdamped case,
3.2.13w—water level displacement from the initial static except near critical damping conditions, can be approximately
level [L]. described as an exponentially damped cyclic fluctuation that
3.2.14 wy—initial water level displacement]. decays exponentially. The water-level fluctuation would then
3.2.15 y—damping constantT] }]. be given by:
3.2.16 —wavelength [T]. —
3.2.17 w—angular frequencyT Y. W(t) = Wee ™ cos wt @
3.2.18 m—aquifer thickness, []. 5.1.1 The following solution is given by van der Kar(i.
4. Summary of Test Method —2 (/L) M2 1n[0.79%ST)(g/L) 2
4.1 This test method describes the analytical procedure for d= 8T ®)

analyzing data collected during an instantaneous head (slug) {4t may be written as:
test using a well in which the response is underdamped. The ’

field procedures in conducting a slug test are given in Test T=b+alnT ()
Method D 4044. The analytical procedure consists of analyzing where:
the response of water level in the well following the change in b= a1n[0.79rS(g/L)"? @

water level induced in the well.

4.2 Theory—The equations that govern the response of well , "
to an instantaneous change in head are treated at length by az 9L ®)
Kipp (2). The flow in the aquifer is governed by the following 8d
equation for cylindrical flow:

sdh 1d/ dh d=yl(gL)" ©)
TEZFE<rW) @ and
where: _ L = g/(o? +v? (10)
_fll_ z géairl%lf’llt?ak;\es?;]ji’ssivity, and Note 1—Other analytical solutions are proposed by K{@p, Krauss

(5), Uffink (6) and Kabala, Pinder, and Millg7).
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7. Procedure
Land surtace 7.1 The overall procedure consists of:
—————_] L_. st 7.1.1 Conducting the slug test field procedure (see Test
4 Method D 4044), and
t 7.1.2 Analyzing the field data, that is addressed in this test
s __ iaitial static yzing
method.
A water level
Note 2—The initial displacement of water level should not exceed 0.1
e o or 0.2 of the length of the static water column in the well, because of
considerations for calculatinig.. Practically, the displacement should be
1 small, a few times larger than the well radius, to minimize frictional
ris losses. The measurement of displacement should be within 1 % of the
/Wall or casing initial water-level displacement. The water-level displacement needs to be
L calculated independently for comparison to the observed initial displace-
ment.
! 8. Calculation and Interpretation of Test Data
Confining layer 8.1 Plot the water-level response in the well to the sudden
| i change in head, as in Fig. 2.
x 3 8.2 Calculate the angular frequenay,
f» Vol S 2N AW S A w = 2mlt 11
i L. p— (11)
| § where:
: s { or TEL -t and tla_md t,are times of successive maxima or
i i Aquit minima of the oscillatory wave.
e i ' 8.3 Calculate the damping factoy,
m
{ :/ Well o ¥ = Inw(t) () t, -t (12)
i 1 where:
] i w(t,) andw(t,) are the water-level displacements at timgsd
7——,—%—-7-‘-7-—-7-5-7—1 777 t,, respectively. o
Confining layer 8.4 Determine transmissivityf,
FIG. 1 Well and Aquifer Geometry T=b+alnT (13)
where:
— 2 1/2
6. Significance and Use a=[rc(glL)")ed (14)
6.1 The assumptions of the physical system are given as d = yi(gL2 (15)
follows:
6.1.1 The aquifer is of uniform thickness and confined by .
impermeable beds above and below. L =g/(w” +v) (16)
6.1.2 The aquifer is of constant homogeneous porosity and and:
matrix compressibility and of homogeneous and isotropic b=—a1n0] 17)

hydraulic conductivity.

6.1.3 The origin of the cylindrical coordinate system is
taken to be on the well-bore axis at the top of the aquifer.
6.1.4 The aquifer is fully screened.

6.2 The assumptions made in defining the momentum bal-

8.4.1 Solve for transmissivity iteratively using an initial
estimate value for transmissivity, and a known or estimated
value of storage coefficien§.

8.5 Check the results.
8.5.1 Compare the effective length of the water coluinn,

6.2.1 The average water velocity in the well is approxi—CaIClJIatEOI by the following two relationships:

mately constant over the well-bore section. L=g(o® +v9) (18)
6.2.2 Flow is laminar and frictional head losses from flow gng:
across the well screen are negligible.

— 27,2
6.2.3 Flow through the well screen is uniformly distributed L= Lo+ (rfrgm2 (19)
over the entire aquifer thickness. The values oL should agree within 20 %.
6.2.4 Change in momentum from the water velocity chang- 8.5.2 Check to see that the valuecok< 0.1, where:
ing from radial flow through the screen to vertical flow in the a = 0.89FN™2 (0? + v 1, <0.1 20)

well are negligible.

6.2.5 The system response is an exponentially decaying 8.5.3 Check to see that the valuek< 0.7, where:
sinusoidal function. d = y/(g/L)? (21)



8.5.4 Example—The following data are taken from the T,
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FIG. 2 Underdamped Response of Water Level to a Sudden Change in Head

underdamped response to a slug test shown in Fig. 2:

w(t,)
w(t)

ty
s

—1.0ft
—0.5 ft
49s
169 s
0.25 ft
0.25 ft
95 ft
55 ft

tz_t]_: 16.9_4.9 = 13
2mlt = 2* 3.1416/12.0 = 0.523675
In (Wt)w ( t))r =

in (~1.0/~0.5)/12

0.6931/12 = 0.05776*

b+alnT

((0.2742)
0.5268

(w? + y?)¥? = ((0.5236)2 + (0.05776%)"2

+ (0.0033362)}? = (0.2775§"

v(g/L)*? = 0.05776/0.5268 = 0.1096
( r? (g/L)*?/8d = (0.25¥(0.5268)/8(0.1096)

0.03755 ft?/s
AssumeS =1.5% 107°

a 1n (0.79 r2S(g/L)"?)
(-0.03755)h (0.79(0.25 (0.000015)(0.5268)

0.5541 ft%/s

T, = b+alnT,
AssumeT, = b,

0.5541 + (0.03755)1(0.5541) = 0.5319 fis
0.5541 + (0.03755)1(0.5319) = 0.5304 fis
0.5304 ft/s * 86 400 s/day = 45 8264day

Check the results:

T2
T

L = gl(w?+ v ?) = 32/(0.2775) = 115.3 ft

L = Lo+ (rrdm2 = 95 + 275 =
122.5

122.5-115.3 = 7.2,7.2/1153=6.2 <20 %

a = 0.896/MY2 (w?+ vy r < 0.1

= 0.89 (0.005318)(0.7258) 0.25 = 0.000859

<0.1

d = 0.1096 < 0.7

9. Report

9.1 Report the following information described as follows.
The final report of the analytical procedure will include
information from the report on test method selection, Guide
D 4043, and the field testing procedure, Test Method D 4044.

9.1.1 Introduction—The introductory section is intended to
present the scope and purpose of the slug test method for
determining transmissivity and storativity. Summarize the field
hydrogeologic conditions, the field equipment and instrumen-
tation including the construction of the control well, the
method of measurement of head, and the method of effecting
the change in head. Discuss the rationale for selecting this test
method.

9.1.2 Hydrogeologic Setting-Review information avail-
able on the hydrogeology of the site; interpret and describe the
hydrogeology of the site as it pertains to the method selected
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for conducting and analyzing an aquifer test. Compare hydro- 9.1.5.1 Data—Present tables of data collected during the
geologic characteristics of the site as it conforms and differgest.
from assumptions made in the solution to the aquifer test 9.1.5.2 Data Plots—Present data plots used in analysis of
method. the data.

9.1.3 Equipmert-Report the field installation and equip-  9.1.5.3 Show calculation of transmissivity and coefficient of
ment for the aquifer test. Include in the report, well construc-storage.
tion information, diameter, depth, and open interval to the g 54 Evaluate the overall quality of the test on the basis of
aquifer, and location of control well and pumping equipment.e 4dequacy of instrumentation and observations of stress and
The construction, diameter, depth, and open interval of obsefaghonse and the conformance of the hydrogeologic conditions

vation wells should be recorded. _ and the performance of the test to the assumptions (see 5.1).
9.1.3.1 Report the techniques used for observing water

levels, and other environmental conditions pertinent to the test.g  precision and Bias

Include a list of measuring devices used during the test; the ) ) , L .

manufacturers name, model number, and basic specifications10-1 Itis not practicable to specify the precision of this test

for each major item: and the name and date of the |asmethqd because the response of aquifer systems during aquifer

calibration, if applicable. tests is dependent upon ambient system stresses. No statement
9.1.4 Testing ProceduresReport the steps taken in con- €an be made about bias because no true reference values exist.

ducting the pretest and test phases. Include the frequency of K q
head measurements made in the control well, and otherl: Keywords
environmental data recorded before and during the testing 11.1 aquifers; aquifer tests; control wells; ground water;

procedure. hydraulic conductivity; slug test; storage coefficient; transmis-
9.1.5 Presentation and Interpretation of Test Results sivity
REFERENCES
(2) van der Kamp, Garth, “Determining Aquifer Transmissivity by Means (5) Krauss, I., “Determination of the Transmissibility from the Free Water
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ResearchVol 12, No. 1, 1976, pp. 71-77. Hydrology, Proceedings of the Third International Hydrology Sympo-

(2 Kipp, K. L., Jr, “Type Curve Analysis of Inertial Effects in the sium Colorado State University, 1977, pp. 179-268.

Response of a Well to a Slug Teswater Resources Researthl 21, (6) Kruseman and de Ridder, “Analysis and Evaluation of Pumping Test

No. 9, 1985, pp. 1397-1408. R C . )
. Data,” Publication 47, International Institute for Land and Reclama-
(8) Cooper, H. H., Jr, Bredehoeft, J. D., and Papadopulos, I. S., "Response tion and ImprovementWageningen, The Netherlands, 1991.

of a Finite-Diameter Well to an Instantaneous Charge of Watiater

Resources Researckol 3, No. 1, 1967, pp. 263—-269. (7) Kabala, Z. J., Pinder, G. F,, and Milly, P. C. D., “Analysis of
(4) Bird, R. B., Stewart, W. E., and Lightfoot, E. N[yansport Phenom- Well-Aquifer Response to a Slug Testater Resources Reseaytiol
eng John Wiley, New York, 1960. 21, No. 9, 1985, pp. 1433-1436.

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above address or at
610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website (www.astm.org).



QHny) Designation: D 5786 — 95 (Reapproved 2000)

Standard Practice for

(Field Procedure) for Constant Drawdown Tests in Flowing
Wells for Determining Hydraulic Properties of Aquifer
Systems *

This standard is issued under the fixed designation D 5786; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope 3. Terminology

1.1 This practice covers the methods for controlling draw- 3.1 Definitions—For definitions of terms used in this prac-
down and measuring discharge rates and head to analyze ttiee, see Terminology D 653.
hydraulic properties of an aquifer or aquifers. ,

1.2 This practice is used in conjunction with analytical 4- Summary of Practice
procedures such as those of Jacob and Loh(@(2), and 4.1 This practice describes the field procedures for conduct-
Hantush(3)/(4). ing an aquifer test on a well that is flowing, that is, the head in

1.3 The appropriate field and analytical procedures foithe well remains above the top of the well casing. This method
determining hydraulic properties of aquifer systems are seivolves inducing a constant drawdown and measuring the
lected as described in Guide D 4043. varying discharge rate from the control well.

1.4 This standard does not purport to address all of the N
safety concerns, if any, associated with its use. It is the Significance and Use
responsibility of the user of this standard to establish appro- 5.1 Constant drawdown test procedures are used with ap-
priate safety and health practices and determine the applicapropriate analytical procedures to determine transmissivity,
bility of regulatory limitations prior to use. hydraulic conductivity, and storage coefficient of aquifers.

1.5 This practice offers a set of instructions for performing
one or more specific operations. This document cannot replac® APParatus
education or experience and should be used in conjunction 6.1 Various types of equipment can be used to measure the
with professional judgment. Not all aspects of this practice maylow rate of the well. The equipment shall be sized so that it
be applicable in all circumstances. This ASTM standard is nogloes not constrict the flow rate from the well.
intended to represent or replace the standard of care by which 6.2 An apparatus shall be placed on the control well
the adequacy of a given professional service must be judgedjscharge line such that the well can be shut in to prevent flow
nor should this document be applied without consideration ofrior to conducting this field procedure and so that the
a project’s many unique aspects. The word “Standard” in theapparatus will not constrict flow from the well when it is
title of this document means only that the document has beetllowed to flow.

approved through the ASTM consensus process. 6.3 Head measurements can be made using one of the

following apparatuses:

2. Referenced Documents 6.3.1 Standpipe—A pipe or piece of well casing may be
2.1 ASTM Standards: installed to extend above the elevation of the discharge. This
D 653 Terminology Relating to Soil, Rock, and Containedstandpipe will also extend above the elevation of the head in

Fluids? the control well. This standpipe will allow for direct measure-

D 4043 Guide for Selection of Aquifer-Test Method in ment of the water level following methods described in Test
Determining of Hydraulic Properties by Well Technigies Method D 4750.

D 4750 Test Method for Determining Subsurface Liquid 6.3.2 Pressure Measureme#rtA pressure gage (mechanical
Levels in a Borehole or Monitoring Well (Observation gage, manometer, or pressure transducer) may be installed
Well)? below the shut-in mechanism in the control well. Determine

the head elevation by adding the pressure reading (expressed in
the height of the water) to the elevation of the sensor of the

* This practice is under the jurisdiction of ASTM Committee D18 on Soil and ressure gage

Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water an&) ’ . . .
Vadose Zone Investigations. 6.4 Control Well—This practice requires that water flow

Current edition approved Sept 10, 1995. Published October 1995. from a single well. This well, known as the control well, shall
2 Annual Book of ASTM Standardggl 04.08.

Copyright © ASTM, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959, United States.
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be drilled and completed such that it transmits water from thes long as the anticipated duration of the flowing portion of the
aquifer (usually the entire thickness of the aquifer) as effi-test.

ciently as possible to reduce head loss between the aquifer and7.2.3 Discharge from Control WeHl-Allow the control well

the well. Well development should be as complete as possibl® flow at a variable rate. The flow rate will vary naturally to
to eliminate additional production of sediments (aquifer par-maintain a constant drawdown at the control well.

ticles or drill cuttings) and consequent changes in well effi- 7.2.4 Measure Discharge RateMeasure and record the

ciency during the test. discharge rate frequently during the early phase of discharge;
increase the interval between measurements in a logarithmic

7. Procedure manner as pumping continues.
7.1 Pretest Procedures Note 1—Table 1 presents a suggested frequency of discharge measure-

7.1.1 Select Aquifer Test MethedDevelop a conceptual ments.

model of the site hydrogeology and select the appropriate 7 2 5 Measure Water LevelMeasure and record the water

aquifer test method according to Guide D 4043. Observe thgyyels in nearby wells at a frequency similar as presented in
requirements of the selected test method with regard teggple 1.

specifications for the control well and observation wells. 7.3 Post-Testing Procedures

7.1.2 Field ReconnaissaneeMake a field reconnaissance 7.3.1 Tabulate water levels, including pre-flowing (shut-in),
of the site before CO”dUC“ng the test to collect as much detaﬂowing, and post_ﬂowing levels. For each well or piezometer
as possible on the depth, continuity, extent, and preliminaryecord the date, clock time, time since flowing started or
estimates of the hydrologic properties of the aquifers andtopped, and the measurement point.
confining beds. Note the location of existing wells and water- 7.3 2 Tabulate the rate of discharge of the control well, the
holding or conveying structures that might interfere with theqate, clock time, time since flowing started or stopped, and the
test. Turn off nearby wells well before the test, and disablemethod of measurement.
automatic pump controls throughout the anticipated test period. 7.3.3 Prepare a written description of each well, describing
Alternately, it may be necessary to pump some nearby wells ahe measuring point, giving its elevation and the method of
allow them to flow throughout the test. If so, the discharge shalpptaining the elevation, and the distance of the measuring point
be at a constant rate, and shall not be started or stopped duriggove the mean land surface.
the test and prior to the test for a duration at least equal to that 7.3 4 plot the Rate of Discharge Versus Tim@repare a

of the test. The control well should be equipped with a pipelingyot of the rate of discharge versus the time since discharge
or conveyance structure adequate to transmit water away frofegan.

the test site, such that the structure does not impede the flow of

water from the control well. 8. Report
7.1.3 Construction of Control Weh-Screen the control well 8.1 Prepare a report containing field data including a de-
throughout the full extent of the aquifer to be tested. scription of the field site, plots of water level and discharge

7.1.4 Test of Control Well-Test the control well by allow- with time, and preliminary analysis of data:
ing the well to flow and then stopping the flow. Based on the 8.1.1 An introduction stating the purpose of the test, dates
recovery response, make a preliminary estimate of the hydrawand times water-level measurements commenced, dates and
lic properties of the aquifer and estimate the initial flow ratetimes the control well was shut in, dates and times the control
from the control well expected during the aquifer test. well began to flow, and the stabilized head in the control well
7.1.5 Testing Observation WellsTest observation wells or prior to the test.
piezometers prior to the aquifer test to ensure that they are 8.1.2 The “as built” description and diagrams of all control
hydraulically connected to the aquifer. Accomplish this bywells, observation wells, and piezometers.
adding or withdrawing a known volume of water (slug) and 8.1.3 A map of the site showing all well locations, the
measure the water-level response in the well. The resultamtistances between wells, and locations of all geologic bound-
response should be rapid enough to ensure that the water lewalies or surface-water bodies which might affect the test.
in the observation well or piezometer will reflect the water 8.1.3.1 The locations of wells and boundaries that affect the
level in the aquifer during the test. Alternatively, if observationaquifer tests need to be known with sufficient accuracy to
wells are flowing, measure their response in a manner similgprovide a valid analysis. For most analyses, this means the
to that described for the control well. Redevelop wells orlocations must provide data points within the plotting accuracy
piezometers with unusually sluggish response.

7.1.6 Measure the pressure head in the shut-in control well TABLE 1 Example of Measurement Frequency
and observation wells (if any) to determine the trend of water Frequency Elapsed Time
levels before the commencement of the test. This period should ™} easurement every:
be at least equal to the length of the flowing portion of the test.  30s 3min_

7.2 Test Procedure 1 min 3 to 15 min

) 5 min 15 to 60 min

7.2.1 Based on pretesting results and the conceptual model 10 min 60 to 120 min
of the site (see Guide D 4043), select the duration of the test. 20hmin gto 3 hh

7.2.2 Shut in the Control Wel-Completely stop flow from é h 15“;0120 h

the control well prior to conducting the test for a period at least
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on the semilog or log-log graph paper used in the analysiszontal distance between well screens in the aquifer.

Radial distances from the coptrol well to the observation wells 8.1 4 |nclude tabulated field data collected during the test.
usually need to be known with:0.5 %. For prolonged large-

sca_le testing, it may be sufficient to locate wells from maps oig Keywords

aerial photographs. However, for small-scale tests, well loca- ] ]

tions should be surveyed using land surveying methods. When 9-1 aquifers; aquifer tests; control wells; ground water;
test wells are deep relative to their spacing it may be necessafRydraulic conductivity; observation wells; storage coefficient;
to conduct well-deviation surveys to determine the true horifransmissivity
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Standard Test Method for (Analytical Procedure)
Determining Transmissivity, Storage Coefficient, and
Anisotlropy Ratio from a Network of Partially Penetrating
Wells

This standard is issued under the fixed designation D 5850; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

1. Scope D 4106 Test Method for (Analytical Procedure for) Deter-

1.1 This test method covers an analytical procedure for ~Mining Transmissivity and Storativity of Nonleaky Con-
determining the transmissivity, storage coeficient, and ratio of _fined Aquifers by the Theis Nonequilibrium Mettiod
vertical to horizontal hydraulic conductivity of a confined D 4750 Test Method for Determining Subsurface Liquid
aquifer using observation well drawdown measurements from LeVvels in a Borehole or Monitoring Well (Observation

a constant-rate pumping test. This test method uses data from Well)? ) ]
a minimum of four partially penetrating, properly positioned D 5473 Test Method (Analytical Procedure) for Analyzing

observation wells around a partially penetrating control well. ~ the Effects of Partial Penetration of Control Well and
1.2 The analytical procedure is used in conjunction with the ~ Determining the Horizontal and Vertical Hydraulic Con-
field procedure in Test Method D 4050. ductivity in a Nonleaky Confined Aquifér

1.3 Limitations—The limitations of the technique for deter-
mination of the horizontal and vertical hydraulic conductivity o
of aquifers are primarily related to the correspondence between 3-1 Definitions: _
the field situation and the simplifying assumption of this test 3-1.1aquifer, confinee-an aquifer bounded above and
method. below by confining beds and in which the static head is above

1.4 The values stated in inch-pound units are to be regarddi€ top of the aquifer. _ ,
as the standard. The Sl units given in parentheses are for 3-1-2 confining bee-a hydrogeologic unit of less perme-
information only. able material bounding one or more aquifers. _

1.5 This standard does not purport to address all of the 3-1.3 control well—well by which the head and flow in the
safety concerns, if any, associated with its use. It is theéiquifer is changed, for example, by pumping, injection, or
responsibility of the user of this standard to establish appro/MpPOsing a constant change of head. , _
priate safety and health practices and determine the applica- 3.1.4 drawdown—vertical distance the static head is low-

3. Terminology

bility of regulatory limitations prior to use. ered due to the removal of water. _
3.1.5 hydraulic conductivity—(field aquifer test) the volume
2. Referenced Documents of water at the existing kinematic viscosity that will move in a
2.1 ASTM Standards: unit time under a unit hydraulic gradient through a unit area
D 653 Terminology Relating to Soil, Rock, and ContainedMeasured at right angles to the direction of flow.
Fluids2 3.1.6 observation well-a well open to all or part of an
D 4043 Guide for Selection of Aquifer Test Method in aquifer. _

D 4050 Test Method for (Field Procedure for) Withdrawal measure hydraulic head at a point in the subsurface.
and Injection Well Tests for Determining Hydraulic Prop- ~ 3:1.8 storage coefficiertthe volume of water an aquifer
erties of Aquifer Systents releases from or takes into storage per unit surface area of the

D 4105 Test Method for (Analytical Procedure for) Deter- @quifer per unit change in head. o
mining Transmissivity and Storativity of Nonleaky Con- 3-1.9 transmissivity—the volume of water at the existing
fined Aquifers by the Modified Theis Nonequilibrium Kinematic viscosity that will move in a unit time under a unit
Method hydraulic gradient through a unit width of the aquifer.

3.1.10 For definitions of other terms used in this test
method, see Terminology D 653.
* This test method is under the jurisdiction of ASTM Committee D18 on Soil and 3.2 Symbols:Symbols and Dimensions:
Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water and  3.2.1 A—K,/K,, anisotropy ratio iid].
Vadose Zone Investigations.

Current edition approved Oct. 10, 1995. Published December 1995. -
2 Annual Book of ASTM Standardgol 04.08. 3 Annual Book of ASTM Standardgol 04.09.
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3.2.2 b—thickness of aquiferl]]. to two different depths. At each location, one observation well

3.2.3 C,—drawdown correction factor, equal to the ratio of should be screened at about the same elevation as the screen in
the drawdown for a fully penetrating well network to the the pumped well, while the other observation well should be
drawdown for a partially penetrating well networkV(u)/  screened in sediments not screened by the pumped well.
(W(u) +1)). 4.2 According to Theig1),* the drawdown around a fully

3.2.4 d—distance from top of aquifer to top of screened penetrating control well pumped at a constant rate and tapping
interval of control well []. a homogeneous, confined aquifer is as follows:

3.2.5 d'—distance from top of aquifer to top of screened Q
interval of observation wellL]]. S = ZmT MU @)

3.2.6 fs—incremental dimensionless drawdown component
resulting from partial penetratiomd]. )

3.2.7 K—hydraulic conductivity [T -]. NN

3.2.7.1 Discussior—The use oflLsyr]nboIK for the term W(u)zf"TdX @
hydraulic conductivity is the predominant usage in ground- 4.2.1 Drawdown near a partially penetrating control well
water literature by hydrogeologists, whereas the symbol k ipumped at a constant rate and tapping a homogeneous,

ﬁommonly used for this term in the rock and soil mechanicsanisotropic, confined aquifer is presented by Han(@s!3, 4)
iterature.

3.2.8 K,—maodified Bessel function of the second kind and 0

zero order. s =z (WU +1) ©))
3.2.9 K,—hydraulic conductivity in the plane of the aquifer, . .

radially from the control well (horizontal hydraulic conductiv- According to Hantuslf2, 3, 4) at late pumping times, when

where:

ity) [LT Y. t > b?S/(2TA), { can be expressed as follows:
3.2.10 K,—hydraulic conductivity normal to the plane of 4h? | nmr/KZK,

the aquifer (vertical hydraulic conductivity) TY. fs= méi?) ° (T) “)
3.2.11 |—distance from top of aquifer to bottom of screened i e el e

interval of control well []. [sin(T) _Si”(T)] [Si”<T) _Si”(T>]

3.2.12 I'—distance from top of aquifer to bottom of ) L )
screened interval of observation well]] 4.2.2 For a given observed drgwdown, it is possmle to
3.2.13 Q—discharge [3T Y. compute a correction facton_, defined as the ratio of the
3.2.14 r—radial distance from control welL]. drawdown for a f_uIIy penetrating well to the drawdown for a

3.2.15 S—storage coefficientr{d]. partially penetrating well:
3.2.16 s—drawdown observed in partially penetrating well W(u)
network [L]. =W + T, ®)
3.2.17 s—drawdown observed in fully penetrating well  The observed drawdown for each observation well may be
network L]. o corrected to the fully penetrating equivalent drawdown by
3.2.18 T—transmissivity [*T]. multiplying by the correction factor:
3.2.19 t—time since pumping begaf]. _
3.2.20 U—(r29)/(4TY) [nd]. §=Cs ©)
3.2.21 W(u)}—an exponential integral known in hydrology ~ The drawdown values corresponding to the fully penetrating
as the Theis well function afiind]. case may then be analyzed by conventional distance-drawdown
methods to compute transmissivity and storage coefficient.
4. Summary of Test Method 4.2.3 The correction factors are a function of both transmis-

4.1 This test method makes use of the deviations in drawsivity and storage coefficient, that are the parameters being
down near a partially penetrating control well from those thatsought. Because of this, the test method relies on an iterative
would occur near a control well fully penetrating the aquifer. Inprocedure in which an initial estimate ©&ndSare made from
general, drawdown within the screened horizon of a partiallywhich initial correction factors are computed. Using these
penetrating control well tends to be greater than that whictcorrection factors, fully penetrating drawdown values are
would have been observed near a fully penetrating wellcomputed and analyzed using distance-drawdown methods to
whereas the drawdown above or below the screened horizon determine revised values far and S The revisedT and S
the partially penetrating control well tends to be less than thealues are used to compute revised correction fac@rs;his
corresponding fully penetrating case. Drawdown deviationprocess is repeated until the calculafednd S values change
due to partial penetration are amplified when the verticabnly slightly from those obtained in the previous iteration.
hydraulic conductivity is less than the horizontal hydraulic 4.2.4 The correction factors are also a function of the
conductivity. The effects of partial penetration diminish with anisotropy ratio,A. For this reason, all of the calculations
increasing distance from the pumped well, becoming neglidescribed above must be performed for several different
gible at a distance of about b&K,/K,)"2. This test method assumed anisotropy ratios. The assumed anisotropy value that
relies on obtaining drawdown measurements at a minimum of
two locations within this distance of the pumped well and at “The boldface numbers given in parentheses refer to a list of references at the
each location obtaining data from observation wells completednd of the text.
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leads to the best solution, that is, best straight line fit or bedion, that is, the area where significant vertical flow compo-
curve match, is deemed to be the actual anisotropy ratio. nents exists. However, strategic selection of the number and

o location of observation wells will maximize the quality of the
5. Significance and Use data set and improve the reliability of the interpretation.

5.1 This test method is one of several available for deter- 6.3.1 Optimum results will be obtained by using a minimum
mining vertical anisotropy ratio. Among other available meth-of four observation wells incorporating two pairs of observa-
ods are Weeks(%); see Test Method D 5473), that relies on tion wells located at two different distances from the pumped
distance-drawdown data, and Way and McK@k that utilizes  well, both within the zone where flow is affected by partial
time-drawdown data. An important restriction of the Weekspenetration. Each well pair should consist of a shallow well
distance-drawdown method is that the observation wells musind a deep well, that span vertically the area in which vertical
have identical construction (screened intervals) and two oanisotropy is sought. For each well pair, one observation well
more of the observation wells must be located at a distancecreen should be at the same elevation as the screen in the
from the pumped well beyond the effects of partial penetrationpumped well, whereas the other observation well screen should
The procedure described in this test method general distancke at a different elevation than the screen in the pumped well.
drawdown method, in that it works in theory for any observa- 6.3.2 This test method relies on choosing several arbitrary
tion well configuration incorporating three or more wells, anisotropy ratios, correcting the observed drawdowns for
provided some of the wells are within the zone where flow ispartial penetration, and evaluating the results. If all observation

affected by partial penetration. wells are screened at the same elevation, the quality of the data
5.2 Assumptions trace produced by correcting the observed drawdown measure-
5.2.1 Control well discharges at a constant rqe, ments is not sensitive to the choice of anisotropy, making it
5.2.2 Control well is of infinitesimal diameter and partially dificult to determine this parameter accurately. If, however,

penetrates the aquifer. observation well screens are located both within the pumped

5.2.3 Data are obtained from a number of partially penetratzone (where drawdown is greater than the fully penetrating
ing observation wells, some screened at elevations similar toase) and the unpumped zone (where drawdown is less than the
that in the pumped well and some screened at differenfully penetrating case), the quality of the corrected data is
elevations. sensitive to the choice of anisotropy ratio, making it easier to

5.2.4 The aquifer is confined, homogeneous and areallguantify this parameter.
extensive. The aquifer may be anisotropic, and, if so, the
directions of maximum and minimum hydraulic conductivity 7- Procedure

are horizontal and vertical, respectively. 7.1 Pre-test preparations, pumping test guidelines, and post-
5.2.5 Discharge from the well is derived exclusively from test procedures associated with the pumping test itself are
storage in the aquifer. described in Test Method D 4050.

5.3 Calculation RequirementsApplication of this method 7.2 Verify the quality of the data set. Review the record of
is computationally intensive. The functiofy, shown in (Eq 4) measured flow rates to make sure the rate was held constant
must be evaluated numerous times using arbitrary input paduring the test. Check to see that hand measurements of
rameters. It is not practical to use existing, somewhat limiteddrawdown agree well with electronically measured values.
tables of values foffg, and, because this equation is ratherFinally, check the background water-level fluctuations ob-
formidable, it is not readily tractable by hand. Because of thisserved prior to or following the pumping test to see if
it is assumed the practitioner using this test method will havexdjustments must be made to the observed drawdown values to
available a computerized procedure for evaluating the functiomccount for background fluctuations. If appropriate, adjust the
fe This can be accomplished using commercially availableobserved drawdown values accordingly.
mathematical software including some spreadsheet applica- 7.3 Analysis of the field data is described in Section 8.
tions, or by writing programs in languages such as Fortran or

C. 8. Calculation and Interpretation of Results
8.1 Initial Estimates of Transmissivity and Storage
6. Apparatus Coefficient—This test method requires that initial estimates of

6.1 Apparatus for withdrawal tests is given in Test MethodT andShe obtained. These estimates can be made using a wide
D 4050. The apparatus described below are those componentariety of procedures, including time-drawdown analysis, re-
of the apparatus that require special attributes for this specificovery analysis, distance-drawdown analysis, estimatioh of
test. using specific capacity, grain-size analyses of formation

6.2 Construction of the Control WeltScreen the control samples, or results of laboratory permeability tests, and esti-
well through only part of the vertical extent of the aquifer to bemation of storage coefficient based on geology, sediment type,
tested. The exact distances from the top of the aquifer to the tognd aquifer thickness.
and bottom of the pumped well screen interval must be known. 8.2 Select Data for Analysis-This test method requires a

6.3 Construction and Placement of Observation Wellthe  single drawdown observation for each observation well used in
procedure will work for arbitrary positioning of observation the test. The drawdowns used should all correspond to the same
wells and placement of their screens, as long as three or moti&ne since pumping began, usually near or at the end of the test.
observation wells are used and some of the observation welSelect a timet, late enough in the test so that it satisfies the
fall inside the zone where flow is affected by partial penetra+relationshipt > b>S/(2TA)
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8.3 Distance-Drawdown Analysis Methedd he selected curve and, while keeping the coordinate axes of the two plots
drawdown values will be corrected for partial penetration andparallel, shift the data plot to align with the type curve effecting
the corrected drawdown will be analyzed using distancea match position. Select and record the values of an arbitrary
drawdown methods. Use either a semilog procedure or point, referred to as the match point, anywhere on the over-
log-log procedure. The semilog procedure requires thhe  lapping part of the plots. Record the match-point coordinates—
small. For distant observation wells, this condition may beW(u), 1/u, s;, 1/r%. For convenience, the match point may be
violated and the semilog method may be invalidulfs not  selected wher&V(u) and 10 are integer values. Using these
sufficiently small, the logarithmic approximation of the Theis match-point values, compute transmissivity and storage coef-
well function, W(u), is not accurate. Examples of errors for ficient as follows:

someu values are as follows: 0
u Error, % T= 4_,n.SW(U) 9)
0.01 0.25
0.03 1.01
0.05 2.00 4Ttu
0.10 5.35 S= - (10)
The log-log method is more general, being valid for all

8.4 lterative Calculations—Use the following steps to esti-
values ofu. . . . :
mate vertical anisotropy ratio and refine the values for trans-

8.3.1 Semilog Method issivit d st ficient
8.3.1.1 If this method is used, plot the corrected drf:lwdownfmss'vI y and storage coetiicient.

s, on the linear scale versus distance,on the log scale. 8.4.1 Select several arbitrary anisotropy ratios, spanning a
Construct a straight line of best fit through the data points ang@nge likely to include the actual anisotropy of the aquifer.
record the slope of the lineAs, and the zero drawdown Usually four or five values will suffice.

intercept,R, 8.4.2 For each assumed anisotropy value, use the estimated
T andSvalues to calculate correction facto, and corrected

where: _ drawdowns s, for each observation well. Use Eq 2, Eq 4, Eq

As = change in drawdown over one log cycle, and 5, and Eq 6

R = distance where line of best fit crosses 0 drawdown.

. : .. 8.4.3 Using the corrected drawdowns, prepare a distance-
8.3.1.2 Using these input parameters, calculate transmissiv: .
. : . drawdown graph for each value of assumed anisotropy. Com-
ity and storage coefficient as follows:

pare the graphs to determine which one provides the best data

_ 2.3028 -~ trace. For semilog graphs, this is the plot that best describes a
2mwAs ; ; it :
straight line. For log-log graphs, it is the plot that best fits the
Theis type curve. Record the corresponding anisotropy value
g 2:25Tt @ as the best estimate féx
R 8.4.4 Using the selected distance-drawdown graph, calcu-

8.3.2 Log-Log Methoe-If the log-log method is selected, late T and S as described in 8.3. The values obtained are
plot corrected drawdowrs, on the vertical logarithmic axis considered revised estimates of transmissivity and storage
versus the reciprocal of the distance squared? Idn the  coefficient.
horizontal logarithmic axis. On a separate graph having the 8.4.5 Select several new, arbitrary anisotropy values span-
same scale as the data plot, prepare a standard Theis type CURiRg a range that is narrower than the previous one and that
by plotting W(u) on the vertical axis versus u/on the includes the previous estimate far Go back to 8.4.2 to repeat
horizontal axis (see Fig. 1). Overlay the data plot on the typehe iteration process. Each iteration will generate new values

for correction factors and corrected drawdowns, new distance-

10 7 = drawdown graphs and revised estimatesApiT, andS.
l EERpES 8.5 Example Calculation
I o ] 8.5.1 Atest well screened in the bottom 10 ft (3.05 m) of a

- | 4 50-ft (15.24 m) thick aquifer was pumped at a rate of 2 gpm
* (385 cubic feet per day [cfd]) for one day. The corresponding
data parameters are as follows:

e 1 Q=385 cfd (10.9 cmd)
= b =50 ft (15.24 m)
d=40 ft (12.19 m)
I /=50 ft (15.24 m)
t=one day

8.5.2 Table 1 shows well geometry and drawdown data for
T four observation wells that were monitored during the pumping
‘ test. Observation Wells 1 and 2 comprise a shallow/deep pair
o1 ; RIS 100 600 near the pumped well, whereas Observation Wells 3 and 4
1fu comprise and shallow/deep pair at a greater distance from the
FIG. 1 Theis Type Curve pumped well.
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TABLE 1 Well Geometry and Drawdown Information 8.5.6. The range of anisotropy ratios for which computations
r Distance  d Distance /', Distance are made is narrowed based upon information gained from the

Observation  from Pumped . rom Top of -~ from Top of s, Drawdown  prevjous step. This results in correction factors and corrected
Aquifer to Top Aquifer to after 1 Day,

Well Well,inft - oo reen, inft  Bottom of in ft (m) drawdowns as shown in Table 3 and the distance-drawdown
(m) (m) Screen, in ft (m) graphs shown in Fig. 4. The distance-drawdown graph provid-
1 10 (3.05) 0(0) 10 (3.05) 3.1 (0.95) ing the best fit to the Theis type curve corresponds to an
2 11 (3.35) 30 (9.14) 40 (12.19)  7.49 (2.28) anisotropy ratio of 0.17 and is shown with the type curve in
: o ggggg 4%%?'19) i 8_565;‘) o Eégf; Fig. 5. Using the match-point values showh,and S are
calculated as follows:
3852
8.5.3 Using other methods (omitted here), an initial trans- T=2187 (13)
missivity estimate of 400 gpd/ft (53.4&ftlay) was made. The — 32.77 £ (3.04 n/day
storage coefficient was estimated at 0.0005. The vertical ' '
anisotropy ratio was estimated to range between 1 (isotropic) 4-32.7 - 1-0.000496
and 0.01 (severely anisotropic). S= : 100 : (14)
8.5.4 Use Eq 2, Eq 4, Eq 5, and Eq 6 to compute correction — 0.00065

factors,C;, and corrected drawdowns, for each observation
well for several anisotropy ratio values. The results of these 8.5.8 Using the revised and S values, repeat 8.5.4-8.5.6
computer-generated calculations are shown in Table 2. Makeabove. The range of anisotropy ratios for which computations
distance-drawdown graph for each anisotropy value as showsre made is narrowed based upon information gained from the
in Fig. 2. previous step. This results in correction factors and corrected

8.5.5 Select the distance-drawdown graph that provides thérawdowns as shown in Table 4 and the distance-drawdown
best match with the Theis type curve and note the anisotropgraphs shown in Fig. 6. The distance-drawdown graph provid-
ratio value. From Fig. 2, the best match is achieved with théng the best fit to the Theis type curve corresponds to an
graph corresponding to an anisotropy ratio value of 0.2. anisotropy ratio of 0.18 and is shown with the type curve in

8.5.6 Using this graph and Eq 9 and Eq 10, calculate reviseBig. 7. Using the match-point values showh,and S are
estimates forT and S based upon matching the Theis type calculated as follows:

curve, as shown in Fig. 3. 385 . 2
3852 T=Zz191 (15)
- An1T3 - = 32.08 f€ (2.98 nf)/day
= 35.42 f€ (3.29 nf)/day
o 4.32.8 - 1-0.000545 6
o 435210000388 w2 100 (16)
100 — 0.0007

= 0.00055 8.5.9 The iteration is complete because the change in
8.5.7 Using the revise@ andSvalues, repeat 8.5.4 through transmissivity between the last two steps was negligible (about
2 %). Thus, the calculated aquifer coefficients are as follows:

TABLE 2 Correction Factors and Corrected Drawdown T=32.08 f£ (2.98 nf)/day, S = 0.0007, andA = 0.18.
Calculated Assuming a T of 53.48 ft 2(4.97 m?)/day and an S of
0.0005 9. Report
Observation Cr Ss,‘;&ﬁﬁijﬁf’ A, Anisotropy 9.1 Report including the following information:
Well Correction Factor . Ratio . . . ..
in ft (m) 9.1.1 Introduction—The introductory section is intended to
1 1.327 4.13 (1.26) present the scope and purpose of the method for determining
2 P oo ggg; s the transmissivity, storage coefficient, and ratio of horizontal to
4 1.012 2.68 (0.82) vertical hydraulic conductivity in a nonleaky confined aquifer.
Briefly summarize the field hydrogeologic conditions and the

: i oo 8;3 field equipment and instrumentation, including the construc-
3 0.827 3.77 (1.15) 02 tion of the control well and observation wells, the method of
4 1.148 3.04 (0.93) measurement of discharge and water levels, and the duration of
1 2676 8.32 (2.54) the test and pumping rate. . . .
2 0.891 6.67 (2.03) 9.1.2 Conceptual Model-Review the information available
j 2-222 i-zg (2-2‘7‘) 0.05 on the hydrogeology of the site; interpret and describe the

' 16 (1.27) hydrogeology of the site as it pertains to the selection of this
1 6.158 19.15 (5.84) method for conducting and analyzing an aquifer test. Compare
§ é-ggg Igf Eggg; o the hydrogeologic characteristics of the site as it conforms and
1 3487 9.24 (2.82) 3 diffefr]s (;rom the assumptions in the solution to the aquifer test

method.
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+  Data corrected for an anisotropy of 1.0 @ Data corrected for an anisotropy of 0.2
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¢ Data corrected for an anisotropy of 0.05 X Data corrected for an anisotropy of 0.01
FIG. 2 Graphs of Corrected Drawdown in ft Versus Reciprocal of Distance Squared in ft 2(m?) for Anisotropy Ratios of 1, 0.2, 0.05, and

0.01, a T of 53.48 ft 2(4.97 m?)/day, and an S of 0.0005

9.1.3 Equipment—Report the field installation and equip- test. Show methods of adjusting water levels for background
ment for the aquifer test, including the construction, diameterwater-level and barometric changes and calculation of draw-
depth of screened and filter-packed intervals, and location adown and residual drawdown.
control well and pumping equipment, and the construction, 9.1.6.2 Data Plots—Present data plots used in analysis of
diameter, depth, and screened interval of observation wells. the data. Show overlays of data plots and type curve with

9.1.4 Instrumentatior-Describe the field instrumentation match points and corresponding values of parameters at match
for observing water levels, pumping rate, barometric changegoints.
and other environmental conditions pertinent to the test. 9.1.7 Evaluate qualitatively the overall accuracy of the test,
Include a list of measuring devices used during the test, théhe corrections and adjustments made to the original water-
manufacturer's name, model number, and basic specificatioevel measurements, the adequacy and accuracy of instrumen-
for each major item, and the name and date and method of thation, accuracy of observations of stress and response, and the
last calibration, if applicable. conformance of the hydrogeologic conditions and the perfor-

9.1.5 Testing Procedures-List the steps taken in conduct- mance of the test to the model assumptions.
ing pre-test, drawdown, and recovery phases of the test. o ]

Include the frequency of measurements of discharge rate, watP- Precision and Bias
level in observation wells, and other environmental data 10.1 It is not practicable to specify the precision of the
recorded during the testing procedure. procedure in this test method because the response of aquifer

9.1.6 Presentation and Interpretation of Test Results systems during aquifer tests is dependent upon ambient system

9.1.6.1 Data—Present tables of data collected during thestresses. No statement can be made about bias because no true
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10 T T
1 I I T T 1T
£ 1 | T = 35.42 ft2/day
c | 1S =0.00055 RIS
Cs // j
8 4
S
5 = Match Point: B
3 7 W) = 2
6] - 1 — H
g ot /fu =100
o s =1.73ft
© 1/r*r = 0.000388 ft-2
: [ — =
0.0001 0.001 0.01
Reciprocal of distance squared, in ft-2
= Drawdown Data —— Theis Type Curve

FIG. 3 Analysis of Drawdown Data Corrected for Partial
Penetration Assuming an Anisotropy of 0.20, Estimated T of
53.48 ft%(4.97 m?)/day, and S of 0.0005 Yields a Revised T of 35.42
ft%(3.29 m?)/day and S of 0.00055

TABLE 3 Correction Factors and Corrected Drawdown
Calculated Assuming a T of 35.42 ft 2(3.29 m?)/day and an S of

0.00055
Observation (o s, Corrected A, Anisotropy
. Drawdown, .
Well Correction Factor . Ratio
in ft (m)
1 1.745 5.43 (1.66)
2 0.847 6.34 (1.93)
3 0.864 3.94 (1.20) 0.29
4 1.108 2.94 (0.90)
1 1.848 5.75 (1.75)
2 0.846 6.34 (1.93)
3 0.831 3.79 (1.16) 0.23
4 1.145 3.03 (0.92)
1 2.002 6.23 (1.90)
2 0.848 6.35 (1.94)
3 0.784 3.57 (1.09) 0.17
4 1.206 3.20 (0.98)
1 2.277 7.08 (2.16)
2 0.855 6.41 (1.95)
3 0.711 3.24 (0.99) 0.11
4 1.327 3.52 (1.07)

reference values exist.

11. Keywords

11.1 anisotropy; aquifers; aquifer tests; control wells;
ground water; hydraulic conductivity; observation well; stor-
age coefficient; transmissivity
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FIG. 4 Graphs of Corrected Drawdown in Feet Versus Reciprocal of Distance Squared in ft 2(m?) for Anisotropy Ratios of 0.29, 0.23,

0.17, and 0.11, a T of 35.42 ft2(3.29 m?)/day, and an S of 0.00055
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£ 1| 8=0.00065 B el
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3 1/rr = 0.000496 ft-2
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=  Drawdown Data —— Theis Type Curve
FIG. 5 Analysis of Drawdown Data Corrected for Partial
Penetration Assuming an Anisotropy of 0.17, Estimated T of

35.42 t%(3.29 m?)/day, and S of 0.00055 Yields a Revised T of
32.77 1t%(3.04 m?)/day and S of 0.00065

TABLE 4 Correction Factors and Corrected Drawdown
Calculated Assuming a T of 32.77 ft 2(3.04 m?)/day and an S of

0.00065
Observation (o s, Corrected A, Anisotropy
. Drawdown, -
Well Correction Factor . Ratio
in ft (m)
1 1.981 6.16 (1.88)
2 0.842 6.31 (1.92)
3 0.800 3.65 (1.11) 0.2
4 1.185 3.14 (0.96)
1 2.042 6.35 (1.94)
2 0.843 6.31 (1.92)
3 0.783 3.57 (1.09) 0.18
4 1.209 3.20 (0.98)
1 2.114 6.58 (2.01)
2 0.844 6.32 (1.93)
3 0.763 3.48 (1.06) 0.16
4 1.239 3.28 (1.00)
1 2.204 6.85 (2.09)
2 0.846 6.34 (1.93)
3 0.740 3.37 (1.03) 0.14
4 1.277 3.38 (1.03)
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FIG. 6 Graphs of Corrected Drawdown in Feet Versus Reciprocal of Distance Squared in ft 2(m?) for Anisotropy Ratios of 0.2, 0.18, 0.16,
and 0.14, a T of 32.77 ft2(3.04 m?)/day, and an S of 0.00065
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FIG. 7 Analysis of Drawdown Data Corrected for Partial
Penetration Assuming an Anisotropy of 0.18, Estimated T of
32.77 ft3(3.04 m?)/day, and S of 0.00065 Yields a Revised T of

32.08 ft2(2.98 m?)/day and S of 0.0007
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<’
INTERNATIONAL
Standard Test Method for
(Analytical Procedure) Determining Transmissivity of
Confined Nonleaky Aquifers by Critically Damped Well
Response to Instantaneous Change in Head (Slug) *
This standard is issued under the fixed designation D 5881; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope Change in Head (Slug Test) for Determining Hydraulic

1.1 This test method covers determination of transmissivity _ Properties of Aquifers . o
from the measurement of water-level response to a sudden D 4750 Test Method for Determining Subsurface Liquid
change of water level in a well-aquifer system characterized as Levels in a Borehole or Monitoring Well (Observation
being critically damped or in the transition range from under- _ Well)® _ _
damped to overdamped. Underdamped response is characterP 5785 Test Method (Analytical Procedure) for Determin-
ized by oscillatory changes in water level; overdamped re- INg Transmissivity of Confined Nonleaky Aquifers by
sponse is characterized by return of the water level to the initial ~ Underdamped Well Response to Instantaneous Change in
static level in an approximately exponential manner. Over- Head (Slug Tes?)
damped response is covered in Guide D 4043; underdamp
response is covered in D 5785. o

1.2 The analytical procedure in this test method is used in 3-1 Definitions: .
conjunction with Guide D 4043 and the field procedure in Test 3-1.1 aquifer, confinee-an aquifer bounded above and

%‘?' Terminology

Method D 4044 for collection of test data. below by confining beds and in which the static head is above
1.3 The values stated in Sl units are to be regarded a&€ top of the aquifer. _ _
standard. 3.1.2 confining bed—-a hydrogeologic unit of less perme-

1.4 Limitations—Slug tests are considered to provide an@bPle material bounding one or more aquifers. .
estimate of the transmissivity of an aquifer near the well 3:1.3 control well—a well by which the head and flow in the
screen. The method is applicable for systems in which th@duifer is changed by pumping, injecting, or imposing a
damping parametet, is within the range from 0.2 through 5.0. constant change of head. _

The assumptions of the method prescribe a fully penetrating 3.1.4 critically damped well responsecharacterized by the

well (a well open through the full thickness of the aquifer) in Water level responding in a transitional range between under-
a confined, nonleaky aquifer. damped and overdamped following a sudden change in water

1.5 This standard does not purport to address all of thelevel. _ _
safety concerns, if any, associated with its use. It is the 3:1.5head, statie-the height above a standard datum the

responsibility of the user of this standard to establish appro-Surface of a column of water can be supported by the static

priate safety and health practices and determine the applicaPT€SSure at a given point.
bility of regulatory limitations prior to use. 3.1.6 observation wela well open to all or part of an

aquifer.

2. Referenced Documents 3.1.7 overdamped well responsecharacterized by the wa-
2.1 ASTM Standards: ter level returning to the static level in an approximately
D 653 Terminology Relating to Soil, Rock, and Contained€XPonential manner following a sudden change in water level.

Fluidg (See for comparisonnderdamped well responge

D 4043 Guide for Selection of Aquifer-Test Method in 3.1.8 slug—a volume of water or solid object used to induce
Determining of Hydraulic Properties by Well Technigies & Sudden change of head in a well.

D 4044 Test Method (Field Procedure) for Instantaneous 3-1.9 storage coefficiertthe volume of water an aquifer
releases from or takes into storage per unit surface area of the

aquifer per unit change in head. For a confined aquifer, the
1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and storage coefficient is equal to the product of the speC|f|c storage

Rock and is the direct responsibility of Subcommittee D18.21 on Ground Water an@nd aquifer thickness.
Vadose Zone Investigations.
Current edition approved Dec. 10, 1995. Published April 1996. -
2 Annual Book of ASTM Standardgol 04.08. 2 Annual Book of ASTM Standardgol 04.09.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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3.1.10 transmissivity—the volume of water at the existing S = storage coefficient.
kinemat'ic viscpsity that will move in a unit time under aunit 421 The initial condition is at =0 andh = h, and the
hydraulic gradient through a unit width of the aquifer. outer boundary condition is as- andh - h .

3.1.11 underdamped V\_/ell respons@esponse (_:haractenzed 4.2.1.1 An equation is given by Kipfd) for the skin factor,
by the water level oscillating about the static water levely,,; js the effect of aquifer damage during drilling of the well.
following a sudden change in water level (See for comparisofyowever, this factor is not treated by Kip{l) and is not
overdamped-well resporjse considered in this procedure.

3.1.12 For definitions of other terms used in this test 4.2.2 The flow rate balance on the well bore relates the

method, see Terminology D 653. . . . .
3.2 Symbols:Symbols and Dimensions: displacement of the water level in the well riser to the flow into

3.2.1 T—transmissivity [ 2T Y. the well:
3.2.2 S—storage coefficient pd)]. B AT @
3.2.3 L—static water column length above top of aquifer at ar =

[L] ) _ where:
3.2.4 L—effective length of water column in a well, equal = radius of the well casing, and

to Lo+ (rers ) (0/2) [L]. w = displacement of the water level in the well from its
3.2.5 L—length of water column within casind.[. initial position.
3.2.6 Ls—length of water column within well screei]f 4.2.3 The fourth equation describing the system relating
3.2.7 g—acceleration of gravity [-TTZ]- andw, comes from a momentum balance equation of Bird et al
3.2.8 h—hydraulic head in the aquifet]. (2) as referenced in Kipgl):
3.2.9 h—initial hydraulic head in the aquifet]. q
3.2.10 he—hydraulic head in the well screeh][ Etfi w12 pudz= (—pviZ + py — P, — pgh) Tt 2 @)

3.2.11 r—radius of well casinglL].
3.2.12 r—radius of well screenL].
3.2.13 t—time [T].

3.2.14 t'—dimensionless time fid)].

=
=0
@
@
o)

velocity in the well screen interval,
aquifer thickness,

b =
3.2.15 t—dimensionless time fid]. p = pressure,
3.2.16 w—water level displacement from the initial static p = fluid density,
level [L]. g = gravitational acceleration, and
3.2.17 ws—initial water level displacement]. rs = well screen radius.
3.2.18 a—dimensionless storage parameted)]| The numerical subscripts refer to the planes described above
3.2.19 p—dimensionless inertial parameterd]. and shown in Fig. 1. Atmospheric pressure is taken as zero.
3.2.20 y—damping constant TY].
3.2.21 —wavelength [T]. 5. Solution
3.2.22 w—angular frequencyT]. 5.1 Kipp (1) derives the following differential equation to
3.2.23 (—dimensionless damping factand]. represent for the response of the displacement of water level in
the well:

4. Summary of Test Method

4.1 This test method describes the analytical procedure for dw (9 w=9
. . . 2 L w (hy—h,) Le 4
analyzing data collected during an instantaneous head (slug) d e s o
test for well and aquifer response at and near critical damping here:
Procedures in condqctmg a slug test are given in Test _Metho . = effective water column length, defined as:
D 4044. The analytical procedure consists of analyzing the .
response of water level in the well following the change in Le=L+ (rcrs)(0i2) 5)

water level induced in the well. .
) where:

4.2 Theory—The equations that govern the response of well b = aquifer thickness with initial conditions:
to an instantaneous change in head are treated at length by '

Kipp (1).% The flow in the aquifer is governed by the following att=0,w=w, (6)
equation for cylindrical flow: dwdt = w * %)

Sdh 1d (rdh) " hs=L=h, ®)

Tdt rdri dr 5.2 Kipp (1) introduces dimensionless variables and param-
where: eters in converting these equations to dimensionless form,
h = hydraulic head solves the equations by Laplace transforms, and inverts the
T = aquifer transmissivity, and solution by a Laplace-transform-inversion algorithm.

5.2.1 The following dimensionless parameters are among
those given by Kipg(1):

imensionl water-level displacement:
4 The boldface numbers in parentheses refer to a list of references at the end gtl ensioniess er-leve dSp aceme

the text. w = —wiw, 9)
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FIG. 1 Well and Aquifer Geometry from Kipp (1)

dimensionless time:
t =N/ (29 (10)

and:
t=t/g” (11)
dimensionless storage:
a=(rA @l (12)
dimensionless inertial parameter:
B =(Le/g)(T/ (r79)? (13)
dimensionless skin factor:
o =1 (14)

dimensionless frequency parameter:
_ [~d(o + Y2 InB) + 48"

® B (15)
dimensionless decay parameter:
Ya
v a(o + ¥4 1InB) (16)
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FIG. 2 Slug-Test Data Overlaid on Type Curves for Three Different
Damping Factors, Modified from Kipp (1)

and dimensionless damping factor:
_a(o + Y 1nB)
= T

5.3 For{ less than one, the system is underdamped{ for
greater than one, the system is overdamped{egual to one,
the system is critically damped, yet the inertial effects are quite
important (1). For { greater than about five, the system
responds as if the inertial effects can be neglected and the
solution of Cooper et al3) (given in Guide D 4043) is
applicable. Fot about 0.2 or less, the approximate solution of
vander Kamp4) is valid (given in Test Method D 5785). The
solution of Kipp (1), the subject of this test method, is
applicable for the transition zone between systems that are
underdamped and overdamped. Solutions are given heie for
ranging from 0.2 to 5.0.
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6. Significance and Use

6.1 The assumptions of the physical system are given as
follows:

6.1.1 The aquifer is of uniform thickness, with impermeable
upper and lower confining boundaries.

6.1.2 The aquifer is of constant homogeneous porosity and
matrix compressibility and constant homogeneous and isotro-
pic hydraulic conductivity.

6.1.3 The origin of the cylindrical coordinate system is
taken to be on the well-bore axis at the top of the aquifer.

6.1.4 The aquifer is fully screened.

6.1.5 The well is 100 % efficient, that is, the skin factir,
and dimensionless skin factar, are zero.

6.2 The assumptions made in defining the momentum bal-
ance are as follows:

6.2.1 The average water velocity in the well is approxi-
mately constant over the well-bore section.

6.2.2 Frictional head losses from flow in the well are
negligible.

6.2.3 Flow through the well screen is uniformly distributed
over the entire aquifer thickness.
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6.2.4 Change in momentum from the water velocity chang-TABLE 2 Values of the Dimensionless Water Level Displacement,

ing from radial flow through the screen to vertical flow in the W' Versus Dimensionless Time, ¢, for Construction of Type
well are negligible Curves, {=0.2 and « =19976

7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01

-9.974688E-01
-9.968794E-01
-9.962284E-01
-9.955161E-01
-9.939077E-01
-9.920552E-01
-9.899599E-01
—-9.876230E-01
—-9.850456E-01
-9.822293E-01
—9.758851E-01
-9.686026E-01
-9.603946E-01

7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 00
2.213594E + 01
2.529822E + 01
2.846050E + 01

-3.413663E-01
3.445623E-05
2.889492E-01
3.712172E-01

-1.758246E-02

-2.697976E-01
2.109260E-02
1.919487E-01

-2.455328E-02

-1.392019E-01
9.826209E-02

-7.129166E-02
4.976069E-02

t w t w
7. Procedure 3.162278E-02 -9.994902E-01  3.162278E + 00 4.939368E-+
. . 3.636619E-02 -9.993263E-01  3.636619E + 00 4.349310E—
7.1 The overall procedure consists of conducting the slug 3.952847e-02 -9.992107E-01  3.952847E + 00 3.465758E-+
test field procedure (see Test Method D 4044) and analysis of 3-322%25—83 —g-ggggégg—gi 3'322212?88 g-igggg;g*
. . . . = =9. = . + . —e
the field data using this test method. 5.375872E-02 -9.985520E-01  5.375872E + 00 ~1.543438E -+
P, 6.324555E-02 -9.980024E-01  6.324555E + 00 -2.671865E+
Note 1—The |n|t|_al displacement of_ water level should not exceed 0.1 7 115125602 _0.974810E—01 7 115125E + 00 18185026
or 0.2 of the static water _column in the_ _well, the measurement of 7 905694E-02 ~9.968908E-01  7.905694E + 00 2 600650
displacement should be within 1 % of the initial water-level displacement g 696264E-02 —0.962437E-01  8.696264E + 00 9.764360E—»
and the water-level displacement needs to be calculated independently. 9.486833E-02 -9.955360E-01  9.486833E + 00 1.324266E—+
1.106797E-01 -9.939399E-01  1.106797E + 01 3.871680E—+
8. Calculation and |nterpretati0n of Results 1.264911E-01 -9.921040E-01  1.264911E + 01 —7.304361E—
. . . 1.423025E-01 -9.900304E-01  1.423025E + 01 ~3.623751E -+
8.1 Plot the normalized water-level displacement in the well 1.581139e-01 -9.877207E-01  1.581139E + 01 3.430765E-+
versus the |Ogarithm of time. 1.739253E-01 -9.851770E-01 1.739253E + 01 —2.397516E—-
. 1.897367E-01 -9.824014E-01  1.897367E + 01 ~2.051297E -
‘8.2 Prepare a set of type curves from Tables 1-10 by plotting ;'5; 3504 o; -9.761622E-01  2.213594E + 01 8.187383E—
dimensionless water level displacemenmt, versus dimension- 2.529822E-01 -9.690205E-01  2.529822E + 01 -6.259136E
less time,t, using the same scale as in plotting the observed 2:846050E-01 ~9.609942E-01  2.846050E + 01 1.402892E~-
level displ i 3.162278E-01 -9.521021E-01  3.162278E + 01 -2.331164E—+
water-level displacement. ) 3.636619E-01 -9.371834E-01  3.636619E + 01 -1.031248E—
8.3 Match the semilog plot of water-level displacement to 3.952847e-01 -9.262139E-01  3.952847E + 01 -7.347959E
the tvpe curves by translation of the time axis. 4,269075E-01 -9.105352E-01  4.269075E + 01 -8.050596E
yp y 4.743416E-01 -8.975464E-01  4.743416E + 01 -6.352422E -+
5.375872E-01 -8.673412E-01  5.375872E + 01 -5.870822E
6.324555E-01 -8.201831E-01  6.324555E + 01 -5.087767E~
TABLE 1 Values of the Dimensionless Water Level Displacement, 7.115125E-01 —7.766091E-01  7.115125E + 01 —4.500425E~+
w’, Versus Dimensionless Time, t, for Construction of Type ;-gggggjg‘gi _(75332;23581 ;-2822235 + 81 “3‘-2‘7‘22325"
Curves, {=0.1and «=9988.1 - 3 > 3 - N e ”
¢ @ 9.486833E-01 -6.267637E-01  9.486833E + 01 -3.366208E -+
t w t w 1.106797E + 00 -5.151022E-01  1.106797E + 02 -2.881191E—+
3160278E-02  —9.994887E-0L _ 3.162278F + 00 7 100277601 1.264911E + 00 -3.979593E-01  1.264911E + 02 -2.518280E -+
1.423025E + 00 -2.786373E-01  1.423025E + 02 -2.236385E+

3.636619E-02  -9.993281E-01  3.636619E + 00 6.204110E-01
3.952847E-02  -9.992086E-01  3.952847E +00  4.871206E-01 1.581139E + 00 ~1.602887E-01  1.581139E + 02 ~2.011471E--
1.739253E + 00 -3.860371E-02  1.739253E + 02 ~1.827551E

4.269075E-02  -9.990793E-01  4.269075E + 00 3.138511E-01
4703016E-02  —9.938666E-01 4 743416E + 00 > 218683E-02 1.897367E + 00 6.204784E-02  1.897367E + 02 ~1.674534E
5.375872E-02  -9.085483E-01  5.375872E+00  -3.226809E-01 2213594 +00 2.492937E-01 2213594 +02 ~1.434090E~+
6.324555E-02  —0.979965E-01 6 324555E + 00 -5 191564F—01 2.529822E + 00 3.742380E-01  2.529822E + 02 ~1.254123E -+
2.846050E + 00 4.694111E-01  2.846050E + 02 ~1.113734E—+

8.4 From the type curve, record the value {ffrom the
match point, record the values pfandw’ from the type curve.
From the data plot, record the values of timegnd water-level

displacementyv.

8.5 Calculate the effective static water column lendth,
from the following:

3.162278E-01  -9.512748E-01  3.162278E+01  -3.626029E-02 [ — (18)
3.636619E-01  -9.359183E-01  3.636619E +01  —9.997386E-03 (LJg)*/?

3.952847E-01  -9.259452E-01  3.952847E + 01 7.200932E-03 .

4.269075E-01 —-9.084819E-01  4.743416E + 01 5.892951E-03 L. = (tt)%g (19)

4.743416E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00

-8.947298E-01
-8.632514E-01
-8.135785E-01
-7.673017E-01
-7.169702E-01
—-6.629659E-01
-6.056883E-01
-4.829810E-01

5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02

2.737128E-03
-1.254582E-03

2.961127E-04
-5.757717E-05
—-2.991356E-04
-1.835296E-04
-1.426791E-04
—-1.249977E-04

1.264911E +00  -3.522848E-01  1.423025E +02  -1.115579E-04 B =[(ax1np)/8L]? (20)
1.423025E+00  -2.171309E-01  1581139E+02  -1.001696E-04
1.581130E +00  -8.105198E-02  1.739253E +02  -9.109389E-05 where:
1.739253E + 00 5.974766E-02  1.897367E+02  -8.347056E-05 — ;
1.897367E + 00 1.802728E-01  2.213594E+02  -7.152232E-05 ¢ B damping parameter, : .
2213504E+00  4066508E-01  2529822E+02  -6.256450E-05 @ = dimensionless storage parameter as given in (Eq 12).
2.529822E + 00 5.647406E-01  2.846050E +02  —5.560200E-05 8.7 Calculate transmissivity from the following:
2.846050E + 00 6.811030E-01 v

T=[BYL]STSS (21)

The effective static water column length should agree, within
20 %, with the effective length calculated from the system

geometry, (Eq 5).
8.6 Calculate the dimensionless inertial parameigitera-
tively from the following expression:
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TABLE 3 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=0.5 and « =49940

w’, Versus Dimensionless Time,

TABLE 4 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=0.7 and « = 69917

w', Versus Dimensionless Time,

t

w

t

w

t

w

t

w

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
4.743416E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.994990E-01
-9.993397E-01
-9.992213E-01
-9.990932E-01
-9.988829E-01
—-9.985688E-01
-9.980257E-01
-9.975079E-01
-9.969310E-01
-9.962956E-01
-9.956020E-01
—-9.940425E-01
-9.922559E-01
-9.902461E-01
-9.880166E-01
-9.855713E-01
-9.829139E-01
—-9.769780E-01
-9.702398E-01
-9.627300E-01
-9.544800E-01
-9.407848E-01
-9.321798E-01
—9.053980E-01
-8.786102E-01
-8.380771E-01
-8.014756E-01
-7.627801E-01
-7.224138E-01
-6.807796E-01
-5.952065E-01
-5.088214E-01
—-4.239899E-01
-3.426759E-01
-2.592066E-01
-1.964942E-01
-7.843895E-02
-4.874063E-03

6.501678E-02

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

9.492086E-02

1.012577E-01

8.820339E-02

6.762111E-02

3.217532E-02
—8.337546E-03
—3.647544E-02
-3.476092E-02
—2.373581E-02
-1.338713E-02
-7.681039E-03
—6.737283E-03
—-7.879678E-03
-6.928157E-03
—5.770595E-03
-5.154381E-03
-4.740291E-03
—-3.991538E-03
—-3.447316E-03
-3.033006E-03
—2.706963E-03
—-2.330656E-03
-2.132780E-03
-1.966362E-03
-1.759041E-03
-1.542575E-03
-1.302071E-03
-1.152281E-03
-1.033361E-03
-9.366315E-04
—-8.565071E-04
-7.312991E-04
—6.380141E-04
-5.658156E-04
-5.082956E-04
—4.613954E-04
—-4.198187E-04
—-3.613054E-04
-3.156807E-04
—-2.802644E-04

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.995070E-01
—-9.993420E-01
-9.992401E-01
-9.991031E-01
-9.988941E-01
—9.985822E-01
—-9.980437E-01
-9.975307E-01
-9.969601E-01
-9.963325E-01
-9.956483E-01
-9.941127E-01
—-9.923583E-01
-9.903899E-01
—-9.882121E-01
—-9.858299E-01
-9.832480E-01
—9.775043E-01
-9.710195E-01
-9.638311E-01
—9.559768E-01
-9.430270E-01
-9.350272E-01
—-8.853626E-01
-8.485776E-01
-8.158209E-01
—-7.816147E-01
—-7.463554E-01
-7.104052E-01
—-6.377118E-01
-5.657711E-01
-4.963320E-01
—-4.307045E-01
-3.625714E-01
-3.142473E-01
—-2.201264E-01
-1.617035E-01
-9.684892E-02

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

—-6.213039E-02
-3.354664E-02
—2.515924E-02
—-2.198880E-02
—-2.246330E-02
—2.597889E-02
—-2.841030E-02
-2.670372E-02
—2.343491E-02
-2.012564E-02
-1.743141E-02
—-1.389694E-02
-1.171415E-02
-1.010995E-02
—-8.865170E-03
—-7.886036E-03
-7.099991E-03
-5.916365E-03
-5.068451E-03
-4.431953E-03
—-3.936862E-03
—-3.371269E-03
-3.076362E-03
—2.828780E-03
-2.523926E-03
—-2.206660E-03
-1.856412E-03
-1.639455E-03
-1.467850E-03
-1.328729E-03
-1.213675E-03
-1.034479E-03
—-9.013608E-04
—-7.985732E-04
-7.168198E-04
—6.502288E-04
-5.949757E-04
-5.085217E-04
-4.439977E-04
—-3.939470E-04

8.7.1 Kipp(1) gives an example application of the method, )
using data from vander Kan{@) for York Point well 6-2. This and from the system geometry (see 3.2.4) as:
well has casing, screen, and well-bore radii of 0.051 m, a water Le= Lo+ (r ?rs®)(b/2) = 6.5 m+ (15m/2 = 14 m (23)

column above the aquifer of 6.5 m, an aquifer thickness of 15 87.4.1 The lack of agreement between the estimated and

m, and an independently estimated storage coefficient oheasured effective water column length may be due to factors

8X 10°°. such as skin effect that may be significant, or assumptions such
8.7.2 A type curve of dimensionless water-level displaceas “system linearity, high inertial parameter, negligible fric-

ment,w’, plotted against the log of dimensionless timefor  tional flowing head loss, radial flow, uniform well-screen flux,

three values of the dimensionless damping factorwas  and so forth are significantly violated?l).

prepared. Water-level displacement was calculated using an8.7.5 Using the value of the dimensionless damping param-

estimated initial displacement of 3.45 cm, and plotted againséter,;, Eq 20 can be solved iteratively f@t An initial estimate

the log of elapsed time since maximum initial water-levelof the value ofa is first made using Eq 12:

displacement of paper of the same scale as the type curve.

— 2 2, _ 2 2 =51 —_
8.7.3 The data curve was overlain on the type curve, and * "~ (reH(2rs"S) = (0.051 M [2(0.051 M~ (8 % 10 )] = 6250

shifted horizontally, with the water-level displacement axes _ e4)
coincident, until the best match with the type curve was found. SO that Eq 20 becomes:
The best fit was for a dimensionless damping factor of 0.25. A B = [(« In B)/8L]2 = [(6250 T B)/8(0.25]? (25)

match point oft =7s fort =5 was selected. The resulting

graph is shown in Fig. 2 Beginning with any estimate g8, such as the minimum

alue of 16, a few iterations will produce a value of

8.7.4 The effective water column length can be calculated, _
trom Eq 19 as follows: =4.9% 10°.
rom £q as foflows. 8.7.6 The transmissivityl, is calculated from Eq 21 as
L, = () %g = (75/5)%9.80 m/$) = 19.2 m (22) follows:



A8y D 5881 - 95 (2000)

TABLE 5 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=1.0 and o =99881

w', Versus Dimensionless Time,

TABLE 6 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=1.5 and « = 149821

w’, Versus Dimensionless Time,

t

w

t

w

t

w

t

w

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
4.269075E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.995190E-01
-9.993614E-01
—9.992445E-01
—9.991182E-01
—9.989111E-01
—-9.986024E-01
-9.980706E-01
-9.975651E-01
-9.970039E-01
—-9.963876E-01
-9.957171E-01
-9.942169E-01
—9.925094E-01
—-9.906011E-01
—9.884982E-01
-9.862069E-01
-9.837333E-01
—9.782635E-01
-9.721364E-01
-9.653980E-01
—-9.580927E-01
-9.461653E-01
—-9.389866E-01
—-9.247502E-01
—-8.944811E-01
-8.624921E-01
—8.345350E-01
—-8.058093E-01
-7.766480E-01
—7.473366E-01
—-6.891964E-01
-6.328903E-01
-5.794237E-01
-5.294147E-01
—-4.759468E-01
—-4.408436E-01
-3.675417E-01
-3.213633E-01
—-2.602688E-01

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

—2.219805E-01
-1.781301E-01
—1.556584E-01
-1.371938E-01
-1.151268E-01
—9.311931E-02
—-7.022901E-02
-5.700982E-02
—4.724055E-02
—3.986817E-02
-3.420016E-02
—-2.623916E-02
-2.105718E-02
-1.749216E-02
—1.492222E-02
—-1.299590E-02
-1.150439E-02
—9.352879E-03
—7.879054E-03
-6.807075E-03
-5.992307E-03
-5.080616E-03
-4.612882E-03
—4.224055E-03
—3.749946E-03
-3.261801E-03
—2.728883E-03
—-2.401808E-03
-2.144707E-03
—-1.937288E-03
-1.767517E-03
-1.501524E-03
-1.305668E-03
-1.152882E-03
-1.035462E-03
—9.383461E-04
—-8.578843E-04
—-7.322666E-04
—6.387252E-04
-5.663467E-04

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
4.269075E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.995363E-01
-9.993806E-01
-9.992652E-01
-9.991407E-01
-9.989368E-01
-9.986336E-01
-9.981127E-01
-9.976193E-01
-9.970732E-01
-9.964754E-01
-9.958272E-01
—-9.943835E-01
-9.927509E-01
-9.909379E-01
-9.889526E-01
-9.868033E-01
-9.844978E-01
—-9.794484E-01
-9.738631E-01
-9.677964E-01
-9.612998E-01
-9.508522E-01
-9.448418E-01
-9.319204E-01
-9.073899E-01
-8.816423E-01
-8.597084E-01
-8.376400E-01
-8.156531E-01
-7.939129E-01
-7.516347E-01
-7.114323E-01
—-6.735824E-01
-6.381472E-01
-6.050646E-01
-5.742069E-01
-5.185081E-01
-4.831462E-01
-4.270546E-01

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

-3.890578E-01
—-3.398395E-01
-3.113242E-01
-2.857245E-01
-2.520498E-01
-2.144593E-01
-1.702739E-01
-1.419167E-01
-1.193325E-01
-1.012090E-01
-8.656077E-02
—-6.487489E-02
-5.014254E-02
-3.9878338E-02
—-3.254993E-02
-2.719151E-02
-2.318242E-02
-1.772176E-02
-1.426997E-02
-1.193176E-02
-1.025528E-02
-8.479138E-03
-7.606080E-03
—6.898443E-03
-6.056228E-03
-5.210778E-03
-4.310538E-03
-3.768776E-03
-3.348259E-03
-3.012294E-03
—-2.739666E-03
-2.315479E-03
-2.006129E-03
-1.769696E-03
-1.583084E-03
-1.432076E-03
-1.307343E-03
-1.113382E-03
-9.695169E-04
-8.585304E-04

T= ILJ%r 2S=[(4.9 X 10°(9.8 m/§9)/19.2 ni* 26
(POt . ! ) ] 20) for conducting and analyzing an aquifer test method. Compare

(0.051m*(8 X 10°°) = 0.01 m’/s hydrogeologic characteristics of the site as it conforms and
8.7.7 This example is included to show the application ofdiffers from assumptions made in the solution to the aquifer
the method. Because of the difference between the values of test method.
exceeds 20 %, this test would not be considered a successful9.1.3 Equipment—Report the field installation and equip-
application of this test method. ment for the aquifer test method. Include in the report, well
construction information, diameter, depth, and open interval to
9. Report the aquifer, and location of control well and pumping equip-
9.1 Prepare the report including the following information. ment. The construction, diameter, depth, and open interval of
The final report of the analytical procedure will include observation wells should be recorded.
information from the report on test method selection, Guide 9.1.3.1 Report the techniques used for observing water
D 4043, and the field testing procedure, Test Method D 4044levels, pumping rate, barometric changes, and other environ-
9.1.1 Introduction—The introductory section is intended to mental conditions pertinent to this test method. Include a list of
present the scope and purpose of the slug test method faneasuring devices used during the test method; the manufac-
determining transmissivity and storativity. Summarize the fieldurers name, model number, and basic specifications for each
hydrogeologic conditions and the field equipment and instrumajor item; and the name and date of the last calibration, if
mentation including the construction of the control well, andapplicable.
the method of measurement and of effecting a change in head.9.1.4 Test Procedures-Report the steps taken in conduct-
Discuss the rationale for selecting this test method. ing the pretest and test phases. Include the frequency of head
9.1.2 Hydrogeologic Setting-Review information avail- measurements made in the control well, and other environmen-
able on the hydrogeology of the site; interpret and describethil data recorded before and during the procedure.
hydrogeology of the site as it pertains to the method selected 9.1.5 Presentation and Interpretation of Test Results
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TABLE 7 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=2.0 and a = 199761

w’, Versus Dimensionless Time,

TABLE 8 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=3.0 and «a =299642

w', Versus Dimensionless Time,

t

w

t

w

t

w

t

w

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
4.269075E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.995504E-01
-9.993964E-01
-9.992824E-01
-9.991596E-01
-9.989589E-01
-9.986610E-01
-9.981509E-01
-9.976692E-01
-9.971377E-01
-9.965578E-01
-9.959308E-01
-9.945412E-01
-9.929793E-01
-9.912556E-01
-9.893797E-01
-9.873613E-01
-9.852094E-01
-9.805395E-01
-9.754347E-01
-9.699542E-01
-9.641512E-01
-9.549461E-01
-9.498965E-01
-9.380387E-01
-9.179758E-01
-8.968434E-01
-8.791796E-01
-8.616598E-01
-8.444851E-01
-8.274940E-01
—-7.948821E-01
-7.639855E-01
-7.347865E-01
-7.071872E-01
-6.738222E-01
-6.562890E-01
-6.103452E-01
-5.819047E-01
-5.304684E-01

3.162278E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

-4.954981E-01
-4.198530E-01
-3.936005E-01
-3.578603E-01
-3.161236E-01
-2.640067E-01
-2.283612E-01
-1.984082E-01
-1.731322E-01
-1.517201E-01
-1.179834E-01
—-9.327095E-02
-7.493612E-02
-6.116444E-02
-5.069464E-02
-4.263949E-02
-3.142780E-02
—-2.431526E-02
-1.959156E-02
-1.631463E-02
-1.300164E-02
-1.144921E-02
-1.023206E-02
—-8.833366E-03
—7.480425E-03
-6.093618E-03
-5.282479E-03
-4.663663E-03
-4.175479E-03
-3.780257E-03
-3.179076E-03
-2.743153E-03
-2.412451E-03
-2.152957E-03
-1.943876E-03
-1.771827E-03
-1.468741E-03
-1.308454E-03
-1.157121E-03

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.995713E-01
-9.994208E-01
-9.992801E-01
-9.991903E-01
-9.989957E-01
—-9.987081E-01
-9.982186E-01
-9.977595E-01
—9.972559E-01
-9.967096E-01
-9.961227E-01
—9.948334E-01
-9.934017E-01
-9.918402E-01
-9.901608E-01
-9.883746E-01
-9.864919E-01
-9.824744E-01
-9.781767E-01
-9.736570E-01
—9.689648E-01
-9.616917E-01
-9.580948E-01
—9.340335E-01
-9.189910E-01
-9.066885E-01
—8.946509E-01
—-8.828959E-01
-8.714239E-01
—-8.492890E-01
-8.281398E-01
-8.078648E-01
—7.883699E-01
—-7.623399E-01
-7.514388E-01
-7.169161E-01
-6.978197E-01
-6.540089E-01

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02

-6.252020E-01
-5.849806E-01
—-5.599474E-01
-5.362293E-01
-5.029083E-01
—4.623004E-01
—-4.085330E-01
-3.693645E-01
—-3.345921E-01
—3.036493E-01
—-2.760565E-01
—2.293403E-01
-1.918026E-01
-1.614586E-01
-1.367944E-01
-1.166434E-01
-1.000984E-01
—7.513561E-02
—-5.783395E-02
-4.561932E-02
—-3.683581E-02
—-2.783159E-02
-2.365551E-02
—2.045240E-02
-1.690262E-02
-1.366930E-02
—-1.061295E-02
—-8.959150E-03
-7.762188E-03
—6.854400E-03
—-6.140890E-03
-5.088277E-03
—4.346830E-03
—3.795249E-03
—-3.368423E-03
—-3.028188E-03
—-2.750489E-03
-2.324282E-03

9.1.5.1 Data—Present tables of data collected during the g precision and Bias

test. 10.1 Precisi It icabl ify th -
9.1.5.2 Data Plots—Present data plots used in analysis of -1 Precisior—Itis not practicable to specify the precision

the data. Show overlays of data plots and type curve witt‘?f this test method because the response of aquifer systems

match points and corresponding values of parameters at mat&’fring aquifer tests is dependent upon ambient sys.tem stresses.
points. 10.2 Bias—No statement can be made about bias because
9.1.5.3 Show calculation of transmissivity and coefficient of"© trué reference values exist.
storage.
9.1.5.4 Evaluate the overall quality of the test on the basis of1: Keywords
the adequacy of instrumentation and observations of stress and11.1 aquifer; aquifer tests; ground water; hydraulic conduc-
response and the conformance of the hydrogeologic conditiortsvity; observation wells; slug test; storage coefficient; trans-
and the performance of the test to the assumptions (see 5.1jmissivity
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TABLE 9 Values of the Dimensionless Water Level Displacement,
t, for Construction of Type
Curves, {=4.0 and « =399523

w', Versus Dimensionless Time,

TABLE 10 Values of the Dimensionless Water Level

Displacement,
Construction of Type Curves,

w', Versus Dimensionless Time,

t, for

{=5.0 and a = 499404

t

w

t

w

t

w

t

w

3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

—-9.994397E-01
-9.993315E-01
-9.992153E-01
—-9.990266E-01
-9.987391E-01
—-9.982789E-01
-9.978410E-01
-9.973634E-01
—9.968485E-01
—9.962983E-01
-9.951003E-01
—9.937850E-01
—9.923664E-01
-9.908572E-01
—9.892689E-01
-9.876121E-01
-9.841292E-01
—-9.804724E-01
-9.766928E-01
-9.728306E-01
-9.669495E-01
—-9.630034E-01
-9.453851E-01
—9.339662E-01
—9.246968E-01
-9.156473E-01
—9.068039E-01
-8.981501E-01
-8.813505E-01
—-8.651446E-01
—-8.494578E-01
-8.342370E-01
—-8.194373E-01
—-8.050439E-01
—7.773380E-01
—-7.509616E-01
—7.257946E-01

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

—-7.016959E-01
-6.675513E-01
—6.459305E-01
—-6.252068E-01
-5.956538E-01
—5.588830E-01
-5.087715E-01
-4.711058E-01
-4.367299E-01
—-4.053004E-01
-3.765203E-01
—-3.259029E-01
—-2.831426E-01
-2.468765E-01
—-2.160073E-01
-1.896467E-01
-1.670685E-01
-1.309732E-01
-1.040662E-01
-8.380617E-02
—6.840166E-02
-5.170694E-02
-4.360799E-02
—3.723898E-02
—3.004421E-02
-2.343231E-02
-1.727746E-02
-1.407907E-02
-1.186523E-02
—-1.025799E-02
—-9.042727E-03
-7.328027E-03
—6.172593E-03
-5.337797E-03
—-4.704649E-03
-4.207132E-03
—3.805443E-03
-3.168381E-03
—2.755521E-03
—-2.421855E-03

3.162278E-02
3.636619E-02
3.952847E-02
4.269075E-02
4.743416E-02
5.375872E-02
6.324555E-02
7.115125E-02
7.905694E-02
8.696264E-02
9.486833E-02
1.106797E-01
1.264911E-01
1.423025E-01
1.581139E-01
1.739253E-01
1.897367E-01
2.213594E-01
2.529822E-01
2.846050E-01
3.162278E-01
3.636619E-01
3.952847E-01
4.269075E-01
5.375872E-01
6.324555E-01
7.115125E-01
7.905694E-01
8.696264E-01
9.486833E-01
1.106797E + 00
1.264911E + 00
1.423025E + 00
1.581139E + 00
1.739253E + 00
1.897367E + 00
2.213594E + 00
2.529822E + 00
2.846050E + 00

-9.995993E-01
—-9.994555E-01
—-9.993500E-01
-9.992370E-01
-9.990540E-01
—-9.987858E-01
-9.983344E-01
-9.979164E-01
-9.974631E-01
-9.969772E-01
-9.964608E-01
—9.953459E-01
-9.941348E-01
-9.928421E-01
-9.914807E-01
-9.900617E-01
-9.885951E-01
—-9.855521E-01
-9.824077E-01
-9.792032E-01
—-9.759688E-01
-9.711069E-01
-9.678791E-01
-9.607577E-01
-9.536742E-01
-9.445502E-01
-9.371475E-01
-9.299074E-01
-9.228118E-01
-9.158457E-01
-9.022552E-01
-8.890648E-01
-8.762274E-01
-8.637098E-01
-8.442461E-01
-8.395387E-01
-8.164029E-01
-8.075058E-01
—-7.728430E-01

3.162278E + 00
3.636619E + 00
3.952847E + 00
4.269075E + 00
4.743416E + 00
5.375872E + 00
6.324555E + 00
7.115125E + 00
7.905694E + 00
8.696264E + 00
9.486833E + 00
1.106797E + 01
1.264911E + 01
1.423025E + 01
1.581139E + 01
1.739253E + 01
1.897367E + 01
2.213594E + 01
2.529822E + 01
2.846050E + 01
3.162278E + 01
3.636619E + 01
3.952847E + 01
4.269075E + 01
4.743416E + 01
5.375872E + 01
6.324555E + 01
7.115125E + 01
7.905694E + 01
8.696264E + 01
9.486833E + 01
1.106797E + 02
1.264911E + 02
1.423025E + 02
1.581139E + 02
1.739253E + 02
1.897367E + 02
2.213594E + 02
2.529822E + 02
2.846050E + 02

-7.522230E-01
-7.227334E-01
-7.039170E-01
-6.857313E-01
-6.595645E-01
—-6.266026E-01
-5.809008E-01
-5.458994E-01
-5.134182E-01
-4.832304E-01
-4.551380E-01
—-4.045587E-01
—-3.604938E-01
-3.219817E-01
-2.882303E-01
-2.585794E-01
-2.324735E-01
-1.890850E-01
-1.550702E-01
-1.282238E-01
-1.069007E-01
-8.264429E-02
-7.033634E-02
—6.035508E-02
-4.871115E-02
-3.762513E-02
—-2.698853E-02
-2.139780E-02
-1.755806E-02
-1.482285E-02
-1.280765E-02
-1.007026E-02
-8.316009E-03
-7.096335E-03
-6.196777E-03
-5.503989E-03
-4.952866E-03
-4.129436E-03
-3.542355E-03
-3.102085E-03

(1) Kipp, K. L., Jr., “Type Curve Analysis of Inertial Effects in the
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(Analytical Procedure) Determining Hydraulic Conductivity

of an Unconfined Aquifer by Overdamped Well Response to
Instantaneous Change in Head (Slug)

This standard is issued under the fixed designation D 5912; the number immediately following the designation indicates the year of

original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonejf indicates an editorial change since the last revision or reapproval.

€' Note—Note 5 was added editorially in December 1996.

1. Scope safety concerns, if any, associated with its use. It is the

1.1 This test method covers the determination of hydrauli¢esPonsibility of the user of this standard to establish appro-
conductivity from the measurement of inertial force freePriate safety and health practices and determine the applica-
(overdamped) response of a well-aquifer system to a sudddlity of regulatory limitations prior to use.
change in water level in a well. Inertial force free response of2 Referenced Documents
the water level in a well to a sudden change in water level is™

2.1 ASTM Standards:

characterized by recovery to initial water level in an approxi- A ) ) )
mate exponential manner with negligible inertial effects. D 653 Terminology Relating to Soil, Rock, and Contained

1.2 The analytical procedure in this test method is used in Fluids® ) ] ] )
conjunction with the field procedure in Test Method D 4044 for D 4043 Guide for Selection of Aquifer-Test Methods in
collection of test data. Determining Hydraulic Properties by Well Techniggies

1.3 Limitations—Slug tests are considered to provide an D 4044 Test Method (Field Procedure) for Instantaneous

estimate of hydraulic conductivity. The determination of stor- ~ €hange in Head (Slug Test) for Determining Hydraulic
age coefficient is not possible with this test method. Because _Froperties of Aquifers _ _
the volume of aquifer material tested is small, the values D 4104 Test Method (Analytical Procedure) for Determin-

obtained are representative of materials very near the open [Ng Transmissivity of Nonleaky Confined Aquifers by
portion of the control well. Overdamped Well Response to Instantaneous Change in

Head (Slug Tes?)

Note 1—Slug tests are usually considered to provide estimates of the
lower limit of the actual hydraulic conductivity of an aquifer because the3. Terminology
test results are so heavily influenced by well efficiency and borehole skin N N . .
effects near the open portion of the well. The portion of the aquifer that is 3.1 Deflmt'ons_!:or definitions of terms used in this test
tested by the slug test is limited to an area near the open portion of the WémethOd' see Terminology D 653' )
where the aquifer materials may have been altered during well installation, 3.2 Symbols:Symbols and Dimensions:
and therefore may significantly effect the test results. In some cases the 3.2.1 A [nd]—coefficient that is a function ok/r, and is
data may be misinterpreted and result in a higher estimate of hydraulidetermined graphically.

conductivity. This is due to the reliance on early time data thatis reflective 3 2 2 B [nd]—coefficient that is a function oE/r,, and is
of the hydraulic conductivity of the filter pack surrounding the well. This determined graphically W

effect was discussed by Bouwem addition, because of the reliance on . . . .
early time data, in aquifers with medium to high hydraulic conductivity, 3'2'3_C [nd]—cgefﬁuent that is a function ot/r,, and is
the early time portion of the curve that is useful for this data analyses i§letermined graphically.

too short (for example, <10 s) for accurate measurement; therefore, the 3.2.4 D [L] —aquifer thickness.

test results begin to greatly underestimate the true hydraulic conductivity. 3.2.5 H [L] —distance between static water level and the

1.4 The values stated in S| units are to be regarded as tH@se of open interval of the well. _
standard. 3.2.6 L [L] —length of well open to aquifer.

1.5 This standard does not purport to address all of the 3:2.7rc [L] —inside diameter of the portion of the well
casing in which the water level changes.

_— 3.2.8 R[L]—effective radius, determined empirically based
1 This test method is under the jurisdiction of ASTM Committee D-18 on Soil gn the geometry of the well, over Whi(;his dissipated_

and Rock and is the diregt re_sponsibility of Subcommittee D18.21 on Ground Water 3.2.9 rW[L]—radiaI distance from well center to original
and Vadose Zone Investigations. X .
Current edition approved Feb. 10, 1996. Published June 1996. undisturbed aqwfer.
2Bouwer, H., and Rice, R. C., “A Slug Test for Determining Hydraulic
Conductivity of Unconfined Aquifers with Completely or Partially Penetrating ——————————
Wells,” Water Resources Reseaydlol 12, No. 3, 1976, pp. 423-428. 3 Annual Book of ASTM Standardéol 04.08.
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3.2.10t(T]—time at end point of straight-line portion of in an approximate exponential manner.
graph. 5.2.2 The geometric configuration of the well and aquifer
3.2.11t,[T]—time at beginning of straight-line portion of are shown in Fig. 1, that is after Fig. 1 of Bouwer and Rice.
graph. 5.2.3 For filter-packed wells, Eq 1 applies to cases in which
3.2.12 y{L]—head difference at end point of straight-line the filter pack remains saturated. If some of the filter pack is
portion of graph. dewatered during testing;;> should be replaced by the
3.2.13y,[L]—head difference at beginning of straight-line following:

portion of graph. r. (corrected = [(1 — mr, 2 + nr,2*° (4)

4. Summary of Test Method where:

4.1 This test method describes the analytical procedure fom = short-term specific yield of the filter pack,
analyzing data collected following an instantaneous change im, = uncorrected well casing radius, and
head (slug) test in an overdamped well. The field procedures i, borehole radius.
conducting a slug test are given in Test Method D 4044. The
analytical procedure consists of analyzing the recovery of
water level in the well following the change in water level 6. Procedure

Note 6—Short term refers to the duration of the slug test.

induced in the well. _ _ 6.1 The overall procedure consists of conducting the slug
4.2 Solution—The solution given by Bouwer and Rite  test field procedure (see Test Method D 4044) and analysis of
follows: the field data that is addressed in this test method.
rZInRJr,) 1 Yo 6.2 The water level data are corrected so that the difference
K="l G-t "y (@) between the original static water level and the water level
where: during the test is known. This difference in water level at time
ifD>H “t" is denoted asy,”.
6.3 The dimensionless coefficients @&, B, and C are
| [ r1  A+BIND - HmJ »  determined graphically based on their relationship ith,.
w w An example of the curves relatirdy B, andC to L/r,, is given
if D=H in Fig. 2, that is after Fig. 3 of Bouwer and Rige.
_[ 1 C 1t 7. Calculation
InRJr, = [m + m] (3) ) . .
7.1 Determindn (RJr,,) using Eq 2 or Eq 3, as appropriate.
Note 2—Other analytical solutions are given by Hvorslewd Cooper 7.2 Plot at a semilogarithmic scale the relationshipysfdh

et al®® however, they may differ in their assumptions and applicability. the log scale versus elapsed time on the arithmetic scale.
Note 3—Bouwe? provided discussion of various applications and

observations of the procedure described in this test method. I 2r

Note 4—Test Method D 4104 describes the analytical solution follow- C [N
ing Cooper et af.

Note 5—The use of the symbol K for the term hydraulic conductivity WATER
is the predominant usage in ground-water literature by hydrogeologists, =
whereas, the symbol k is commonly used for this term in soil and rock =
mechanics and soil science.

TABLE

« —

5. Significance and Use

(
5.1 Assumptions of Solution {
5.1.1 Drawdown (or mounding) of the water table around H i
the well is negligible. |
5.1.2 Flow above the water table can be ignored.
5.1.3 Head losses as the water enters or leaves the well are }
negligible. )
/

5.1.4 The aquifer is homogeneous and isotropic.

5.2 Implications of Assumptions

5.2.1 The mathematical equations applied ignore inertial
effects and assume that the water level returns to the static level

“Hvorslev, M. J., “Time Lag and Soil Permeability in Ground-Water Observa-
tions,” Waterways Experiment Station, Corps of EngineelS, Army, Bulletin No.

y
IS

36, 1951. IMPERMEABLE
5 Cooper, H. H., Jr., Bredehoeft, J. D., and Papadopulos, I. S., “Response of a .

Finite-Diameter Well to an Instantaneous Change in Waté/dter Resources Note 1—See Fig. 1 of Footnote 2.
ResearchVol 3, No. 1, 1967, pp. 263-269. FIG. 1 Geometry and Symbols of a Partially Penetrating, Partially
¢ Bouwer, H., “The Bouwer-Rice Slug Test—An Updat&found Watey\Vol 27, Perforated Well in Unconfined Aquifer with Gravel Pack or

No. 3, 1989, pp. 304-309. Developed Zone Around Perforated Section
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R B o AL R TABLE 1 Sample Slug Test Data A8
12: ¢~ ] Note 1—A andB are not used sincB = H.
A L ] Note 2—Endpoint values are highlighted.
and - -
c 0 F E Elapsed Time, min Head Difference, m
i ] 0.0034 12.86
C ] 0.0067 12.71
B 174 0.0100 12.40
L il 0.0134 12.13
nd 1ls 0.0167 11.96
L ] 0.0334 10.94
r 11 0.0500 10.15
4 442 0.0667 9.45
r 1] 0.0834 8.80
I ] 0.1000 8.16
2~ 17" 0.1167 7.05
L 1 0.1334 6.54
(o T i et ] coeaalldo 0.1500 6.10
] 5 10 50 100 500 1000 5000 0.1667 5.64
L/ry 0.1834 5.21
) 0.2000 4.85
Note 1—See Fig. 3 of Footnote 2. 0.2167 451
FIG. 2 Curves Relating Coefficients A, B, and Cto L/, 0.2334 4.14
0.2500 3.88
0.2667 3.59
7.3 Determine the straight-line portion of the graph. 0.2834 3.35
7.4 Determine the end point values of the straight-line P 3%
portion of the graph and substitute along with value lior 0.4001 1.45
(RJr,,) determined in 7.1, into Eq 1. 0.4834 0.97
0.5667 0.72
Note 7—An example of the plot of this test method is given in Fig. 3. 0.6501 0.54
The data used to prepare the plot is presented in Table 1. Table 1 also 0.7334 0.37
presents the well configuration data and the corresponding valuesBf g'gégz 8'3%
andC. 1.0667 0.23
1.1501 0.22
8. Report 1.2334 0.20

8.1 Prepare a report including the information described in # well configuration data, m: Rc = 0.0833, Rw = 0.1615, D = 41.5, L = 8, and
. . . : il|H=415.

Fhls secyon. Th(_a final report of the analytical procedure will ™ Coefficients (dimensionless): A = n/a, B = n/a, and C = 2.624.

include information from the report on the test method selec-

tion (see Guide D 4043) and the field testing procedure (Seﬁ]ethod of measurement and of effecting a change in head.

Test Method D 4044). . : , ,
8.1.1 Introduction—The introductory section is intended to BIZ%ZS;) the rationale for selecting the method used (see Guide

present the scope and purpose of the slug test method f°r8.1.2 Hydrogeologic Setting-Review information avail-

determ|n|n_g hyd“’?‘%"'c condupt|V|ty. Summanze the field hy- able on the hydrogeology of the site; interpret and describe the
drogeologic conditions and field equipment and mstrumentahydrogeology of the site as it pertains to the method selected
tion including the construction of the control well, and thefor selected for conducting and analyzing an aquifer test.
Compare hydrogeologic characteristics of the site as it con-
00 T T T T T T forms and differs from the assumptions made in the solution to

C 3 the aquifer test method.

8.1.3 Equipment—Report the field installation and equip-
ment for the aquifer test. Include in the report, well construc-
tion information, diameter, depth, and open interval to the
aquifer, and location of control well. Include a list of measur-
ing devices used during the test; the manufacturer's name,
model number, and basic specifications for each major item;
and the name and date of the last calibration, if applicable.

8.1.4 Test Procedures-Report the steps taken in conduct-
ing the pretest and test phases. Include the frequency of head
measurements made in the control well and other environmen-
tal data recorded before and during the test procedure.

T
[t

T
[

10. — \ FEndpoints

[]'H‘[

Head Difference (y). m

‘]!‘!]

N
T ] 8.1.5 Presentation and Interpretation of Test Results
0.1 Lo i Do T, 8.1.5.1 Data—Present tables of data collected during the
0. 0.5 1. 1.5 2. test.
Elapsed Time (), (minutes) 8.1.5.2 Data Plots—Present data plots used in analysis of
FIG. 3 Sample Plot of Slug Test Data the data.
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8.1.5.3 Show calculation of hydraulic conductivity. tests is dependent on ambient stresses. No statement can be
8.1.5.4 Evaluate the overall quality of the test on the basis omade about the bias because no true reference values exist.
the adequacy of instrumentation and observations of stress and
response and the conformance of the hydrogeologic conditions). Keywords

and the performance of the test to the assumptions (see 5.1). . .
10.1 aquifers; aquifer tests; control wells; ground water;

9. Precision and Bias hydraulic conductivity; slug test

9.1 It is not practical to specify the precision of this test
method because the response of aquifer systems during aquifer

The American Society for Testing and Materials takes no position respecting the validity of any patent rights asserted in connection
with any item mentioned in this standard. Users of this standard are expressly advised that determination of the validity of any such
patent rights, and the risk of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM Headquarters. Your comments will receive careful consideration at a meeting of the responsible
technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should make your
views known to the ASTM Committee on Standards, 100 Barr Harbor Drive, West Conshohocken, PA 19428.
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Standard Test Method (Analytical Procedure) for
Tests of Anisotropic Unconfined Aquifers by Neuman
Method *

This standard is issued under the fixed designation D 5920; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonej indicates an editorial change since the last revision or reapproval.

1. Scope Confined Aquifers by the Theis Nonequilibrium MetRod
1.1 This test method covers an analytical procedure for D 4750 Test Method for Determining Subsurface Liquid

determining the transmissivity, storage coefficient, specific ~ Levels in a Borehole or Monitoring Wl

yield, and _honzonta}l-to-ve_rtlcal hydraulic conductivity ratio of ? Terminology

an unconfined aquifer. It is used to analyze the drawdown o R

water levels in piezometers and partially or fully penetrating 3-1 Definitions: _

observation wells during pumping from a control well at a 3-1.1 aquifer, confinee-an aquifer bounded above and

constant rate. below by confining beds and in which the static head is above

1.2 The analytical procedure given in this test method ighe top of the aquifer. _
used in conjunction with Guide D 4043 and Test Method 3.1.2 aquifer, unconfined-an aquifer that has a water table.
D 4050. 3.1.3 control well—a well by which the head and flow in the
1.3 The valid use of the Neuman method is limited to@duifer is changed by pumping, injecting, or imposing a
determination of transmissivities for aquifers in hydrogeologicconstant change of head. _ _ _
settings with reasonable correspondence to the assumptionslof:g-l-4 drawdown—the vertical distance the static head is

the theory. owered due to removal of water.
1.4 The values stated in Sl units are to be regarded as 3.1.5 head, statie-the height above a standard datum the_
standard. surface of a column of water can be supported by the static

1.5 This standard does not purport to address all of thePressure at a point. L _
safety concerns, if any, associated with its use. It is the 3.1.6 hydraulic conductivity— field aquifer testthe volume

responsibility of the user of this standard to establish appro-of water at the existing kinematic viscosity that will move in a
priate safety and health practices and determine the applicatnit time under a unit hydraulic gradient through a unit area

bility of regulatory limitations prior to use. measured at right angles to the direction of flow.
3.1.7 observation wela well open to all or part of an
2. Referenced Documents aquifer.
2.1 ASTM Standards: 3.1.8 piezometer-a device used to measure static head at a
D 653 Terminology Relating to Soil, Rock, and ContainedP0int in the subsurface. ,
Fluids2 3.1.9 storage coefficientthe volume of water an aquifer

D 4043 Guide for Selection of Aquifer-Test Method in releases from or takes into storage per unit surface area of the
Determining Hydraulic Properties by Well Techniggies ~ @quifer per unit change in head. _

D 4050 Test Method (Field Procedure) for Withdrawal and  3-1.10 transmissivity—the volume of water of the prevail-
Injection Well Tests for Determining Hydraulic Properties N9 kinematic viscosity that will move in unit time under a unit
of Aquifer System$ hydraulic gradient through a unit width of the aquifer.

D 4105 Test Method (Analytical Procedure) for Determin- 3.1.11 For deflr_1|t|ons of other terms used in this test
ing Transmissivity and Storage Coefficient of Nonleaky Method, see Terminology D 653.
Confined Aquifers by the Modified Theis Nonequilibrium ~ 3:2 Symbols:Symbols and Dimensions: .
Method 3.2.1 b [L] —initial saturated thickness of the aquifer.

D 4106 Test Method (Analytical Procedure) for Determin- 3-2.2d [L]—vertical distance between top of screen in

ing Transmissivity and Storage Coefficient of Nonleaky Pumping well and initial position of the water table.
3.2.3 dp [nd]—dimensionlessl, equal tod/b.

3.2.4 J,(x)—zero-order Bessel function of the first kind.

_l . P .
1 This test method is under the jurisdiction of ASTM Committee D-18 on Soil ~ 3.2.5 K, [LT ~“]—hydraulic conductivity in the plane of the
and Rock and is the direct responsibility of Subcommittee D18.21 on Ground Wateaquifer, radially from the control well.

and Vadose Zone Investigations. 26K LT "Y—hvdrauli n ivi normal h
Current edition approved Feb. 10, 1996. Published June 1996. |3' '6f ﬁ [ 1 yd aulic conduct ty normal to the
2 Annual Book of ASTM Standardéol 04.08. plane of the aquifer.
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3.2.6.1 Discussior—The use of the symbd for the hy-

3.2.26 T [L2T Y—transmissivity,Kb.

draulic conductivity is the predominant usage in ground water 3.2.27 z [L]—vertical distance above the bottom of the

literature by hydrogeologists, whereas, the symb@ com-

aquifer.

monly used for this term in soil and rock mechanics and soil 3.2.28 z; [L] —vertical distance of the bottom of the obser-

science.

vation well screen above the bottom of the aquifer.

3.2.7 | [L] —vertical distance between bottom of screen in 3.2.29 z, [L] —vertical distance of the top of the observation

control well and initial position of water table.

3.2.8 I [nd]—dimensionless$, equal tol/b.

3.2.9 Q [L3T ~Y}—discharge rate.

3.2.10r [L] —radial distance from control well.

3.2.11 s [L]—drawdown.

3.2.12 s [L] —corrected drawdown.

3.2.13 5 [nd]—dimensionless drawdown, equal ta Bs/Q

3.2.14 s, [L] —drawdown of the water table.

3.2.15 S [nd}—storage coefficient, equal t&b.

3.2.16 S, [L "Y}—specific storage.

3.2.17 §, [nd]—specific yield.

3.2.181t [T]—time since pumping started.

3.2.19t, [T]—time since recovery started.

3.2.20 t, [nd]—dimensionless time with respect$g equal
to Tt/SP.

3.2.21t, [nd]—dimensionless time with respect$y equal
to TY/Sr?.

3.2.22t, [T]—time, t, corresponding to intersection of a

well screen above the bottom of the aquifer.

3.2.30 z; [nd]—dimensionless elevation, equal 2fh.

3.2.31 z,5 [nd]—dimensionless elevation of base of screen,
equal toz,/b.

3.2.32 z,p [nd]—dimensionless elevation of top of screen,
equal toz,/b.

3.2.33 a—degree of anisotropy, equal K/K,.

3.2.34 B [nd]—dimensionless parameter?/b?.

3.2.35 As, [L] —the difference in drawdown over one log
cycle of time along a straight line through early data on
semilogarithmic paper.

3.2.36 As [L]—the difference in drawdown over one log
cycle of time along a straight line through late data on
semilogarithmic paper.

3.2.37 o [nd]—dimensionless paramet&rs.

4. Summary of Test Method
4.1 Procedure—This test method describes a procedure for

horizontal line through the intermediate data with an inclinedanalyzing data collected during a withdrawal well test. This

line through late data on semilogarithmic paper.

3.2.231,5 [nd]—dimensionless timet,, corresponding to

test method should have been selected using Guide D 4043 on
the basis of the hydrologic characteristics of the site. The field

the intersection of a horizontal line through intermediate datdest (Test Method D 4050) requires pumping a control well that

with an inclined line through late data in Fig. 1.

is open to all or part of an unconfined aquifer at a constant rate

3.2.24 (t/r?), [T]—t/r? corresponding to the intersection of a for a specified period and observing the drawdown in piezom-

straight line through the early data wigh = 0 on semiloga-

rithmic paper TL ™.

eters or observation wells that either partly or fully penetrate
the aquifer. This test method may also be used to analyze an

3.2.25 (t/r?), [T]—t/r? corresponding to the intersection of a injection test with the appropriate change in sign. The rate of

straight line through the late data wish= 0 on semilogarith-

drawdown of water levels in the aquifer is a function of the

mic paper. location and depths of screened open intervals of the control
0 T T T T o
&
7
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FIG. 1 Aquifer-Test Analysis, Example Two
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well, observation wells, and piezometers. The drawdown may {1 —exp[< B2 + yAT tan(y,)

be analyzed to determine the transmissivity, storage coefficient, Un(y) = -1+ 0) Ve + v o 9)
specific yield, and ratio of vertical to horizontal hydraulic o

conductivity of the aquifer. The accuracy with which any o Significance and Use

property can be determined depends on the location and length5.1 Assumptions

of the well screen in observation wells and piezometers. Two 5.1.1 The control well discharges at a constant r@te,
methods of analysis, a type curve method and a semilogarith- 5.1.2 The control well, observation wells, and piezometers

mic method, are described. are of infinitesimal diameter.
4.2 Solution—The solution given by Neuma(l)® can be 5.1.3 The unconfined aquifer is homogeneous and really
expressed as: extensive.
0 w 5.1.4 Discharge from the control well is derived initially
Szt =g f & AyJ(yBYAunly) +n21 u, (y)]dy (1)  from elastic storage in the aquifer, and later from gravity

. drainage from the water table.
where, for piezometers, Neumar() Eqs 27 and 28 are as 5 1.5 The geometry of the aquifer, control well, observation

follows: wells, and piezometers is shown in Fig. 2. The geometry of the
{1 —exp{—tB(y* — 9]} cosh(yez) test wells should be adjusted depending on the parameters of
W T A e B- 7 —Wlelcosh(yg ) interest. |
. . 5.2 Implications of Assumptions
 Sinh [o(1~0p)] = Sinh [yo(1 —lp)] 5.2.1 Use of the Neumafl) method assumes the control
(Io = db) sinh (vo) well is of infinitesimal diameter. The storage in the control well
and: may adversely affect drawdown measurements obtained in the
{1 —exp[+B(Y* + va)]} cos (viZo) early part of the test. See 5.2.2 of Test Method D 4106 for
U (y) = F—(L+ o2—(2 + D00ty (3)  assistance in determining the duration of the effects of well-
. " " " bore storage on drawdown.
Sin [vq(1 —dp)] - sin [vq(1-Ip)] 5.2.2 If drawdown is large compared with the initial satu-
(Io —dp) sin () rated thickness of the aquifer, the late-time drawdown may
and the termsy, and y,are the roots of the following need to be adjusted for the effect of the reduction in saturated
equations: thickness. Section 5.2.3 of Test Method D 4106 provides
. 2 _ guidance in correcting for the reduction in saturated thickness.
Yo SiINN(yo) =(y* =) coshixg) =0 @ According to Neumar(1) such adjustments should be made
Yo <Y’ only for late-time values.
oY, Sin (yp) + (y2 + 'Yﬁ) cos(y,) =0 (5) 6. Apparatus

@n-D(m/2) <y, <nmmn=1 6.1 Analysis—Analysis of data from the field procedure (see

4.2.1 The drawdown in an observation well is the averagdlest Method D 4050) by this test method requires that the
over the screened interval, of whialy(y) and u,( y) are  control well and observation wells meet the requirements

described by Neuman'd) Eqgs 29 and 30: specified in the following subsections.
Ugly) = 6.2 Construction of Control Wel-Install the control well in
(1 —exp[—tB(y2 — DT [SInh (yozsn) — SiNh (Yezuo)] the aquifer, and equip with a pump capable of discharging
{Sinh[vo(L —dp)] = Sinh[vo(L —Ip)T} water from the well at a constant rate for the duration of the
W+ (L+ 0) %3~ —¥3) o} coshiyg) - test.
(Zp = zp)v¥oll p —dp) sinh(yg) (6)
u (y) _ — Land surface
n [~
{1—exp[-t B + YAT [SiN (VoZzp) - Sin(v:2)] e
{sin [yy(1 —do)}- sin[yy(1-Ip)}} 7 ! T
{yz -+ 0')'yﬁ—(y2 + ’Yﬁ) 2/0} cos(vy) - Pumping level /
(zzp —z1p)¥n(Ip —dp) sin (vy) (7)
4.2.2 In the case in which the control well and observation gl
well fully penetrate the aquifer, the equations reduce to |
Neuman’s(1) Eqgs 2 and 3 as follows: b
{1 —exp[-t B(Y* —v5)]} tanh(yo) é
= 8
R R B (e T © * !
and: 2 ?

2 The boldface numbers in parentheses refer to a list of references at the end of FIG. 2 Cross Section Through a Discharging Well Screened in
the text. Part of an Unconfined Aquifer
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6.3 Construction of Observation Wells Construct one or or piezometert/r 2, on the horizontal axis using log-log paper.
more observation wells or piezometers at a distance from th&roup data for all wells or piezometers that have screened
control well. For this test method, observation wells may beintervals the same elevation above the base of the agaifer,
open through all or part of the thickness of the aquifer. (for piezometers), oz, andz ,(for observation wells).

6.4 Location of Observation Wells Wells may be located 8.1.1.1 Prepare a family of type curves for different values
at any distance from the control well within the area ofof B. For tests in which both the control well and the
influence of pumping. observation wells fully penetrate the aquifer, the values in
Table 1 and Table 2 may be used to prepare the type curves, as
shown in Fig. 3. For piezometers, or tests in which the control

7.1 Procedure—The procedure consists of conducting thewell or observation wells do not effectively penetrate the full
field procedure for withdrawal well tests (see Test Methodthickness of the aquifer, the values §f corresponding to
D 4050), and analyzing the field data as addressed in this tegalues oft; andt, for a range of values g8 must be computed
method. using computer programs such as those of Dawson and Istok

7.2 Analysis—Analyze the field test data by plotting the (2), or Moench(3). The program requires that values for the
data and recording parameters as specified in Section 8.  dimensionless parametdfsanddy be supplied for the control

well, and values of, be supplied for the piezometers, or that
8. Calculation and Interpretation of Results the values ofz,, and z,, be supplied for observation wells.

8.1 Methods—The drawdown data collected during the Only drawdowns for which these dimensionless parameters are
aquifer test may be analyzed by either the type-curve methosimilar may be analyzed using the same family of type curves.
or the semilogarithmic method. Any consistent set of units may’repare as many data plots and families of type curves as
be used. necessary to analyze the test.

8.1.1 Type-Curve Method-Plot drawdownsgs, on the verti- 8.1.1.2 Holding the axes parallel, overlay the data plot on
cal axis and time divided by the square of the radius to the wellhe type curves. Match as many of the early time-drawdown

7. Procedure

TABLE 1 Values of S, for the Construction of Type A Curves for Fully Penetrating Wells (1) A

t, B = 0.001 B = 0.004 B =0.01 B =0.03 B =0.06 B=0.1 B =02 B=04 B =06
1x 107t 2.48 X 1072 2.43 X 1072 2.41 x 1072 2.35 X 1072 2.30 X 1072 2.24 x 1072 2.14 X 1072 1.99 X 1072 1.88 X 1072
2x107t 1.45 x 107* 1.42 x 107* 1.40 x 107* 1.36 X 107* 1.31 x 107* 1.27 x 107* 1.19 x 107* 1.08 x 107* 9.88 X 1072

3.5x 107t 3.58 X 107t 3.52 X 107t 3.45 x 107t 3.31 x 107t 3.18 X 107t 3.04 x 107t 2.79 X 107t 2.44 x 107t 2.17 x 107t
6 x 107t 6.62 x 107+ 6.48 X 107* 6.33 X 107* 6.01 x 107* 5.70 X 107* 540 x 107* 483 x 107  4.03x 107! 3.43 x 107t
1 x 10° 1.02 x 10° 9.92 X 107 9.63 X 107 9.05 X 107 8.49 X 107 7.92 X 107t 6.88 X 107 5.42 X 107t 4.38 X 107
2 x 10° 1.57 x 10° 1.52 x 10° 1.46 x 10° 1.35 x 10° 1.23 X 10° 1.12 x 10° 9.18 X 107t 6.59 X 107t 497 x 107t
3.5 x 10° 2.05 x 10° 1.97 x 10° 1.88 x 10° 1.70 x 10° 1.51 x 10° 1.34 x 10° 1.03 x 10° 6.90 x 107* 5.07 X 107*
6 x 10° 2.52 x 10° 2.41 x 10° 2.27 x 10° 1.99 x 10° 1.73 x 10° 1.47 x 10° 1.07 x 10° 6.96 x 107t
1x 10t 2.97 x 10° 2.80 x 10° 2.61 x 10° 2.22 X 10° 1.85 x 10° 1.53 x 10° 1.08 x 10°
2 x 10* 3.56 x 10° 3.30 x 10° 3.00 x 10° 2.41 x 10° 1.92 x 10° 1.55 x 10°
3.5 X 10* 4.01 x 10° 3.65 x 10° 3.23 x 10° 2.48 x 10° 1.93 x 10°
6 x 10* 4.42 x 10° 3.93 x 10° 3.37 x 10° 2.49 x 10° 1.94 x 10°
1 x 102 4.77 x 10° 4.12 x 10° 3.43 x 10° 2.50 x 10°
2 X 102 5.16 x 10° 4.26 x 10° 3.45 x 10°
3.5 x 10? 5.40 x 10° 4.29 x 10° 3.46 x 10°
6 X 10? 5.54 x 10° 4.30 x 10°
1x 103 5.59 x 10°
2 X 10% 5.62 x 10°
3.5 x 10° 5.62 x 10° 4.30 x 10° 3.46 x 10° 2.50 x 10° 1.94 x 10° 1.55 x 10° 1.08 x 10° 6.96 X 107t 5.07 X 107t
=038 B=10 B=15 B =20 B=25 B =30 B =40 B =50 B=6.0 B=170

1.79 X 1072 1.70 X 1072 1.53 X 1072 1.38 X 1072 1.25 X 1072 1.13 X 1072 9.33 x 1072 7.72 X 1072 6.39 X 1072 5.30 X 1072

9.15 X 1072 8.49 X 1072 7.13 X 1072 6.03 X 1072 5.11 X 1072 4.35 X 1072 3.17 X 1072 2.34 X 1072 1.74 X 1072 1.31 x 1073

1.94 x 107* 1.75 X 107* 1.36 X 107* 1.07 x 107* 8.46 x 1072 6.78 X 1072 4.45x 1072 3.02 X 1072 2.10 X 1072 1.51 X 1072

2.96 X 107* 2.56 x 107* 1.82 X 107* 1.33 X 107* 1.01 x 107* 767 X102 476 X 1072 3.13 X 1072 2.14 X 1072 1.52 X 1072

3.60 x 107t 3.00x 10 199 x10* 140 x10*  1.03x 10t  7.79 x 102 4.78 x 1072 2.15 X 1072

3.91 x 107t 3.17 x 107* 2.03 x 107* 1.41 x 107*

3.94 x 107*

3.94 x 107* 3.17 x 107* 2.03 x 107* 1.41 x 107* 1.03 X 107* 779 X102 478 X 1072 3.13 X 1072 2.15 X 1072 1.52 X 1072

A Values were obtained from (2) by settingo = 10 ~2.
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A

TABLE 2 Values of S, for the Construction of Type B Curves for Fully Penetrating Wells (1)

t, B = 0.001 B = 0.004 B =0.01 B =0.03 B =0.06 B=0.1 B =02 B=04 B =06
1x10™ 5.62 x 10° 4.30 x 10° 3.46 x 10° 2.50 x 10° 1.94 x 10° 1.56 x 10° 1.09 x 10° 6.97 x 107* 5.08 X 107*
2x 1074

3.5 X 107
6 x 107
1x1073 6.97 x 107* 5.08 x 107t
2x10°° 6.97 x 107 5.09 X 107

35x 1073 6.98 X 107* 5.10 X 107*
6 x 1072 7.00 x 107* 5.12 x 107*
1x 1072 7.03 x 107 5.16 X 107
2 x 1072 1.56 x 10° 1.09 x 10° 7.10 x 107* 5.24 x 107*

3.5x 1072 1.94 x 10° 1.56 x 10° 1.10 x 10° 7.20 X 107* 5.37 X 107*
6 x 1072 2.50 x 10° 1.95 x 10° 1.57 x 10° 1.11 x 10° 7.37 X 107t 5.57 X 107t
1x 107t 2.51 x 10° 1.96 x 10° 1.58 x 10° 1.13 x 10° 7.63 x 107* 5.89 x 107*

2x 107 5.62 x 10° 4.30 x 10° 3.46 x 10° 2.52 x 10° 1.98 x 10° 1.61 x 10° 1.18 x 10° 8.29 x 107t 6.67 x 107*
3.5x 107t 5.63 x 10° 4.31 x 10° 3.47 x 10° 2.54 x 10° 2.01 x 10° 1.66 x 10° 1.24 x 10° 9.22 x 107t 7.80 x 107t
6 x 107t 5.63 x 10° 4.31 x 10° 3.49 x 10° 2.57 x 10° 2.06 x 10° 1.73 x 10° 1.35 x 10° 1.07 x 10° 9.54 x 107t
1 x 10° 5.63 x 10° 4.32 x 10° 3.51 x 10° 2.62 x 10° 2.13 x 10° 1.83 x 10° 1.50 x 10° 1.29 x 10° 1.20 x 10°
2 x 10° 5.64 x 10° 4.35 x 10° 3.56 x 10° 2.73 x 10° 2.31 x 10° 2.07 x 10° 1.85 x 10° 1.72 x 10° 1.68 x 10°
3.5 x 10° 5.65 x 10° 4.38 x 10° 3.63 x 10° 2.88 x 10° 2.55 x 10° 2.37 x 10° 2.23 x 10° 2.17 x 10° 2.15 x 10°
6 x 10° 5.67 x 10° 4.44 x 10° 3.74 x 10° 3.11 x 10° 2.86 x 10° 2.75 x 10° 2.68 x 10° 2.66 x 10° 2.65 x 10°
1x 10t 5.70 x 10° 4.52 x 10° 3.90 x 10° 3.40 x 10° 3.24 x 10° 3.18 x 10° 3.15 x 10° 3.14 x 10° 3.14 x 10°
2 x 10t 5.76 x 10° 4.71 x 10° 4.22 x 10° 3.92 x 10° 3.85 x 10° 3.83 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10°
3.5 x 10* 5.85 x 10° 4.94 x 10° 4.58 x 10° 4.40 x 10° 4.38 x 10° 4.38 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10°
6 x 10* 5.99 x 10° 5.23 x 10° 5.00 x 10° 4.92 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10°
1% 10? 6.16 x 10° 5.59 x 10° 5.46 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10°

B=08 B=10 B=15 B =20 B=25 B =30 B =40 B=50 B =60 B=70

3.95 x 107t 3.18 x 107t 2.04 x 107t 1.42 x 107* 1.03 x 107* 7.80 X 1072 4.79 X 1072 3.14 X 1072 2.15 X 1072 1.53 x 1072
7.81 x 1072 4.80 X 1072 3.15 x 1072 2.16 x 1072 1.53 X 1072

1.03 x 107* 7.83 X 1072 4.81 X 1072 3.16 X 1072 2.17 X 1072 1.54 x 1072

1.04 x 107* 7.85 X 1072 4.84 X 1072 3.18 X 1072 2.19 X 1072 1.56 x 1072
3.95 x 107t 3.18 x 107t 2.04 x 107t 1.42 x 107* 1.04 x 107* 7.89 x 1072 4.78 X 1072 3.21 x 1072 2.21 X 1072 1.58 x 1072
3.96 x 107t 3.19 x 107t 2.05 x 107* 1.43 x 107* 1.05 x 107* 7.99 x 1072 4.96 X 1072 3.29 X 1072 2.28 X 1072 1.64 x 1072
3.97 x 107t 3.21x 10 2.07 x 107t 1.45 x 107* 1.07 x 107* 8.14 X 1072 5.09 X 1072 3.41 x 1072 2.39 X 1072 1.73 X 1072
3.99 x 10™* 3.23 x 107 2.09 x 107t 1.47 x 107* 1.09 x 107* 8.38 X 1072 5.32 X 1072 3.61 x 1072 2.57 X 1072 1.89 x 1072
4.03 X107 3.27 x 107t 2.13x 107t 1.52 x 107* 1.13 x 107* 8.79 X 1072 5.68 x 1072 3.93 x 1072 2.86 x 1072 2.15 x 1072
4.12 x 107t 3.37 x 107t 2.24 x 107t 1.62 x 107* 1.24 x 107* 9.80 X 1072 6.61 X 1072 4.78 X 1072 3.62 X 1072 2.84 X 1072
4.25 x 107t 3.50 x 10™* 2.39 x 107t 1.78 x 107* 1.39 x 107* 1.13 x 107* 8.06 x 1072 6.12 X 1072 4.86 X 1072 3.98 x 1072
4.47 X 107 3.74 x 107* 2.65 x 107t 2.05 x 107t 1.66 x 107* 1.40 x 107 1.06 x 107* 8.53 X 1072 7.14 X 1072 6.14 x 1072
4.83 x 107t 4.12 x 107 3.07 x 107t 2.48 x 107t 2.10 x 107t 1.84 x 107* 1.49 x 107* 1.28 x 107* 1.13 x 107* 1.02 x 107*
571 x 10™* 5.06 x 107t 4.10 x 107t 3.57 x 10™* 3.23 x 107 2.98 x 107t 2.66 x 107t 2.45 x 107 2.31 x 107t 2.20 x 107t
6.97 x 107t 6.42 x 107t 5.62 x 107t 517 x 107* 4.89 x 107t 4.70 X 107t 4.45 x 107t 4.30 x 107t 4.19 X 107t 4.11 x 107t
8.89 x 107t 8.50 x 107t 7.92 x 107t 7.63 x 107t 7.45 x 107t 7.33 x 107t 7.18 x 107t 7.09 x 107t 7.03 x 107t 6.99 x 107t
1.16 x 10° 1.13 x 10° 1.10 x 10° 1.08 x 10° 1.07 x 10° 1.07 x 10° 1.06 x 10° 1.06 x 10° 1.05 x 10° 1.05 x 10°
1.66 x 10° 1.65 x 10° 1.64 x 10° 1.63 x 10° 1.63 x 10° 1.63 x 10° 1.63 x 10° 1.63 x 10° 1.63 x 10° 1.63 x 10°
2.15 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10° 2.14 x 10°
2.65 x 10° 2.65 x 10° 2.65 x 10° 2.64 x 10° 2.64 x 10° 2.64 x 10° 2.64 x 10° 2.64 x 10° 2.64 x 10° 2.64 x 10°
3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10° 3.14 x 10°
3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10° 3.82 x 10°
4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10° 4.37 x 10°
4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10° 4.91 x 10°
5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10° 5.42 x 10°

A Values were obtained from Ref (2) by setting o = 10 ~2.

data as possible to the left-most part of the type curve (Type Analysis for each plot until a consistent set of values is obtained
curves). Select an early-time match point, and record the valugsetween all plots. Calculate the value of the tg#rt for every

of s, tr %, 5 andt,. Moving the data plot horizontally, match observation well or piezometer. Because the remaining terms
as many as possible of the late-time data to the right-most pait the definition of8, a/b? should be nearly constant over the
of the type curves (Type B curves) and select a late-time matchrea of the test, the terfi r 2 should be independent of radius.
point. Record the values @, s, t/r , andt, for this match  If not, a new set of match points should be obtained, @hd
point. The values of ands,, should be the same for each match computed for each well until the values are independent of
point, that is, the data curves should be shifted only horizonradius.

tally, not vertically, on the type curve, and the values3dor 8.1.1.4 Calculate the transmissivity, specific yield, storage

each observation well should be the same for early and latgpeficient, and horizontal hydraulic conductivity from the

times. , .. values ofs, s, t/r?, t andt,:
8.1.1.3 Repeat the procedure in 8.1.1.2 for all additional
T = Qsy/4ms (10)

data plots and type curves. The values ahds;, should be the
same for all plots in a single test. If necessary, repeat the § = (T/ty)(t/rz) (11)
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Note 1—From Ref(5).
FIG. 3 Type Curves for Fully Penetrating Wells
S= (ThY(Ur) (12) S=(TiY(t/r ?) = (2.57x 10 > m ?sY/1.0)(0.145 m°s)
— -4
K, = Tib (13) =3.7x10
. ) The ratio of vertical to horizontal hydraulic conductivity can
The anisotropy can be calculated from: be calculated from Eq 14 using an assumed aquifer thickness,
a = (BIrA)b’ (14) b of 25 m, and data from OW1 as follows:
and the vertical permeability from: a = (B/r »)b? = (0.004/81 nf)(625 m?) = 0.03
K, = oK, (15) 8.1.2 Semilogarithmic Methed-This procedure is appli-

) . cable to tests in which the control and observation wells
_ 8.1.1.5 The results of a hypothetical aquifer test are_fhow'%ffectively fully penetrate the aquifer. Plot drawdown on the
in Fig. 4. A control well is discharged ata rate of 0.22 8, g ricq) (arithmetic) axis and time divided by the square of the
and water levels are measured in OW1 at a radfsra from  aiys 1o the control well on the horizontal (logarithmic) axis
the control well, in OW2( = 50 m), and OW3I( = 185m). 4, 5y ohservation wells. The early and late date will tend to

A log-log plot of drawdowq versus time divided by radius t.o fall on parallel straight lines. The intermediate values will fall
the control well, squared, is shown for the three observation, horizontal lines between these two extremes.

wells, superimposed on type curves derived from the data in 8.1.2.1 Fit a straight line to the late data. The intersection of
is line with the horizontal axiss( = 0) is denoted byt(r?) ,.

Table 1 and Table 2. Measurements from each observation weﬂl1
fall on a differentp curve, The slope of the line over one log cycle @f is denotedAs..

8.1.1.6 For the example, the transmissivity from Eq 10 is: o 2 .
- - 31 The transmissivity and specific yield of the aquifer are then
T=Qs/4ms = (021 m™s™ X 1.0)/(4X 3.14X 6.5 m) calculated from Jacob’¢3) method, using the procedures

— 3 21
. o 257X 107 m*=s~, described in Test Method D 4105.
and the specific yield from Eq 11 is:
T = 2.30Q/4mAs (16)

S = (Th)(tr ) = (257X 10°m?s7/1.0)(88 ni’s) = 0.23
The storage coefficient, from Eq 11 is: S, = 2.25T (tr%), 7)
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FIG. 4 Aquifer-Test Analysis, Example 1

3
8.1.2.2 Fit a horizontal straight line to the intermediate data '

for each observation well. The intersection of the horizontal

straight line with the late-time straight line is denoted The

dimensionless timg is then calculated from the following:

te = (T/IS)(ty/r%) (18)
Using the values of 3, values off for each observation o? L

well may be obtained by interpolation from Table 3 or be

picked from Fig. 5. The values @ should be independent of

radius, as in 8.1.1.3. 8

TABLE 3 Values of 1/ g and t,4 used in plotting Fig. 5, (1)
1/8 Lg o' b— —
2.50 x 1071 452 x 107t
1.67 X 107 455 x 107t
2.00 x 107% 459 x 107*
2.50 x 1071 4.67 X 1071
3.33 x 107 481 x 107t
4.00 X 107t 4.94 X 107t
5.00 x 1071 513 x 1071
6.67 X 1071 5.45 x 107t o
1.00 x 10° 6.11 x 107* 10 L L | .
1.25 x 10° 6.60 x 107* 10 10 le]
1.67 X 10° 7.39 X 1071 tya From Neuman (5)
2.50 x 10° 8.93 x 107%
5.00 X 10: 131X 102 Note 1—From Ref(1).
1.00 x 10 2.10 X 10 FIG. 5 Values of 1/ B Versus t,, for Fully Penetrating Wells
1.67 x 10* 3.10 x 10°
3.33 x 10* 5.42 x 10°
1.00 X 102 1.42 X 10* ] ) ) )
2.50 X 102 3.22 x 10* 8.1.2.3 Fit a straight line to the early part of the time-
3 2 . . . . . .

1.00 x 10 1.23 % 10 drawdown data. The intersection of this line with the horizontal

A Values were obtained from Ref (2) by setting o = 10 ~°.

axis is denoted bytfr?)., and the slope of this line over one log
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cycle is As .. The transmissivity and storage coefficient arewells and piezometers, the method of measurement of dis-

calculated from: charge and water levels, and the duration of the test and
T = 2.30Ql4wAs, (199  bumping rates. Discuss the rationale for selecting the Neuman
5 method.
S=2.25T (t/r%), (20)

9.1.2 Hydrogeologic Setting-Review the information
8.1.2.4 The slope of the line should be the same as the ongvailable on the hydrogeology of the site. Interpret and
computed in 8.1.2.1; that is, the transmissivity should be thelescribe the hydrogeology of the site as it pertains to the
same. If not, the type-curve method in 8.1.1 must be used tgelection of this test method for conducting and analyzing an
compute the storage coefficient. aquifer test. Compare the hydrogeologic characteristics of the
8.1.2.5 A hypothetical example of the use of the semilogasite as it conforms and differs from the assumptions in the
rithmic method is shown in Fig. 1. In this example a control solution to the aquifer test method.
wellis discharged at 0.01%hs %, and water levels are measured  9.1.3 Scope of Aquifer Test
in a fully penetrating observation Well One< 4.5 m), Well 9.1.3.1 Equipment—Report the field installation and equip-
Two (r = 7.5 m), and Well Threer(= 18 m). The change in  ment for the aquifer test, including the construction, diameter,
drawdown over one log cycle of time for the late daks, is  depth of screened interval, and location of control well and
8.2 m. The intersection of a line through the late data with thgyumping equipment, and the construction, diameter, depth, and
s = 0 axis, {/r?),, is 200 m?s. The transmissivity and specific screened interval of observation wells or piezometers.
yield calculated from Eq 16 and Eq 17 are as follows: 9.1.3.2 Instrumentatior-Report the field instrumentation
T =2.30Q/4wAs = (2.30x 0.01 nPs)/(4 X 3.14X 8.2m)  for observing water levels, pumping rate, barometric pressure
=223Xx10"m’s™  changes, and other environmental conditions pertinent to the
§ = 2.25T (t/r?), = 2.25 (2.2 10" m*s)(200 m?s) test. Include a list of measuring devices used during the test;
=0.10  the manufacturer's name, model number, and basic specifica-

8.1.2.6 From the intersection of the horizontal parts of thQions for each major item; and the name and date of the last
data plot with the late-time part, a vaIuetq{/r2 of 6100 ni?s calibration, if applicable.

was determined for Well One, 2250 fis for Well Two, and 9.1.3.3 Testing Procedures-State the steps taken in con-
700 m*s for Well Three. From Eq 18, a value dff8 is  ducting pretest, drawdown, and recovery phases of the test.
calculated for Well One as follows: Include the frequency of measurements of discharge rate, water
tp = (TIS)(te/r 2 =[(223x10 ™ m 25%/](6100 |evel in observation wells, and other environmental data
o _ ms) = 14 recorded during the testing procedure.
Similar calculations yield values dff of 5 for Well Two 9.1.4 Presentation and Interpretation of Test Results

and 1.6 for Well Three. From Fig. 5 an approximate value of g 1 41 Data—Present tables of data collected during the
100 is estimated for @/for Well One, 31 for Well Two, and 6 g5t Show methods of adjusting water levels for pretest trends,
for Well Three. , ~and calculation of drawdown and residual drawdown.

8.1.2.7 The change in drawdown for one log cycle of time g 3 4 5 pata Plots—Present data plots used in analysis of

divided by radius squared for early time dai#s ., is 8.2 M. yhe qata. Show data plots with all values®fall match points,
The transmissivity calculated from the early data using Eq 19,4 4 match-point values.

is therefore the same as that calculated from the late data:
T = 2.30Q/4mAs, = (2.30% 0.01 m3s™Yy
(4%3.14x82m)=223X10*m?3"*

9.1.4.3 Evaluate qualitatively the overall accuracy of the
test on the basis of the adequacy of instrumentation and
bservations of stress and response, and the conformance of

axis ats = 0, (t/r?),, is 1.2 m?s, so from Eq 20 the storage

coefficient is as follows:

S=2.25T (t/r 9, = 2.25 (2.23X 10 “m %s H)(1.2 m %)
=6x107*

to the assumptions of this test method.

10. Precision and Bias

10.1 Precision—It is not practicable to specify the precision

9. Report of this test method because the response of aquifer systems

9.1 Preparation—Prepare a report including the following during aqgifertests is dependent upon ambient system stresses.
information. The report of the analysis will include information ~ 10.2 Bias—No statement can be made about bias because
from the field testing procedure. no true reference values exist.

9.1.1 Introduction—The introductory section is intended to
present the scope and purpose of the Neuman method for - Keywords
unconfined, anisotropic aquifer. Summarize the field geohydro- 11.1 anisotropic aquifers; aquifers; aquifer tests; control
logic conditions and the field equipment and instrumentatiorwells; ground water; hydraulic properties; observation wells;
including the construction of the control well and observationtransmissivity; unconfined aquifers
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