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ABSTRACT 

Three tests are proposed for determining the hydraulic properties 

of in-situ borehole seals. Two consist of monitoring the rate of injec

tion of water at constant pressure into an injection zone at one end of 

a seal and monitoring the collection rate or rate of flow out of a 

free-draining collection zone at the other end. The third test is per

formed by shutting in the collection zone and monitoring the buildup in 

hydraulic head. 

One-dimensional and axisymmetric three-dimensional flow models are 

presented for analyzing test results. In the one-dimensional models, 

the seal is assumed to be a homogeneous and isotropic porous medium. In 

the axisymmetric models, the seal and surrounding rock mass are taken as 

homogeneous and isotropic porous media. The equation for saturated, 

confined ground-water flow is assumed to apply. The hydraulic proper

ties of the seal are expressed by its hydraulic conductivity and spe

cific storage. 

In the axisymmetric models, the conductivity and specific storage 

of the rock mass are included in the formulation. Closed-form solutions 

are presented for the analysis of tests using the one-dimensional mod

els. Analysis with the axisymmetric models is numerical using an avail

able computer code for ground-water flow. The code is used to examine 

the effects of variations in hydraulic pa~ameters on the measured 

quantities in the tests (i.e. flow rates or head) and to compare the 
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one-dimensional and axisymmetric models. Methods are presented for 

obtaining the hydraulic properties of the seal and/or rock mass by anal

ysis of test results. 

A fourth test, a tracer travel-time test, is presented as a means 

for detecting the existence of a high-velocity flow path through or 

around the seal. The test methods are applied to cement grout borehole 

seals from 10 to 36 cm in length and 10 cm in diameter in two rock 

types, a recrystallized limestone and a dense basalt. 
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CHAPTER ONE 

INTRODUCTION AND OVERVIEW 

1] Introduction 

BoreQo1e seals, which are barriers installed to limit axial fluid 

flow, are critical in a number of applications. In the oil and gas 

industries, seals are used to isolate the lower portion of a producing 

well or as part of abandonment procedures for a dry hole or depleted 

well (Smith, 1976, pp. 97-98). In abandoned wells, seals function to 

isolate fluid-bearing units, preventing undesirable mixing of fluids of 

different type or quality. Seals are also installed in the abandonment 

of wastewater-injection wells (Warner and Lehr, 1977, p. 320). Such 

seals help provide containment of the injected waste in the geologic 

interval(s) selected to receive it. Safe abandonment of water wells 

also may involve the installation of seals (Environmental Protection 

Agency, 1975, p. 133). These seals act to prevent contamination of 

aquifers from surface water or from contaminated ground waters nearer 

the surface. Seals also function to preserve artesian pressure, in the 

case of wells in confined aquifers. Also, borehole seals are used in 

the construction of field piezometers to isolate the tip section (Bureau 

of Reclamation, 1977, p. 204). In coal mining regions, dry or depleted 

gas and oil wells penetrating coal seams are sometimes sealed to permit 

their safe interception by mining operations (Rennick, Pasini III, Arms

trong and Abrams, 1972). Similarly, gas-drainage boreholes in coal 
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seams are sometimes sealed to allow safe interception (Au1 and Cervik, 

1979; Oyler, 1984). 

Finally, boreholes in the vicinity of disposal sites for high-level 

nuclear wastes have been identified as potential short-circuit pathways 

whereby ground water bearing harmful radionuc1ides could breach the 

facility and ultimately reach the biosphere (Bredehoeft, England, Ste

wart, Trask and Winograd, 1978, p. 8). To prevent their becoming pref

erential pathways, plans in the United States and many other countries 

call for the effective sealing of such boreholes. Current U.S. Federal 

Regulations require that relevant boreholes be sealed "so that following 

permanent closure (of the repository) they do not become pathways that 

compromise the ... repository's ability to meet ... performance objec

tives ... " (10CFR60, Section 60.134). 

Seals are also often necessary in larger penetrations. In mining, 

underground construction, and subsurface storage and waste disposal, 

seals are installed in shafts and tunnels to limit the flow of water, 

other liquids, or gas for safety of personnel or pollution control 

(D'Appo10nia Consulting Engineers, Inc. ,1979, pp. 11-38 to 11-45). 

Despite the clear need for effective borehole seals, few documented 

test results are available concerning the hydraulic performance of in

situ seals. Not only are test results lacking, but methods for conduct

ing such tests are not well developed. 

1.1.1 Objective of study 

The purpose of this research is to develop test methods to quanti

tatively characterize the hydraulic performance of in-situ cement test 
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seals in uncased boreholes and to apply those methods to seals in the 

field. Though this study is directed toward the evaluation of borehole 

seals, applications to seals of shafts and tunnels are made whenever 

appropriate. 

1.1.2 Scope and limitations 

The tests and analysis methods presented are applicable to seals 

and surrounding rock masses which may be reasonably treated as homoge

neous, isotropic porous media and permit fluid flow in accord with the 

equation of ground-water flow. In the field applications presented, 

seals are made of a single material, a proprietary portland cement 

grout. The seals for the field tests are installed in boreholes in two 

rock types: a recrystallized limestone and a dense basalt. 

The tests and analysis methods are limited to water, or other 

slightly compressible fluid, as the permeant. With some modifications 

not presented herein, the tests and analysis techniques may be applied 

using gas. 

The study considers only the bulk motion of water through the seal 

and adjacent rock mass. Transport of solutes and chemical interaction 

of fluid, seal and rock are not consi.dered. The mechanical interaction 

of fluid, seal and rock are not considered, except in the very limited 

sense implied by the use of the equation of ground-water flow. 

The study focuses on the testing of seals in open, or uncased, 

boreholes or borehole sections. Seals in cased sections, with seal 

material inside the casing and in the annulus between the casing and 

borehole wall, are not considered. 
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1.1.3 Organization 

The first chapter presents the purpose of the study, a brief review 

of sealing practice and past field tests of seal performance, and an 

overview of the approach to seal testing presented in succeeding chap

ters. In the second chapter, four hydraulic tests are presented. For 

each test, a one-dimensional analytical model is described which may be 

used to analyze the test. In the third chapter, axisymmetric three

dimensional models are presented for three of the tests. Comparison is 

made of the one-dimensional and axisymmetric models. The fourth chapter 

describes the application of the models to field tests at two research 

sites. The study is summarized and conclusions and recommendations for 

future work are presented in the fifth chapter. 

1 2 Borehole Seals 

1.2.1 Construction Materials 

In sealing oil, gas, water and waste-injection wells, the most com

mon sealing materials are portland cements, combined with appropriate 

additives. Manufacturing specifications for portland cements have been 

established by a number of agencies, the most prominent of which in the 

United States for the sealing of boreholes is the American Petroleum 

Institute (API). API specifications for cements are set forth in API 

Specification 10, "Specification for Materials and Testing for Well 

Cements", Fourth Edition, August 1, 1988. These specifications classify 

portland cements used in well applications into nine categories (classes 

A through Hand J) according to their suitability for use at various 
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depths, temperatures and pressures, and according to various other char

acteristics. 

In addition to the nine API classes, a number of specialty cements 

have been used effectively in cement applications in oil and gas wells. 

Overviews of portland cements and various specialty cements used in 

applications to oil and gas wells are provided by Smith (1976, pp. 6-15) 

Bnd South (1979, pp. 42-58). 

A seal material frequently used for piezometer installations and 

under consideration for plugging of boreholes, shafts and tunnels in 

nuclear waste isolation is bentonite (Bureau of Reclamation, 1977, p. 

204; Pusch, 1983; Sawyer and Daemen, 1987, p. 29; Stormont, 1988, p. 

14). Excavated materials or excavated materials mixed with bentonite 

are also in consideration for sealing penetrations in nuclear waste iso

lation (Stormont, 1988, pp. 12, 14; Williams and Daemen, 1987, p. 21). 

The seals used in this study are made of a mix of API Class A 

portland cement and water. Also included in the mix are small amounts 

of two additives: an expansive agent and a dispersant. The mix is 

further discussed in Section 4.2.3.1. In this presentation, the term 

"cement grout", or simply "grout", is understood to mean such a mix of a 

portland cement and water, with or without additives. 

1.2.2 Seal Design 

Borehole seals in uncased intervals are nearly always "parallel" 

seals; that is, they are in the shape of a right cylinder with diameter 

equal to that of the borehole. The primary design factors are location 
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and length of the seal, construction materia1(s), and installation pro-

cedure. 

In the United States, the design of seals for the abandonment of 

oil, gas, waste-injection and water wells is prescribed in general terms 

by state regulation. The regulations for the sealing of abandoned bore

holes in the following states were reviewed: California, Texas, Ohio, 

and Pennsylvania. In each of these states, for abandoned oil, gas, and 

waste-injection wells, the primary sealing material is cement grout; in 

some cases, other materials may be substituted with approval. In gen

eral, seals are required to isolate each gas, oil or waste-injection 

interval. Freshwater zones are similarly sealed. Seals are also 

required near the ground surface to prevent contamination from surface 

sources. Length requirements for seals vary depending on the state and 

the location of the seal within the borehole. In general, seals are 

tens of meters in length (California Code of Regulations, Title 14, 

Division 2, Chapter 4, Subchapter 1, Section 1723 and Subchapter 1.1, 

Section 1745; Ohio Administrative Code, 1501: 9-7-11 and 9-11-01 to 

9-11-12; Rules and Regulations, Title 25-Environmenta1 Resources, amend

ments to 25 Pennsylvania Code Chapters 78, 79, and 97, Sections 

78.91-78.98, published in Pennsylyanja Bulletin, Volume 19, Number 30, 

July 29, 1989; Railroad Commission of Texas Statewide Rule 14, as 

amended, effective April 18, 1988). 

Of the four states considered, Ohio and Texas regulate the sealing 

of abandoned water wells at the state level (Ohio Administrative Code, 

3745-9-10; Ohio Revised Code, 3701-28-01 and 3701-28-07; Texas Water 
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Commission Permanent Rule Changes (effective December 28, 1988) to 31 

Texas Administrative Code, Chapter 287, Sections 287.48-287.50). In 

California, the state offers recommended standards (Water Well Stan

dards: State of California, Department of Water Resources, Bulletin 

74-81, December 1981), but regulation is by counties and cities. 

Pennsylvania (personal communication from Pennsylvania Department of 

Environmental Resources, Bureau of Water Resources Management, dated 

November 22, 1989) does not regulate the sealing of abandoned water 

wells, but recommends the guidelines established by the American Water 

Works Association (Standard for Water Wells, A100-84, AWWA, Denver, Col

orado, 1984). For water wells, cement grout is again the primary seal 

material. However, other materials, including sand-cement mixes and 

clays (e.g. bentonite) are sometimes also permitted. In general, regu

lations specify the locations and lengths for seals in water wells to 

provide for protection of water-bearing units from contamination and 

maintenance of artesian pressures. Seals are usually tens of meters in 

length. 

Designs for seals to enclose the tip sections of piezometers are 

described in publications of the Bureau of Reclamation (1977, pp. 

202-204) and the Office of the Chief of Engineers (1971, pp. 5-5 to 

5-7). Typical seal materials are bentonite, cement grout, and mixes of 

cement and bentonite or cement and sand. Seals above the tip section 

generally enclose riser pipes or electrical leads. Seal length is typi

cally a meter or longer. 
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In borehole sealing for nuclear waste isolation, seal design is 

still in development. At the Waste Isolation Pilot Plant (WIPP), a 

repository in bedded salt being prepared by the U.S. Department of 

Energy for defense-related, transuranic wastes, current plans call for 

use of cement grouts to seal the full depth of boreholes. A salt

saturated cement grout is to be used for sealing in salt units and a 

freshwater grout in non-salt formations (Stormont, 1988, p. 46). The 

Department of Energy is planning a facility for disposal of civilian, 

high-level nuclear wastes in unsaturated, welded tuff at Yucca Mountain, 

on and adjacent to the Nevada Test Site. A conceptual, multicomponent 

design under consideration for seals at this facility is presented in 

Fernandez and Freshley (1984), and Fernandez (1985). 

1.2.3 Placement of Grout Seals 

Grout seals for oil and gas wells are generally installed using the 

dump-bailer, the two-plug or the balanced method. The methods are dis

cussed in detail in Smith (1976, pp. 99-101). Recommended methods for 

placing grout seals in water wells include grout pipe, tremie, and dump 

bailer (Environmental Protection Agency, 1975, p. 140). 

The dump-bailer method was used in the installations performed as 

part of this study. In this method, a gravel pack or temporary plug, 

such as a packer, is placed in the borehole just below the section to be 

sealed. Cement grout is then lowered into the hole in a cylindrical 

container called a dump bailer or bailer. The bailer opens at the 

bottom as it contacts the gravel pack or plug. The bailer is then 

slowly raised, releasing the grout into the borehole. 
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1.3 Sealing Research 

Research concerning sealing materials, methods and performance has 

been conducted primarily by the oil and gas industries. More recently, 

the task has been undertaken by governmental agencies in connection with 

the disposal of high-level and transuranic nuclear wastes. Work of the 

oil and gas industries has concentrated on portland cement grouts. Com

prehensive presentations of applied research related to cement-grout 

seals in oil and gas wells are provided by Smith (1986), Suman and Ellis 

(1977a-h), and Smith (1976). Summaries of sealing research related to 

the disposal of high-level nuclear wastes are provided in D'Appolonia 

Consulting Engineers (1979) and South and Daemen (1986). Roy, Grutzeck 

and Wakeley (1985) summarize research concerning portland cements as 

sealing materials for high-level nuclear waste disposal. 

Extensive laboratory testing of the hydraulic performance of seals 

has been performed at the University of Arizona under contract with the 

U.S. Nuclear Regulatory Commission. South and Daemen (1986) compared 

the flow performance of grout and bentonite seals in granite, basalt and 

tuff samples to the performance of intact specimens of the same rocks. 

Sawyer and Daemen (1987) made similar tests comparing bentonite seals in 

dense basalt samples to intact basalt. Akgun and Daemen (1986) examined 

the influence of seal size on hydraulic and curing properties of grout 

seals in basalt blocks and steel pipes. Adisoma and Daemen (1988) 

examined the effects of dynamic loading and drying on the flow proper

ties of grout seals in granite. Williams and Daemen (1987) investi

gated the flow properties of seals made of a mixture of bentonite and 



crushed basalt in steel and PVC tubes. Gaudette and Daemen (1988) 

compared the hydraulic properties of bentonite seals in PVC tubes for 

five distinct water permeants. 

1 4 Previous Field Tests of Seals in Boreholes, Shafts, and Tunnels 

1.4.1 Oil and Gas Industries 
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No established methods exist in the oil and gas industries for the 

hydraulic testing of down-hole cement seals. Smith (1976, p. 101) 

states, "There is no simple method of testing down-hole plugs. In most 

cases, plugs for abandonment ... are never tested". A very limited 

test that is commonly performed on seals in offshore operations is "tag

ging". Tagging is the verification of the existence and location of a 

seal by running drill pipe down the hole until it touches or "tags" the 

top of the seal (Smith, 1976, p. 97). In tagging seals in offshore 

wells, some states require that the quality of the seal be tested by 

bearing upon it with the drill pipe. For example, California requires 

placing the full weight of the pipe string on the seal, or where there 

is sufficient depth, an open-end pipe weight of at least 10,000 pounds 

(44.5 kN) (California Code of Regulations, Title 14, Division 2, Chapter 

4, Section 1745.6). While borehole seals are generally not tested, 

except perhaps by tagging, testing the extent and quality of primary 

cementing is done routinely. Primary cementing is the installation of 

cement grout in the annulus between the casing and the walls of a bore

hole. Summaries of the methods used are given in Smith (1976, pp. 

114-118), Suman and Ellis (1977h), and South (1979, Chapter 4). 
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1.4.2 Waste Injection 

Hydraulic testing of seals installed in boreholes used for waste 

injection is not generally performed. As with oil and gas wells, only 

testing of primary cementing is routine (Warner and Lehr, 1977, p. 270). 

Waste injection operations are often monitored by means of observa

tion wells in overlying aquifers and in the formation receiving injec

tion (Warner and Lehr, 1977, p. 310-314). Detection of injected wastes 

in water intercepted by a monitoring well near the injection well in an 

overlying aquifer could indicate leakage up the cemented annulus. Such 

monitoring has been proposed by D'Appolonia ConSUlting Engineers as a 

type of borehole-seal test (D'Appolonia Consulting Engineers, Inc., 

1979, p. 11-34). The firm made an extensive literature review to find 

incidents of contamination due to chemical waste injection. They found 

"a number of cases of known or possible contamination incidents; how

ever, no incidents were attributed to leakage up the borehole annulus" 

(D'Appolonia Consulting Engineers, Inc., 1979, p. 11-35). To the 

knowledge of the author, further attempts to evaluate seal performance 

by investigation of incidents of contamination have not been made. 

1.4.3 Mining 

The U.S. Bureau of Mines (Aul and Cervik, 1979) used cement grout 

to construct full-length seals in six horizontal, methane-drainage bore

holes in coalbeds. The holes were 9 cm in diameter and ranged in length 

from 128 to 648 m. After installation of the seals, three of the holes 

were intercepted at various points along their length by mining opera

tions. Qualitative inspection of the intercepted sections revealed that 
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some sections of the holes were not entirely sealed and two of the holes 

contained sections that leaked methane. 

The Bureau of Mines conducted a second test in seven horizontal 

drainage holes at a nearby location (Oyler, 1984). The holes were 8 cm 

in diameter and ranged in length from 152 to 229 m. A sodium-silicate 

grout was used to form the seals, which extended the full length of the 

holes. Again, the seals were examined qualitatively after interception 

by mining. None of the intercepted seals showed leakage of methane. 

Some of the seals leaked water. 

The Bureau of Mines (Rennick and others, 1972) sealed three oil 

wells which extended through a coal seam to an oil-producing zone. The 

seals were placed between the seam and the production zone. Prior to 

sealing, a tracer (sulfur hexafluoride) was injected into the production 

intervals of the wells. The seals consisted of intervals of an expan

sive cement grout, generally 10 to 30 m in length, separated by longer 

intervals of a fly ash-gel-water slurry or a pozzolanic cement grout 

(mix of fly ash, a portland cement, and water). Following installation 

of the seals, gas samples from each of the wells were drawn twice daily 

from the ground surface using a vacuum pump for a period of more than 

five months. Except for two or three occasions, the tracer was not 

detected in any of the samples. The incidents of detection which did 

occur were attributed to contamination during the process of injecting 

the tracer. Next, the wells were sealed to the ground surface. One of 

the wells was mined through at the coal seam. The intercepted seal was 

found in excellent condition. Gas samples taken from the mine near the 
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well was also sealed but was apparently not tested for the tracer. 
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A nUmber of seals in drifts of the deep gold mines of South Africa 

have been constructed as barriers to high-pressure flow of water. In 

developing design standards for these structures, two full-scale tests 

of seal performance have been conducted (Garrett and Campbell Pitt, 

1958; Garrett and Campbell Pitt, 1961). In the first of these tests, a 

concrete bulkhead (i.e. seal with a throughgoing axial penetration), 2.3 

m in length, was placed near the end of a square drift (1.2 m by 1.2 

m). A steel pipe, 66 em in diameter, with a steel hatch capping the 

high-pressure end, extended through the length of the bulkhead. The 

enclosed zone between the bulkhead and the end of the drift could be 

filled with water under very high pressure. Sensors were installed to 

monitor strain in the bulkhead and in the surrounding rock mass. Taps 

in the wall of the bulkhead pipe and in the interface between the con

crete and rock mass were installed to observe and measure interface 

leakage. To monitor flow within the rock mass, holes were drilled into 

the rock at various points around the bulkhead. Each hole was cased 

except near its termination. Water outflow from the taps and cased 

holes was piped away from the bulkhead so that leakage rates could be 

measured in safety. Cement grout was injected into the concrete/rock 

contact and rock mass in stages. Before any injection and at each 

stage, the enclosed zone was filled with water and subjected to a range 

of pressures. Leakage rates for the taps and monitoring holes were 

measured. 
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In the second test, a concrete bulkhead, 11 m in length, was 

constructed as a permanent structure. A temporary concrete seal, 3.7 m 

long, was built in the same drift next to the bulkhead. The interval 

between the bulkhead and temporary seal could be filled with water at 

high pressure as a hydraulic test of the seals. The bulkhead, temporary 

seal, and rock mass were injected with grout and tested in stages. 

The results for the two tests indicated that, given adequate grout 

injection, the primary leakage for these large-diameter seals is in the 

rock mass, rather than the seal core or along the pipe/concrete or con

crete/rock interfaces. The results also indicate that the design length 

for such seals generally depends on the length required to control 

leakage in the rock mass rather than on length needed to meet structural 

requirements. 

1.4.4 Nuclear waste isolation 

1.4.4.1 Dowell 

In 1973, Dowell (now Dowe11-Schlumberger), under contract to the 

Office of Waste Isolation, Union Carbide Corporation, Oak Ridge, Tennes

see, sealed the Atomic Energy Commission's Test Hole Number 1 in the 

Hutchinson salt near Lyons, Kansas. The hole, 396 m deep, was sealed 

with four sections of cement grout. The three lower sections, which 

spanned the salt unit, were sealed with a salt-saturated, expansive 

grout. The top section, in sandstone and shale, was sealed with a 

salt-free mix. Short intervals of epoxy resin were placed at the top 

and bottom of the salt zone. The sections of cement grout were placed 

from the bottom upward by pumping through drill pipe from the surface. 
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The sections of epoxy resin were placed by dump bailer. A core sample 

was taken from the bottommost section, two days after placement. Speci

mens cast at the surface were obtained for the other sections of cement 

grout and epoxy. The samples were tested in the laboratory for strength 

and flow properties. The purpose of the sealing was to demonstrate 

sealing techniques and the pumpabi1ity, curing characteristics, and 

other qualities of the grouts (Eilers, 1974). 

Dowell sealed the Energy Research and Development Administration's 

Borehole Number 10 at the site of the Waste Isolation Pilot Plant 

(WIPP), near Carlsbad, New Mexico, in 1977. This sealing was primarily 

an operational test to confirm that adequate quality control could be 

maintained under field conditions. The hole was sealed in four seg

ments. The first two segments were in anhydrite, the third in bedded 

salt. An expansive cement grout containing salt was used for the first 

three segments. For the fourth segment, an expansive grout without 

salt was used, as this segment was in the cased portion at the top of 

the hole. A core sample from the lowest section and surface-cast sam

ples for the other sections were obtained for laboratory testing (Roy 

and others, 1985, pp. 5-10; D'Appo1onia Consulting Engineers, Inc., 

1979, p. 11-72). 

1.4.4.2 Sandia National Laboratories 

In 1979-1980. Sandia National Laboratories installed and tested a 

seal of expansive cement grout in a borehole near the WIPP. The bore

hole. 20 cm in diameter. penetrated the high-pressure Bell Canyon for

mation. A seal. 2 m long. was placed at a depth of 1370 m in an 
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anhydrite layer just above the Bell Canyon. The artesian pressure 

supplied by the Bell Canyon was 12.4 MPa below the seal. Testing of the 

seal included transient and steady flow tests and a tracer travel-time 

test. The tests utilized the artesian pressure below the seal to drive 

the flow. Analysis of the tests indicated that the primary flow path 

was through the interface between the seal and the host rock (Christen

sen and Peterson, 1981, p. 42). 

In 1985, Sandia began a series of sealing experiments called the 

Small Scale Seal Performance Tests. As of this writing, three sets of 

seals (designated Series A, B, and C) have been constructed in salt at 

the WIPP. Series A, placed in 1985, consists of salt-based expansive 

concrete seals in each of six vertical (down) boreholes. Two of the 

seals are 15 cm in diameter by 30 cm long; two are 41 cm in diameter by 

61 cm long; and two are 91 cm in diameter by 91 cm long. One seal of 

each size is instrumented for collection of thermal/structural data. 

Series B, constructed in 1986, consists of seals of expansive concrete 

in three horizontal holes. The seals are 91 cm in diameter and length. 

Two of the seals contain thermal/structural instrumentation. For Series 

A and B, inclined holes intercept the lower or far end of each of the 

sealed boreholes enabling access to the remote ends of the seals for 

instrumentation and flow testing. Transient and steady flow tests and 

tracer travel-time tests using gas and saturated brine have been per

formed on the Series A seals. Tracer travel-time and transient flow 

tests using gas have been performed on the seals of Series B. Flow 

tests have been analyzed in terms of one-dimensional and axisymmetric 
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two-dimensional steady analytical models and one-dimensional and axisym

metric two-dimensional transient numerical models. In analyses to 

determine flow properties of the seal, the surrounding rock formation is 

assumed impermeable. To obtain properties of the rock formation, the 

seal is assumed impermeable (Stormont (ed.), 1986; Peterson, Lagus, and 

Lie, 1987). 

Series C, constructed in 1987, consists of four seals made of salt 

block and mortar and four seals of saltfbentonite block and mortar 

placed in horizontal boreholes. The seals are square in cross section 

(91 cm by 91 cm) and 91 cm in length. The boreholes are 91 em in 

diameter and were "squared" in designated intervals to accomodate the 

seals. Four seals (two salt and two saltfbentonite) are instrumented 

with pressure and borehole-closure gauges. To save space, the instrum

ented seals were placed in two boreholes, two in each hole separated by 

an open interval. Inclined holes intersecting the open intervals permit 

access to the two remote seals for instrumentation. The other four 

seals are each in separate boreholes. Each of these boreholes is inter

cepted by an inclined hole for access to the remote side of the seal. 

Initial flow tests of saltfbentonite seals using brine at low pressure 

indicated that erosion along the block/rock interface occurs when brine 

is introduced too rapidly to permit the bentonite to take up the brine 

and swell to close off flow paths. In subsequent testing with slower 

introduction of brine, erosion and flow through the seal were greatly 

reduced (Stormont and Howard, 1987). 
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1.4.4.3 European countries 

The Nuclear Energy Agency of the Organization for Economic Coopera

tion in Development (OECD) has conducted field tests of bentonite seals 

in boreholes, a shaft, and a tunnel as part of its International Stripa 

Project (Pusch and Borgesson, 1989). The tests were performed in gran

ite in an underground experimental facility in an abandoned iron-ore 

mine near Stripa, Sweden. In one test, a nearly horizontal borehole, 

100 m long and 5.6 cm in diameter, was sealed with cylindrical blocks of 

highly compacted bentonite powder. One week after emplacement, the seal 

was able to "resist piping" when subjected to "high hydraulic gra

dients ... (obtained by) ... pressurizing filters that had been mounted in 

the plug". Similar results were obtained in tests of bentonite seals 4 

m in length in holes 7.6 cm in diameter. In the shaft-sealing experi

ment, two seals made of expansive concrete, each about 0.5 m in length, 

were placed one above the other in a vertical shaft, 1 to 1.3 m in 

diameter. A sand-filled interval about 0.5 m in length separated the 

two seals. Water could be injected into this zone under pressure. 

Intervals were created above the top seal and below the lower seal to 

collect outflow which passed either through or around the seals from the 

injection zone. Piezometers were installed in several observation holes 

surrounding the shaft. The total injection flow at 100 kPa was about 8 

liters/hour. Most of the observed flow was thought to occur along the 

seal/rock interface. The concrete seals were then replaced by seals 

made of blocks of compacted bentonite. At 200 kPa, the injection flow 

was "only a few percent" of the rate observed for the concrete seals. 
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Part of the reduction was attributed to "the fact that a slot was cut 

and filled with bentonite blocks around the lower clay plug". The 

plug/rock contact for the test of the bentonite seals was determined to 

be "perfectly tight". In the tunnel-sealing test, a tunnel of unspeci

fied diameter was sealed by two concrete bulkheads with bentonite blocks 

filling the interfacial gap between the concrete and the tunnel wall. 

The interval between the bulkheads was filled with water-saturated sand. 

Water under pressure was injected into the saturated interval to test 

the bulkheads. Pits at the outer ends of the bulkheads were used to 

collect outflow. The injection flow, which started out at about 200 

liters/hour at 100 kPa, dropped to about 75 liters/hour at 3 MPa at the 

end of a 20-month test period. 

The Federal Republic of Germany is conducting field experiments at 

the Asse salt mine as part of its research effort in nuclear waste 

isolation. A full-scale test dam (or seal) is to be constructed in 

1990/1991. The dam will be 6 m wide by 3 m high by about 26 m in 

length. The dam will be composed of salt concrete, salt-concrete brick, 

fine-grained salt briquette, and asphalt components. Plans call for 

installing fluid pressure sensors in the dam and adjacent rock mass. 

The face of the dam will be loaded with pressurized air and flow tests 

conducted. Additional tests will be performed with brine (Engelmann, 

Boochs, Hansel, and Peters, 1989). 

1.4.4.4 University of Arizona 

In addition to the testing reported herein, the University of Ari

zona has performed field tests of two bentonite and four cement-grout 
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seals in shallow, vertical boreholes, 16 cm in diameter, in granite 

(Kimbrell, Avery, and Daemen, 1987). The two bentonite seals, each 

about 15 cm in length, were placed in a single borehole with a layer of 

saturated sand, 15 cm thick, between them. Immediately below the bottom 

seal and above the top seal were intervals of saturated sand each about 

15 cm in length. By means of steel tubes penetrating the seals and sand 

layers, water could be injected under pressure from the ground surface 

into the interval between the seals and outflow collecting in the inter

vals above the top seal and below the bottom could be forced up the 

borehole to the surface for flow rate measurement. The four grout seals 

were placed, two per hole, in a manner similar to the bentonite seals. 

The test systems were designed for three tests: a constant-head injec

tion test, a transient pulse test, and a tracer travel-time test. Tran

sient pulse tests were performed on the bentonite seals. Constant-head 

injection tests on the bentonite seals were initiated, but stable 

injection and collection rates were not achieved in the testing period 

and test results were not analyzed. Constant-head results were obtained 

for the grout seals in one of the holes. Transient tests on the same 

seals yielded erroneous results due to an apparent pocket of air in the 

injection interval. Tracer tests were not attempted for either the 

bentonite or grout seals. Results of the tests performed indicated that 

the bentonite and grout installations provided sealing to water flow 

about equal to that provided by the intact granite. 
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1.5.1 Primary Flow Paths 
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As indicated, a borehole seal is an installed barrier to restrict 

axial flow of fluids within the borehole. Four potential flow paths 

(Figure 1.1) are relevant to an in-situ hydraulic test of a seal in an 

open borehole section: 

1) Seal core 

2) Seal/rock interface 

3) Damaged zone 

4) Undamaged rock mass (including pre-existing fractures) 

1.5.1.1 Seal Core 

The seal core consists of the interior mass of the seal. Ideally, 

the core of a grout seal should be reasonably homogeneous, at the scale 

of seal dimensions, and its hydraulic properties comparable to those 

determined for the grout in laboratory tests. However, in field 

installations, where precise downhole control may be impractical to 

attain, there is significant probability of obtaining a seal whose core 

has hydraulic properties varying considerably from laboratory values. 

In installations using a bailer in dry boreholes, voids due to trapped 

air may form in the core if the grout is allowed to fall freely in the 

hole or if there is excessive turbulence as the grout is released. In 

bailer installations in which a grout seal is placed beneath the local 

water table, turbulence during placement may cause mixing of ground 

water with the grout, resulting in a seal core of nonuniform density and 



53 

Flow Paths 

1. Seal core 
2. Seal/rock interface 
3. Damaged zone 
4. Undamaged rock mass (including pre-existing fractures) 

Figure 1.1 Potential flow paths through or around a borehole seal. 
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quality. Drill cuttings, debris, and/or drilling mud present in a sec-

tion to be sealed may mix with grout placed by a bailer, affecting seal 

quality. Mixing occurs primarily at the boundaries of a grout mass. 

Thus the extent and degree of heterogeneity due to mixing are probably 

greater in short test seals than in much longer seals. Also, cracks may 

develop in the core of a seal, particularly if the seal is subjected to 

drying. Adisoma and Daemen (1988, pp. 102, 105) report that a crack 

across the core of a grout seal placed in a Charcoal granite sample in 

the laboratory apparently developed due to drying. In subsequent injec

tion tests, the crack was shown to be a preferential flow path. 

1.5.1.2 Seal/Rock Interface 

The seal/rock interface is the surface of contact between the seal 

and the surrounding rock mass. In certain laboratory and field tests of 

seal performance, flow along the interface is suspected to have domi

nated. Interface flow was inferred from test results to be the dominant 

component in Sandia National Laboratories' flow test of a grout seal in 

an anhydrite formation (Christensen and Peterson, 1981, p. 42). In a 

laboratory flow test by Lingle, Stanford, Peterson, and Woodhead (1982, 

p. 78), dye was injected at one end of a grout seal in a block of 

anhydrite. Subsequent inspection showed a concentration of the dye at 

the interface, suggesting interface flow to be dominant in this test. 

However, in some other tests, there is no indication of dominant inter

face flow. In dye-injection tests, South and Daemen (1986, pp. 188-189) 

found some enhanced penetration of dye along the interface of a grout 
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seal in a sample of intact, dense basalt, but found no concentration of 

dye along the interface in tests of grout seals in granite specimens. 

Flow along the interface may be enhanced if the seal has been sub

jected to drying. In dye-injection tests, Adisoma and Daemen (1988) 

found no preferential flow along the interface of cement seals in 

Charcoal granite samples which were kept wet prior to dye injection. 

However, they observed greatly increased injection rates and concentra

tions of the dye along the interface for similar seals which had been 

dried prior to injection. 

Another phenomenon, which will be called channeling herein, may 

affect flow along the interface of grout seals installed in vertical 

holes under submerged conditions. In laboratory tests performed in sup

port of this research, eight grout seals were placed in vertical, clear 

acrylic tubes under submerged conditions. In each case, minute streams 

of water channeled upward through the grout along the interface within a 

few minutes after placement, apparently driven by density differences. 

In some cases, when the action ceased, the channels appeared to par

tially or completely close. In other cases, the channels appeared to 

remain open. Subsequent sectioning of the seals indicated that a few 

channels may have also developed in the core of the seals. The tests 

are reported in Daemen and others (1983, pp. 67, 71-72). As noted in 

Daemen and others (1985, pp. 130, 133-134), Sitz (1981) observed similar 

channeling along the interface of a concrete seal in a shaft, 5 m in 

diameter, in rock salt. Finally, interface flow in grout seals in hori

zontal or nearly horizontal boreholes may be affected by gravity 
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settling of cement materials resulting in the separation of the seal 

from the roof of the hole (Kelsall, Case, Meyer, and Coons, 1982, p. 

67). In laboratory tests performed in support of this research, seven 

grout seals were installed in clear acrylic tubes and cured at an angle 

of 10 degrees from the horizontal. The water content for the seals was 

varied. In each case, separation of the seal from the roof of the tube 

occurred, though the amount of separation appeared to decrease with 

decreasing water content (Daemen and others, 1983, pp. 62-67). 

1.5.1.3 Damaged Zone 

The damaged zone, which occurs in any rock penetration, results 

from disturbance of the rock mass by the excavation process (i.e. dril

ling, in the case of boreholes), stress redistribution, weathering and 

interaction between rock and ground water (Kelsall, Case, and Chabannes, 

1982, p. 2). The significance of flow through the damaged zone in 

boreholes has not been fully investigated. In limited tests of 

drilling-induced damage in boreholes, the damaged zone has been found to 

be generally very small (on the order of a few millimeters in thickness) 

and to have a minimal effect on flow around a seal (Lingle and others, 

1982, p. 78; Kelsall, Case, and Chabannes, 1982, p. 26; Mathis and Dae

men, 1982; Fuenkajorn and Daemen, 1986, p. 202). These tests, however, 

covered a limited range of rock types, hole diameters, stress 

conditions, drilling characteristics (e.g. thrust, torque, rotation 

speed, and penetration rate) and drilling-fluid pressures. The extent 
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and character of damage to borehole walls due to other factors, princi

pally stress redistribution associated with the creation of the hole, 

have not been investigated in depth. 

1.5.1.4 Undamaged Rock Mass 

The undamaged rock mass consists of the rock mass beyond the dam

aged zone. A rock mass may be viewed as composed of blocks of intact 

rock separated by discontinuities or fractures. Fluid flow may occur in 

both the blocks and fractures. In many cases, flow through the fracture 

network dominates. At a sufficiently large scale, fractured rock masses 

are often treated as anisotropic porous media (e.g. Snow, 1969; Long, 

Remer, Wilson, and Witherspoon, 1982; Hsieh and Neuman, 1985a and b). 

However, at the scales encountered in this study, in which the dimen

sions of the seal are of the same order of magnitude as typical fracture 

spacing, fractures bearing significant flow in the vicinity of the seal 

may require treatment as discrete flow conduits. As a discrete treat

ment of fractures in the rock mass was not considered practical in this 

study, a deliberate effort was made to conduct seal tests in borehole 

intervals of relatively homogeneous rock, free of significant fractures, 

such that the rock mass might be reasonably treated as a single homoge

neous porous medium. 

1.5.2 Approach to Testing 

The numerical analyses and field applications presented in this 

study focus on seals with a 1ength-to-diameter ratio less than about 

five. While borehole seals installed in the field often greatly exceed 

this ratio, relatively short seals are necessary for testing in order to 
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obtain measurable results in practical test times and to approximate 

conditions assumed in models used for analysis. Further, in at least 

some hydraulic tests involving axial flow, the flow properties of por

tions of the seal beyond about five diameters from the point of flow 

initiation are not reflected in test results (Section 3.5.4.2). 

Two basic test configurations are used: one-side and two-side. The 

one-side configuration (Figure 1.2) is used when only one side of the 

seal is accessible. In this configuration, the hydraulic head in the 

borehole on the inaccessible side of the seal is assumed constant and 

equal to zero. An isolated, water-filled interval, called the injection 

zone, is created on the accessible end of the seal, usually by installa

tion of a pneumatic or mechanical packer. Water may be delivered at 

constant pressure to the injection zone to maintain a positive head H in 

the interval. The flow rate to the injection zone, or injection rate, 

Qi, may be monitored as well as the pressure in the injection zone. The 

injection zone may be "shut-in" by closing a valve on the water-delivery 

line. 

The two-side configuration, used when there is access to both ends 

of the seal, is shown in Figure 1.3. Isolated, water-filled intervals 

are created on both sides of the seal, again, usually by installation of 

packers. One of the isolated intervals is an injection zone, similar to 

that for the one-side configuration. The other interval, called the 

collection zone, may be maintained at constant head, usually assumed to 

be zero, by allowing the interval to drain freely. The outflow rate 

from the collection zone, or collection rate, Qc, may be monitored, 
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along with the pressure in the collection zone. A valve on the outflow 

line may be closed to shut-in the collection zone. 

The two test configurations allow the seal to be subjected to a 

variety of hydraulic loadings, the responses to which may be modeled as 

boundary-value or initial-boundary-value problems in terms of the 

hydraulic characteristics of the seal or of the seal and rock mass. 

1 6 Approach to Analysis 

In analyzing a flow test of a seal, the simplest approach is to 

assume one-dimensional axial flow through the seal. With such an 

approach, only the hydraulic characteristics of the seal are involved in 

the analysis. The approach lends itself to closed-form analysis. In 

this study, one-dimensional analytical flow models are presented for the 

analysis of steady and transient seal tests. For some test conditions, 

the approach provides reasonable estimates of the hydraulic properties 

of the seal, or useful upper limit values for those properties. How

ever, the seal is not isolated hydraulically from the rock mass. Such 

isolation is probably not possible if flow through the interface is to 

be included. For tests in which flow in the rock mass is significant, a 

more realistic analysis accounts for flow components in both the seal 

(i.e. seal core and seal/rock interface) and the rock mass (i.e. damaged 

zone and undamaged rock mass). In this study, axisymmetric three

dimensional flow models are presented for some tests. For these mod

els, the flow domain includes both seal and rock mass. Analysis of the 

axisymmetric models is numerical, using an available finite-element 

computer program for ground-water flow. 
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1.6.1 Assumptions for Analysis 

In the one-dimensional flow models, the following primary assump

tions are made: 

(1) The seal is a homogeneous and isotropic porous medium. 

(2) Flow is described by the ground-water flow equation for con

fined, one-dimensional flow. 

These principal assumptions are used in the axisymmetric 

three-dimensional models: 

(1) The seal and surrounding rock mass are each a homogeneous and 

isotropic porous medium. 

(2) The surrounding rock mass is the annular volume between two 

concentric cylinders. The inner cylinder has a diameter equal to that 

of the borehole. The diameter of the outer cylinder is finite but large 

with respect to seal dimensions. The axial dimensions of the concentric 

cylinders are also finite but large. The axial dimensions of the rock 

mass are vertical. The axial and radial boundaries are surfaces of 

constant head equal to zero. 

(3) Flow is described by the ground-water flow equation for con

fined, axisymmetric, three-dimensional flow. 

1.6.2 Hydraulic Characteristics of Seals 

With the preceding assumptions, the hydraulic characteristics of 

the seal are expressed by the hydraulic conductivity and specific stor

age of the seal, Ks and Sss, respectively. Similarly, the conductivity 

and specific storage of the rock mass, Kr and Ssr, express the 

characteristics of the rock mass. 
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The hydraulic conductivity of an isotropic porous medium, a scalar 

quantity, is a measure of the ease with which water is transported 

through the medium due to an hydraulic gradient. Hydraulic conductiv-

ity, K, for an isotropic medium may be defined by the following expres-

sion of Darcy's law: 

K=-5L 
'Vh 

where h is the hydraulic head, ~h is the hydraulic gradient, and q is 

the specific discharge vector, or volumetric flow rate through a unit 

cross-sectional area normal to the direction of the hydraulic gradient. 

Hydraulic conductivity has units of [LIT]. The hydraulic conductivity 

depends on properties of both the fluid (i.e water) and the medium. The 

hydraulic conductivity may be expressed as 

K=kpg/ll 

where p is the density [M/L3] and ~ the dynamic viscosity [M/(LT)] of 

water, g is the acceleration due to gravity [L/T2] , and k is the intrin

sic permeability (or permeability) of the porous medium [L2]. The 

intrinsic permeability is usually considered to depend on properties 

only of the medium, including pore-size distribution, pore shape, tor-

tuosity, specific surface, and porosity (Bear, 1972, p. 133). 

The functional meaning of the specific storage is apparent from the 

ground-water flow equation, in which it is a coefficient. The specific 

storage of a porous medium is the volume of water released from storage 

per unit volume of porous medium per unit decline in hydraulic head. 

Physically, the specific storage accounts for the release of water 
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from storage due to the expansion of water as the fluid is depressurized 

and due to the compression of the medium. A number of expressions which 

define specific storage constitutively have been obtained in the course 

of deriving the equation of ground-water flow (e.g. Jacob, 1950; De 

Wiest, 1966; Brace, Walsh, and Frangos, 1968; van der Kamp and Gale, 

1983). The expressions vary somewhat in form depending on the assump

tions used in the derivation. Perhaps the major limitation of all the 

expressions is in accounting for change in medium porosity due to change 

in stress state. All of the expressions require simplifying assump

tions for stress/strain, which may not be realistic in some situations. 

Despite the limitations of these assumptions, specific storage, in its 

functional sense, has been used in the equation of ground-water flow to 

describe successfully transient flow in a wide range of applications, 

including tests in media with some of the smallest permeabilities yet 

measured (Neuzil, 1986). Specific storage has units of [L-l]. 

1.6.3 Determination of Hydraulic Properties 

Obtaining hydraulic properties from seal tests using the one

dimensional and axisymmetric models is an inverse procedure. Hydraulic 

properties obtained from analyses with the one-dimensional models and 

the steady axisymmetric model are clearly unique. Properties obtained 

from analyses with the transient axisymmetric models are likely not 

unique. Hydraulic properties obtained from these analyses are "model" 

properties; that is, they are values which cause the model, with its 

inherent limitations, to produce, as nearly as possible, the response to 

the test observed in the field. Analysis of the same seal test with 
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different models may yield somewhat different model properties, all of 

which may differ to some extent from actual in-situ properties. 

In analyses involving unsteady flow, the technique of curve

matching is utilized to obtain hydraulic properties. The technique was 

developed by Theis (1935). Variations of the method have been applied 

by others, including Walton (1962) and Neuzil and others (1981). A 

detailed explanation of the method is provided by Wenzel (1942, pp. 

87-89). 



CHAPTER TWO 

TEST DESCRIPTION AND ONE-DIMENSIONAL MODELS 

2.1 Introduction 

The purpose of this chapter is to present three in-situ tests to 

determine hydraulic properties of borehole seals: 

(1) Steady constant-head test 

(2) Transient constant-head test 

(3) Head-buildup test 
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The basic concept of each test is described. One-dimensional ana

lytical models are presented for the tests and the use of the models in 

the analysis of test data is discussed. A fourth test, the tracer 

travel-time test, is presented as a means of detecting the presence of a 

high-velocity flow path through or around a seal. In Chapter Three, 

axisymmetric three-dimensional models are presented for the first three 

tests. 

2 2 Steady Constant-Head Test 

2.2.1 Description of Test 

The test may be performed using either the one-side or two-side 

configuration (Section 1.5.2). For the two-side configuration, water is 

delivered to the injection zone at constant positive hydraulic head H. 

Water outflow from the seal and rock mass is collected in the collection 

zone, which is maintained at head equal to zero by allowing it to drain 

freely. Flow conditions are assumed to be steady. The steady injection 
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rate Qi and the rate of free drainage or collection rate Qc are mea

sured. In the one-side configuration, there is no collection zone and 

only the injection rate Qi is measured. Analysis in terms of the 

one-dimensional model yields the hydraulic conductivity of the seal. 

Since flow is assumed steady, storage properties are not obtainable. 

2.2.2 Related Methods 

2.2.2.1 Laboratory Tests 

The test is very similar to the constant-head permeameter test 

(Lambe and Whitman, 1969, pp. 281-283; Bear, 1972, pp. 148-149) in which 

steady one-dimensional flow is established through a sample of soil or 

rock. The sample is usually cylindrical and the flow axial. The 

radial boundary of the sample is impermeable. Porous plates with high 

relative conductivity bound the sample at the axial ends. In some per

meameters, axial and radial confining stresses may be applied to the 

sample to simulate in-situ stresses. With water as the permeant, a 

constant difference in hydraulic head is applied across the sample 

between the porous plates until steady axial flow is established and 

measured. The distinction between the laboratory permeability test and 

the field seal test is that flow is essentially one-dimensional through 

the specimen in the laboratory test, while flow in the seal test may be 

multidimensional and occurs in both the seal and the rock mass, which 

generally have different conductivities. The hydraulic conductivity of 

the sample in the laboratory permeameter test may be obtained using 

Equation 2.8 (Section 2.2.3), the expression developed for the one

dimensional steady-state constant-head test. 
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The laboratory permeability test may be performed using other 

slightly-compressible fluids (e.g. oil or kerosene). Gas may also be 

used. Results of such tests are usually expressed in terms of intrinsic 

permeability. Regardless of the fluid, the conduct of the test is 

essentially the same as for water. For tests using gas, the analytical 

expression used to calculate permeability accounts for the high com

pressibility of the fluid (Bear, 1972, pp. 149, 200). Permeability 

values obtained using gas at low pressures must be corrected for the 

K1inkenberg effect (i.e. the effect due to gas slippage) if they are to 

be comparable to values obtained with a slightly-compressible fluid 

(K1inkenberg, 1941). 

Numerous workers have performed constant-head permeameter tests on 

intact, low-permeability rock samples with water as the permeant. Ber

nabe, Brace and Evans (1982) obtained the permeability of hot-pressed 

calcite down to 1 x 10-12 cm2 , which corresponds to a hydraulic 

conductivity of about 1 x 10- 7 cm/sec. Trimmer, Bonner, Heard and Duba 

(1980) measured permeabilities of granite and gabbro samples down to 1 x 

10-14 cm2 (about 1 x 10- 9 cm/sec). South and Daemen (1986) assumed 

axisymmetric three-dimensional flow in a permeameter to obtain, numer

ically, permeabi1ities of 9 x 10- 17 to 9 x 10-16 cm2 (9 x 10- 12 to 9 x 

10-11 cm/sec) for granite, 2 x 10-18 cm2 (2 x 10-13 cm/sec) for basalt, 

and 2 x 10-14 to 5 x 10-14 cm2 (2 x 10- 9 to 5 x 10- 9 em/sec) for tuff 

samples. 
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McDaniel (1980) measured effective permeabi1ities of thick-walled 

rock cylinders whose interiors were filled with a portland cement plug

ging material. Permeabi1ities from 1 x 10-16 to 1 x 10-13 cm2 (1 x 

10-11 to 1 x 10-8 cm/sec) were obtained. Rock types used for the 

cylinders were granite, basalt, quartzite, and granodiorite. 

White, Sheetz, Roy, Zimmerman, and Grutzeck (1979) measured permea

bi1ities of samples of cement grout in the range of 1 x 10-16 to 1 x 

10-12 cm2 (1 x 10-11 to 1 x 10-7 cm/sec). 

Jones and Owens (1980) obtained permeabi1ities of tight sandstones 

ranging from 7 x 10- 16 to 2 x 10-13 cm2 (7 x 10-11 to 2 x 10- 8 cm/sec). 

An alternative technique for the steady-state test has been pres

ented by Olsen (1966, 1969) and Olsen, Nichols, and Rice (1985). In 

this technique, water is pumped through the sample at small, steady, 

known rates until the hydraulic head at the extremities of the sample 

stabilizes. The rationale for the method is that it may be easier to 

inject at small known rates and measure pressures than to inject at 

known pressures and measure small flow rates. The method has been used 

to test clays with conductivities of about 1 x 10- 8 cm/sec and greater. 

2.2.2.2 Field Tests 

The steady constant-head injection test is a field procedure which 

bears similarity to the steady constant-head seal test. In the injec

tion test, an isolated interval in a borehole is established between two 

packers or between a packer and the bottom of the hole. The rock mass 

is assumed saturated. Water is injected into the interval under con

stant pressure. When the flow rate approaches a constant value, it is 
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assumed that steady flow has been achieved. A number of analytically 

derived expressions and expressions based on flow-net, analog, or numer

ical studies have been developed to determine the hydraulic conductivity 

of the rock mass using the injection head (i.e. head in excess of 

ambient head), steady flow rate, and geometry of the isolated interval 

and rock mass. These expressions generally assume a homogeneous rock 

mass which is either isotropic with respect to hydraulic conductivity or 

radially isotropic with a principal direction parallel to the borehole 

axis. Differences in the expressions arise from differences in the flow 

patterns assumed in their development. 

The most widely used expressions for hydraulic conductivity from a 

steady constant-head injection test are an expression presented by 

Hvorslev (1951, p. 44) and one based on the Thiem equation for steady, 

radial flow to a well (Bear, 1979, p. 306). 

Hvorslev's expression is based on the solution for head in an infi

nite medium due to a constant-strength line source along the borehole 

axis for the length of the isolated interval. According to this 

solution, surfaces of constant head are confocal prolate spheroids whose 

foci are at the ends of the line source. Hvors1ev's expression is 

obtained by assigning the injection head to the surface which includes 

the circle with radius equal to that of the borehole and lying in the 

plane normal to the line source at its mid-point. The derivation of the 

expression is given by Cornwell (in Zangar, 1953, pp. 65-68) and also by 
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Marinelli (1984, pp. 33-36). Hvorslev's expression for hydraulic con-

ductivity (Kr) of a homogeneous and isotropic rock mass is the follow-

ing: 

where Q - steady injection rate [L3/T] 
Lo - length of injection interval [L]· 
D - diameter of borehole [L] 
H - excess injection head [L]. 

(2.1 ) 

In deriving the expression for hydraulic conductivity based on the 

Thiem or equilibrium equation, it is assumed that: 

(1) the rock mass around the isolated injection interval is homoge-

neous and radially isotropic; 

(2) flow is radial and confined between impermeable boundaries, 

which extend from the top and bottom of the interval, normal to the 

interval; 

(3) at some radial distance from the interval, called the radius of 

influence, there is a cylindrical boundary surface of constant head, 

which is defined to be zero; 

(4) steady flow from the injection interval and steady positive 

head in the interval are maintained. 

The expression for hydraulic conductivity based on the Thiem equa-

tion is 

K = Q In(
2R e) 

r 2nLoH D 
(2.2) 

where R. - radius of influence [L] and other terms are as previously 
defined. 
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In general, without an observation well or piezometer, a radius of 

influence cannot be determined. However, Zeigler (1976, pp. 42-43) 

points out that because the logarithm of Re is used in Equation 2.2, 

considerable error in the term may be made without significantly affect

ing the hydraulic conductivity determined by the equation. Equation 2.2 

is identical to the Hvors1ev expression (Equation 2.1) if Lo » D and Re 

is equal to the interval length La. The Thiem equation is derived in 

standard texts on ground water (e.g. Bear, 1979, pp. 304-306). 

In addition to Equation 2.1, Hvors1ev (1951, p. 44) presents 

expressions for hydraulic conductivity suited to a variety of geometries 

of the isolated interval and rock-mass conditions. Other expressions 

are presented by Marinelli (1984, pp. 36-38), Dagan (1978) and Moye 

(1967). 

The similarities between the injection test and the seal test are 

(1) the use of an isolated interval into which water is injected at 

constant head; (2) the assumption of steady flow; and (3) the use of the 

steady flow rate, injection head and test geometry to obtain hydraulic 

conductivity. The distinctions between the tests are (1) that flow in 

the injection test is assumed to be into a homogeneous formation, while 

flow for the seal test is into a seal as well as the formation; (2) that 

the object of the injection test is to obtain the hydraulic conductivity 

of the formation, while the primary object of the seal test is to obtain 

the conductivity of the seal and secondarily that of the formation; and 

(3) that for injection tests, flow is usually out of a single isolated 
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zone, whereas, for the two-side seal test, flow is out of an injection 

zone and into a collection interval. 

The steady constant-head injection test has been used extensively 

to determine the hydraulic conductivity of low-permeability rock forma

tions. Forster and Gale (1981) performed short-term (less than two 

hours in duration) tests at injection heads of 2 to 20 m and long-term 

(tens of hours in duration) tests at heads of 31 and 40 m. The holes, 

in granite, were 11 to 15 cm in diameter and injection intervals were 1 

to 3 m in length. They used Equation 2.2 and an assumed ratio of 2Re/D 

- 10 to obtain equivalent hydraulic conductivity values ranging from 1 x 

10-11 to 2 x 10-7 cm/sec. 

Andersson and Persson (1985) conducted numerous steady-state tests 

in gneiss and granite. Their holes were 600 to 800 m in depth and 6 cm 

in diameter. The interval length for their reported results was 25 m. 

They computed conductivity values using Equation 2.2, assuming the quan

tity 1/2 In (2Re/D) equal to one. Flow rates were measured at 15 min

utes and 2 hours. The calculated values of conductivity for their tests 

ranged from 1 x 10- 9 to 1 x 10- 3 cm/sec. Their values obtained by 

steady-state analysis were generally two to three times greater than 

those found by transient analysis of the constant-head test results and 

15 to 25 times greater than values obtained in recovery tests. 

Spane and Thorne (1985) performed steady constant-head tests in a 

single 24.7 m interval in a borehole, 8 cm in diameter, in low

permeability basalt. Depth to the center of the test interval was 376 

m. Injection heads ranged from 12 to 34 m. They used Equation 2.2 with 
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Re - 3.05 m. The hydraulic conductivity values obtained from their 

tests were consistently about 1 x 10-9 cm/sec. These results were in 

reasonable agreement with results obtained by transient constant-head 

and pulse tests. 

Haimson and Doe (1983) performed steady-state constant-head tests 

in a borehole, 8 cm in diameter, in Precambrian granite. The isolated 

zone for each test was the interval between a single packer and the 

borehole bottom. Tested intervals ranged from 144 to 928 m in length. 

Excess injection head for all tests was 61 m. They rearranged Equation 

2.2 and assumed Re equal to 30 m to calculate a transmissivity (i.e. 

product of conductivity and interval length) for each interval. The 

transmissivity of the zone between packer positions for any two tests 

was taken as the difference in the transmissivities for the two tests. 

Conductivities, calculated from transmissivity values, ranged from about 

3 x 10- 11 to 7 x 10- 8 cm/sec. In general, steady-state conductivities 

were within an order of magnitude of results obtained from pulse tests. 

However, for two intervals, pulse-test conductivities were about two 

orders lower than steady-state results. 

Davison (1980) performed steady constant-head tests at depths rang

ing from 19 to 151 m in a borehole, 8 cm in diameter, in granite. The 

isolated interval was generally 4.5 m in length. For each interval, 

tests were performed over a range of injection heads usually less than 

about 35 m. Values of hydraulic conductivity, based on Equation 2.2 
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with Re equal to the length of the isolated interval, ranged from 1 x 

10-5 cm/sec for a zone containing a single large open fracture to 2 x 

10-11 cm/sec for an unfractured interval. 

2.2.3 One-Dimensional Flow Model 

In application of the one-dimensional model, flow is assumed to be 

steady and axial through a porous-medium seal. The analysis yields an 

upper limit for the hydraulic conductivity of the seal. 

The test is described by the following boundary-value problem (Fig-

ure 2.1): 

Governing differential equation: 

Boundary conditions: 

Discharge expression: 

h=O 
h=H 

for Z= 0 

for z=Ls 

(2.3) 

(2.4 ) 

(2.5) 

(2.6) 

where h is hydraulic head [L], z is distance from the collection face of 

the seal [L], H is the constant injection head [L], Q1d is the steady 

flow rate through the seal [L3/T], and Ks , Ls , and A are the hydraulic 

conductivity [L/T] , length [L], and cross-sectional area [L2], respec-

tive1y, of the seal. The solution of the problem is obtained by inte-

grating the differential equation twice and applying the boundary 
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Figure 2.1 Flow field for one-dimensional model of steady constant-head 
test. 
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conditions to obtain an expression for the hydraulic head as a linear 

function of z. Differentiating this expression with respect to z and 

substituting into the discharge expression yields 

(2.7) 

or 

(2.8) 

Equation 2.8 may be used to determine the hydraulic conductivity of 

the seal. The equation is identical to expressions routinely used in 

soil mechanics and hydrogeology to determine conductivity from constant

head permeameter tests. 

2.2.4 Solution Procedure 

Estimates of the hydraulic conductivity of the seal may be obtained 

for the two-side test by substitution of Qi or Qc for Qld in Equation 

2.8. If flow is very nearly one-dimensional through the seal, then Qi 

and Qc are approximately equal and yield about the same value of Ks. In 

general, the injection flow Qi includes significant components into the 

rock mass as well as axial components into the seal. Similarly, Qc 

usually includes significant components from both rock mass and seal. 

Assuming that at some axial and radial distances from the seal the 

hydraulic head in the rock mass is constant and equal to zero, the 

following inequality must hold: 

(2.9) 
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Thus the values of Ks obtained using Qi or Qc in Equation 2.8 are 

upper limit values; the value obtained with Qc is generally a smaller 

upper limit than that obtained with Qi. The relationships expressed by 

Equation 2.9 are examined in Section 3.5.7. 

2,3 Transient Constant-Head Test 

2.3.1 Description of Test 

The test may be performed with either the one-side or two-side 

configuration. For both configurations, head prior to the test is 

assumed to vary linearly from HI (HI ~ 0) at the injection side of the 

seal to zero at the collection side. For the two-side configuration, 

head in the collection zone is kept equal to zero throughout the test. 

At the start of the test, the injection head is changed to positive H2 

(H2 not equal to HI) and maintained at that level throughout the test. 

In the two-side configuration, the test consists of monitoring the tran

sient injection rate Qi and transient collection rate Qc until steady

state is achieved, if possible. For the one-side configuration, the 

test is similar, except that there is no isolated collection zone and 

only the transient injection rate is monitored. 

Analysis of the transient flow rate(s) gives the hydraulic diffu

sivity (Ks/Sss) of the seal. If Ks is obtained using the steady flow 

data from either before or after the test, Sss, the specific storage, 

may be obtained from the diffusivity. 
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The one-dimensional form of the test has been applied by Al-Dhahir 

and Tan (1968) to obtain hydraulic properties of laboratory samples. In 

this laboratory test, HI is assumed to be zero and generally only the 

transient injection flow is monitored. The analysis yields the hydrau

lic conductivity of the sample from the final steady-state flow rate 

achieved in the test. The hydraulic diffusivity, and thence the 

specific storage, may be obtained from the slope of a plot of inflow 

rate versus (time)-1/2. A1-Dhahir and Tan applied their technique to 

a clay sample in an oedometer consolidation test at constant total 

stress. The test yielded a conductivity of 3 x 10- 8 em/sec and a coef

ficient of consolidation (.a form of the diffusivity) of about 4 ft2/year 

(1 x 10-4 cm2/sec). These values compared closely to results obtained 

by other methods on similar samples. 

Morin and Olsen (1987) present an analytical solution for the tran

sient constant-flow permeability test, a test bearing much similarity to 

the transient constant-head test. In this test, head is initially zero 

throughout the sample. At one end of the sample, head is maintained at 

zero throughout the test. At the other end, a constant volumetric flow 

rate is applied. The test consists of monitoring the transient differ

ence in head across the sample until steady-state conditions are 

achieved. The hydraulic conductivity of the sample is obtained from the 
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applied flow rate and steady-state head difference. The specific stor

age may then be obtained by matching analytical curves of head differ

ence versus time (using the calculated value of conductivity) to the 

experimental curve. Alternately, the diffusivity (and from that the 

specific storage) may be obtained by matching the experimental curve of 

head difference versus time against a dimensionless type curve. 

2.3.2.2 Field Tests 

The transient constant-head injection test used to determine forma

tion hydraulic properties has much similarity to the one-side transient 

constant-head seal test. The injection test differs in that head is 

assumed initially equal to zero throughout the formation and flow is 

strictly into the formation rather than into both a seal and the forma

tion. Jacob and Lohman (1952) and Van Everdingen and Hurst (1949) inde

pendently derived an analytical solution for the transient test for 

purely radial flow. Hydraulic conductivity and specific storage of the 

formation may be obtained using the transient flow data either by match

ing against a dimensionless type curve or by a straight-line graphical 

method. Hantush (1959) extended this work to include constant-head 

radial flow in a cylindrical formation with constant head equal to zero 

at the outer boundary, radial flow in a closed, cylindrical formation, 

and radial flow in an infinite formation with vertical leakage. 

Marinelli (1984) used finite-element simulation to examine the 

transient constant-head injection test for axisymmetric three

dimensional flow in an infinite domain. He provided type curve solu

tions accounting for anisotropy and variation in the length of the 



80 

injection interval. He concluded, however, that a reliable 

determination of vertical hydraulic conductivity cannot be made from the 

test. 

Gibson (1963) obtained the analytical solution for the case of 

spherical flow into an infinite formation with head initially uniformly 

equal to zero. Wilkinson (1968) discussed the use of Gibson's solution 

to obtain hydraulic properties. 

Stallman, in Ferris, Knowles, Brown and Stallman (1962, pp. 

126-131), presented the analytical solution for the transient constant

head test for the semi-infinite case of one-dimensional flow. Again, 

initial head is assumed uniformly equal to zero. Based on strictly the 

transient flow data, the test yields only the product of hydraulic con

ductivity and specific storage. 

Spane and Thorne (1985) used the solution of Jacob and Lohman 

(1952) in their analysis of mUltiple transient constant-head injection 

tests in a single interval of low-permeability basalt. Conductivity 

values obtained by this analysis were about 1 x 10- 9 cm/sec, which 

agreed closely with values obtained by other transient and steady-state 

methods. They did not report values of specific storage obtained in the 

transient constant-head tests. 

Doe, Long, Endo, and Wilson (1982) utilized the transient constant

head test to determine the hydraulic properties of individual fractures. 

They assumed all observed flow to be flow through the tested fracture. 
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They used the solution of Jacob and Lohman and the extensions of Hantush 

to analyze infinite and finite fractures and a fracture intercepting a 

source of leakage. 

2.3.3 One-Dimensional Flow Model 

When interpreted in terms of the one-dimensional axial flow model, 

the test is described by the following initial-boundary-value problem 

(Figure 2.2): 

Governing partial differential equation: 

o2h Sssoh 
for 0< z < Ls (2.10) ----=0 

OZ2 K s ol 

Boundary conditions: 

h(O,l)=O for l ~ 0 (2.11 ) 

h(L s ,l)=H2 for l> 0 (2.12) 

Initial condition: 

Z 
h(z,O)= LsHI HI ~H2 (2.13) 

Discharge conditions: 

(2.14) 

(2.15) 

The quantity Sss is the specific storage of the seal and t is time. 

Other terms are as previously defined. 

The analytical solution to the problem is given in Cars law and 

Jaeger (1959, pp. 99-100): 
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Figure 2.2 Flow field for one-dimensional model of transient constant
head test. 
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h( ) H2Z 2(H 2-H t )f'[ . (nnz)COS(nn) ( 22.)] 
z,t =-L-+ L. SIn -L- exp -n n td 

s n n-t s n 

(2.16) 

where 

(2.17) 

The quantity t~ is a dimensionless expression for time in terms of 

the hydraulic properties and length of the seal. Differentiating Equa-

tion 2.16 with respect to z yields the following: 

(2.18) 

Evaluating Equation 2.18 at z - Ls and z - 0 gives 

(2.19) 

and 

(2.20) 

Substituting Equation 2.19 into 2.14 and 2.20 into 2.15 yields 

these expressions for Qi and Qc, respectively: 

(2.21 ) 

(2.22) 

Let Qo be the steady-state flow rate achieved at the end of the 

test. This flow rate is given by (Equation 2.7): 
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(2.23) 

Dividing Equations 2.21 and 2.22 by 2.23 gives the following dimen-

sion1ess expressions: 

Q 2(H H)" 
i 1+ 2- I\"( 22t*) -= L exp -n n d 

Qo H 2 n-I 
(2.24 ) 

Qc 2(H 2 -H 1 )'f 22* 
-Q = 1 + H L [cos(nn)exp(-n n t d )] 

o 2 n-I 
(2.25) 

Equations 2.24 and 2.25 are used in Section 3.6.6 in a comparison 

of this one-dimensional analytical model to an axisymmetric three-

dimensional model. These equations may be rearranged to another form 

which is suited to the analysis of tests using the one-dimensional 

model: 

(2.26) 

(Qo-Qc)H 2 'f 2 2 * 

Q (
H _ H ) = -2 L [cos(nn)exp(-n n t d )] 

o 2 I n-I 
(2.27) 

Semilog plots of Equations 2.26 and 2.27 are presented in Figures 

2.3a and 2.3b. Values used for the plots are shown in Appendix A. 

2.3.4 Solution Procedure 

The analysis of the transient constant-head test using the one-

dimensional model gives estimates of the hydraulic conductivity (Ks) and 

specific storage (Sss) of the seal. The following curve-matching 

procedure may be used for the analysis: 
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Figure 2.3a Injection type curve for one-dimensional transient 
constant-head test (Equation 2.26) 
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(1) Calculate Ks using Equation 2.23. Qo is the steady-state flow 

rate achieved at the conclusion of the test. Alternatively, Ks may be 

calculated using a similar expression in terms of Hl and the steady flow 

rate prior to the test. 

(2) Prepare semilog plots of (Qi-Qo)H2/(Qo(H2-Hl» and/or (Qo

Qc)H2/(Qo(H2-Hl» versus td* using Equations 2.26 and 2.27. Dimension

less time td* is plotted on the logarithmic axis. These plots may be 

used as "type curves" for the one-dimensional transient test. 

(3) Using the data from the test, make a semilog plot of «Qi

Qo)H2/(Qo(H2-Hl» and/or (Qo-Qc)H2/(Qo(H2-Hl» versus t. This plot is 

called the data curve. Plot the data curve on paper having scales of 

the same size as those used for the type curves with time t on the 

logarithmic axis. 

(4) Superimpose the data curve on the corresponding type curve. 

Keeping the logarithmic axes (i.e. axes for td* and t) collinear, move 

the data curve over the type curve until the data curve coincides as 

nearly as possible with the type curve. 

(5) Select an arbitrary "match" point from the overlapping portions 

of the curves. Obtain td* and t for the match point. 

(6) Calculate the hydraulic diffusivity (Ks/Sss) using Equation 

2.17 and the match-point values of td* and t. The specific storage may 

be obtained from the diffusivity since Ks is known from step (1). 
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The graphical method of Al-Dhahir and Tan (1968), which uses the 

steady-state flow rate and the transient injection flow data, may be 

used to obtain the hydraulic properties for the case in which head is 

uniformly zero initially. 

2.4 Head-Buildup Test 

2.4.1 Description of Test 

There are at least three variations of the head-buildup test if it 

is viewed as a one-dimensional flow test: recovery, step, and impulse. 

In each variation, the water-filled collection zone is "shut-in" during 

the test, head is equal to zero in the collection zone at the beginning 

of the test, and head in the injection zone is constant and equal to H 

throughout the test. The variations differ in the initial distribution 

of head within the seal. For all variations, the test consists of 

monitoring the buildup of head in the collection zone as a function of 

time. In general, the test yields both the hydraulic conductivity and 

specific storage of a seal. 

2.4.2 Related Methods 

2.4.2.1 Laboratory Tests 

A procedure which is very similar to the head-buildup test is the 

transient pulse test for the determination of hydraulic properties of 

laboratory samples. A number of variations of the transient pulse test 

are used. In the basic form of the test, one end of a saturated sample 

is in hydraulic contact with a fluid-filled, pressurized reservoir, 

called the upstream reservoir. The other end of the sample is in con

tact with a similar reservoir, the downstream reservoir. Before the 
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test, the hydraulic head in both reservoirs and in the sample is 

uniform. To begin the test, a small volume of fluid is suddenly 

injected into the upstream reservoir causing a small rise in head. The 

test consists of monitoring the decline of head in the upstream reser

voir and the buildup in head in the downstream reservoir as fluid flows 

through the sample. Analysis of the transient head data generally 

yields the hydraulic conductivity and specific storage of the specimen. 

Most variations of the test arise from making one of the reservoirs 

relatively very large so that it remains at essentially constant head 

throughout the test. Both water and high-pressure gas have been used as 

the permeant in published studies. 

The first solution technique and applications of the transient 

pulse test were presented by Brace and others (1968). They assumed that 

the compressive storage of the sample (i.e. the product of Sss and the 

volume of the sample) is negligible compared to the compressive storage 

of the reservoirs. The result of this assumption is that the head decay 

or buildup in the reservoirs is an exponential function of time. This 

permits a simple calculation of hydraulic conductivity from the slope of 

a semilog plot of the head decay data for the upstream reservoir. They 

used their simplified technique to obtain permeabilities of Westerly 

granite samples ranging from about 4 x 10-17 to 4 x 20- 15 cm2 , which 

corresponds to a range of hydraulic conductivity from about 4 x 10- 12 to 

4 x 10-10 cm/sec. Other tests using the method of Brace and others were 

performed by Kranz, Frankel, Engelder, and Scholz (1979) on samples of 

intact and jointed Barre granite. Permeabilities of intact samples 
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ranged from 1 x 10-15 to 1 x 10-14 cm2 (1 x 10-10 to 1 x 10-9 em/sec). 

Sutherland and Cave (1980), using essentially the same method in tests 

of rock salt, obtained permeability values of about 1 x 10-15 to 

1 x 10-13 cm2 (1 x 10-10 to 1 x 10-8 em/sec). 

Several variations of the method have been employed. Zoback and 

Byer1ee (1975) imposed a sudden increase in head in an effectively infi

nite upstream reservoir at the beginning of the test and maintained that 

head throughout the test. Permeability was obtained by analysis of the 

head buildup in the downstream reservoir. Permeabi1ities of Westerly 

granite samples which had undergone repeated deviatoric-stress cycles 

ranged from about 1 x 10-15 to 1 x 10-14 cm2 (1 x 10- 10 to 1 x 10- 9 

cm/sec). Bernabe and others (1982) performed tests on hot-pressed cal

cite in which the downstream reservoir was made a source of constant 

head equal to zero. Using the decay in head in the upstream reservoir, 

they obtained permeabi1ities of the calcite in the range of about 

1 x 10- 15 to 1 x 10-12 cm2 (1 x 10- 10 to 1 x 10- 7 cm/sec). 

Lin (1977) made the point that the compressive storage of the sam

ple is not always negligible and that the simplified analysis of Brace 

and others (1968) is not always justified. Lin derived the analytical 

solution for the transient pulse test for the case of a sample with 

semi-infinite length and non-negligible storage. He simulated the tran

sient pulse test for a sample of finite length and non-negligible stor

age using a numerical code developed for heat flow. In later work, Lin 

performed transient pulse tests to determine the permeability of E1eana 
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argillite (Lin, 1978). In his analysis, he used values of the compres

sive storage of the sample which had been obtained independently. He 

compared head decay curves for the upstream reservoir to numerically 

generated curves to determine the sample permeability. Permeability for 

intact samples ranged from 1 x 10-19 to 1 x 10-16 cm2 (1 x 10-14 to 

1 x 10-11 cm/sec), depending on stress state. 

Trimmer and others (1980) performed transient pulse tests to deter

mine the permeability of intact and fractured Creighton gabbro and West

erly granite samples over a range of stress levels. They determined 

permeability by comparing decay curves for the upstream reservoir to 

curves obtained by a numerical model, which accounted for the compres

sive storage of the sample. Permeabilities ranged from about 1 x 10-19 

to 1 x 10- 18 cm2 (1 x 10-14 to 1 x 10-13 cm/sec) for the intact gabbro 

and from about 1 x 10- 20 to 1 x 10-18 cm2 (1 x 10-15 to 1 x 10- 13 

cm/sec) for the intact granite. Again, the compressive storage was 

assumed known by a means independent of the test. In a subsequent 

paper, Trimmer (1982) described a procedure for determining both perme

ability and compressive storage of the sample by comparison of the decay 

curve to numerically generated curves. 

Hsieh and others (1981) derived a general analytical solution for 

the transient pulse test. Neuzil and others (1981) described practical 

aspects of the solution technique, which usually permits determination 

of both hydraulic conductivity and specific storage. In the latter 

paper, the general solution is applied to the analysis of two transient 

pulse tests. Analysis yields an hydraulic conductivity of 2 x 10- 10 



92 

cm/sec and specific storage of 8 x 10-9 cm- 1 for a specimen of Pierre 

shale and conductivity and specific storage of Wellington shale of 

5 x 10- 8 cm/sec and 2 x 10- 6 cm- 1 , respectively. 

Several variations of the general solution of Hsieh and others have 

been derived and applied. As mentioned, Lin (1977) derived the 

semi-infinite solution; that is, the solution for decay in the upstream 

reservoir for the case in which the downstream reservoir is an infinite 

distance away and has no effect on the decay. Walls, Nur, and Bourbie 

(1982) and Bourbie and Walls (1982) obtained an analytical solution for 

the decay in the difference in head between reservoirs for the case in 

which a step increase in head in the upstream reservoir occurs at the 

start of the test and is maintained throughout the test. 

2.4.2.2 Field Tests 

The well-testing procedure of hydrogeology closest to the recovery 

variation of the head-buildup test is the Theis recovery test (Theis, 

1935). The underlying assumptions, the general procedure and the tech

nique of analysis for the test are presented in Kruseman and De Ridder 

(1979, pp. 66-69). The test is conducted following a period of pumping 

at a constant rate in a well drawing from the full depth of a confined 

aquifer. After pumping is terminated, the recovery of the water level 

in the well is recorded as a function of time. Analysis of the recovery 

data yields the hydraulic conductivity of the formation near the well. 

In petroleum engineering, the pressure-buildup test following 

constant-rate pumping, as proposed by Horner (1951), is essentially the 

same as the recovery test. Petroleum engineers have also developed 
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analytical solutions for pressure buildup following pumping at constant 

head (Ehlig-Economides and Ramey, 1979). 

The pulse test of hydrogeology is a procedure with much similarity 

to the impulse variation of the head-buildup test. The pulse test is 

performed in an isolated, water-filled section of a borehole after it 

has equilibrated hydraulically with the surrounding formation. At the 

start of the test, a small volume of water is suddenly injected into (or 

removed from) the interval, which produces a sudden increase (or 

decrease) in head in the interval. The test consists of recording the 

decay (or buildup) in head within the interval as a function of time. 

The test yields the hydraulic conductivity and specific storage of the 

interval. The analytical solution to the initial-boundary-value problem 

describing the test for radial flow to/from a well of finite radius was 

presented by Cooper, Bredehoeft, and Papadopulos (1967) and Papadopulos, 

Bredehoeft, and Cooper (1973). The original application of the method 

was to borehole intervals which were open to the atmosphere. In such 

intervals, recovery of head occurs slowly as water flows into the inter

val and rises in a standpipe above the interval. Such recovery may 

require excessive time in low-permeability formations. Bredehoeft and 

Papadopulos (1980) were first to apply the method to fully isolated 

intervals. In such intervals, recovery is accomplished by the compres

sion of the water in the interval and thus occurs much more rapidly, 

making the method suitable for low-permeability formations. Neuzil 

(1982) described potential errors resulting from system compliance and 
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Spane and Thorne (1985) used pulse tests to determine hydraulic 

properties in a borehole interval in low-permeability basalt. Calcu

lated values of hydraulic conductivity were about 1 x 10- 9 cm/sec and 

generally compared closely to those obtained by other transient and 

steady-state techniques. Values of specific storage ranged from about 1 

x 10- 7 to 1 x 10- 9 cm- 1 . 

Bredehoeft, Neuzil and Milly (1983, pp. 25, 28) used a type of 

pulse test to determine the hydraulic conductivity and specific storage 

for three intervals in a borehole in the Pierre shale. In this test, 

the isolated interval as well as tubing extending from the top of the 

interval to the surface are filled with water. The pulse is applied to 

the water in the pipe at the surface; the shut-in valve is at the sur

face also. Conductivity values ranged from 5 x 10-10 to 3 x 10- 9 cm/sec 

and were in general agreement with values obtained from laboratory tests 

at simulated in-situ stresses. Specific storage values ranged from 

about 3 x 10- 8 to 2 x 10- 7 cm- 1 and were also reasonably compatible with 

laboratory values. 

Haimson and Doe (1983) performed pulse tests in a borehole in Pre

cambrian granite. Their tests were similar to those of Bredehoeft and 

others (1983). Conductivities ranged from about 6 x 10-13 to 6 x 10- 8 

cm/sec and were generally consistent with values obtained by steady

state constant-head tests. Specific storage values were not reported. 
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Picking and Wilton (1985) used a Theis recovery analysis to deter-

mine permeability from recovery data in borehole intervals in low-

permeability carbonates subjected to a sequence of constant-rate pumping 

and recovery cycles. Permeability values for the interval reported were 

about 1 x 10-10 cm2 (or a conductivity of about 1 x 10-5 em/sec). 

Andersson and Persson (1985) analyzed numerous recovery tests using 

essentially the Theis method. Conductivity values for their tests in 

gneiss and granite ranged from about 1 x 10- 9 to 1 x 10- 3 cm/sec. These 

values compared reasonably well with values obtained by steady-state and 

transient constant-head tests. 

2.4.3 One-Dimensional Flow Model 

2.4.3.1 Recovery Variation 

The recovery variation of the head-buildup test is performed after 

a long period of constant-head testing in which steady flow conditions 

are assumed established. At the start of a test, the head in the seal 

is assumed to vary linearly from H at the end of the seal adjacent to 

the injection zone to zero at the collection zone. The initial-

boundary-value problem describing the recovery variation is as follows 

(Figure 2.4): 

Partial differential equation: 

o2h Sssoh 
----=0 
OZ2 Ks ot for 0 < z < Ls ' t > 0 (2.28) 

Boundary conditions: 
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Figure 2.4 Flow field for one-dimensional model of head-buildup test. 



h(L"t)=H jort~O 

h(O,t)=hc(t) jort~O 

Initial conditions: 

zH 
h(Z,O)=T; jorO<z<L, 

hc(O) = 0 
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(2.29) 

(2.30) 

(2.31 ) 

(2.32) 

(2.33) 

where hc is the head in the collection zone [L] and Sc is the compres

sive storage of the collection zone [L2]. The compressive storage is 

defined as the volume of water added to the collection zone per unit 

increase in hydraulic head in the zone. Sc is determined experimentally 

and independent of the test (Sections 4.2.4.3.4 and 4.3.7.2). 

2.4 3 ] 1 Genera] Solution. The general solution to the problem 

posed in the previous section was obtained by Roko in Daemen and others 

(1986, Appendix A). The solution is as follows: 

h(z,t)= 

(2.34 ) 

where the quantities 'n are the roots of the equation 

(2.35) 
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Evaluating Equation 2.34 at z - 0 and dividing numerator and denom-

inator of the series term by sin~n gives this expression for head 

buildup in the collection zone: 

eo [ exp(-q,~t~) ] 
he(t) = h(O, t) = H - 2H r. 2 s.~~ s.~~ 

n-l q, +--+--....;;...
n AS .. L, AS .. L,tan~" 

(2.36) 

Finally, Equation 2.36 may be rearranged to the following form: 

where 

CD [exp(-q,~t~)] 
h e / H = 1 - 2 r. 2 ~~ ~: 

n-l '" +-+-'I' n ~ ~2 

(2.37) 

(2.38) 

The quantity ~ is a dimensionless parameter equal to the ratio of 

the compressive storage of the seal (Sss x seal volume) to that of the 

collection zone. Equation 2.35, whose roots are the values ~n' may be 

expressed in terms of ~ as follows: 

q, ta n q, = ~ (2.39) 

2.4.3.1.2 Limiting Cases. Two limiting cases are of interest: (1) 

the case in which ~ approaches zero and (2) the case in which ~ 

approaches infinity. 

Case 1: For this case, the compressive storage of the seal (i.e. 

SssALs) is negligible compared to that of the collection zone (i.e. Sc)' 

The following facts are used to obtain the solution for Case 1: 

(1) The values of ~n for this case are the roots of ¢'tan¢' - 0, or 
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(2) As ~ approaches O. cjll approaches tancjll' which. in turn. implies 

that cjlf approaches ~. 

Letting ~ approach zero and using fact (1). all terms but the first 

in the infinite series of Equation 2.37 approach zero. Making use of 

facts (1) and (2). the first term reduces to (1/2)exp[-K,AtI(ScL,)]. The 

expression for head buildup in this case is 

(2.40) 

The solution for Case 1 is the same as the solution for Sss - O. 

This is essentially the solution used by Zoback and Byer1ee (1975). 

Head buildup in this case does not depend on Sss. 

Case 2: In this case, the compressive storage of the collection 

zone is negligible compared to that of the seal. Such a case would 

occur if there were an impermeable boundary at the downstream face of 

the seal. For this case, the values of cjln are the roots of the equa-

• 3. ... =(211-1). tion: cjltan(cjI)-oo or cjIl=z, cjI2=2"' •••• 'I'll 2' Letting ~ approach 

infinity. Equation 2.37 reduces to 

.. exp(-",2t') 
hIH=I-2" 'l'nd 

c ~ 2 
n- I <I> n 

(2.41 ) 

where 

'" =(2n-l)fl 
'l'n 2 

2.4.3.2 Step Variation 

In the step variation of the head-buildup test, head in the seal is 

assumed to be uniform and equal to zero initially. The initia1-
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boundary-value problem describing the step variation is the same as for 

the recovery variation, except that the initial condition is changed to 

the following: 

h(z,O)=O for O<z<Ls 

2,4,3 2 1 General Solution. The analytical solution for the step 

variation may be obtained as a special case of the general solution for 

the transient pulse test presented by Hsieh and others (1981). The 

transient pulse test, which is a laboratory procedure, yields the 

hydraulic conductivity and specific storage of a rock sample. The tran-

sient pulse test consists of introducing a pressure pulse to an upstream 

reservoir (or injection zone), then monitoring the head decay in the 

upstream reservoir and the buildup in head in a downstream reservoir (or 

collection zone). 

Hsieh's general solution for head in the downstream reservoir (hd) 

is as follows: 

2 II> exp(-a<Pn) B--t 

[ 

2 ( V~2) ] 

I V2~4 ~2 
n-I {B/+(y2B+y2+ Y+B) B

ft

+(B 2+YB+B)}COS$n 

(2.42) 

where 

and cIIn are the roots of the equation 
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(2.43) 

In Hsieh's solution, K, Ss, As, and 1 are the hydraulic conductiv-

ity, specific storage, cross-sectional area, and length of the sample, 

respectively. H is the magnitude of the pulse in hydraulic head applied 

in the upstream reservoir, and Su and Sd are the compressive storages, 

similar to Sc, of the upstream and downstream reservoirs. The quanti-

ties a, B, and yare dimensionless parameters. 

Letting Su approach infinity (and hence Band y approach zero) in 

Equation 2.42 and 2.43 in effect makes the upstream reservoir a constant 

head boundary (i.e. hu - H for t ~ 0). Taking this limit, letting hc 

hd and Sc - Sd, and substituting seal properties and dimensions for 

corresponding sample quantities results in the following solution for 

the step variation: 

(2.44 ) 

where $n and ~ are as defined for Equation 2.37. 

2.4.3.2.2 Limiting Cases. The two limiting cases of interest for 

the step variation are the same as those for the recovery variation: 

(1) the case in which ~ approaches zero and (2) the case in which ~ 

approaches infinity. 

Case 1: The solution for the case in which ~ approaches zero is the 

same as the solution for the corresponding case for the recovery varia-

tion and is obtained in a similar manner. 
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Case 2: The solution for ~ approaching infinity for the step 

variation is obtained in a manner similar to that used for the recovery 

variation. The solution is given by the following expression: 

(2.4S) 

where cjI n are as defined for Equation 2.41. 

2.4.3.3 Impulse Variation 

In the impulse variation of the head-buildup test, the head in the 

seal is assumed to be uniform and equal to H initially. The initial-

boundary-value problem describing the impulse variation is the same as 

for the recovery variation except that the initial condition is changed 

to 

h(z,O)=H jor O<z<Ls 

2.4.3.3.1 General Solution. As for the step variation, the solu-

tion for the impulse variation may be obtained from the general solution 

of Hsieh and others (1981) for the transient pulse test. Hsieh's 

solution for the head in the upstream reservoir (hu) is as follows: 

1 
h IH = + 

u 1+8+y 

(2.46 ) 

where all quantities are as defined for Equation 2.42. 

Letting Sd approach infinity (which implies y approaches infinity) 
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in Equation 2.46 yields the following expression for head in the 

upstream reservoir for the case in which the downstream reservoir is a 

constant head boundary (i.e. hd - 0 for t ~ 0): 

(2.47) 

where 41n are the roots of 

4>tan4>=B (2.48) 

Equations 2.47 and 2.48 describe the head response in the upstream 

reservoir due to a pressure impulse of magnitude H at t o in the 

upstream reservoir. For these equations, the head in the downstream 

reservoir is constant and equal to zero, and, initially, head equals 

zero throughout the seal length. This solution was obtained in the same 

way by Hsieh and others (1981), who note that it is also included in 

Carslaw and Jaeger (1959, p. 128). If, in the head-buildup test, the 

head throughout the seal were initially equal to zero, head in the 

injection reservoir were constant and equal to zero, and an impulse of 

-H were delivered to the collection zone at t - 0, then Equations 2.47 

and 2.48 could be used to describe the head hc* in the collection zone. 

Substituting hc* for hu, Sc for Su, -H for H, and seal properties and 

dimensions for corresponding sample quantities gives 

(2.49) 
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where 41n and ~ are as defined for Equation 2.37. 

In the impulse variation, the head over the length of the seal 

equals H at t - O. The head in the injection zone is constant and equal 

to H for all t. The head in the collection zone equals zero at t - 0 

and rises to approach H over the test period. By superposition, the 

head in the collection zone for the impulse variation (hc ) is given by 

or 

(2.50) 

and 41n and ~ are as defined for Equation 2.37. 

2,4,3,3,2 Limiting cases, Again, the significant limiting cases 

are those for ~ approaching zero and infinity. The solution for ~ 

approaching zero is the same as the solution for the recovery variation. 

The solution for ~ approaching infinity for the impulse variation 

is obtained from an approximate solution provided by Hsieh and others 

(1981, Equation 17) for head in the upstream reservoir which is valid 

for small dimensionless times. The solution is applicable for several 

conditions, including the condition that the compressive storage of the 

sample (SsAsl) is large compared to the compressive storage of the 

upstream reservoir Su (i.e., the solution applies when B approaches 

infinity). The approximate solution for small dimensionless times pro-

vided by Hsieh and others is 
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(2.51 ) 

where erfc is the complementary error function and a and B are as 

defined for Equation 2.42. 

An expression for head buildup in the collection zone for the 

impulse variation may be obtained from Equation 2.51 in the same way 

Equation 2.50 was obtained from 2.47. The resulting expression, which 

is valid for ~ approaching infinity, is as follows: 

(2.52) 

where all variables are as previously defined. In Equation 2.52, head 

buildup is exclusively a function of t~~2. 

2.4.3.4 Solution Procedure 

2 4 3,4.1 Type Curves. Dimensionless curves (i.e. type curves) 

for the recovery variation (Equation 2.37) are presented in Figures 2.5 

and 2.6. The abscissas for the two sets of curves are t~ and t~~. Both 

abscissa values are plotted to show the effect of the limiting cases. 

In the figures, scales of the same size are used. Curves for the same ~ 

value are the same size and shape in both figures, because corresponding 

points in the figures have the same ordinate values and abscissa values 

which differ by a constant multiplier. 

In Figure 2.5, for ~ greater than about 100, the curves coincide 

with the solution for ~ approaching infinity (Equation 2.41). Simi-

larly, in Figure 2.6, for ~ less than about 0.1, the type curves coin-

cide with the solution for ~ approaching zero (Equation 2.40). Thus for 
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~ greater than about 100, dimensionless head buildup (he/H) for the 

recovery variation is expressed by Equation 2.41 and depends only on t~. 

For ~ less than about 0.1, head buildup is given by Equation 2.40 and 

depends only on t~~. For values of ~ between 0.1 and 100, buildup is 

expressed by Equation 2.37 and depends on t~ or t~~ and on the parameter 

~. 

Figures 2.7 and 2.8 are type curves for the step variation of the 

test. The curves are generated using Equation 2.44. These sets of 

curves are similarly bounded by curves for the limiting cases. For this 

variation, buildup is expressed by the limiting curve for ~ approaching 

infinity (Equation 2.45) for ~ greater than about 100. Buildup is given 

by the limiting curve for ~ approaching zero (Equation 2.40) for ~ less 

than about 0.01. 

Type curves based on Equation 2.50 are presented in Figures 2.9 and 

2.10 for the impulse variation. These curves are also bound by curves 

for the limiting cases. Since head buildup for ~ approaching infinity 

(Equation 2.52) is a function of t~~2, Figure 2.9 is plotted with 

abscissa values of t~~2. The figure shows that buildup is expressed by 

the curve for infinite ~ (Equation 2.52) for ~ values greater than about 

10. Buildup is expressed by the curve for ~ approaching zero (Equation 

2.40) for ~ values less than about 0.01. 

The values used to generate the type curves are given in Appendix 

A. 
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2 4 3 4.2 General solutjon procedure. A curve-matching procedure 

may be used to obtain the hydraulic properties of a seal (Ks and Sss) 

from the results of a head-buildup test. The procedure is as follows: 

(1) Prepare the type curves appropriate to the variation of the 

test. 

(2) Make a semi10g plot of hc/R versus t using the data from the 

test. Plot the data on the same scales as used for the type curves with 

t on the logarithmic horizontal axis. 

(3) Overlay the plot of the test data on the set of curves for hc/R 

versus t~~. Keeping the horizontal axes of both plots superposed, move 

the data curve horizontally, comparing the experimental curve to the 

type curves. Align the data curve with the type curve with which it 

most nearly matches in shape. If it appears that the best match is to 

be attained with the type curve for a large value of ~, perform the 

matching procedure using the other set of type curves (i.e hc/R versus 

t~ or t~~2). If the best match is attained with one of the limiting 

curves, go to the procedure for limiting curves (next section). Other

wise, go to step (4). 

(4) Select an arbitrary "match" point from the overlapping portions 

of the data and type curves. Note the values of t~~ and t corresponding 

to this point. Also, note the value of ~ of the type curve matching the 

data curve. 

(5) Use Equations 2.17 and 2.38 and the values of t~~ and t noted 

in (4) to obtain the conductivity Ks. With the value of ~ from (4), 

calculate Sss using Equation 2.17. 
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2 4 3,4,3 Procedures for limiting cases. 

Matching with curve for E approaching zero. If the data curve 

matches the limiting curve for ~ approaching zero, then only Ks may be 

determined from the test. To obtain Ks , select a match point. Calcu

late Ks using Equations 2.17 and 2.38 and the values of t~~ and t corre

sponding to the selected point. 

An alternate solution approach based on the exponential form of 

Equation 2.40 may also be used. The method is similar to that used by 

Brace and others (1968). In this approach, the test data is used to 

plot log(l - hc/H) vs t. The slope of this straight-line plot is 

[-KsA/(2.303Ls Sc »), from which Ks may be determined. 

Matching with curve for ~ approaching infinity (recoyery and step 

yariations). For this situation, only the hydraulic diffusivity 

(Ks/Sss) may be determined from the test. To obtain Ks/Sss , select a 

match point. Calculate Ks/Sss using Equation 2.17 and the values of t~ 

and t for the match point. 

Matching with curve for ~ approaching infinity (impulse yariation). 

In this circumstance, the test only yields the product KsSss. To calcu

late KsSss , choose a match point. Calculate KsSss using Equations 2.17 

and 2.38 and the values of t~~2 and t for the selected point. 

2 5 Qne-Dimensional Tracer Trayel-Time Test 

2.5.1 Description of Test 

The one-dimensional tracer travel-time test, as presented herein, 

is a simple method for estimating an upper limit for the minimum travel 
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time for tracer-marked water to flow through or around a seal under 

conditions of steady flow. Comparison of this travel time to travel 

times calculated using known or estimated properties of the seal and 

rock mass may indicate the existence of a high-velocity flow path 

through/around a seal, in contradiction of the assumption of homogeneous 

seal and rock mass. 

The test is performed after a long period of constant-head injec

tion in which steady flow is approximately established. The test is 

begun by suddenly introducing a slug of tracer to the injection zone 

without interruption of constant-head injection. After introduction of 

the tracer, the collection zone is sampled on a regular basis until the 

tracer is detected. The elapsed time between injection of the tracer 

and its first detection is an upper limit value for the minimum travel 

time. 

The travel-time test is not intended to be used by itself to deter

mine seal properties. Rather, it is intended to help interpret or clar

ify results of the previously discussed tests. 

2.5.2 Related Methods 

The test is presented in several texts (e.g Cedergren, 1977, pp. 

76-78; Todd, 1980, pp. 74-75) as an expedient field technique for esti

mating the hydraulic conductivity of a zone of ground-water flow between 

two wells. In this application, a tracer is introduced into a well 

which is screened in the zone of interest. Samples are taken from a 

second well, similarly screened and positioned along the direction of 

flow from the first. Sampling is continued until the tracer is 
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detected. The travel time obtained from the test divided into the 

length of the flow path between the wells is an estimate of the average 

linear velocity of the ground water intercepted by the wells. That 

velocity is then used with the average hydraulic gradient between the 

wells, an estimate of the average porosity, and Darcy's law to obtain an 

estimate of hydraulic conductivity. 

2.5.3 One-Dimensional Flow Model 

Equation 2.8 (Section 2.2.3) is an expression for hydraulic conduc-

tivity for the steady constant-head test. Since the travel-time test is 

conducted during steady constant-head testing, Equation 2.8 also holds 

for the travel-time test. 

The average linear velocity [LIT] of flow through a cross section 

of porous medium of area A' is given by: 

V'=~ 
N A' 

(2.53) 

where Q' is the volumetric flow rate [L3/T] through the section and 

N is the porosity [dimensionless] (Freeze and Cherry, 1979, p. 74; Bear, 

1979, p. 63). 

Applying Equation 2.53 to axial flow through a seal and substitut-

ing into Equation 2.8 gives 

(2.54 ) 

where Ns is the seal porosity and Vs is the average linear velocity 

through the seal. 
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Let Ts be the travel time for one-dimensional axial flow through 

the seal from the injection zone to the collection zone. Velocity Vs 

may be expressed in terms of Ts as follows: 

v s = LslT s (2.55) 

Substituting Equation 2.55 into 2.54 and solving for Ts gives 

(2.56) 

For a steady constant-head test or tracer test on a seal in a 

homogeneous and isotropic rock mass. the minimum possible travel time. 

Trm • for flow through the rock mass from the injection to the collection 

zone is the travel time for the flow path just within the rock mass 

along the interface with the seal. The travel time along this flow path 

is the minimum possible because the flow path is the minimum possible 

length (i.e. Ls) and the gradient driving flow along this path is the 

maximum possible gradient (i.e. HILs). The expression for the average 

linear velocity. Vr • on this flow path is 

where Nr is the porosity of the rock mass. Velocity Vr may also be 

expressed in terms of Trm and Ls: 

(2.58 ) 

Substituting 2.58 into 2.57 yields 

(2.59) 
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For a tracer travel-time test. Ts and Trm may be computed using H 

and Ls from the test and using known or estimated values of Ks. Ns • Kr • 

and Nr . Let t* be the travel time obtained from the test. Time t* is 

an upper limit for the minimum travel time for flow from the injection 

to the collection zone. 

Time t* may be compared to Ts and Trm. If t* « minimum [Ts • Trml, 

there is strong indication that a high-velocity flow path through or 

around the seal exists, contrary to the assumption of a homogeneous seal 

and rock mass. If t* is comparable to minimum [Ts • Trml. the result is 

consistent with the assumed flow field. The effects of hydrodynamic 

dispersion. which should be, in general, minimal for a short seal, are 

neglected in this analysis. 
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CHAPTER THREE 

AXISYMMETRIC MODELS AND NUMERICAL ANALYSES 

3 1 Introduction 

For seals installed in a rock mass, hydraulic tests inevitably 

involve multidimensional fluid flows in both the seal and surrounding 

rock. Closed-form methods for analysis of the tests are only available 

for the case of one-dimensional axial flow through the seal alone. In 

this chapter, axisymmetric three-dimensional (or axisymmetric) models, 

which utilize a flow field of both seal and rock, are presented for the 

steady and transient constant-head tests and the head-buildup test. 

Computer code FLUMPS is used to study the models. 

The objectives of the numerical study of the axisymmetric models 

are as follows: 

Steady constant-head ~ (one-side and two-side configurations) 

(1) to demonstrate the effects of test geometry and hydraulic 

properties on steady injection and collection rates; 

(2) to assess the sensitivity of solution values of seal and rock 

hydraulic conductivity to errors in flow-rate measurement; 

(3) to present a procedure for determining seal and rock mass 

hydraulic properties from specific tests; 

(4) to compare analysis with the one-dimensional model to analysis 

with the axisymmetric model; 
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Transient constant-head test (two-side configuration) 

(1) to demonstrate the effects of hydraulic properties on transient 

injection and collection flows; 

(2) to present a procedure for determining the hydraulic properties 

of seal and rock mass from specific tests; 

(3) to compare one-dimensional analysis to analysis with the axi

symmetric model; 

Head-buildup test (first recovery variation) 

(1) to demonstrate the effect of hydraulic properties on the 

buildup of head; 

(2) to present a procedure for determining seal and rock mass 

hydraulic properties from specific tests; 

(3) to compare one-dimensional analysis to analysis with the axi

symmetric model. 

3 2 Previous Numerical Simulations of Seal Tests 

3.2.1 Sandia National Laboratories 

The only previous computer simulations of field seal tests known to 

the author are an analysis by Sandia National Laboratories of its Bell 

Canyon Test (Christensen and Peterson, 1981) and an analysis by the firm 

S-CUBED (La Jolla, California) of selected tests of Sandia's Series A, 

Small Scale Seal Performance Tests (Peterson, Lagus and Lie, 1987). 

Details of these tests are presented in Section 1.4.4.2. In their anal

ysis of the Bell Canyon Test, Sandia used an axisymmetric three

dimensional finite-element flow model to simulate a head-buildup test. 

The model assumed a rigid porous medium, characterized by permeability 
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and porosity. The flow field simulated consisted of a low-permeability 

seal, a low-permeability damaged zone, and a relatively high

permeability zone at the seal/rock interface. The undamaged host rock 

beyond the damaged zone was assumed impermeable and used as a boundary 

of the flow field. Each flow region was assumed homogeneous and iso

tropic with respect to permeability and homogeneous with respect to 

porosity. The thicknesses of the interface and damaged regions were 

assumed. The hydraulic properties used for the seal core were based on 

laboratory tests. The permeability and porosity values used for the 

interface were obtained from one-dimensional analyses of constant-head, 

tracer and head-buildup test results in which all flow was assumed to 

pass through the interface. Observations during the field test sug

gested that the permeability of any damaged zone was low relative to 

that of the interface. Therefore, in the simulation, a relatively low 

permeability was assigned to the damaged zone, along with an assumed 

porosity. The simulation accurately reproduced the head buildup mea

sured in the field test. It was noted that the hydraulic parameters 

selected did not constitute a unique solution. 

The analysis performed by S-CUBED of tests from Series A of the 

Small Scale Seal Performance Tests consisted of simulating several 

transient constant-head tests and pressure-decay tests. The former 

tests were performed with brine as the fluid. The latter tests, which 

are similar to the head-buildup test, were performed with gas. As with 

the Bell Canyon analysis, the flow model assumed a rigid medium, charac

terized by permeability and porosity. Both seal and formation were 
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taken to be homogeneous and isotropic. Reasonable values of porosity 

for the seal and formation were selected and used as known quantities in 

the simulations. The flow domain consisted of either a permeable seal 

with an impermeable surrounding rock mass or a permeable rock mass of 

finite extent and an impermeable seal. For the first case, which was 

used to obtain an estimate of seal permeability, flow was assumed to be 

one-dimensional along the borehole axis. For the second case, which was 

used to obtain an estimate of formation permeability, flow was assumed 

to be radial. In modeling axial flow through the seal, simulations were 

made with a range of seal permeability values. The permeability which 

yielded a simulated pressure decay or transient flow curve matching the 

measured curve was taken as correct. A similar procedure was used in 

the simulations of radial flow in the rock mass to obtain formation 

permeability. 

3.2.2 University of Arizona 

South and Daemen (1986) used a numerical model for steady flow of 

ground water to analyze laboratory constant-head tests of seals in rock 

cores. In these tests, a cement seal, with diameter of 3 cm and length 

of 10 cm, was installed midway in an axial hole through a cylindrical 

rock sample, 15 cm in diameter by 30 cm long. The rock sample and seal 

were enclosed in a pressure cell. Constant-head tests were performed at 

various stress levels and injection pressures. In the simulations, the 

axial and radial boundaries of the rock sample were impermeable bound

aries. The seal face and wall of the axial hole which bordered the 

injection zone were constant-head boundaries, with head equal to the 
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injection head. The seal face and hole wall at the other end of the 

seal were constant-head boundaries with head equal to zero. South 

assumed the seal and rock mass were homogeneous and isotropic with 

respect to permeability. He used the flow model to generate curves of 

steady flow rate versus the ratio of seal hydraulic conductivity to rock 

mass conductivity for various values of rock mass conductivity. Fuen

kajorn and Daemen (1986) made similar simulations using the same flow 

model. 

3 3 Numerical Model 

The program used in the present study is FLUMPS, developed by Neu

man and Narasimhan (1977). FLUMPS is a Galerkin finite-element model 

for simulating the transient flow of a slightly compressible fluid in 

saturated, partially saturated and unsaturated porous media. The pro

gram accommodates two-dimensional and axisymmetric three-dimensional 

flow regions with anisotropy. It also has the capability to model flow 

and subsidence in a layered system of aquifers and aquitards. FLUMPS 

uses a solution technique which permits the finite-element equations to 

be solved explicitly in some parts of the flow domain and implicitly in 

other parts, depending on the size of the time step in relation to a 

nodal stability limit. The program permits boundary conditions and 

source terms to vary with time or head. 

3.3.1 Model Development and Previous Applications 

The program was originally developed under the name FLUMP. The 

mixed explicit-implicit solution strategy and many of the details of its 

working were taken from an earlier program called TRUMP, an integrated 
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finite-difference model for heat flow developed by Edwards (1972). 

FLUMP, in its first form, had all of its present,capabilities except 

that of multiaquifer flow and subsidence simulation. FLUMP used an 

iterative technique to obtain the implicit portion of the solution. The 

theoretical basis of program FLUMP is presented by Neuman and Narasimhan 

(1977). Practical aspects of the solution technique are discussed in 

Narasimhan, Neuman and Edwards (1977). In the latter paper, FLUMP is 

used to model saturated, confined flow in one dimension and also in two 

dimensions with anisotropy. 

Narasimhan, Neuman and Witherspoon (1978) applied FLUMP to various 

nonlinear problems including the one-dimensional and two-dimensional 

forms of the Boussinesq equation for unconfined flow, the diffusion 

equation in terms of water content for one-dimensional unsaturated flow, 

and Richard's equation for two-dimensional saturated/unsaturated flow in 

a vertical plane. 

FLUMP was used by Fogg. Simpson and Neuman (1979) to model water 

levels in the unconfined Cortaro Basin in southern Arizona. Stephens 

(1979) used FLUMP to simulate saturated/unsaturated flow in constant

head borehole injection tests above the water table. 

FLUMP was modified to include quasi three-dimensional simulation of 

flow and subsidence in multiaquifer systems. Also, an optional direct 

solution method was added. The modified program was renamed FLUMPS. A 

discussion of the modifications and two multiaquifer flow and subsidence 

applications are presented in Neuman. Preller and Narasimhan (1982). 

Carrera and Neuman (1982) used FLUMPS to model three-dimensional steady 
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and transient flow in the Tajo River basin, Spain. Marinelli (1984) 

used FLUMPS to model the constant-head packer injection test in an infi

nite, saturated, anisotropic medium. 

Program TRUMP, the forerunner of FLUMPS, was used by Lin (1977) to 

model the one-dimensional transient pulse test. 

3.3.2 Finite-Element Grid 

The program utilizes triangular elements for two-dimensional prob

lems. For axisymmetric three-dimensional simulations, the elements are 

rings of constant triangular cross section, concentric about the 

vertical axis of symmetry. For the latter case, the finite-element grid 

consists of a vertical radial cross section, in which the elements 

appear as interconnected triangles. The nodes of the grid are the ver

tices of the triangles. In construction of the grid, quadrilaterals, as 

well as triangles, may be used. The program automatically subdivides 

each quadrilateral into two triangles. With FLUMPS, the numbering of 

nodes and elements is completely arbitrary. This feature greatly facil

itates modification of a grid. 

Neuman and Narasimhan (1977) derived criteria to ensure local 

stability of the numerical solution obtained by FLUMPS. For implicit 

numerical schemes in which the time derivative weighting factor is 

between 0.5 and 1 inclusive, they determined that stability at node n is 

assured if the conductance matrix of the finite element equations is 

locally diagonally dominant at n. Program FLUMPS checks for local diag

onal dominance and indicates in its output either that the conductance 

matrix is diagonally dominant or the nodes where local diagonal 
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dominance is not achieved. The conductance matrix depends on grid 

geometry and hydraulic conductivity. Neuman and Narasimhan showed that 

it is always possible to construct a grid which will yield a diagonally 

dominant conductance matrix. For isotropic flow domains, they showed 

that a sufficient condition to ensure diagonal dominance at node n is 

that all the interior angles of the triangles adjacent to n are less 

than or equal to 90 degrees. This condition was observed in the con

struction of all grids used in this study. 

3.3.3 Numerical Solution Strategy 

A significant feature of FLUMPS is its mixed explicit-implicit 

solution strategy. By this strategy, for a given time step, finite

element equations for nodes satisfying certain stability criteria are 

solved explicitly; the remaining equations are solved implicitly. The 

technique often results in the saving of significant computation time 

over fully implicit methods, while maintaining high accuracy (Narasimhan 

and others, 1977). In addition to the mixed solution strategy, FLUMPS 

may be run with explicit forward-difference, time-centered and fully 

implicit backward-difference numerical schemes. In this study, 

constant-head test simulations were performed with the fully implicit 

backward-difference scheme. Head buildup simulations utilized the mixed 

explicit-implicit option. With FLUMPS, implicit equations may be solved 

using either an iterative or a direct solution method. Only the itera

tive method was included in the version of FLUMPS used in this study. 

3.3.4 Boundary Conditions and Control of Time Step 
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Boundary conditions of prescribed flux and prescribed head may be 

specified. These boundary conditions may vary with time. The 

prescribed-flux boundary may also vary with head. In this study, only 

constant prescribed-flux and constant prescribed-head boundary condi

tions were used. 

The automatic control of the size of time steps is governed by 

several factors including parameter sivary, the user-specified maximum 

desired change in head at any node during a time step. This parameter 

and other time-step controls are discussed in Narasimhan and others 

(1977). The value of sivary affects solution accuracy and computation 

time. The default value is either 5 or 0.5% of the difference between 

the maximum and minimum allowable heads in the flow domain, whichever is 

smaller. In this study, the default value of sivary was used in the 

simulations of steady constant-head tests to obtain accurate steady

state injection and collection flow rates. For the transient constant

head test, a value of sivary less than the default value was required to 

obtain accurate transient collection flow rates. For simulations of the 

head-buildup test, values of sivary much less than the default value 

were generally needed to obtain accurate results. In general, it was 

found that the accuracy of head and flow-rate values could be improved 

by decreasing the value of sivary. This improvement only occurred down 

to a certain value of sivary. Below that value, which seemed to depend 

upon hydraulic properties and grid construction, head and flow rate val

ues did not significantly change, regardless of the sivary value. Com

putation time also varied with sivary. As sivary was decreased below 
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the value required for accuracy, the computation time generally 

decreased to a minimum level and then increased. For a given simu

lation, it was not possible to know a priori which value of sivary would 

yield accurate results in minimum computation time. 

FLUMPS is a transient flow model. Steady-state results were 

obtained by running the program out in time until the head within the 

flow domain no longer changed. 

3.3.5 Program Output 

Printed output of FLUMPS may be obtained at every time step, at 

mUltiples of an arbitrary number of time steps, or at multiples of an 

arbitrary time interval. Printouts are made also for the first, second 

and last time steps. 

A variety of information is computed by FLUMPS and may be printed 

at the intervals selected. A summary of this information is given in 

Narasimhan and others (1977). Output information relevant to this study 

includes head values at nodes and flux at constant-head boundaries. In 

addition to printouts at the selected intervals, FLUMPS has the option 

to print the head value at a single arbitrary node at every time step. 

This option was used in simulations of the ,head-buildup test. 

3.3.6 Program Termination 

The user may control termination of a run of the program by speci

fying one or more of the following limits: maximum simulation time; 

maximum number of time steps; and maximum program execution time. Also, 

the program will terminate when there is a convergence failure or when 

it senses that a steady state has been attained. 
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To ensure that the version of FLUMPS used in the study was func

tioning properly, program results were compared to the analytical solu

tion obtained by Jacob and Lohman (1952) for saturated, confined, radial 

flow to a well maintained at constant head in an aquifer of infinite 

areal extent. Runs were made using the mixed explicit-implicit and 

fully implicit backward-difference schemes. In both cases, the parame

ter sivary was set to 0.5, a default value. For both simulations, 

FLUMPS accurately simulated flow for dimensionless times greater than 

about 2 x 10- 2 and less than about 1 x 103 . At times greater than 1 x 

103 , the outer radial boundary of the grid began to affect the flow 

rate. Both simulations terminated at steady state. The steady-state 

flow rates agreed with those obtained from the Thiem equation for 

steady, radial flow to a well (Bear, 1979, p. 306) within 0.5%. 

Other verifications of the computer program are provided in Sec

tions 3.6.6 and 3.7.6, where FLUMPS simulations are compared to the 

one-dimensional analytical solutions for the transient constant-head 

test and the recovery variation of the head-buildup test. Results of 

those simulations are in close agreement with the closed-form solutions 

when the hydraulic properties of seal and rock mass result in approxi

mately one-dimensional flow. 

3.4.2 Mesh Design 
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Two basic finite-element meshes or grids were used in the studies 

of this chapter: grid CH4 for simulations of the constant-head test; and 

HBI for simulations of the head-buildup test. Grid CH4, configured for 

a seal length of five diameters, is shown in Appendix B. The seal 

portion of the grid for the constant-head tests was modified for simu

lation of different seal lengths. The rock-mass portion remained the 

same for all simulations. Grid HBl, shown in Appendix B, was never 

altered; all simulations were for the same seal length and test geome

try. The design of the meshes involved two primary considerations: the 

extent of the axial and radial boundaries of the rock mass and the 

fineness of the mesh. 

3.4.2.1 Mesh for Constant-Head Tests 

3 4 2 1 1 Extent of Axial and Radial Boundaries. For grid CH4, 

the mesh for constant-head tests, the radial length was set at 48.5 seal 

diameters and the axial length at 104 diameters. The choice of lengths 

was somewhat arbitrary. However, the grid is large enough that steady

state flows to the injection and collection zones are relatively insen

sitive to significant changes in the position of the axial and radial 

boundaries. For example, for ratios of rock hydraulic conductivity to 

seal conductivity of up to 100, seal lengths up to three diameters and 

collection and injection zone lengths of 0.6 diameter, the axial dimen

sion may vary from 56 to 200 diameters and the radial from 25 to 113 

diameters and the steady-state injection and collection flow rates vary 

by less than 6% from those obtained with grid CH4 (Appendix B). The 

computation times required for use of CH4, while large, were considered 
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practical for the study. In Appendix B, computation times and steady-

state flow rates for mesh CH4 are compared to those obtained with larger 

and smaller grids for a range of seal lengths and hydraulic properties. 

3.4.2 1 2 Fineness of Mesh. In general, increasing the fineness 

of a finite-element mesh increases its accuracy but also increases com

putation time. An objective of mesh design, then, is to obtain the 

coarsest mesh which provides adequate accuracy. Such a mesh may be 

chosen by performing a given simulation or series of simulations using 

successively finer grids. The grid selected is the coarsest one for 

which the results are not significantly different from those of finer 

grids. 

Comparisons were made between grid CH4, a coarser grid, and a finer 

grid for a range of seal lengths and hydraulic properties (Appendix B). 

Steady-state collection flows for grid CH4 differed by a maximum of 3.6% 

from those of the finer grid. Steady injection flows differed by a 

maximum of 1.5%. On the other hand, steady-state collection flows for 

the coarser grid differed by as much as 10.0% from flows of the finer 

grid, and injection flows differed by a maximum of 3.5%. Based on these 

comparisons, grid CH4 appears to provide adequate accuracy without being 

excessively fine. 

3.4.2.2 Mesh for Head-Buildup Tests 

3 4.2 2 1 Extent of Axial and Badial Boundaries. Grid HBI, used 

for head-buildup simulations, has axial and radial lengths of 28 and 

12.5 diameters, respectively. The relatively small grid was used to 

reduce computation time, which was great nonetheless. 
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The head-buildup simulations are generally run to steady-state. 

Consequently, the peak buildup value and shape of the buildup curve for 

later dimensionless times are influenced to some extent by the position 

of the axial and radial boundaries. To illustrate the effects of bound

ary position on the buildup curve, comparisons (Appendix B) were made 

between curves obtained with grid HBI and those obtained with a larger 

grid, for which the axial and radial dimensions were 84.0 and 40.5 diam

eters, respectively. The larger grid was constructed by adding elements 

at the axial and radial boundaries of HBl; thus HBI and the larger grid 

were identical in the seal region and out to the limits of HBI. The 

comparisons showed that increasing the axial and radial dimensions of 

the grid increases late time head buildup values slightly. The increase 

appears to diminish as the ratio of rock conductivity to seal conductiv

ity decreases. 

3,4 2 2,2 Fineness of Mesh. The accuracy of grid HBl was checked 

by comparing simulations made with it to results obtained with a finer 

grid (Appendix B). The finer grid was constructed by subdividing ele

ments of HBl in the seal, the collection or head-buildup zone, and the 

rock mass near the seal and buildup zone. In general, the grids yielded 

buildup curves in close agreement. Thus the fineness of grid HBl was 

judged adequa~e. 

3.4.3 Choice of Numerical Scheme and Parameter Sivary 

In runs of the steady and transient constant-head tests, the fully 

implicit numerical scheme was used. For the steady test, the default 
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value of parameter sivary was employed, while simulations of the tran-

sient constant-head test required a smaller value of the parameter. The 

mixed explicit-implicit numerical scheme was utilized in runs of the 

head-buildup test, and values of sivary much smaller than the default 

value were generally necessary for accuracy. The choices of numerical 

schemes and values of sivary are discussed in Appendix C. 

3,5 Steady Constant-Head Tests 

The steady constant-head test is described in Section 2.2.1. The 

test may be performed using either the one-side or two-side configura

tion (Section 1.5.2). For convenience, a test using the one-side con

figuration is called a one-side test. A similar abbreviation is used 

for a test with the two-side configuration. In principle, when analyzed 

in terms of an axisymmetric model, the two-side test yields the hydrau

lic conductivity of both the seal and the rock mass. On the other 

hand, the axisymmetric analysis of a one-side test yields an infinite 

set of pairs of seal and rock conductivities, anyone of which will 

yield an observed flow rate. The unique solution pair of conductivities 

for a given one-side test can only be selected from the infinite set if 

the conductivity of the rock mass is known by an independent means. 

Since flow conditions are assumed steady, water-storage properties may 

not be determined from the analysis of the test using either configura

tion. 

In this study, the effect of geometric and hydraulic parameters on 

injection and collection flows is examined. Two methods are developed 

for presenting generalized, dimensionless solutions for the two-side 
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test. Procedures based on these dimensionless solutions are given for 

obtaining the specific solution for a particular two-side test. One of 

the two dimensionless solutions, along with its specific solution proce

dure, is applied to the one-side test. Finally, a comparison is made of 

the one-dimensional to the axisymmetric solution for a range of test 

geometries and hydraulic properties. 

3.5.1 Assumptions for Axisymmetric Model 

Two-Side Test: 

(1) The uniform and isotropic hydraulic conductivity of the seal is 

Ks. Seal length and diameter are Ls and D. 

(2) The uniform and isotropic hydraulic conductivity of the rock 

mass is Kr . The rock mass is large compared to the size of the seal. 

(3) At radial distance Lr from the seal, hydraulic head in the rock 

mass is maintained at zero. 

(4) At vertical distance La/2 above and below the seal, hydraulic 

head is maintained at zero. 

(5) The injection zone above the seal is of length Li. The 

collection zone below the seal has length Lc. 

(6) Above the injection zone and below the collection zone, the 

wall of the borehole is an impermeable boundary. 

(7) A constant positive head H is maintained in the injection zone. 

Head in the collection zone is maintained at zero. 

(8) Injection rate Qi and collection rate Qc are steady. 

One-Sjde Test: 

(1) Assumptions 1-4 for the two-side test. 
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(2) The injection zone above the seal has length Li and is main-

tained at positive head H. The lower face of the seal is maintained at 

head equal to zero. Head at the borehole wall over the full length of 

the hole below the seal is maintained at zero. 

(3) Above the injection zone, the wall of the borehole is an 

impermeable boundary. 

(4) Injection rate Qi is steady. 

3.5.2 Mathematical Statement of the Modeling Problem 

The mathematical description of the axisymmetric model of the two-

side test is the boundary-value problem posed by Equations 3.1 through 

3.14 (Figure 3.1; subscripts "s" and "r" denote seal and rock 

subdomains, respectively): 

Seal Subdomain 

Governing differential equation: 

(3.1 ) 

Boundary conditions: 

O<r<DI2, z=-L sI2 (3.2) 

(3.3) 

O<r<DI2. z=Lsl2 (3.4 ) 

Rock Sub domain 

Governing differential equation: 
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Z= LO/2 

z 

~ INJECTION ZONE 

~ KS 
.... S 

ss 
r 

Z= -L 5/ 2 
I.:..:.:.:. 

L L ~ COLLECTION ZONE 
Z= - 5/2 - c S 

r= L r 

Figure 3.1 Flow field for axisymmetric models of steady and transient 
constant-head tests. 



Boundary conditions: 

Interface Conditjons 

hs = h, r=D/2, -Ls/2<z<Ls/2 

dh s dh, 
K -=K-

s dr ' dr 

Discbarge Expressions 

,-D12 

Qi = j 2nr K s(dh s ) dr -
d Z z-L./2 ,-0 

,-D12 

Qc = j 2nr K s(dh
s

) dr 
OZ z--L 12 ,-0 • 

Z-L

j
./2+L/ (Oh,) 

nDK, - dz or ,-D12 
z- L./2 

z--L 12 

+ j' nDK r(Ohr) dz or r-D12 
z--L./2-L. 
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(3.6) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10) 

(3.11 ) 

(3.12) 

(3.13) 

(3.14) 
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For the one-side test, the modeling problem is described by the 

same equations as for the two-side test except that Equations 3.8 and 

3.14 are deleted and 3.9 is replaced by the following: 

h,= 0 (3.15) 

3.5.3 Dimensionless Products 

Dimensionless variables and parameters .which describe the steady 

constant-head test were determined from the equations of the boundary

value problem for the test using the method of modified inspectional 

analysis (Bear, 1972, pp. 676-677). The dimensionless quantities are as 

follows: 

Variables: 

Qid - Qi/(KsHD) - dimensionless injection rate 

Qcd - Qc/(KsHD) - dimensionless collection rate 

Hydraulic parameter: 

Kr/Ks - conductivity ratio 

Geometric parameters: 

Ls/D - dimensionless seal length 

Li/D - dimensionless length of injection zone 

Lc/D 

LaiD 

Lr/D 

dimensionless length of collection zone 

dimensionless axial length of rock mass 

dimensionless radial length of rock mass 

The functional relationship between the variables and parameters of 

the steady two-side constant-head test is expressed by Eq. 3.16, which 

was verified by computer simulation. 
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Q id , Q cd = f ( L s / D , L c / D , L i / D , La / D , L r / D , K r / K s) (3.16) 

If geometric similitude is maintained in the flow domain, this 

relationship reduces to 

(3.17) 

Similarly, the functional relationship between the variables and 

parameters of the one-side test may be expressed as follows: 

Q id = f ( L s / D , L I / D , La / D , L r / D , K r / K s) (3.18) 

or 

(3.19) 

for geometrically similar flow fields. 

The functional relationships expressed by Eqs. 3.16 through 3.19 

are the basis for the analyses which follow. 

3.5.4 Effect of Geometric and Hydraulic Parameters on Injection and 
Collection Flows 

The objective of this part of the study is to determine how the 

dimensionless injection and collection rates (for the two-side test) and 

the dimensionless injection rate (for the one-side test) vary in 

response to changes in geometric and hydraulic parameters. 

The geometric parameters considered are the dimensionless seal 

length (Ls/D) and the dimensionless lengths of the injection and collec-

tion zones (Li/D and Lc/D). The dimensionless axial and radial lengths 

of the rock mass (LaiD and Lr/D) are not considered, because, as has 

been shown (Section 3.4.2.1.1 and Appendix B), injection and collection 

flows are relatively insensitive to changes in the boundary dimensions, 

provided the boundaries are remote. The conductivity ratio (Kr/Ks) , the 
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only hydraulic parameter to affect steady injection and collection 

rates, is also included in the study. For each geometric or hydraulic 

parameter, one or more series of steady constant-head test simulations 

is performed in which the parameter is varied over a range of values. 

Other parameters are held constant for each series. The dimensionless 

injection and collection rates (Qid and Qcd) obtained from the simu

lations are then plotted against the variable parameter. The results of 

the simulations are presented in Appendix D. Also included is a brief 

investigation of the effect of packer length on Qid and Qcd for the 

two-side test. 

3.5.4.1 Two-Side Test 

3,5 4 1 1 Effect of Seal Length 

Effect on Injection Flow (Figure 3.2). The fraction of the injec

tion flow which is most affected by seal length is that part which flows 

from the injection zone to the collection zone. That fraction consists 

of components in the axial direction within the seal and components in 

the rock mass passing around the seal to the collection zone. The 

hydraulic gradient driving these components decreases as seal length 

increases. Thus, by Darcy's law, flow components from the injection to 

collection zone decrease as the length of the seal increases. The por

tion of the injection which does not flow to the collection zone flows 

into the rock mass, ultimately leaving the flow domain at the axial or 

radial boundaries. The gradients driving these components are less 

affected by changes in seal length than the gradients of components 

which end in the collection zone. For low conductivity ratios, a large 
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fraction of the injection flow is directed axially into the seal, espe

cially for short seal lengths. Thus for low conductivity ratios (e.g. 

Kr/Ks < 0.1) and short seal lengths, Qid is sensitive to Ls/D. On the 

other hand, for high conductivity ratios (e.g. KrlKs > 10), most of the 

injection flow is into the relatively high-conductivity formation, and 

the fraction of injection passing into the seal or around the seal to 

the collection zone is small, even for short seal lengths. Thus, Qid is 

insensitive to changes in Ls/D for high conductivity ratios. 

For a conductivity ratio of 0.1 and Ls/D greater than about 5.0, 

Figure 3.2 indicates that injection flow is nearly insensitive to seal 

length. For higher ratios, injection flow becomes insensitive to seal 

length at shorter dimensionless seal lengths. 

Effect on Collection Flow (Figure 3.3). Qcd is sensitive to Ls/D 

throughout the full range of seal lengths and conductivity ratios con

sidered. This sensitivity occurs because, according to this model, col

lection flow originates in the injection zone and must flow either 

through or around the seal to the collection zone. Consequently, the 

hydraulic gradients producing these components decrease as seal length 

increases. As the gradients decrease, the flow components decrease in 

accord with Darcy's law. 

3.5.4 1 2 Effect of Injection Zone Length 

Effect on Injection Flow (Figures 3.4a and 3.4b). For any conduc

tivity ratio, Qid increases with Li/D. Figure 3.4b suggests that the 

rate of increase in Qid with Li/D becomes constant as the injection zone 

becomes sufficiently long. 
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Effect on Collection Flow (Figure 3.5). The effect of increasing 

Li/D is to increase Qcd as well as Qid. However, the increases are 

proportionately less for Qcd than for Qid. For example, as Li/D 

increases from 0.156 to 3.75, Qcd increases 110% compared to a 280% 

increase in Qid for Kr/Ks - 10. For Kr/Ks - 0.1, Qcd increases by 13% 

and Qid by 81% as Li/D increases from 0.156 to 3.75. For any conductiv

ity ratio, Figure 3.5 suggests that Qcd approaches a steady value as 

Li/D increases. For KrlKs less than or equal to 0.1, Qcd is nearly 

insensitive to changes in Li/D. 

3,5 4 1,3 Effect of Collection Zone Length 

Effect on Injection Flow (Figure 3.6). Qid is nearly insensitive 

to changes in Lc/D for the range of collection-zone lengths and conduc

tivity ratios studied. This insensitivity is consistent with an obser

vation to be made subsequently: that injection rates in a one-side test, 

for which Lc is, effectively, the depth of the borehole below the seal, 

are nearly the same as injection rates for a two-side test with compara

ble hydraulic and geometric properties. 

Effect on Collection Flow (Figure 3.7). For any conductivity 

ratio, Qcd increases with increasing Lc/D. The figure suggests that Qcd 

approaches a steady value as Lc/D increases. 

For Kr/Ks < 0.1, Qcd is nearly independent of Lc/D. 

3,5 4 ],4 Effect of Conductivity Ratio 

Effect on Injection Flow (Figure 3.8). The slope of one for Kr/Ks 

> 10 indicates that at conductivity ratios in this range, Qid is 

directly proportional to Kr/Ks, or Qi varies directly with KrHD. In 
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this range, the contribution of flow through the seal to the total 

injection flow is insignificant. 
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The convergence of the curves for Ls/D - 3.0 and 4.0 for Kr/Ks 

greater than about 1, is consistent with Figure 3.2. In Figure 3.2, Qid 

is nearly insensitive to seal length for Ls/D > 3.0 and Kr/Ks > 1.0. 

For Kr/Ks < 0.1, the curves are distinct for the three seal 

lengths. In this range of conductivity ratios, a significant fraction 

of the injection flow is through the seal to the collection zone and is 

thus sensitive to seal length. 

The curve for Ls/D - 1.0 is nearly parallel to the Kr/Ks axis for 

Kr/Ks < 0.01. In this range, injection flow into the rock mass is 

almost insignificant compared to flow into the seal. The curves for 

Ls/D - 3.0 and 4.0 do not become fully insensitive to Kr/Ks within the 

range of conductivity ratios studied. This is because the longer length 

of these seals reduces the flow through the seal such that the injection 

flow into the rock mass is still significant compared to seal flow, even 

at conductivity ratios as low as 0.01. 

Effect on Collection Flow (Figure 3.9). The slope of about one for 

Kr/Ks > 10 indicates that Qc varies directly with KrHD in this range. 

Flow through the seal to the collection zone is insignificant in compar

ison to flow through the rock mass to the collection zone. 

The nonconvergence of the curves throughout the range of 

conductivity ratios indicates that Qcd is sensitive to seal length from 

Ls/D - 1.0 to 4.0 over the range of conductivity ratios studied. This 

observation is consistent with Figure 3.3. 
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For Kr/Ks < 0.01, Qcd is insensitive to Kr/Ks for the three seal 

lengths. The insensitivity indicates that in this conductivity range 

for these seal lengths flow components through the rock mass to the 

collection zone are insignificant compared to those through the seal to 

the collection zone. 

3 5 4.1 5 Effect of Packer I,ength. In the simulations of the 

two-side test and all tests studied in this chapter, except the one-side 

constant-head test, the full length of the borehole beyond the injection 

and collection zones is assumed impermeable to flow. In actual field 

tests, the injection and collection zones are usually formed by placing 

mechanical or pneumatic packers just beyond the injection and collection 

zones. Thus the actual lengths of the impermeable boundaries along the 

borehole are the gland lengths of the in-place packers. 

Several simulations of the two-side constant-head test were per

formed to compare steady injection and collection flow rat~s obtained 

with short, impermeable boundaries to the flow rates obtained with 

full-length, impermeable boundaries. The simulation results are pres

ented in Appendix E. Strictly, they apply only to the steady two-side 

constant-head test. 

Let "injection deviation" be defined as the percent difference 

between the dimensionless injection flow rate obtained in the simulation 

for short impermeable boundaries and the dimensionless injection rate 

for the corresponding simulation for full-length impermeable boundaries. 

A similar definition is given to "collection deviation". Based on the 

simulations performed, the following conclusions are made: 
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(1) For seal lengths of 1 to 4 diameters, injection and collection 

zone lengths of 0.2 to 2 diameters, and conductivity ratios of 100 or 

less, injection and collection deviation are less than 5% when the gland 

lengths of both packers are 9 diameters or more. 

(2) Deviation increases as KrlKs increases, other factors remaining 

constant. 

(3) For given test geometry and hydraulic conditions, collection 

deviation is generally greater than injection deviation. 

(4) Other factors remaining constant, deviation decreases as the 

gland length of either or both of the packers increases. 

3.5.4.2 One-Side Test 

A study was made of the effects of geometric and hydraulic parame

ters on dimensionless injection flow rate for the one-side steady 

constant-head test. All results were nearly identical to the results 

for injection flow in the two-side test. Simulation results for the 

one-side test are presented in Appendix D. 

As with the two-side test, the injection flow in a one-side test 

appears insensitive to seal length for lengths greater than 5 diameters 

and Kr/Ks greater than or equal to 0.1. This insensitivity suggests 

that in the testing of a long seal, the injection rate reflects only the 

hydraulic properties of that part of the seal within at most 5 diameters 

of the injection zone for Kr/Ks > 0.1. To test this idea, simulation 

runs were made on a seal of length Ls/D - 5.0. The constant-head bound

aries on the lower face of the seal and along the wall of the borehole 

below the seal were replaced by impermeable boundaries. A short 
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injection-zone length (Li/D - 0.2) was used to minimize flow to the rock 

mass. The results indicate that Qid for these modified boundary condi

tions is only 3.9% less than Qid for the one-side test, for Kr/Ks - 0.1. 

For Kr/Ks - 1.0 and 10, the difference was less than 1%. 

3.5.5 Solution Procedures 

The "solution" of a steady constant-head test analyzed with the 

axisymmetric three-dimensional flow model consists of the pair or pairs 

of Ks and Kr values that, when input to the model, yield the observed 

injection and collection rates for the two-side test or the observed 

injection rate for the one-side test. 

Two techniques are described for presenting the solution of steady 

constant-head tests in a generalized, dimensionless form. Typical 

dimensionless solutions are used to examine the nature of the steady-

state solution. Procedures based on the dimensionless solutions are 

presented for obtaining the specific solution for a particular test. 

3.5.5.1 Dimensionless Solutions 

3,5 5,1 1 Dimensionless Injection and Collection Solution Loci for 

Qne-Side and Two-Side Tests. If the assumptions of the two-side test 

are approximately satisfied in a field test and Qi and Qc are the mea

sured injection and collection rates, an infinite set of Ks and Kr pairs 

will yield Qi for the injection head and setup geometry of the test. 

This set of pairs is called the injection solution locus. Similarly, a 

collection solution locus or infinite set of pairs will yield Qc for the 

injection head and geometry of the test. The intersection of the two 

loci gives the solution pair(s) for the two-side test. For the one-side 
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test, the infinite set of pairs of the injection solution locus consti

. tutes the solution. 

The injection and collection solution loci may be presented in a 

generalized, dimensionless form using the following variables: 

Ksid - l/Qid - KsHD/Qi - dimensionless seal conductivity based on 

Krid - (Kr/Ks)/Qid - KrHD/Qi - dimensionless rock conductivity 

based on Qi 

Kscd - l/Qcd - KsHD/Qc - dimensionless seal conductivity based on 

Krcd - (Kr/Ks)/Qcd - KrHD/Qc - dimensionless rock conductivity 

based on Qc. 

To obtain dimensionless injection and collection solution loci, 

simulation runs are made over a range of conductivity ratios for a par

ticular test geometry. From the input values (Ks , Kr , H, and D) and the 

output values (Qi and Qc) of each simulation, a set of the four 

dimensionless variables may be determined. The sets of dimensionless 

variables spanning the range of conductivity ratios may then be used to 

plot the dimensionless loci. 

The dimensionless injection solution locus is given by a plot of 

Ksid versus Krid. Plotting Kscd versus Krcd gives the dimensionless 

collection locus. Typical plots are presented in Figures 3.10a and b. 

In Figure 3.10a, the injection locus, each point on the curve cor

responds to Ks and Kr values which produce injection rate Qi in response 

to injection zone head H and seal diameter or scale factor D for the 
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particular test geometry. A maximum value of Ksid is approached asymp

totically as Krid becomes small. This maximum is 4Ls/(nD), the value of 

Ksid when the rock mass is impermeable and all injection flow is through 

the seal. Similarly, a maximum value of Krid is approached as Ksid 

becomes small. The maximum Krid is the value of the variable when the 

seal is impermeable and all injection flow is into the rock. 

Figure 3.10b, the plot of Kscd versus Krcd, is the dimensionless 

collection flow solution locus. The curve approaches maximum Kscd and 

Krcd values asymptotically. Maximum Kscd corresponds to an impermeable 

rock mass such that all collection flow is through the seal. The maxi

mum Kscd value is the same as the maximum Ksid value, 4Ls/(nD). Maximum 

Krcd corresponds to an impermeable seal with all collection flow coming 

from the rock mass. 

The solution of a specific two-side test may be obtained from plots 

similar to Figures 3.10a and b provided the plots are for a setup geo

metrically similar to that of the test. To obtain the locus of Ks and 

Kr values which will yield the injection flow, the coordinates of each 

point on the Ksid versus Krid curve are mUltiplied by the quantity 

Qi/(DH) obtained from the test. The result is a plot of Ks versus Kr 

which is the injection solution locus for the test. In a similar 

manner, the points of the Kscd versus Krcd curve are multiplied by 

Qc/(DH), obtained from the test, to find the collection locus of Ks and 

Kr values. The intersection of the two loci of Ks and Kr values plotted 
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on the same graph is the solution for the test. This solution procedure 

is essentially the same as the intersection method presented in Section 

3.5.5.2. 

In principle, a unique solution pair of Ks and Kr values exists for 

every two-side test. For Kr » Ks or Kr «Ks , it may not be possible 

to determine a unique solution pair due to experimental uncertainties 

and practical limitations of the analysis. For Kr » Ks , both solution 

loci asymptotically approach the same maximum value of Kr . For this 

situation, the intersection value of Kr is the limit value and may be 

determined precisely. For Ks , due to the convergence of the loci, the 

analysis yields only that it is a value less than some small (relative 

to Kr) maximum. A similar situation occurs for Kr «Ks . In this case, 

the analysis allows determination of a precise value for Ks but yields 

only that Kr is a value less than some small (relative to Ks) maximum. 

Figures 3.lla, band c illustrate these points. Each of the three 

figures shows the intersection of the specific injection and collection 

solution loci for a test. The curves for each figure are obtained from 

the dimensionless solution loci of Figures 3.l0a and b. For Figure 

3.lla, the quantities Qi/(DH) and Qc/(DH) are those obtained for Ks - 1 

x 10- 9 and Kr - 1 x 10- 9 . For Figures 3.llb and c, the quantities 

Qi/(DH) and Qc/(DH) are the values obtained for the same Ks but Kr 1 x 

10- 7 and Kr - 1 x 10-11 , respectively. In Figure 3.lla, where Kr/Ks 

1.0, the intersection of the curves is distinct and precise values of Ks 

and Kr are easily determined. In Figure 3.llb, with Kr/Ks - 100, the 

intersection value of Kr is the limit value of Kr (1 x 10- 7) and may be 
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determined precisely. But because the loci converge, a unique intersec

tion value of Ks cannot be determined by inspection. For this situa

tion, the analysis yields only that Ks is less than about 2 x 10- 9 . For 

Figure 3.11c, with Kr/Ks - 0.01, the intersection value of Ks is the 

limit value (1 x 10- 9) and may be determined with precision. Again, due 

to the convergence of the loci, the analysis only indicates that Kr is 

less than about 1 x 10-11 . 

3 5,5 J 2 Dimensionless Solution for Two-Side Test Using Flow 

Ratio. A second method for presenting a dimensionless solution of the 

two-side test utilizes a new parameter, the flow ratio Qi/Qc - QidlQcd. 

For every set of the four dimensionless terms introduced in Section 

3.5.5.1.1, there is a unique flow ratio. A generalized, dimensionless 

solution for a particular test geometry is obtained by plotting either 

Ksid or Kscd versus Qi/Qc and either Krid or Krcd versus Qi/Qc. Figures 

3.l2a and b illustrate the method. 

In Figure 3.12a, Kscd is plotted against Qi/Qc. The curve termi

nates at Qi/Qc - 1 at a maximum value of Kscd. In the constant-head 

test, according to the model presented, the injection zone is the source 

of all flow into the system. Flow exits the system at the collection 

zone and at the axial and radial boundaries. Thus the injection flow is 

never less than the collection flow. Kscd is at its maximum value when 

Qi/Qc approaches one, which occurs when the rock mass is nearly imperme

able compared to the seal. The maximum value of Kscd is 4Ls/(nD), the 

value of Kscd when all flow is through the seal. 
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As Kscd becomes small, Qi/Qc asymptotically approaches a limiting 

value, the flow ratio for the case in which the seal is impermeable and 

all flow is through the rock. 

Figure 3.12b is a plot of Krcd versus Qi/Qc. The curve asymptoti

cally approaches Qi/Qc - 1.0 as Krcd becomes small. For very small 

Krcd, the rock mass is essentially impermeable and all flow is through 

the seal; hence, Qi - Qc or Qi/Qc - 1. As Krcd increases (and Kscd 

decreases), Qi/Qc increases until all flow from the injection zone and 

all flow into the collection zone is through the rock mass, the seal 

being essentially impermeable at this point. The curve terminates at 

the flow ratio corresponding to this condition. The curve terminates 

because, at the point where the seal is essentially impermeable, both Qi 

and Qc are proportional to Kr and independent of Ks. Thus, at this 

point, Qi/Qc and Krcd have fixed values; larger values of Qi/Qc and Krcd 

are not possible. 

The solution of a specific two-side test may be obtained readily 

from figures similar to 3.12a and b. The figures are prepared for an 

arbitrary (e.g. unit) injection head and the same or similar geometry as 

that of the test. The flow ratio based on the test results is used to 

obtain values of Kscd and Krcd from the figures. The solution (Ks and 

Kr) is calculated from Kscd and Krcd using the values of Qc, Hand D 

from the test. This procedure is essentially the same as the flow-ratio 

method described in Section 3.5.5.2. 

The size of the conductivity ratio affects the solution in the same 

manner as for the first method. When Kr/Ks » 1, Qi/Qc approaches its 
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maximum value. For maximum Qi/Qc, a precise value of Kr may be obtained 

from the Krcd versus Qi/Qc plot. However, the value of Ks cannot be 

determined with precision since the curve of Kscd versus Qi/Qc asymptot

ically approaches the maximum flow ratio for large Qi/Qc. When KrlKs « 

I, Qi/Qc approaches 1. For this situation, Ks may be determined 

precisely from the plot of Kscd versus Qi/Qc. However, because the flow 

ratio approaches 1 asymptotically in the Krcd versus Qi/Qc plot, a pre

cise value of Kr cannot be determined. For conductivity ratios suitably 

close to I, precise values of both Ks and Kr may be obtained. 

3.5.5.2 Solution Procedures for Specific Tests 

3 5 5 2] Two-Side Test. Two methods for obtaining the solution 

pair for a two-side test are the intersection method and the flow-ratio 

method. The intersection method consists of the following steps: 

(1) Run simulations to steady state for a range of conductivity 

ratios that bracket the conductivity ratio for the seal and rock mass of 

the field test. The simulated seal, injection, and collection zones 

must be geometrically similar to their counterparts in the field test. 

Although the simulated injection head may be any value, using H - 1 

simplifies calculations. 

(2) For each run, compute Kr/Ks, Qid, and Qcd. 

(3) For the values of Kr/Ks and Qid obtained from each run, compute 

a pair of Ks and Kr values. Use Qi, H, and D values from the field test 

to make the computation. 

(4) For the values of Kr/Ks and Qcd obtained from each run, compute 

a pair of Ks and Kr values. Use Qc, H, and D values from the field test 
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to make the computation. 

(5) Construct a log-log plot of Ks versus Kr using the pairs 

obtained in (3). The curve is the locus of Ks and Kr values which will 

yield the field-test value of Qi for field-test values of Hand D. 

(6) Plot the pairs obtained in (4) on the graph in (5). The curve 

obtained is the locus of Ks and Kr values which will yield the field 

test value of Qc for field test values of Hand D. 

(7) The intersection of the two curves in (6) gives the values of 

Ks and Kr which will produce the injection and collection rates for the 

field test. 

The following is the procedure for the flow-ratio method: 

(1) (Same as for intersection method) 

(2) For each run, compute Kscd (or Ksid) , Krcd (or Krid) and Qi/Qc. 

(3) Plot Kscd (or Ksid) versus Qi/Qc and Krcd (or Krid) versus 

Qi/Qc· 

(4) Use the values of Qi and Qc from the test to compute Qi/Qc, and 

enter the plots in (3) to obtain values of Kscd (or Ksid) and Krcd (or 

Krid)· 

(5) Use the test values of Qc (or Qi), H, and D to obtain the 

solution pair (Ks and Kr) from the values found in (4). 

3,5,5,2,2 One-Side Test. A one-side constant-head test yields 

only a locus of Ks and Kr values that will produce the field-test Qi for 

the field values of Hand D. A procedure for analysis consists of steps 
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(1), (2), (3), and (5) from the intersection method for the two-side 

test. Ignore references in the procedure pertaining to the collection 

zone and Qcd. 

3.5.6 Effect of Test Geometry and Conductivity Ratio on Propagation 
of Error in Flow-Rate Measurement 

In a two-side test in the field, the primary quantities measured 

are injection rate Qi and collection rate Qc. How do errors made in 

measurement of these flow rates affect solution values of Ks and Kr? 

How do test geometry and conductivity ratio influence the propagation of 

these errors? The second dimensionless solution technique is used to 

answer these questions. Error propagation is compared for two seal 

lengths (Ls/O - 0.5 and 4.0), two injection-zone lengths (Li/O - 0.6 and 

2.0), and two collection-zone lengths (Lc/O - 0.6 and 2.0) over a range 

of conductivity ratios. 

The following procedure is followed for the comparison of error for 

the two seal lengths: 

(1) Obtain curves of Kscd versus Qi/Qc and Krcd versus Qi/Qc for 

tests on seals of the two lengths. Other geometry (i.e. Lc/O and Li/O) 

is the same for both tests. 

(2) Assume values of Ks and Kr , the conductivities of the seal and 

rock mass. 

(3) Use numerical simulation to obtain the injection flow rate (Qi) 

and the collection flow rate (Qc) for the conductivities assumed in (2). 

Although simulated injection head may be any value, using H - 1 simpli-

fies calculations. 
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(4) Let erroneous flow values measured in a test be Qit and Qct. 

where Qit - QiF and Qct - QcR. Assume values for factors Rand F to 

indicate an assumed measurement error in Qit and/or Qct. 

(5) Use the ratio of erroneous flows, Qit/Qct - QiF/(QcR), to 

obtain values of Kscd and Krcd from the curves in (1). 

(6) Multiply the values ·of Kscd and Kr~d by Qct/(HD) QcR/(HD) to 

obtain erroneous values of Ks and Kr; call these values Kst and Krt. 

(7) As a measure of error, compute Kst/Ks and Krt/Kr. 

(8) Steps (4) through (7) are repeated for a range of F and R 

values. 

(9) Steps (2) through (8) are repeated for a range of Ks and Kr 

values. 

The same procedure is followed for the comparison of error propaga

tion for the two injection-zone lengths and the two collection-zone 

lengths. Results of the error comparison are presented in Tables 3.la, 

b, and c and are summarized in the following comments. 

3.5.6.1 Effect of Seal Length on Error Propagation 

(1) For Kr/Ks - 0.3 to 10, the computed seal conductivity, Kst, is 

less sensitive to errors in measurement of injection and collection 

rates for the short seal (Ls/D - 0.5) than for the long seal (Ls/D -

4.0). The greatest sensitivity appears to occur when the flow ratio 

based on the measured flow rates (Qit/Qct) is higher than the actual 

flow ratio (Qi/Qc). This occurs when Qit > Qi (i.e. F > 1) and/or Qct < 

Qc (i.e. R < 1). 
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Table 3.la Error in Calculated Values of Seal and Rock-Mass Hydraulic 
Conductivity Due to Errors in Measurement of Flow Rate for 
Two Seal Lengths 

Kst/Ks Krt/Kr 
---------------- ---------------

F- R- Ls/D - Ls/D - Ls/D - Ls/D -
Kr/Ks Qit/Qi Qct/Qc .5 4 .5 4 
------------------------------------------------------.-----

10 .9 .9 .9 .9 .9 .9 
.9 1 3 4.5 .84 .86 
.9 1.1 4.9 9.3 .77 .82 
1 .9 
1 1.1 3.1 4.5 .93 .96 

1.1 .9 
1.1 1 
1.1 1.1 1.1 1.1 1.1 1.1 

3 .9 .9 .9 .9 .9 .9 
.9 1 1.6 2.5 .83 .84 
.9 1.1 2.2 3.8 .78 .8 
1 .9 .24 .031 1.1 1 
1 1.1 1.7 2.6 .93 .95 

1.1 .9 
1.1 1 .33 .093 1.2 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 

1 .9 .9 .9 .9 .9 .9 
.9 1 1.2 1.4 .84 .86 
.9 1.1 1.5 1.9 .74 .82 
1 .9 .71 .36 1.1 1.1 
1 1.1 1.3 1.5 .93 .96 

1.1 .9 .49 .031 1.3 1.2 
1.1 1 .81 .44 1.2 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 

.3 .9 .9 .9 .9 .9 .9 
.9 1 1.1 1.1 .71 .85 
.9 1.1 1.3 1.4 .55 .82 
1 .9 .8 .78 1.2 1 
1 1.1 1.2 1.2 .82 .95 

1.1 .9 .7 .67 1.5 1.2 
1.1 1 .9 .89 1.3 1.1 
1.1 1.1 1.1 1.1 1.1 1.1 

.1 .9 .9 .9 .9 .9 .9 
.9 1 1.1 1 .44 .85 
.9 1.1 1.2 1.1 .39 .8 
1 .9 .84 .89 1.5 1.1 
1 1.1 1.2 1.1 .54 .94 

1.1 .9 .78 .86 1.9 1.2 
1.1 1 .95 .92 1.5 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 
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Table 3.1b Error in Calculated Values of Seal and Rock-Mass Hydraulic 
Conductivity due to Errors in Measurement of Flow Rate 
for Two Injection-Zone Lengths 

Kst/Ks Krt/Kr 
---------------- ---------------

F - R- Li/O - Li/O - Li/O - Li/O -
Kr/Ks Qit/Qi Qct/Qc .6 2 .6 2 
.----------------------------------------.------------------

4 .9 .9 .9 .9 .9 .9 
.9 1 1.9 2 .86 .87 
.9 1.1 2.9 3.1 .82 .85 

1 .9 
1 1.1 2 2.1 .96 .97 
1.1 .9 
1.1 1 .046 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 

1 .9 .9 .9 .9 .9 .9 
.9 1 1.2 1.3 .85 .87 
.9 1.1 1.6 1.7 .79 .84 

1 .9 .65 .62 1.1 1 
1 1.1 1.3 1.4 .94 .97 
1.1 .9 .41 .34 1.2 1.2 
1.1 1 .76 .72 1.2 1.1 
1.1 1.1 1.1 1.1 1.1 1.1 

.1 .9 .9 .9 .9 .9 .9 
.9 1 1.1 1.1 .71 .76 
.9 1.1 1.2 1.2 .52 .66 

1 .9 .86 .86 1.2 1.1 
1 1.1 1.1 1.1 .81 .87 
1.1 .9 .81 .82 1.5 1.4 
1.1 1 .97 .96 1.3 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 
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Table 3.1c Error in Calculated Values of Seal and Rock-Mass Hydraulic 
Conductivity due to Errors in Measurement of Flow Rate for 
Two Collection-Zone Lengths 

Kst/Ks Krt/Kr 
---------------- ---------.-----

F - R- Lc/D - Lc/D - Lc/D - Lc/D -
Kr/Ks Qit/Qi Qct/Qc .6 2 .6 2 
------------------------------------------------------------

4 .9 .9 .9 .9 .9 .9 
.9 1 1.9 2.4 .86 .83 
.9 1.1 2.9 3.8 .82 .78 
1 .9 
1 1.1 2 2.5 .96 .94 

1.1 .9 
1.1 1 .046 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 

1 .9 .9 .9 .9 .9 .9 
.9 1 1.2 1.4 .85 .83 
.9 1.1 1.6 1.8 .79 .77 
1 .9 .65 .54 1.1 1.1 
1 1.1 1.3 1.5 .94 .93 

1.1 .9 .41 .13 1.2 1.3 
1.1 1 .76 .63 1.2 1.2 
1.1 1.1 1.1 1.1 1.1 1.1 

.1 .9 .9 .9 .9 .9 .9 
.9 1 1.1 1.1 .71 .66 
.9 1.1 1.2 1.2 .52 .46 
1 .9 .86 .83 1.2 1.2 
1 1.1 1.1 1.2 .81 .76 

1.1 .9 .81 .76 1.5 1.6 
1.1 1 .97 .93 1.3 1.3 
1.1 1.1 1.1 1.1 1.1 1.1 
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(2) For Kr/Ks - 0.1, Kst is slightly more sensitive to errors in 

measurement of injection and collection rates for the short seal than 

for the long one. 

(3) For Kr/Ks - 0.1 to 10, the computed rock mass conductivity, 

Krt, is slightly more sensitive to errors in measurement for the short 

seal than for the long seal. 

(4) For both seal lengths, sensitivity of Kst to measurement errors 

decreases as Kr/Ks decreases. 

(5) For the long seal, sensitivity of Krt to measurement errors 

does not change significantly as Kr/Ks changes. For the short seal, 

sensitivity of Krt increases slightly as Kr/Ks decreases. 

3.5.6.2 Effect of Injection Zone Length on Error Propagation 

(1) For Kr/Ks - 0.1 to 4, Kst is slightly less sensitive to errors 

in measurement of injection and collection flows for tests with the 

short injection zone (Li/D - 0.6) than for tests with the longer injec

tion zone (Li/D - 2.0). 

(2) For Kr/Ks - 0.1 to 4, Krt is slightly more sensitive to 

measurement errors for tests with the short injection zone than for 

tests with the longer injection zone. 

(3) For both injection zone lengths, sensitivity of Kst to mea

surement errors decreases as Kr/Ks decreases. 

(4) For both injection zone lengths, sensitivity of Krt to 

measurement errors increases slightly as Kr/Ks decreases. 
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3.5.6.3 Effect of Collection Zone Length on Error Propagation 

(1) For Kr/Ks - 0.1 to 4, Kst is less sensitive to errors in mea

surement of flow rates for tests with the short collection zone (Lc/D 

0.6) than for tests with the longer collection zone (Lc/D - 2.0). 

(2) For Kr/Ks - 0.1 to 4, Krt is slightly less sensitive to mea

surement errors for tests with the short collection zone than for tests 

with the longer collection zone. 

(3) For both collection zone lengths, sensitivity of Kst to mea

surement errors decreases as Kr/Ks decreases. 

(4) For both collection zone lengths, sensitivity of Krt to errors 

in measurement increases slightly as Kr/Ks decreases. 

The error measures Kst/Ks and Krt/Kr corresponding to error factors 

F and R are valid for any test of similar geometry for which the actual 

conductivity ratio is Kr/Ks. 

The study considered two seal lengths, two injection zone and two 

collection zone lengths. The range of actual conductivity ratios was 

0.1 < Kr/Ks < 10. Flow measurement errors of :10% were considered. 

Caution must exercised in application of these results to other geome

tries, conductivity ratios, and/or measurement errors. 

In general, errors in measurement of injection and/or collection 

rates result in greater error to seal conductivity determined from the 

test than to rock mass conductivity. For example, in the overall study, 

Kst/Ks ranged from 0.031 to 9.3, while Krt/Kr ranged from 0.39 to 1.9. 

In each of the comparisons, some of the measurement errors caused 

the flow ratio to be impossibly high; that is, the ratio of the measured 
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flows fell beyond the range of the Kscd versus Qi/Qc and Krcd versus 

Qi/Qc curves. If such a measured ratio is encountered in analysis of a 

field test, it indicates either that a measurement error has been made 

or that the model does not adequately describe the test. 

Finally, the shorter the seal length and/or the injection zone 

length, the smaller or more restricted is the range of possible flow

ratio values for a test (Appendix F). Tests which yield flow ratios 

within the range of possible values mayor may not conform to the 

assumptions of the test. However, assuming no errors in measurement, 

tests which yield flow ratios outside the range of possible values defi

nitely do not conform to the assumptions of the test. It is shown in 

Appendix F that the shorter the seal and/or injection zone, the greater 

is the probability that tests yielding results within the range do meet 

the test assumptions. A similar conclusion cannot be made regarding the 

effect of the length of the collection zone based on the present analy

sis (Appendix F). 

3.5.7 Comparison to One-Dimensional Model 

The available analytical model for the steady constant-head test is 

based on the assumption of one-dimensional axial flow through the seal. 

The purpose of this section is to compare the one-dimensional and axi

symmetric models for a range of test geometries and hydraulic condi

tions. To make the comparison, seal conductivities determined by 

one-dimensional analysis using the injection and collection flows 

obtained from an axisymmetric simulation are compared to the seal con

ductivity used in the simulation. 
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Let Ks be the hydraulic conductivity of a seal used in an 

axisymmetric simulation of the steady constant-head test. Let Hand D 

be the injection head and borehole diameter/scale factor for the simu-

lation. Let Qi and Qc be the injection and collection rates obtained 

from the simulation. Let Ksic be the conductivity calculated using the 

results of the simulation and assuming that all of the injection flow is 

one-dimensional through the seal. Then Ksic may be calculated as fol-

lows using Equation 2.8: 

(3.20) 

Dividing both sides of Equation 3.20 by Ks gives 

K sic = 4Q i L s = ( 4 L s) 
K s ( IT D 2 H K s ) Q id IT D 

(3.21 ) 

Equation 3.22 is a similar expression based on use of the collec-

tion rate Qc: 

(3.22) 

Kscc is the seal conductivity calculated using the collection flow 

Qc and assumin& all flow is one-dimensional through the seal. In this 

study, comparison of the two models is made in terms of the ratios 

Ksic/Ks and Kscc/Ks. For simulations in which the first of these 

ratios is equal to one, one-dimensional analysis using the injection 

rate from the simulation yields the same seal conductivity as used in 

the simulation. When the second ratio is one, one-dimensional analysis 

using the collection rate from the simulation yields the same seal con-

ductivity as used in the simulation. 
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3.5.7.1 Two-Side Test 

The plots of this section are made using the data of the plots of 

Section 3.5.4 (Appendix D). Values of Qid and Qcd from those plots are 

multiplied by the dimensionless quantity 4Ls/(nD) to obtain Ksic/Ks and 

Kscc/Ks. Figures 3.l3a and b through 3.l5a and b compare the one

dimensional and axisymmetric models for a range of seal lengths and 

lengths of the injection and collection zones. Comparison is made for a 

range of conductivity ratios in Figures 3.l6a and b. 

3.5 7 J J Comparisons for a Range of Sea] Lengths. Figure 3.13a 

confirms that Ksic, the seal conductivity calculated assuming all injec

tion flow is axial through the seal, is greater than Ks , the seal con

ductivity used in the simulation. Also, Ksic increases with respect to 

Ks as seal length increases. 

In Figure 3.l3b, for Kr/Ks - 1.0 and 10, Kscc is greater than Ks 

and increases relative to Ks as seal length increases. For Kr/Ks -

0.1, Kscc is approximately equal to Ks , for the range of seal lengths 

considered. 

For a given seal length, both Ksic and Kscc increase with respect 

to Ks as Kr/Ks increases. Over the range of these simulations, Ksic is 

always greater than Kscc for the same conductivity ratio and seal 

length. Also, for the same conductivity ratio, Ksic increases more 

rapidly with increasing seal length than Kscc. 

3.5.7 ].2 Comparisons for a Range of Injection-Zone Lengths. In 

Figure 3.l4a, Ksic increases with respect to Ks as the length of the 

injection zone increases. 



L./D 
Figure 3.13a Ratio of seal conductivity calculated 
assuming all axisymmetric injection flow is one
dimensional to actual seal conductivity for a range 
of laiD values C'-!/D='-c/D=O.59) 

180 



• ~ 
"'-u 

u • 
~ 

• • • 
~ Kr/K.=10 

10 

Kr/K.=1.0 .--- ... • 

1 • ... • • ... 
Kr/K,=0.1 

10-1~~~~-r~~~-r~~~-r~~~-.-r~"~-..-ro,, 
o 2 4 

L./O 
Figure 3.13b Ratio of seal conductivity calculated 
assuming all axisymmetric collection flow is one
dimensional to actual seal conductivity for a range 
of Le/O values (~/O=Lc/O=0.59) 

6 

181 



182 

Figure 3.14b indicates that Kscc is greater than Ks and increases 

with respect to Ks as the length of the injection zone increases, for 

KrlKs - 1 and 10. For Kr/Ks - 0.1, Kscc approximates Ks for the full 

range of injection lengths. 

For any injection length, both Ksic and Kscc increase with respect 

to Ks as Kr/Ks increases. Over the range of the simulations, Ksic is 

always greater than Kscc for the same conductivity ratio and length of 

injection zone. 

3 5 7,] 3 Comparjsons for a Range of Collection Zone Lengths. In 

Figure 3.15a, Ksic is greater than Ks. The ratio of the two remains 

constant as the length of the collection zone increases. For Kr/Ks - 1 

and 10 (Figure 3.1Sb), Kscc is greater than Ks and increases with 

respect to Ks as collection zone length increases. For Kr/Ks - 0.1, 

Kscc is approximately equal to Ks for the range of collection lengths 

considered. 

Over the range of the simulations, Ksic is greater than Kscc for 

the same conductivity ratio and collection length. For a given collec

tion length, both Ksic and Kscc increase with respect to Ks as Kr/Ks 

increases. 

3 5,7,1,4 Comparisons for a Range of Conductivity Ratios. In 

Figure 3.16a, Ksic is greater than Ks and increases with respect to Ks 

as Kr/Ks increases. For Kr/Ks greater than about one, the slope of each 

plot is approximately one, which indicates that Ksic is proportional to 

Kr . For Ls/D - 1 and Kr/Ks less than 0.01, Ksic is approximately equal 

to Ks. For Ls/D - 3 or 4 and Kr/Ks less than 0.003, Ksic is about equal 



10 2 

• ~ 

"'" .!:! .. 
~ 

10 

1 

Kr/K.-10 • 

~ 
Kr/K.-1.0 

~ 
I 

Kr/K.=0.1 • • 

o 1 234 
LiD 

Figure 3.14a Ratio of seal conductivity calculated 
assuming all axisymmetric injection flow is one
dimensional to actual seal conductivity for a range 
of ~/D values (~/D=1.0. Lc/D=0.59) 

183 



• ~ 
......... u u • ~ 

10 2 

• .------- Kr/K.=10 
10 

Kr/K.=1.0 
.. .. 

...--- I 

• .. .. .. 
1 • 

Kr/K.=0.1 

10 -1~~~~~~~~~~~~~~~~~~~~-~~~~~ I I 
o 1 234 

~/D 
Figure 3.14b Ratio of seal conductivity calculated 
assuming all axisymmetric collection flow is one
dimensional to actuol seal conductivity for a range 
of ~/D values (~/D=1.0. ~/D=0.5g) 

184 



• 
~ 
......... . ~ 
~ 

• • • • 

10 • • • • • 
Kr/K.=1.0 

• • • • • 
1 Kr/K.=0.1 

10-I~TT~rr~~rr~'-~~'-~~'-~~-'rT~rr~~,,~ 
o 1 234 

Lc/D 
Figure 3.15a Ratio of seal conductivity calculated 
assuming all axisymmetric injection flow is one
dimensional to actual seal conductivity for a range 
of Lc/D values (ls/D=1.0. LI!D=0.59) 

185 



.. 
~ 

'H 
II 

~ 

0;0 

~ 
Kr/K.=10 10 

• 
.---- I 

Kr/K.=1.0 
• • • 1 • • 

Kr/K.=0.1 

10 -l~~~rr~'-rr~~~~~~~~rT~~~~rr~~rr~ 
o 1 234 

Lc/D 
Figure 3.15b Ratio of seal conductivity calculated 
assuming all axisymmetric collection flow is one
dimens~onal to actual seal conductivity for a range 
of Lc/D values (Ls/D=1.0. 4/D=0.59) 

186 



187 

For the three seal lengths of Figure 3.l6b, Kscc is approximately 

equal to Ks for Kr/Ks less than about 0.1. For larger Kr/Ks values, 

Kscc increases with respect to Ks as Kr/Ks increases. For Kr/Ks greater 

than about 10, the three plots each have a slope of about one. In this 

range, Kscc is approximately proportional to Kr . 

Over the range of the simulations, except where Ksic is approxi

mately equal to Ks , Ksic is consistently greater than Kscc. 

3.5.7.2 One-Side Test 

Plots assessing the one-dimensional flow assumption for the one

side test may be made in the same manner as those involving injection 

flow for the two-side test. Such plots for the one-side test are nearly 

identical to their corresponding two-side test plots. Simulation data 

for the one-side plots is provided in Appendix D. 

3 6 Transient Constant-Head Test (Two-Side Test Only) 

The transient constant-head test is described in Section 2.3.1. 

The test may be performed using either the one-side or two-side configu

ration. In principle, the axisymmetric three-dimensional analysis of 

both the one and two-side tests yields the hydraulic conductivity and 

specific storage of both the seal and rock mass. Only the two-side test 

is presented. The transient injection rate for the one-side test is 

nearly identical to the transient injection rate for the corresponding 

two-side test. Also, the solution procedures for the one-side test are 

the same as those for the two-side test. This study is limited to the 

case in which the initial head in the seal is uniformly equal to zero. 
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In this analysis, the effect of hydraulic parameters on transient 

injection and collection rates is examined. A general method is pres

ented to obtain the hydraulic properties of the seal and rock mass. 

Simplified methods are given for the case in which steady flow is 

attained in the test and for the case in which the hydraulic properties 

of the rock mass are known by a means independent of the test. 

A comparison is made of the axisymmetric model to the one

dimensional analytical model for a range of hydraulic parameters and for 

several geometries. 

3.6.1 Assumptions for Axisymmetric Model 

(1) Assumptions (1) through (6) for two-side steady constant-head 

test (Section 3.5.1). 

(2) The specific storages of the seal and rock mass are Sss and 

Ssr, respectively. 

(3) Prior to the start of the test, the hydraulic head is equal to 

zero throughout the flow domain. At the start, the head is suddenly 

raised to H (H > 0) in the injection zone and maintained at this level 

throughout the test. Head in the collection zone is maintained at zero 

throughout the test. 

(4) Transient injection rate Qi(t) and transient collection rate 

Qc(t) are monitored until steady-state conditions are achieved. 
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3.6.2 Mathematical Statement of Modeling Problem 

The modeling problem for the two-side transient constant-head test 

is the initia1-boundary-va1ue problem described by Equations 3.23 

through 3.26 and the boundary and interface conditions and discharge 

expressions for the steady form of the test (Section 3.5.2): 

Seal Subdornain 

Governing differential equation: 

(3.23) 

Initial condition: 

(3.24 ) 

Rock Subdornain 

Governing differential equation: 

(3.25) 

Initial condition: 

(3.26) 

Figure 3.1 is a schematic of the flow domain. 

3.6.3 Dimensionless Products 

The analysis of the transient constant-head test is presented in 

terms of the following dimensionless variables and parameters, which 

were determined from the equations of the initia1-boundary-value problem 

describing the test (Section 3.5.3): 

Variables: 
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Qid - Qi/(KsHD) - dimensionless injection rate 

Qidr - Qi/(KrHD) - dimensionless injection rate in terms of the 

hydraulic conductivity of the rock mass 

Qcd - Qc/(KsHD) - dimensionless collection rate 

Qcdr - Qc/(KrHD) - dimensionless collection rate in terms of the 

hydraulic conductivity of the rock mass 

td - Ks t/(SssD2) - dimensionless time in terms of the hydraulic 

properties and diameter of the seal 

tdr - td(Kr/Ks)(l/6) - Kr t/(SsrD2) - dimensionless time in terms 

of the hydraulic properties of the rock mass. 

Hydraulic parameters: 

Kr/Ks - conductivity ratio 

6 - Ssr/Sss 

Geometric parameters: 

Ls/D - dimensionless seal length 

Li/D - dimensionless length of injection zone 

Lc/D - dimensionless length of collection zone 

La/D - dim.ens ionles s axial length of rock mass 

Lr/D - dimensionless radial length of rock mass 

The functional relationship between the variables and parameters of 

the transient constant-head test may be expressed as follows: 

Qid, Qcd - f(Ls/D, Li/D, Lc/D, La/D, Lr/D, Kr/Ks, 6,td) 

or, equivalently, 

Qidr, Qcdr - f(Ls/D, Li/D, Lc/D, La/D, Lr/D, Kr/Ks, 6, tdr) 

(3.27) 

(3.28) 
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If geometric similitude is maintained in the flow domain, these 

relationships reduce to 

(3.29) 

and 

(3.30) 

The relationships given by Equations 3.27 through 3.30, which were 

confirmed by computer simulation, are the basis for the analyses pres-

ented. 

A parameter that relates to the shape of plots of dimensionless 

collection rate versus dimensionless time is the diffusivity ratio, 

CrlCs , where Cr - KrlSsr and Cs - Ks/Sss. 

3.6.4 Effect of Hydraulic Parameters on Transient Injection and 
Collection Flow Rates 

The purpose of this study is to determine the effect of the hydrau-

lic parameters on transient injection and collection flow rates. For 

each hydraulic parameter, one or more series of transient constant-head 

simulations is performed in which the parameter is varied, with other 

parameters kept constant. The results are presented as families of 

curves of dimensionless injection and collection flow rate versus dimen-

sionless time. 

In general, the transient curves are carried out in dimensionless 

time until steady injection and collection rates are achieved. The 

curves begin with injection flows about one order of magnitude higher 

and the collection rates about two or three orders lower than their 

respective steady-state values. 
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The dimensionless injection curves decline gradually to a steady

state level. As steady-state is approached, the curvature of the injec

tion curve is concave up. The curvature at earlier dimensionless times 

is uncertain. In the axisymmetric simulations presented, the curvature 

at earlier times is concave down. However, the analytical solutions for 

one-dimensional axial flow (Figure 2.3a) and radial flow in an infinite 

medium are concave up throughout. After an initial delay, most collec

tion curves rise rapidly at a decreasing rate until steady-state is 

achieved. The curvature of these curves is concave down over the full 

length of the curve. However, for 6 » 1 and Cr/Cs « I, the collection 

curve is concave down near steady-state but typically has two inflection 

points at earlier times. 

3.6.4.1 Effect of Conductivity Ratio 

Figures 3.17 through 3.22 show the effect of conductivity ratio on 

dimensionless transient injection and collection rates. In Figure 3.17, 

Qid and Qcd versus td are plotted for 6 - 0.01 and a range of Kr/Ks 

values. In general, there is a unique dimensionless injection and col

lection curve for each Kr/Ks value. However, for Kr/Ks - 0.01 and 

0.001, the dimensionless flow curves coincide. The coinciding curves 

indicate a bound for the simulations. For the given geometry, 6 - 0.01 

and Kr/Ks equal to any value less than 0.01, the dimensionless injection 

and collection curves will coincide with these curves. The coincidence 

results from a limiting condition discussed in Section 3.6.4.3. The 

curves for Kr/Ks - 100 and 1000 are very nearly the same shape; they 

differ primarily by translation with respect to the axes. 
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The same data presented in Figure 3.17 in terms of the seal hydrau

lic characteristics (i.e. Qid, Qcd and td) are presented in Figure 3.18 

in terms of the hydraulic characteristics of the rock mass (Qidr, Qcdr, 

and tdr). Because the coordinates of each point on a curve in Figure 

3.18 differ by a constant multiplier from the coordinates of the corre

sponding point on the corresponding curve in Figure 3.17, the curves 

have exactly the same shape in both figures. In Figure 3.18, the flow 

curves for Kr/Ks - 100 and 1000 coincide. The coincidence indicates 

another boundary for the simulations. For the given geometry, 6 - 0.01 

and KrlKs equal to any value greater than 100, the flow curves Qidr 

versus tdr and Qcdr versus tdr will coincide with these limiting curves. 

Thus, for the given geometry and 6 - 0.01, the full range of possi

ble shapes of the dimensionless flow curves is given by simulations 

within the range of 0.01 < Kr/Ks < 100. 

Figures 3.19 and 3.20 and Figures 3.21 and 3.22 are similar to 

Figures 3.17 and 3.18 except that 6 - 1.0 for Figures 3.19 and 3.20 and 

6 - 100 for 3.21 and 3.22. These curves also are bounded by limiting 

curves. In Figures 3.20 and 3.22, curves coincide for Kr/Ks > 100. In 

Figures 3.19 and 3.21, coincidence for curves of Qcd versus td occurs 

for Kr/Ks < 0.01. For injection flow, coincidence of the curves is 

approached but not fully achieved for Kr/Ks - 0.01 and 0.001; the full 

limiting condition for injection flow may occur for Kr/Ks less than 

0.01. 
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For any constant 6, as Kr/Ks increases, the steady dimensionless 

injection and collection flow rates, which are achieved at large dimen-

sionless times, increase and the difference between these flow rates 

increases. For the geometry of the simulations and Kr/Ks S 0.01, the 

equilibrium injection and collection flow rates are nearly the same. 

3.6.4.2 Effect of Ratio of Specific Storage of Rock Mass to that of 
Seal 

The effect of 6 - S srI S" on dimensionless transient inj ection and 

collection flow rates is shown in Figures 3.23 through 3.28. In Figure 

3.23, Qid and Qcd are plotted against td for Kr/Ks - 0.01 and a range of 

6 values. In general, unique dimensionless injection and collection 

curves are obtained for each value of 6. However. for 6 - 0.01 and 

0.001, the flow curves coincide; thus a limiting curve is obtained for 

the given geometry and Kr/Ks - 0.01 when 6 < 0.01. 

The data of Figure 3.23 are plotted in terms of Qidr. Qcdr and tdr 

in Figure 3.24. For 6 - 100 and 1000, the dimensionless injection 

curves are coincident. For these same 6 values, the collection curves 

are nearly coincident except at early tdr values. Thus excluding col-

lection flow for early dimensionless times, practical limiting curves 

are obtained for the given geometry and Kr/Ks - 0.01 when 6 > 100. 

Figures 3.25 and 3.26 are similar to 3.23 and 3.24 except that 

Kr/Ks - 1.0. In Figure 3.26, excluding early tdr values, a bounding 

curve is obtained for 6 > 100. In Figure 3.25, a limiting curve is 

approached for 6 < 0.01. 
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Figures 3.27 and 3.28 are similar to the preceding pairs except 

that KrfKs 100. In Figure 3.27, a limiting curve for Qid is 

approached for 6 < .01. A bounding curve for minimum 6 is not 

approached for Qcd within the range of the simulations. In Figure 3.28, 

a bounding curve is obtained for 6 > 100. The injection and collection 

curves in this figure are all grouped close together and are similar in 

shape. 

3.6.4.3 Limiting Cases 

The limiting curves are obtained when one of six limiting cases 

applies. The limiting cases cover instances in which either one or both 

of the hydraulic properties of the rock mass (i.e. Kr or Ssr) is either 

very large or very small compared to the corresponding property or prop

erties of the seal (i.e. Ks or Sss). The six cases and the conditions 

producing them are presented in Table 3.2. For case 1, Ks and Sss are 

the only significant properties; that is, Ks and Sss are very large with 

respect to Kr and Ssr, respectively. This is equivalent to the condi

tions that Kr/Ks « 1 and 6 «1. If case 1 conditions exist, plotting 

Qid and Qcd versus td yields a unique curve, regardless of the actual 

value of Kr/Ks or 6. In this range, Qid and Qcd do not depend upon 

Kr/Ks or 6, but only on td. Notice that Qid, Qcd and td are functions 

of Ks and Sss and not of Kr or Ssr. Case 1 conditions produce the 

limiting curves in Figures 3.17 and 3.23. 

Case 2 conditions produce the limiting curves in Figures 3.22 and 

3.28. For case 2, the significant properties are Kr and Ssr, since 

Kr/Ks » 1 and 6 »1. Plotting Qidr and Qcdr versus tdr gives a single 
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Table 3.2 Limiting Cases for Transient Constant Head Test 

Properties 
Limiting Significant Parameter Functional Obtainable 

Case Properties Conditions Relationship by Matching 

1 Ks. Sss Kr/Sss « 1. Qid. Qcd - Ks. Sss 
6 « 1 f(td) 

2 Kr • Ssr Kr/Ks » 1. Qidr. Qcdr - Kr • Ssr 
6 » 1 f(tdr) 

3 Ks. Sss. Kr Kr/Sss?- 1. Qid. Qcd - Ks. Sss. Kr 
6 « 1 f(td. Kr/Ks) 

4 Ks. Ssr. Kr Kr/Sss ;y> 1. Qidr. Qcdr - Kr • Ssr. Ks 
6 » 1 f(tdr. Kr/Ks) 

5 Ks. Sss. Ssr Kr/Sss « 1. Qid. Qcd - Ks. Sss. Ssr 
6 ~ 1 f(td. 6) 

6 Kr • Sss. Ssr Kr/Sss » 1. Qidr. Qcdr - Kr • Ssr. Sss 
6 ~ 1 f(tdr. 6) 
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curve, regardless of the actual values of Kr/Ks and 6, so long as both 

are much greater than one. For this case, plots of Qidr and Qcdr versus 

tdr are independent of Kr/Ks and 6. 

For case 4, the significant hydraulic properties are Kr , Ssr, and 

Ks. For this case, plots of Qidr and Qcdr versus tdr for constant Kr/Ks 

and sufficiently large 6 values yield coincident curves dependent only 

on Kr/Ks. Case 4 conditions cause the limiting curves in Figures 3.24 

and 3.26. 

In Figures 3.25 and 3.27, Qid and Qcd versus td are plotted for 

constant Kr/Ks and a range of 6 values. Such plots should show limiting 

curves under case 3 conditions for sufficiently small 6 values. For 6 -

1 x 10- 2 and 1 x 10- 3 , plots of Qid nearly coincide. However, coinci

dence is not achieved for Qcd. Simulations at smaller values of 6 

should yield case 3 limiting curves for Qcd. 

Case 5 conditions yield the coincident plots in Figures 3.19 and 

3.21. The limiting curves in Figures 3.18 and 3.20 are due to case 6 

conditions. 

As discussed in Section 3.6.5, if data from a test conform to one 

of the limiting cases, analysis can yield, at best, only the significant 

hydraulic properties. 

3.6.5 Solution Procedure for Specific Tests 

3.6.5.1 Hydraulic Properties of Rock Mass not Known Initially 

To obtain the unknown hydraulic properties of the seal and rock 

mass from a test, the following procedure may be followed: 

(1) Prepare a set of log-log type curves (Qid and Qcd versus td) 
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for the geometry used in the test. The range of conductivity ratios and 

6 values covered by the type curves should bracket the actual parameters 

of the seal and rock flow field. For convenience, make a separate 

graph for each value of Kr/Ks. On each graph, plot the curves for the 

particular value of KrlKs and a range of 6 values. 

(2) Plot the experimental injection rate (Qi) and collection rate 

(Qc) versus time using the same scales as for the type curves. 

(3) Superimpose the experimental or data curve on the type curves. 

Keeping the corresponding axes of the plots parallel, compare the data 

curves to each of the type curves. A "match" is achieved when the 

points of the data curve are lined up, as nearly as possible, with the 

best-fitting type curve. 

(4) Once the match is obtained, select an arbitrary "match" point. 

The match point may be any point on the overlapping graphs; it need not 

be on one of the curves. For the match point, note the values of time 

and Qi (or Qc) from the data curve and td and Qid (or Qcd) from the type 

curve. Also note the values of Kr/Ks and 6 - SsrlSss of the matched 

type curve. 

(5) Obtain Ks using the match-point values of Qi (or Qc) and Qid 

(or Qcd). 

(6) Determine Sss using the match-point values of time and td. 

(7) Obtain Kr and Sss from the values of Kr/Ks and 6 of the matched 

type curve. 

If the test data matches a limiting curve, then full hydraulic 

properties for both seal and rock mass can not be obtained from the 
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test. The properties which may be obtained depend on the case of the 

limiting curve. For each case, only the "significant" hydraulic 

properties can be determined. The cases and "significant" properties 

for each are shown in Table 3.2. If the test data does not match any of 

the type curves, then the range of the type curves must be increased, or 

measurement errors were made in the test, or the test conditions are not 

adequately simulated by the axisymmetric model. 

In principle, the test may be performed using either the one-side 

or two-side configuration. If performed as a two-side test, either the 

transient injection or transient collection data or both may be used to 

obtain hydraulic properties. However, it is clear from the type curves 

presented, that there is little variation in the shape of the injection 

curves. Thus obtaining a unique match with injection data alone may be 

difficult or impossible. In general, a solution by matching is probably 

best accomplished by using the two-side configuration for the test and 

matching both the injection and collection data. 

3.6.5.2 Hydraulic Properties of Rock Mass Known Initially 

If the hydraulic conductivity and specific storage of the rock mass 

are known prior to the test and are not affected by the seal, solution 

for the hydraulic characteristics of the seal is simplified. The fol

lowing procedure may be used: 

(1) Prepare type curves in terms of the properties of the rock 

mass; that is, plot Qidr and Qcdr versus tdr for a range of Kr/Ks and 6 

values that bracket the actual values. 



214 

(2) Transform the experimental data (Qi, Qc, and t) to dimension

less terms (Qidr, Qcdr, and tdr) using the test values of Hand D and 

the known values of Kr and Ssr. Plot the transformed data directly on 

the type cur.ves. Interpolate to obtain the values of Kr/Ks and 6 for 

the type curves which match the transformed data curves. 

(3) Use the interpolated values of Kr/Ks and 6 to obtain the 

hydraulic properties of the seal. 

3.6.5.3 Steady-State Achieved in Test 

If a steady-state is achieved in the transient constant-head test, 

Ks and Kr may be found using the methods of Section 3.5.5.2 for the 

steady test. The procedure in Section 3.6.5.1 may then be followed to 

obtain Sss and Ssr. However, type curves need be prepared only for the 

known value of Kr/Ks and a range of 6 values bracketing the actual 6 

value. 

3.6.6 Comparison to One-Dimensional Model 

In Figures 3.29 - 3.34, the one-dimensional analytical model of the 

transient constant-head test (Section 2.3.3) is compared to the axisym

metric model for a range of hydraulic parameters and geometric condi

tions. In order to make the comparison, the axisymmetric injection rate 

is expressed as the ratio of Qi to Qo, where Qi is the transient 

injection flow obtained from the axisymmetric model and Qo is the 

steady-state flow rate achieved at the end of the test if the rock mass 

were impermeable and all flow were axial through the seal. Flow rate Qo 

is given by the following expression (Equation 2.23): 

Qo· K,AHIL, 
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The collection rate is expressed in a similar manner. The dimen

sionless time in terms of the hydraulic properties of the seal and seal 

length, td* (Equation 2.17), is used instead of td. Equations 2.24 and 

2.25 are used to plot the one-dimensional model. 

In Figures 3.29 through 3.31, the best fit of both the one

dimensional injection and collection transient rates to the axisymmetric 

model is achieved for Kr/Ks - 6 - 0.01. Since these values of 

conductivity ratio and 6 produce a limiting curve (Figures 3.17 and 

3.23) for this geometry, the one-dimensional model should fit the axi

symmetric in the same close manner for all values of Kr/Ks and 6 less 

than or equal to 0.01. The limiting curve of the axisymmetric model 

which fits the one-dimensional model is the limiting curve for case 1 

conditions (Table 3.2). The axisymmetric model under case 1 conditions 

behaves in essentially the same way as the one-dimensional model; that 

is, only the hydraulic properties of the seal, Ks and Sss, are signifi

cant and dimensionless injection and collection rates are functions of 

dimensionless time. 

In Figure 3.32, the one-dimensional model is compared to the axi

symmetric one for a longer seal length (LslD - 3.0). The results of the 

models compare closely for the collection flow for Kr/Ks - 0.01 and 6 -

0.01. The injection flow for these conditions is slightly less for the 

one-dimensional than for the axisymmetric model at later dimensionless 

times. 

In Figures 3.33 and 3.34, the one-dimensional and axisymmetric mod

els are compared for injection and collection zones of longer length 
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(Li/D - 2.0 and Lc/D - 2.0). Again, the one-dimensional model closely 

follows the axisymmetric simulations for KrlKs - 0.01 and 0 - 0.01 for 

the collection flow. For the same conditions, the injection flow of the 

one-dimensional model is slightly less than the axisymmetric injection 

flow for all but early dimensionless times. 

Finally, the axisymmetric and one-dimensional models are compared 

by using the one-dimensional model to compute the hydraulic diffusivity 

of the seal from the results of simulations of the transient constant

head test using the axisymmetric model. Simulations are performed for a 

range of Kr/Ks and 0 values. For each simulation, the diffusivity is 

calculated from the injection data and from the collection data using 

the procedure for one-dimensional analysis described in Section 2.3.4. 

The results are shown in Table 3.3. For each pair of Kr/Ks and 0 val

ues, the ratio of the diffusivity calculated from the injection data to 

the diffusivity used in the axisymmetric model is shown. The ratio of 

the diffusivity based on the collection data to the simulation diffusiv

ity is also presented. The ratios do not appear to vary in a consis

tent, systematic manner. Part of the inconsistency is due to the 

deviation of the shape of the curves for transient injection and 

collection rates from the shape of the type curves. When deviation is 

significant, matching, which is performed by visual inspection, is very 

imprecise and difficult to perform consistently. The shape of the curve 

of injection data is close to the shape of the injection type curve only 

for Kr/Ks - 0.01 and 0 - 0.01. The shape of the curve for collection 

data is close to that of the type curve for Kr/Ks - 0.01 and 0 ~ 10 and 
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Table 3.3 Comparison of Hydraulic Diffusivities Determined from One
Dimensional Analyses of Results of Axisymmetric Simulations 
of Transient Constant-Head Tests to Diffusivities Used in 
the Axisymmetric Simulations 

.01 

.1 

1 

.01 
1 

10 
100 
.01 
.1 
1 

10 
100 
.01 
.1 
1 

10 
100 

1.2 
.64 
.53 

.061 
3.2 
2.1 
1.1 
.35 

.091 
130 

32 
3.8 
1.1 

.051 

.96 

.96 
.4 

.067 
1.1 

.8 
.34 
.11 

.011 
3.2 
1.3 
.18 

.035 
.0026 



224 

Kr/Ks - 0.1 and 6 S 1. Nevertheless, in general, the one-dimensional 

analysis of both injection and collection rates yields diffusivity val

ues within a factor of three to four of the simulation values for Kr/Ks 

S 0.1 and 6 S 1. As might be expected, the one-dimensional analysis 

yields its most accurate values for the axisymmetric diffusivity for 

case 1 limiting conditions; that is, Kr/Ks - 0.01 and 6 - 0.01. 

3 7 Head Buildup Test 

When viewed as a test with axisymmetric three-dimensional flow in a 

seal and surrounding rock mass, at least four variations of the head 

buildup test may be performed: 

(1) First recovery 

(2) Second recovery 

(3) Step 

(4) Impulse. 

The variations differ in initial conditions and in the head main

tained at the axial and radial boundaries. The mathematical descrip

tions of variations (2) through (4) are given in Appendix G. In the 

following sections, the first recovery variation is examined for a 

particular test geometry. In principle, the test yields the hydraulic 

conductivity and specific storage of the seal and of the rock mass. 

In this analysis, the effect of the relevant hydraulic parameters 

on head buildup is investigated. A general solution procedure is pres

ented along with a simplified procedure for use when the hydraulic prop-
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erties of the rock mass are known independent of the test. Also, the 

axisymmetric model is compared to the one-dimensional model for a range 

of hydraulic parameters. 

3.7.1 Assumptions for Axisymmetric Model of First Recovery Variation 

(1) Assumptions (1) through (6) for the two-side steady-state 

constant-head test (Section 3.5.1). 

(2) The specific storages of the seal and rock mass, Sss and Ssr, 

are uniform. 

(3) The collection zone, with compressive storage Sc, is adequately 

simulated as a porous medium of high relative conductivity and specific 

storage Ssc, where Ssc - Sc/(ALc). A is the cross-sectional area of the 

seal or borehole and Lc is the length of the collection zone. 

(4) The test is performed after steady conditions are established 

following a period of constant-head testing in which the injection zone 

is kept at constant positive hydraulic head H, and the collection zone 

is maintained at zero head. The pretest condition for the collection 

zone is achieved by maintaining constant head equal to zero along the 

interface between the seal and the collection zone and the interface 

between the rock mass and the collection zone. 

(5) At the start of the test, the requirement of constant head 

equal to zero at the interfaces of the collection zone with the seal and 

rock mass is removed. 

(6) Head buildup near the center of the collection zone is moni

tored until steady head in the collection zone is achieved. 
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3.7.2 Mathematical Statement of Modeling Problem 

The axisymmetric model for the first recovery variation of the head 

buildup test is described by the following initial-boundary-value prob-

lem (Figure 3.35; subscript "c" denotes collection subdomain): 

Seal Subdomain 

Governing differential equation: 

Boundary conditions: 

Rock Subdomain 

h s = H 

ohs 
-=0 or 

0<r<DI2. z=Ls/2 

Governing differential equation: 

Boundary conditions: 

h,=H 

oh, 
-=0 or 

h, = 0 

(3.23) 

(3.31 ) 

(3.32) 

(3.25) 

(3.33) 

(3.34 ) 

(3.35) 
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Figure 3.35 Flow field for axisymmetric model of head-buildup test. 
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Collection Subdomain 

Governing differential equation: 

(3.36) 

Boundary conditions 

(3.37) 

(3.38) 

Interface Conditions 

oh, oh r K -=K-
S or r or (3.39) 

ohc oh, 
K-=K -

c or ' or (3.40) 

0<r<DI2. z=-L s /2 (3.41 ) 

Initial Conditions 

For the seal and rock subdomains. h,Cr I Z 10) and hrCr I Z 10) are such 

that the equations defining the boundary-value problem for the steady 

constant-head test (Section 3.5.2) are satisfied. 
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For the collection subdomain, 

(3.42) 

3.7.3 Dimensionless Products 

The dimensionless variables and parameters describing the test have 

been determined (Section 3.5.3) from the equations of the preceding 

mathematical statement. lbe dimensionless quantities are as follows: 

Variables: 

Hd - hc/H - dimensionless head buildup 

td - Ks t/(SssD2) - dimensionless time in terms of the hydraulic 

properties and diameter of the seal 

tdr - (td) (Kr/Ks)/o - Kr t/(SsrD2) - dimensionless time in terms of 

the hydraulic properties of the rock mass. 

tdsc - (td*)(~) - KsAt/(ScLs) - dimensionless time in terms of the 

hydraulic properties of the seal and collection zone 

tdrc - (td*)(Kr/Ks)(~) - KrAt/(ScLs) - dimensionless time in terms 

of the hydraulic properties of the rock mass and collection zone. 

Parameters: 

Kr/Ks - conductivity ratio 

~ - SssALs/Sc - SssLs/(SscLc), where Sc is the compressive storage 

of the collection zone (Section 2.4.3.1) 

o - Ssr/Sss 

~- SsrALc/Sc - Ssr/Ssc 
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The storage parameters ~, 6 and ~ are not independent. Any two of 

these parameters determine the third. Though not listed above, the 

geometric parameters defined previously (Section 3.5.3) affect simu

lation results. The relationship of the variables and parameters in a 

test in which geometric similitude is maintained may be expressed as 

(3.42) 

The preceding relationship, which was confirmed by computer simu

lation, is the basis for the analyses presented. The other expressions 

for dimensionless time, tdr, tdsc, tdrc, and td*, may be used in place 

of td in this relationship. Parameters ~ and ~ or ~ and 6 may be used 

instead of ~ and 6. 

3.7.4 Effect of Hydraulic Parameters on Head Buildup 

The nature of the first recovery variation is examined by simu

lation of head buildup for a range of hydraulic parameters. For each 

parameter, one or more series of head-buildup simulations are performed 

in which the parameter is varied over a range of values. Other par~e

ters are kept constant for each series. The results for each parameter 

are presented as families of dimensionless head-buildup curves (Hd 

versus td, tdsc, tdr, or tdrc)' Geometric parameters are kept constant. 

3.7.4.1 Effect of Conductivity Ratio 

Figure 3.36 presents curves of Hd versus td for a range of conduc

tivity ratios. Parameters ~ and 6 are held constant. The shape of the 

buildup curves is significantly influenced by the conductivity ratio. 

The greater the conductivity ratio, the more rapid the head buildup at 

early dimensionless times and the lower the peak buildup achieved. As 
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demonstrated by the simulations of Section 3.7, the peak head buildup 

depends only on KrIKs, for constant test geometry in a finite rock mass 

in which steady conditions are achieved. 

In general, there is a unique buildup curve for each value of 

Kr/Ks. However, the buildup curves for Kr/Ks - 0.01 and 0.001 in Figure 

3.36 coincide for all but late dimensionless times. The coinciding 

curves suggest the existence of a limiting curve for the simulations at 

some sufficiently small conductivity ratio. For the given geometry, 6 -

1.0, ~ - 0.01, and Kr/Ks equal to any value less than that small conduc

tivity ratio, the plot of Hd versus td coincides with the limiting 

curve. 

The data of Figure 3.36 are presented in Figure 3.37 as plots of Hd 

versus tdr. Since each point on a curve in Figure 3.37 differs by a 

uniform multiplier from the corresponding point on the corresponding 

curve in Figure 3.36, corresponding curves in the two figures have 

exactly the same shape. The relative positions of the curves along the 

abscissa in Figure 3.37 are shifted from those in Figure 3.36. In 

Figure 3.37, the curves for large values of Kr/Ks appear to approach 

another limiting curve for some sufficiently large value of conductivity 

ratio. Presumably, similar limiting curves exist for every geometry and 

value of 6 and ~. 

In the study which follows, the test geometry is held constant and 

Kr/Ks is kept equal to 1. Buildup curves are generated for varying 6 

and ~ values. 
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3.7.4.2 Effect of Storage Parameters 

In Figure 3.38, Hd is plotted against td for a range of ~ values; 6 

is held constant and equal to 0.01. Curves for values of ~ greater than 

about 1000 appear to coincide. For small ~ values, the curves are simi

lar in shape but differ in translation along the abscissa. The data 

used for Figure 3.38 are plotted in Figure 3.39 as Hd versus tdsc. As 

with Figures 3.36 and 3.37, each curve in Figure 3.39 has exactly the 

same shape as the corresponding curve in Figure 3.38, and, again, the 

relative positions of the curves are shifted along the abscissa. In 

Figure 3.39, the curves for ~ values less than 0.1 coincide. Thus, for 

the given geometry, Kr/Ks - 1.0, and 6 - 0.01, limiting curves bound the 

range of possible shapes of dimensionless buildup curves. The full 

range of possible shapes is given by simulations in the range of ~ - 0.1 

to 1000. In Figures 3.38 and 3.39, the curves for ~ - 1000 are trun

cated due to excessive computer time required for computation. Trunca

tion of curves in other figures of this study is for the same reason. 

Figures 3.40 and 3.41 are similar to Figures 3.38 and 3.39, except 

that6 has been increased by two orders of magnitude to 1.0. Figures 

3.42 and 3.43 are also similar, except that 6 equals 100. In each of 

these pairs of figures, limiting curves appear to occur in the same 

manner as for Figures 3.38 and 3.39. 

In Figures 3.44, 3.46 and 3.48, Hd is plotted against tdr for con

stant ~ and a range of 6 values. In each of the figures, for suffi

ciently large values of 6, the curves plot close together and appear to 

approach a limiting curve. In Figures 3.45, 3.47 and 3.49, the same 
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data are plotted against tdrc. At small values of 6, the curves of each 

of these figures also approach a limiting curve. 

Figures 3.38 through 3.49 show the behavior of head buildup for the 

first recovery variation in terms of ~ and 6. Similar sets of curves 

could be developed in terms of ~ and either ~ or 6. Figures 3.38 through 

3.49 indicate that the range of possible shapes of head buildup curves 

for the given test geometry and conductivity ratio is bounded by limit

ing curves. 

The limiting curves in Figures 3.38 through 3.49 may be understood 

by considering the six limiting cases which occur when either one or two 

of the three storage parameters are relatively very small. The condi-

tions producing the various limiting cases are presented in Table 3.4. 

In Figure 3.38, when ~ is » 1 and 6 «1, Ssr and Ssc - Sc/(ALc) are 

very small compared to Sss. This is a case 5 condition, under which 

head buildup is no longer a function of td, ~ and 6, but is only a 

function of td. In Figure 3.39, case 6 applies when ~ is less than 0.1 

and buildup becomes a function of only tdsc or tdrc. In Figure 3.40,6 

is constant and equal to 1. When ~ » 1, ~ is also » 1 and case 3 

applies. For this case, buildup is a function of td and the parameter 

6. Since 6 is constant for the curves in the figure, buildup for ~ » 1 

is represented by a single curve. In Figure 3.42, case 4 applies for 

large 6 and ~values. For case 4, buildup is a function of tdr 

td(Kr /Ks )/6. However, 6 and Kr/Ks are constant in Figure 3.42, so 

buildup may also be expressed as a function of td. The limiting curves 

in the other figures are explained in terms of the limiting cases in a 
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Table 3.4 Limiting Cases for Head Buildup Test with Constant Kr/Ks 

Properties 
Limit- Significant Parameter Hd is a Obtainable 

ing Storage Conditions function of: by Matching 
Case Properties 

1 Sss. Sc 6 « 1; t;« 1 td or tdsc or Ks. Sss. Kr 
(~~ 1. t:drc; ~ 
~ 1) 

2 Ssr. Sc 6 » 1; ~ « 1 tdr or tdrc or Kr • Ssr. 1<s 
(t;?6- 1. 
t;?:- 1) 

tdsc; t; 

3 Ssr. Sss ~ » 1; t;» 1 td or tdr; 6 Kr/Ks. 
(6 >f 1. 1<s/Sss 
6 <;:. 1) or 

1<r/Ssr. 
Ssr/Sss 

4 Ssr 6 » 1; t;» 1 tdr Kr/1<s. 
1<s/Ssr 

5 Sss 6 « 1; ~ » 1 td Kr/Ks. 
1<s/Sss 

6 Sc ~ « 1; t;« 1 tdrc or tdsc Ks. 1<r 
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similar manner. For each of Figures 3.38 through 3.49, the case 

describing the limiting curve is shown on the figure. In Figures 3.38 

through 3.49, all cases except case 2 are illustrated. The limiting 

curve in Figure 3.50 is illustrative of case 2. Similar families of 

curves for a range of ~ and 6 values may be obtained for any conductiv

ity ratio. 

3.7.5 Solution Procedure for Specific Tests 

3.7.5.1 Hydraulic Properties of Rock Mass Not Known Initially 

In principle, the hydraulic properties of the seal as well as the 

rock mass may be determined from the head buildup test. However, there 

are at least two limitations: 1) uniqueness of the solution is not 

assured; and 2) complete hydraulic information cannot be determined if 

the test results "match" with the curve of one of the limiting cases. 

The solution process using the axisymmetric model is an iterative one 

consisting of the following steps for the first recovery variation: 

(1) Prepare a field buildup curve by plotting Hd - hc/H versus the 

logarithm of time using the test data. Obtain the value of Ssc -

Sc/(ALc) either as part of the field test or by a laboratory pipe test 

(Sections 4.2.4.3.4 & 4.3.7.2). 

(2) Prepare a numerical model of the flow field. The flow field 

used in the model must be geometrically similar to the actual one, as 

much as possible. Set the initial head in the rock mass and collection 

zone to zero. Set the head maintained in the injection zone to a conve

nient non-zero value, such as unity. 
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(3) Assume "reasonable" values of storage parameters ~ and 6. Use 

these parameters to generate a series of buildup type curves (Hd versus 

log td or Hd versus log tdsc) for a range of conductivity ratios. 

Superimpose the data curve on the type curves. Keeping the abscissas 

collinear, move the data curve horizontally until it aligns, as well as 

possible, with the type curves. The estimated solution value of the 

conductivity ratio is the ratio of the type curve t~hose peak values most 

nearly match those of the field test. If a true steady peak buildup is 

attained in the test, the conductivity ratio obtained by this procedure 

is the true ratio, as predicted by the model. If a true steady peak is 

not attained in the test, then comparison yields an estimate of the 

conductivity ratio. 

(4) Using the estimated conductivity ratio, prepare buildup type 

curves (Hd versus log td or Hd versus log tdsc) representing a range of 

parameters bracketting the "reasonable" storage parameters. The curves 

may consist of several series of curves, each series representing a 

constant 6 value and a range of ~ values. 

(5) "Match" the data curve to one of the type curves. Superimpose 

the data curve on the type curves. Keeping the abscissas of the plots 

collinear, compare the data curve to each of the type curves. A 

"match" is achieved when the points of the data curve are lined up, as 

nearly as possible, with the best-fitting type curve. 

(6) Once the match is obtained, select an arbitrary "match" 

point. For the match point,' note the value of time from the data curve 
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and td (or tdsc) from the type curve. Also note the values of Kr/Ks, 6 

and ~ of the matched type curve. 

(7) Using the quantities obtained in (6) and the definitions of 

dimensionless time and conductivity ratio and of the storage parameters, 

calculate Ks , Sss, Kr and Ssr. If the data curve matches one of the 

limiting curves, then less hydraulic information may be obtained from 

the test. For example, if the curve matches a case 5 limiting curve, 

such as the limiting curve in Figure 3.38, then the test yields only 

Kr/Ks, Ks/Sss , and knowledge that Ssr/Sss « 1 and Sss/Ssc »1. The 

obtainable hydraulic information for each of the limiting curve cases is 

shown in Table 3.4. It must be emphasized that the parameters obtained 

by this matching are not necessarily unique; there may be other combina

tions of parameters which yield an equally good or, perhaps, better 

match. 

(8) If a reasonable match cannot be made, then either a new conduc

tivity ratio must be selected and steps 4 and 5 repeated or the numer

ical model does not adequately describe the test. 

3.7.5.2 Hydraulic Properties of Rock Mass Known Initially 

If Kr and Ssr are known prior to analysis of the buildup test, the 

procedure to find the hydraulic properties of the seal simplifies to the 

following: 

(1) Perform steps (2) and (3) in Section 3.7.5.1. 

(2) Prepare a plot of a single series of type curves (Hd versus log 

tdr) for the estimated value of Kr/Ks, the known value of~, and a range 

of ~ or 6 values. 



253 

(3) Transform the test data by multiplying each head value by l/H 

and each time value by Kr/(SsrD2). 

(4) Plot the transformed data directly on the plot of the type 

curves. Interpolate to determine the value of ~ or 6 corresponding to 

the transformed data. Use this value of ~ or 6 to calculate the solu

tion value of Sss. Determine the solution value of Ks from the esti

mated value of Kr/Ks. 

If the plot of transformed data does not conform to the shape of 

the nearby type curves in step (4), either repeat steps (2) through (4) 

using another conductivity ratio or reanalyze the test data using the 

full eight step procedure. The failure of the plot of transformed data 

to conform indicates that the conductivity ratio is incorrect, the inde

pendently obtained values of Kr and Ssr are inaccurate, measurement 

errors were made in the conduct of the test, or the test does not 

conform sufficiently to the assumptions of the axisymmetric model. 

3.7.6 Comparison to One-Dimensional Solution 

In Figures 3.51 through 3.53, the one-dimensional analytical model 

of the recovery variation of the head-buildup test (Section 2.4.3.1) is 

compared to the axisymmetric three-dimensional model of the first recov

ery variation for a range of hydraulic parameters. In order to make the 

comparison, td*, dimensionless time in terms of the hydraulic 

properties and length of the seal, is used instead of td. 

In Figure 3.51, the analytical model is compared to the axisymmet

ric model for three conductivity ratios, two ~ values and constant 6. 

Since the conductivity ratio determines the steady-state head achieved 
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in the axisymmetric model. the figure suggests that the one-dimensional 

and axisymmetric models will only attain comparable peak values of Hd -

hc/H when Kr/Ks < 0.01. 

Figures 3.52a and 3.52b compare the one-dimensional to the axisym

metric results for Kr/Ks - 0.01 and a range of ~ and 6 values. Figure 

3.53 compares the two models for Kr/Ks - 6 - 0.01 and a range of ~ 

values. 

Except for Hd values approaching the peak, the analytical model is 

in close agreement with the axisymmetric one for all simulations in 

which Kr/Ks « 1, ~« 1 and 6« 1 or Kr/Ks« 1, ~« 1 and ~« 1. 

The former situation corresponds to case 1 conditions. For this case, 

Hd is a function of td and~, the same as for the general one

dimensional model. The latter situation corresponds to case 6 condi

tions. For this case, Hd is a function of tdsc - KsAt/(ScLs), which is 

the same as for the limiting case of ~ approaching zero in the 

one-dimensional model. Though not demonstrated herein, the one

dimensional and axisymmetric models also should compare closely for the 

situation in which Kr/Ks « 1, 6 « 1, and ~ »1. This situation 

corresponds to case 5 conditions. For this case, Hd is a function of 

td, which is essentially the same as for the limiting case of ~ 

approaching infinity in the one-dimensional model. 
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CHAPTER FOUR 

FIELD TESTING OF SEALS 

4,1 Introduction 

This chapter presents the application of the hydraulic tests 

described in the preceding chapters to test seals installed in boreholes 

at two field sites: Oracle Ridge Mine, near Tucson, Arizona, and McNary 

Lock and Dam, on the Columbia River near Umatilla, Oregon. The work at 

Oracle Ridge Mine was conducted from October, 1982, to November, 1987. 

Work at the McNary Dam site took place from June, 1982, to September, 

1985. All seals were made of neat cement grout. 

4 2 Testing at Oracle Ridge Mine Site 

4.2.1 Description of site 

The Oracle Ridge Mine is an underground copper mine located on 

Marble peak in the Santa Catalina Mountains, Pima County, Arizona. The 

mine, which was inactive during most of the study, is operated by the 

Oracle Ridge Mining Partners, Tucson, Arizona. Figure 4.1 is a road 

map showing the location of the mine. Easiest access to the site is via 

the road to Mount Lemmon which begins along Arizona Highway 76 just 

southeast of San Manuel. The elevation of the mine portal is 1950 m. 

4.2.1.1 General geologic setting 

The geology of the Marble Peak area is described in detail by Braun 

(1969). 
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4.2.1.2 Borehole description 

A test borehole, ORM-LS, penetrates the recrystallized limestone of 

the Escabrosa formation. The hole is 33.24 m long, 10 cm in diameter, 

and inclines at 10.4 degrees from the horizontal. The hole extends 

between two drifts and thus is accessible from both ends. The borehole 

was drilled by diamond coring using water as the drilling fluid. The 

location of the hole is shown in Figure 4.2. 

The temperature in the drift near point B (Figure 4.2) averaged 

10.SoC over a one-year period. The maximum and minimum temperatures 

were 12.8° and 4.4°C for the period. The average weekly variation of 

temperatures during the period was 1.8°C. Variation at point A and 

within the borehole is expected to be much less. 

A sump near the location of the borehole supplied all water used in 

testing. The sump was filled periodically by diversion of a small per

ennial flow of natural drainage from the interior of the mine. The flow 

was in a ditch along the main haulage way. The sump water was filtered 

prior to use. Chemical analyses of the filtered and unfiltered sump 

water are provided in Appendix H. 

Mechanical properties and a chemical analysis of Escabrosa lime

stone are presented in Appendix H. 

4.2.1.3 Degree of saturation of rock mass 

Initially, and throughout much of the testing period, it was 

assumed that the rock mass was unsaturated, especially near the lower 

end of the borehole where a seal was eventually placed. The basis of 

this assumption was the year-round dryness of the walls of the drift 
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near point A (Figure 4.2), the lower end of the hole. While the walls 

of the drift near point B were often moist, there was no obvious drip

ping. Further, with considerable natural air circulation through the 

drift at point B, much of this moisture may have resulted from 

condensation of relatively warm, moist air contacting the cool walls. 

A seal was installed in the borehole in April, 1983. From May, 

1983, the seal and surrounding rock mass were subjected to nearly con-

tinuous injection of water. Due to the injection of water into what 

was inferred to be an unsaturated formation, an expanding saturated zone 

around the seal was assumed to exist. In order to measure the positive 

water pressures created by this saturated zone, two piezometers were 

installed near the seal in November, 1985. 

The piezometers were installed in two holes, 5.7 cm in diameter, 

which were drilled from different angles to within about 1.8 m of the 

seal. The two holes, designated PH-l and PH-2, are shown in Figure 4.2. 

The holes slope downward slightly toward the seal, the ends of the holes 

being at about the same elevation as the seal. 

A piezometer was created in each hole by filling the hole with 

water, then isolating an interval about 20 cm in length at the bottom of 

the hole by means of a pneumatic packer (Baski Water Instruments, fixed

head, deflated diameter of 4.6 cm and gland length of 80 cm). Positive 

water pressure in the isolated interval was read from a bourdon-tube 

pressure gauge outside the borehole. Hydraulic connection between the 

pressure gauge and the isolated interval was made using stainless-steel 



264 

tubing (1.75 mm inside diameter). Air was carefully bled from the tub

ing before connection to the gauges. The gauges used for the two 

piezometers were a Heise, model CM4003l, range of 0-200 psi (0-1380 

kPa) , subdivisions of 0.5 psi (3.4 kPa) , and an Ashcroft, test type, 

range of 0-100 psi (0-690 kPa) , subdivisions of 1 psi (6.9 kPa). 

The piezometers were monitored until September, 1987, or ten months 

after injection ceased. Formation head measurements are presented in 

Table 4.1. Piezometer #1 is the piezometer installed in hole PH-l and 

piezometer #2 in PH-2. Heads are based on a datum through the center of 

the lower face of the seal. The piezometers functioned continuously 

during the monitoring period, except for short maintenance breaks every 

few months when the packers were removed either due to an equipment 

malfunction, or for examination, or to interchange equipment between 

holes as a simple check of equipment performance. After reinstallation 

of a piezometer following a maintenance break, the initial pressure 

readings of the gauge would correspond to heads of a few hundred cm. 

Gauge readings would then either rise or fall as pressure in the piezom

eter cavity adjusted to pressure in the formation. 

In general, the head in piezometer #1 rose rapidly at first and 

then more slowly during monitoring intervals between maintenance breaks. 

It is not certain that a maximum head level in this piezometer was ever 

achieved during any of the intervals. Before injection was terminated 

on November 12, 1986, head in piezometer #1 consistently rose to heads 
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Table 4.1 Hydraulic Head Measurements Near Seal at Oracle Ridge Mine 

Date/Time ~iezQwete~ Numbet 1 ~iezQmete~ Nurnbet 2 
Gauge Head at Gauge Head at 
Reading Piezom. Reading Piezom. 

(psi) (cm) (psi) (cm) 

11-27-85/1212 6.2 320 4.0 240 
12-6/0955 22.5 1460 3.5 210 
12-13/1258 24.3 1590 3.2 190 
12-20/1244 24.8 1630 3.0 170 
12-28/0914 24.8 1630 2.9 170 
1-9-86/0931 a 3.0 170 
1-11/1000 2.4 50 3.0 170 
1-14/1111 6.0 300 3.0 170 
1-14/1436 6.9 370 3.1 180 
1-23/1048 21.5 1390 3.1 180 
2-6/1041 26.1 1720 3.4 200 
2-20/1046 26.6 1750 3.1 180 
3-20/1215 27.5 1820 3.2 190 
4-24/1436 28.9 1910 3.5 210 
5-22/1529 29.4 1950 3.8 230 
6-12/1059 29.4 1950 4.0 240 
6-19/1108 29.5 1960 4.2 260 
7-15/1149 b 28.9 1910 2.6 140 
7-15/1414 13.5 830 5.4 340 
8-1/1150 11. 7 710 6.3 400 
8-21/1223 13.5 830 6.8 440 
9-9/1204 15.1 940 6.9 450 
10-1/1202 18.7 1200 6.9 450 
10-8/1009 20.3 1310 6.6 430 
10-24/1141 20.4 1320 5.7 360 
11-12/1146 c 21. 9 1420 5.0 310 
2-11-87/1030 d 25.9 1700 2.9 170 
2-11/1438 5.5 270 3.0 170 
4-3/1130 24.0 1570 0.0 
4-21/1130 24.0 1570 0.0 
5-6/1000 e 24.3 1590 0.4 
5-6/1330 6.2 320 13.3 900 
5-20/1100 19.6 1260 4.1 250 
6-4/1030 17.0 1080 4.0 240 
6-24/1045 17.6 1120 4.5 280 
7-8/1000 17.8 1130 4.9 310 
7-23/1030 18.2 1160 5.2 330 
8-19/0952 f 18.6 1190 5.9 380 
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Table 4.1 Hydraulic Head Measurements Near Seal at Oracle Ridge Mine 
- -Continued 

Date/Time 

8-19/1214 
8-24/1030 
9-21/1120 

Notes: 

E!ezametel: 
Gauge 
Reading 

(psi) 

16.3 
22.0 
22.1 

Numhel: 1 
Head at 
Piezom. 

(cm) 

1030 
1430 
1440 

EiezameteJ: 
Gauge 
Reading 
(psi) 

5.2 
5.7 
5.7 

Numbel: 2 
Head at 
Piezom. 
(cm) 

330 
360 
360 

Hydraulic head is based on datum through center of lower face of seal. 
Isolated interval for piezometer #1 is 117 cm above gauge and is at the 

elevation of the seal. Isolated interval for piezometer #2 is 39 cm 
above the gauge and is 1 cm below the datum. 

a Packer for piezometer #1 found deflated on 1-9-86 due to leak at 
connection to inflation line. 

b After readings were taken, packers were interchanged as a check for 
leaks. 

c Injection was halted after this reading. 
d After readings were taken, packers were deflated and reinstalled in 

same holes. 
e After readings were taken, packers and gauges were interchanged 

between holes. 
f After readings were taken, packers and gauges were interchanged 

between holes. 
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of more than 1630 cm and as high as 1960 cm during the monitoring inter

vals. After termination of injection, maximum heads reached during mon

itoring intervals in piezometer #1 were from 1160 to 1590 cm. On the 

other hand, the head measured by piezometer #2 appeared to oscillate 

somewhat, but never exceeded 450 cm before injection termination and 

never exceeded 380 cm after termination. The explanation for the dif

ference in heads for the two piezometers is not clear. The readings are 

not likely due to equipment malfunction because the interchanges of 

equipment (i.e. packers and the packers and gauges) had no apparent 

effect on head levels attained. 

The head data of Table 4.1 are plotted against elapsed time since 

the beginning of piezometer monitoring in Figure 4.3. Also plotted is 

the injection head for the testing of the seal during this time. Based 

on this limited data, there is no clear suggestion of a strong hydraulic 

connection between the injection zone and piezometer #1 to account for 

the high heads observed for that piezometer. While the data for piezom

eter #2 may be consistent with the hypothesis of an expanding saturated 

zone in an otherwise unsaturated rock mass, all of the data considered 

together suggest that significant natural positive water pressures exist 

in portions of the rock mass near the seal. As will be discussed, some 

results obtained in steady constant-head testing and in the head-buildup 

test also suggest the existence of significant natural pressures near 

the seal (Sections 4.2.4.1 and 4.2.4.3). 
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4.2.2 Selection of Seal Location 

The location within the borehole selected for placement of a test 

seal was based on the following criteria: 

(1) Absence of hydraulically significant fractures; 

(2) Low effective hydraulic conductivity for the interval; 

(3) Convenience for seal installation and testing. 

An interval free of relatively highly conductive fractures was nec

essary to ensure that the low flow rates anticipated in the testing of a 

seal would not be dominated by flow through fractures in the rock mass, 

which would obscure analysis of seal performance. Relatively low effec

tive hydraulic conductivity of the rock mass near the seal was desirable 

to minimize the propagation of possible errors in the measurement of 

flow rates (Section 3.5.6) and to improve the accuracy of analysis using 

one-dimensional models (Section 3.5.7). Convenience for seal installa

tion and testing generally favored locations near one of the borehole 

ends. 

4.2.2.1 Preliminary Surveys 

Preliminary surveys to select the most favorable location for a 

seal included analysis of core and video logs and the performance of 

constant-head injection tests with a straddle-packer system. 

4 2.2.1 1 Core logs. Logging of the core revealed a fracture 

spacing of 5 to 15 cm from point B (Figure 4.2) out to a distance of 

about 20 m; from 20 m to point A, spacing averaged 40 to 60 cm. Within 



270 

this latter interval, fractures commonly contained thin coatings of cal

cite, talc, or clay minerals, slightly stained with oxide. Figure 4.4 

is a geologic log based on analysis of core for the interval from 26.7 

to 30.3 m from the upper end, the inte~,al in which the seal was placed. 

4 2 2 1 2 Video Log. To obtain more detailed fracture information, 

a video log of the borehole was obtained by a contractor using a color 

video camera designed for logging water wells. Because the contractor 

was unable to pull the camera through the hole without jerking and 

uncontrolled rotation, the log was of marginal use. However, the video 

log indicated that the core breaks noted (Figure 4.4) at 29.80 (97.78), 

30.01 (98.46), and 30.25 m (99.24 ft) were fully healed fractures. 

4 2 2.1.3 Hydraulic Conductivity Testing of Rock Mass. Constant

head injection tests using a straddle-packer assembly were conducted 

throughout the length of the borehole. Extensive tests were performed 

in the interval of low fracture density from 27.87 to 30.25 m from the 

upper end. 

The packer assembly, which was designed and constructed as part of 

this research, could be used to perform both constant-head (Section 

2.2.2.2) and pulse or slug tests (Section 2.4.2.2) to determine forma

tion hydraulic conductivity. The assembly utilized two Roctest sliding

head pneumatic packers, each with a deflated diameter of 7.6 cm and an 

inflated gland length of 51 cm. Electronic pressure transducers 

(Dynisco, model APT3l0JA) monitored pressure in the test zone between 

the packers as well as above and below the packers. The range of the 

transducer in the test zone was 0-1380 kPa (absolute) and that of the 
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transducers above and below the packers was 0-6900 kPa (absolute). A 

gas-operated valve (Nupro, "BK" series) was mounted on the injection 

line in the test zone and could be closed or opened remotely. An air 

cylinder (Clippard Minimatic), mounted in the test zone, could be used 

to suddenly inject a small volume of water into the test zone to create 

a pressure pulse for slug testing. Digital readout units (Dynisco, 

model DR482) and a strip-chart recorder (Cole-Parmer, model 8377-15) 

were used to monitor pressures. Water at constant pressure was supplied 

to the test zone by a gas-over-water injection pump, similar to that 

described in section 4.2.4.1. 

Only the constant-head injection test was performed in the borehole 

due to leakage of the air cylinder. The test was performed by placing a 

temporary inflatable sewer plug in the lower end of the borehole, then 

filling the hole with water. Next, the packer assembly was inserted in 

the upper end of the hole and pushed into place over the interval to be 

tested using aluminum tubing connected to the upper end of the assembly. 

Then the packers were inflated, isolating the test zone or interval 

between the packers. Water was delivered to the test zone at constant 

pressure using the injection pump. An average injection rate over a 

period of time was determined by monitoring the volume injected during 

the time period. The length of the test zone was 76 cm. Tests were 

performed from the upper end of the hole toward the bottom at overlap

ping intervals. The first series of tests were nominally 15 minutes in 

duration. In a given interval, the test was conducted first at an 

injection head of about 2860 cm of water (280 kPa) and then at 4180 cm 



(410 kPa). A subsequent series of tests in selected intervals were 

performed at 2860 cm and were nominally 60 minutes in duration. 
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Finally, a series at 2860 cm and more than 2000 minutes in duration were 

performed on selected intervals. 

The expression derived by Hvors1ev, Equation 2.1 (Section 2.2.2.2), 

was used to calculate an effective hydraulic conductivity for each test 

interval using the average flow rate and injection head for the test 

period. In these calculations, it was implicitly assumed that natural 

formation head was equal to zero, since Hvors1ev's expression utilizes 

"excess" injection head or the head in the injection zone in excess of a 

natural, uniform head in the formation. The results of the testing for 

a portion of the hole at its lower end are presented in Table 4.2. 

Values of conductivity calculated for the "IS-minute test" are as much 

as an order of magnitude greater than those for the tests of "long 

duration". 

The values of hydraulic conductivity obtained from these tests are 

regarded as approximate, due to a number of factors, including the fol

lowing: 

(1) The degree of saturation was not known. The expression used 

for calculation of conductivity assumes a saturated porous medium, which 

may not have been the case, particularly at the outset of the project 

when these tests were made. 

(2) If the rock mass were saturated, the distribution of head in 

the formation near the borehole was unknown. As previously indicated, 

significant natural heads may exist in the rock mass, contrary to the 
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Table 4.2 Results of Constant-Head Injection Tests at Oracle Ridge 
Mine 

"Fifteen Minute Test" 

Test interval H Injection Qave Kr 
Time (x 10- 3 (x 10- 9 

em) (psi) (cm) (min) cm3/sec) em/sec) 

27.04-27.80 40.5 2850 15.7 2.05 4.1 
59.8 4210 16.0 4.02 5.5 

27.37-28.13 40.2 2830 16.9 6.35 13.0 
60.3 4240 15.7 5.01 6.7 

27.55-28.32 38.8 2730 16.8 1.86 3.9 
60.7 4270 15.7 3.88 5.2 

27.92-28.68 40.0 2810 16.7 1.50 3.0 
59.7 4200 15.4 2.55 3.5 

28.19-28.96 40.0 2810 15.7 2.51 5.1 
59.8 4210 15.4 2.09 2.8 

28.62-29.38 40.0 2810 15.1 3.07 6.2 
59.7 4200 16.0 2.91 4.0 

28.86-29.63 40.2 2830 16.5 4.76 9.6 
59.7 4200 15.4 3.72 5.1 

29.41-30.18 40.3 2830 15.2 1.42 2.8 
60.0 4220 15.2 2.82 3.8 

29.72-30.48 40.2 2830 17.1 2.92 5.9 
59.8 4210 15.4 3.72 5.0 

30.18-30.94 40.3 2830 15.2 2.81 5.7 
60.0 4220 17.9 3.20 4.3 

"Sixty Mjnute Test" 

Test interval H Injection Qave Kr 
Time (x 10- 3 (x 10- 9 

(m) (psi) (em) (min) em3/see) em/sec) 

27.55-28.32 41. 7 2930 62.0 1. 84 3.6 
28.62-29.38 40.3 2830 62.9 2.24 4.5 
28.86-29.63 40.3 2830 62.6 2.74 5.5 
29.41-30.18 40.0 2810 65.1 1.54 3.1 
29.72-30.48 40.0 2810 62.5 1.72 3.5 

41.8 2940 62.6 .560 1.1 
30.18-30.94 40.0 2810 61.5 .930 1.9 



Table 4.2 Results of Constant-Head Injection Tests at Oracle Ridge 
Mine--Continued 

"Long-duration Test" 

Test interval H Injection Qave Kr 
Time (x 10-4 (x 10-10 

(m) (psi) (cm) (min) cm3/sec) cm/sec) 

27.92-28.68 41. 7 2930 4073 .428 .83 
28.19-28.96 41.2 2900 2619 1.61 3.2 
28.62-29.38 42.0 2950 4020 4.13 8.0 
28.86-29.63 40.5 2850 2684 4.47 9.0 
29.41-30.18 40.0 2810 5508 1.41 2.9 

Hydraulic conductivity of rock mass, Kr , calculated with Equation 
2.1: 

where L - length of injection zone - 76 cm 
D - hole diameter - 10 em 
H - Excess head in cm of water 
Q - steady injection rate -- use average rate Qave (cm3/sec) 
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implicit assumption in the conductivity calculations of initial forma

tion head equal to zero. 

(3) Steady injection, which is assumed in the Hvorslev expression, 

was not achieved in any of the tests. Injection rate decreased at a 

decreasing rate during all tests. 

Based on factor (2), the tests of long duration may underestimate 

hydraulic conductivity. An underestimate may occur because the presence 

of significant formation head would tend to decrease injection flow and 

thus render calculated values of conductivity less than actual values. 

While the effect of factor (3) is overestimation of conductivity, the 

effect is reduced by the long duration of the test. The average injec

tion rate for a test of long duration, while not steady, may approximate 

steady flow, changing only gradually. 

The tests of short duration may overestimate hydraulic conductiv

ity. This may occur because the average injection rate for a short test 

is relatively large compared to the near-steady rates for tests of 

longer duration. Also, in short tests, the effect of natural formation 

head is reduced. The effect is reduced because a short test has a short 

radius of influence and is mainly affected by natural heads near the 

borehole. Because the borehole acts as a drain prior to injection, 

natural heads near the borehole should be small and thus have a reduced 

effect on injection rate. 

Thus the values of hydraulic conductivity calculated from the 

results of the short and long duration tests are approximate but may 

bracket the actual conductivity. 
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4.2.2.2 Selected Location 

The interval selected for placement of the seal was from 29.41 to 

30.18 m from the upper end. The interval has low hydraulic conductivity 

(about 3 x 10- 9 to 3 x 10-10 cm/sec) and is relatively free of frac-

tures. Based on the video log and the low overall conductivity of the 

interval, the fractures at 29.80 m and 30.01 m are not hydraulically 

significant. 

4.2.3 Seal Installation 

A seal of cement grout, 10 cm long, was installed in the borehole 

on April 29, 1983. The grout mix and installation procedure are 

described in the following paragraphs. 

4.2.3.1 Grout Mix 

The cement and additives used consisted of the following. Percent-

ages are with respect to the cement component. 

Ideal Class A cement 
10% D53 (expansive agent) 
1% D65 (dispersant) 
40% distilled water 

22,520 g 
2,250 g 

230 g 
9,009 g 

The cement and additives, designated System 1 cement, were provided 

by Dowell (now Dowell-Schlumberger), Tulsa, Oklahoma. The additives are 

proprietary products of the supplier. In addition, 113 ml of D47 anti-

foaming agent was added to the mix. Except for the percentage of water, 

the mix is the same as used in other tests related to this research 

(e.g. South and Daemen, 1986; Akgun and Daemen; 1986; Kimbrell, Avery, 

and Daemen, 1987; Adisoma and Daemen, 1988). The percentage of water 

used in the mix was reduced from 50% to 40% in this application because 

laboratory experiments on short cement seals placed in transparent 
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acrylic tubes and cured at a 10 degree incline indicated that a gap 

along the crown of the curing seal, probably a result of segregation, 

was less extensive at this lower water content (Daemen and others, 1983, 

pp. 62-67). 

The cement slurry was prepared by placing the water and D47 in a 

19-1iter container. The cement, which was premixed by the supplier with 

the DS3 and D6S, was sifted slowly through a coarse sieve and into the 

container. As the cement was added, the mix was mechanically stirred. 

Addition of the cement to the water required about 28 minutes. Stirring 

continued for another 40 minutes. 

4.2.3.2 Installation Procedure 

A dump bailer was used to place the seal. The bailer was a section 

of schedule 40 PVC pipe, 2.6 m long and 7.6 cm in diameter. A reducing 

coupling, 7.6 to 5.1 cm, was attached to each end. A rubber stopper was 

placed in the bottom reducing coupling. A steel cable was attached to 

the stopper and run through the center of the bailer. A section of PVC 

pipe, 0.9 m long and 5.1 cm in diameter, was attached temporarily to the 

upper end of the bailer. 

The grout slurry was poured through a funnel into the top end of 

the S.l-cm tube attached to the upper end of the bailer. The slurry 

filled both the bailer and the attached S.l-cm section. The bailer was 

placed in an upright position to allow air bubbles and D47 to rise into 

the S.l-cm tube. After 90 minutes, the S.l-cm tube was removed from the 

upper end of the bailer, thus eliminating from the mix any bubbles, D47 

and bleed water which had accumulated in the tube. 
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An expandable mechanical plug was installed to seal the borehole 

about 3 m from the lower end. The filled bailer was inserted into the 

top of the borehole and, using attached sections of PVC pipe, pushed 

into position just above the mechanical plug. The cable attached to the 

rubber stopper was pulled and the grout was presumably released into the 

borehole. But when the bailer was subsequently retrieved, it was found 

still filled with grout, the stopper in place. The bailer was again 

positioned in the hole and the stopper pulled. This time the grout was 

successfully released, as indicated by a gurgling sound. The bailer was 

slowly withdrawn about 3 m from the release point. A small quantity of 

water was added at the upper end of the borehole and allowed to trickle 

down to cover the curing grout. The elapsed time between the 90-minute 

standing period and the time of release was another 90 minutes. 

The mass of grout placed with the bailer filled the full volume of 

the hole for a length of 0.9 m above the mechanical plug. Above this 

point, for an additional 0.6 m, the grout mass was wedge-shaped due to 

the angle of the hole. Thirteen days after placement, portions of the 

grout mass at both ends were drilled out using a 9.86 cm (outside diame

ter), thin-walled coring bit. The faces of the remaining grout mass 

were then ground flat, leaving in place a cylindrical seal, 10 cm in 

length. Figure 4.5 is a sketch showing the pieces of the grout mass 

removed by coring. A section, 2.5 cm thick, was cut out of piece 2 

(Figure 4.5) with a rock saw. The surfaces exposed by the cuts appeared 

homogeneous, with no void spaces and nearly uniform coloring. Finally, 

the borehole above and below the seal was thoroughly cleaned of loose 
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Figure 4.5 The bailer-placed cement grout seal at Oracle Ridge Mine. 
The cement seal was placed by a bailer. A 9.86 cm coring 
bit was used to drill out the excess cement. The upper 
wedge (piece no. 4) was ground up by drilling and removed 
with piece no. 3. After piece no. 2 was broken off, the 
face was ground flat. The same procedure was used to 
remove piece no. I and to surface the bottom of the 10 cm 
seal. 
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grout fragments by brushing with a pair of stiff wire-wheel brushes, 10 

cm in diameter, mounted to the end of a PVC pipe. The hole was flushed 

with water to remove any remaining loose particles. The brushing and 

flushing procedure was not successful in removing a thin shell of grout 

(about 0.7 mm thick) left by using the slightly undersized coring bit. 

The hole above the seal was kept filled with water after the coring and 

cleaning. 

At the time the grout slurry was prepared, five cylindrical samples 

of the mix were cast in acrylic tubes, capped at one end. The specimens 

were 5.1 cm in diameter, approximately 13 cm in length and were cured 

within the mine for one week, then for another 19 days at room tempera

ture. During curing, a thin layer of water was maintained on the top 

surface of each specimen. The specimens were then removed from the 

acrylic tubes and tested f·or unconfined uniaxial compressive strength. 

Compressive strength of the samples averaged 42 MPa with a standard 

deviation of 6 MPa. 

4.2.4 Seal Testing 

The seal at the Oracle Ridge Mine site was tested nearly continu

ously from May 1983 until November 1986. A tracer travel-time test, a 

head-buildup test, and a transient constant-head test were conducted 

during the periods of June 28, 1984, December 17, 1984 to February 1, 

1985 and January 9 to 11, 1986, respectively. Steady constant-head 

testing was performed during nearly all of the remainder of the 3 

1/2-year testing period. 
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4.2.4.1 Steady Constant-Head Test 

The steady constant-head test (Section 2.2) consists of injecting 

water at constant, positive hydraulic head into an injection zone formed 

on one side of the seal and collecting the outflow in a collection zone, 

maintained at zero head, on the other side of the seal. After a suffi

cient time is allowed for flow to approach a steady state, the flow rate 

into the injection zone (injection rate) and flow rate out of the 

collection zone (collection rate) are measured. From these rates, the 

hydraulic conductivity of the seal may be estimated from a one

dimensional analysis and the conductivity of the seal and of the sur

rounding rock mass from an axisymmetric analysis. 

4.2 4 1] Equipment Setup. Injection System. Constant-head 

injection of water was achieved using the gas-over-water injection pump 

shown schematically in Figure 4.6. Injection may be accomplished using 

anyone of the differently sized flow tubes, an arrangement permitting 

injection over a wide range of flow rates. The flow tubes are made of 

translucent, schedule 40 PVC pipe. Constant pressure above the miniscus 

in the selected flow tube is achieved using compressed nitrogen gas 

controlled by a regulator (Victor, model VTS450D). The bourdon-tube 

gauge (Heise, CM40252, range of 0-500 psi (0-3450 kPa) , subdivisions of 

1 psi (6.9 kPa» provided measurement of the gas pressure applied above 

the miniscus. Calibration tests were performed to obtain the average 

cross-sectional area for each flow tube. The average injection rate for 

a test period is determined by measuring the length of the drop of the 

water level in the selected flow tube e,ver the period. To facilitate 
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Injection pump for Oracle Ridge Mine. Flow tubes, which 
are made or translucent PVC, are filled with water from the 
sump. The volume of water injected over a time period is 
monitored as a drop in water level within the selected flow 
tube. 
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measurement of the water level, a measuring tape is attached to and 

extends the full length of each flow tube. The length of drop may then 

be converted to a volume using the average cross-sectional area for the 

tube. Dividing the volume injected by the time interval yields the 

average flow rate. Injection water from the pump is delivered to the 

injection zone by the injection line, a 6-mm (inside diameter) steel

reinforced hydraulic hose. In most cases, the large-diameter flow tube 

is not used for injection, so its water is available to refill the 

smaller tubes as needed. The large flow tube may be refilled by pump

ing water from the sump through a 60-micron filter (Nupro,"TF" Series) 

and into the tube. 

The injection zone is formed by inflating the injection packer just 

above the seal. Prior to inflation, the borehole is filled with water 

and the injection pump tubing and injection line are purged of any 

trapped air. The injection packer used prior to January 14, 1986 was a 

sliding-head model made by Roctest with an inflated gland length of 51 

cm. Except during early testing, the length of the injection zone with 

this packer was 32 cm. After January 14, 1986, a sliding-head packer 

made by Baski Water Instruments with an inflated gland length of 127 cm 

was used. The length of the injection zone during the period of use of 

this packer was 65 cm. For both packers, the injection line connected 

to a through port on a stainless steel bulkhead at the lower end of the 

packer mandrel. A sketch of the injection packer and injection zone are 

shown in Figure 4.7. 
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Figure 4.7 Injection packer and injection zone for seal testing at 
Oracle Ridge Mine. Injection zone is filled with water and 
maintained at constant head by injection pump (Figure 4.6). 
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For the determination of hydraulic head, an arbitrary datum is 

established as the horizontal plane which passes through the center of 

the seal face which borders the collection zone. Head in the injection 

zone is taken as the pressure head supplied by the compressed gas driv

ing the injection pump plus the height of the water level in the flow 

tube above the datum. During testing, the head in the injection zone 

generally varies slightly due to the drop in water level in the flow 

tube and variations in the pressure supplied by the compressed gas. 

The average head in the injection zone for a test period is taken as the 

average of the heads at the beginning and end of the test period. 

During testing, the borehole above the injection packer is filled 

with water. With respect to the datum, the hydraulic head supplied of 

this column of water is about 540 cm. 

Collection System. The equipment and instrumentation used to 

create the collection zone and to measure the collection rate evolved as 

testing continued. Equipment used prior to August, 1984 is described in 

Daemen and others (1985, pp. 92-99). The collection system used from 

August 1984 to June 1985 is shown in Figure 4.8. A primary component of 

the collection system is the mechanical plug, which is positioned just 

below the cement seal. An exploded side view of the mechanical plug is 

shown in Figure 4.9. The rubber seal ring was taken from an expansion 

drain plug of similar design distributed by United States Plastics. The 

plug is oriented in the borehole so that one of the two ports is at the 

crown of the borehole, the other at the invert. When the wingnut is 

tightened, the rubber seal ring forms a seal against the borehole wall 
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Collection system used for constant-head testing at Oracle 
Ridge Mine from August 1984 to June 1985. 
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which is watertight for pressures up to about 50 kPa. The plug was 

fabricated by the University of Arizona Instrument Shop. 
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Before testing, the collection zone between the seal and the 

mechanical plug is filled (except for a small air pocket) with water 

from the reservoir by opening valves A and B (valves C, D, and E remain 

closed) (Figure 4.8). Valve B is then closed and air is bled from the 

lines to the collection tubes by opening and closing, as necessary, 

valves C, D, and E. Then valve A is closed. 

The volume of inflow to the collection zone from the seal and rock 

mass during a test period may be measured using either the 25-ml pipet 

(subdivisions of 0.1 ml) or the 250-ml graduated cylinder (subdivisions 

of 2 ml). To use the pipet, valve D is opened and valve E is opened 

briefly, if needed, to establish an initial water volume in the pipet. 

With valves C and E closed and the water volume in the pipet recorded, 

collection measurement may begin. A similar procedure is followed in 

using the graduated cylinder. If the air pocket in the collection zone 

is sufficiently small, inflow during a test period from the seal/forma

tion to the collection zone equals the volume displaced over the period 

in the collection tube. 

In June 1985, the collection system was modified slightly to 

account for the effects of the air pocket in the collection zone on the 

outflow volume measured with the collection tubes. During a test 

period, the fluid pressure in the collection zone rises slightly as the 

water level in the collection tube rises. As a result of this rise, the 

volume of the air pocket decreases. Thus the volume displaced in the 



collection tube during a test is less than the actual inflow to the 

collection zone by the amount of reduction in the volume of the air 

pocket. 
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The modified collection system, which accounts for compression of 

the air pocket, is shown in Figure 4.10. The modification simply con

sists of the addition of a drain pipet (25-ml capacity with subdivisions 

of 0.1 ml) and valve (valve F) as shown in the figure. The graduated 

cylinder used as a collection tube is not shown in the sketch. Using 

the modified system, a test is initiated as with the original system. 

At the conclusion of the test period, the water level in the collection 

tube is recorded.' The change in water volume in the collection tube 

since the start of the testing period is the "uncorrected" collection 

volume for the period. The water level in the drain pipet is adjusted 

to a low position using valve F. The adjusted water level in the drain 

pipet is recorded. Valve E is opened slightly and water from the col

lection tube is slowly released into the drain pipet. The water level 

in the collection tube is carefully reduced to its level at the 

beginning of the test period. Fine adjustment of the water level in the 

collection tube is made by slowly moving the drain pipet up or down. By 

adjusting the water level in the collection tube back to its initial 

level, the air pocket in the collection zone, which is compressed some

what during the test, is returned to its initial volume. When the water 

level in the collection tube is at its initial level, valve E is closed 

and the water volume in the drain pipet is recorded. The volumetric 

displacement in the drain pipet during the draining process is equal to 
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Figure 4.10 Collection system used for steady constant-head testing at 
Oracle Ridge Mine after June 1985. 
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the volume of inflow from the seal/formation to the collection zone 

during the test period, corrected for the compression of the air pocket. 

This volume is called the "corrected" collection volume for the test 

period. 

The average corrected collection rate for a test period is obtained 

by dividing the corrected collection volume by the time interval for the 

period. The average uncorrected collection rate is obtained in a simi

lar manner using the uncorrected volume. 

As previously indicated, hydraulic head is measured with respect to 

a horizontal plane passing through the center of the face of the seal 

bordering the collection zone. During testing, the collection zone is 

subjected to a small positive hydraulic head equal to the height of the 

water level in the collection tube with respect to the datum. The 

average head in the collection zone for a test period is taken as the 

average of the heights of the water level at the beginning and end of 

the test period. 

4.2.4 ].2 Procedure. The procedure for the steady constant-head 

injection test consists of these steps: 

(1) Establish the injection zone and begin injection at a selected 

injection pressure as described in Section 4.2.4.1.1. 

(2) Establish the collection zone and flow to the selected collec

tion tube as described in Section 4.2.4.1.1. 

(3) Record the water level in the selected flow tube of the 

injection pump. Also, record the pressure of the gas driving the injec

tion pump and the time of measurement. 
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(4) Record the water volume in the selected collection tube and the 

time. 

(5) Periodically (e.g. once per week), do the following: 

(a) Record the same information as in (3). If refilling of the 

flow tube or adjustment of the gas pressure is required, record the 

information before and after refilling or adjustment. 

(b) Determine and record the uncorrected and corrected collec

tion volumes (Section 4.2.4.1.1) and the time of measurement. After 

resetting the water level in the collection tube to a low position, 

record the water volume in the tube and the time. 

4 2 4 1 3 Results. The results of steady constant-head testing 

are shown in Table 4.3. Prior to June 28, 1983, testing was performed 

for brief periods and only on the days indicated. From June 28 onward, 

testing was performed nearly continuously, with injection accomplished 

as indicated in Section 4.2.4.1.1. The collection system evolved with 

the progress of the test. The systems used prior to August 20, 1984, 

are considered less reliable than those used after that date. The early 

systems and their possible deficiencies are discussed in Daemen and oth

ers (1985, pp. 92-99). Collection rates shown in Table 4.3 for testing 

prior to August 20, 1984, are included to show the approximate magnitude 

of the rates during the early testing of the seal. Measurements of 

collection rate made after August 20, 1984 were made using the systems 

presented in Section 4.2.4.1.1. From June 4, 1985 to the end of test

ing, both uncorrected and corrected collection volumes were measured. 



Table 4.3 Summary of Results for Steady Constant-Head Testing at the Oracle Ridge Mine 

Dates of Length Length Ave. hd Ave. hd Average Average Average Hydraul. Hydraul. 
testing of test of injec-in injec-in col- inject. uncor. cor. conduc. conduc. 
period period tion zn tion zn lec. zn rate collect. collect. based on based on 

rate rate inject. collect. 
(hrs) (cm) (cm) (cm) (cm/hr) (cm/hr) (cm/hr) (cm/sec) (cm/sec) 

5/17/B3 254 2BOO 0 IBOO 2.274e-5 
5/27 1.22 lB9 lB50 0 38.B 7.41Be-7 

1.16 1B9 2920 0 125 1. 514e-6 
.973 189 4320 0 166 1.35ge-6 

6/1 1.01 1B9 1840 0 15.9 3.056e-7 
1.01 189 2900 0 25.6 3.122e-7 
1.01 1B9 4300 0 36.6 3.01Oe-7 

6/2 .773 77 2900 0 23.9 2.9l5e-7 
6/21 1.03 62 1980 0 12.B 2.2B6e-7 

1.05 62 29BO 0 20.6 2.445e-7 
1.03 62 4350 0 31. 7 2.577e-7 

6/24 1.06 62 1BBO 0 10.2 1. 91ge-7 
1.06 62 2960 0 16.1 1. 924e-7 
.972 62 4350 0 23.9 1. 943e-7 

6/2B-6/29 19.9 62 3310 0 B.44 5.94 9.01Be-B 
6/29-6/30 19.2 62 3320 0 6 6.392e-B 
6/30-7/1 26.6 62 3310 0 5.02 5.364e-B 
7/1-7/7 140 62 3300 0 3.45 3.69Be-8 
7/7-7/11 94.4 62 3110 0 2.B 3.1B4e-B 
7/11-7/15 91.B 62 2950 0 2.5 .969 2.997e-B 
7/15-7/1B 73.9 62 2950 0 2.2B 1.16 2.734e-B 
7/1B-7/22 94.2 62 2940 0 2.13 1.05 2.562e-B 
7/22-7/25 71. 7 62 2960 0 2.02 .963 2.414e-B 
7/25-7/29 90 62 2950 0 1.94 1 2.326e-B 
7/29-B/1 74.2 62 2940 0 1.68 1.36 2.021e-8 
8/1-8/4 67.3 62 2930 0 1.8 1.59 2.173e-B N 

\0 

8/4-8/8 94.9 62 2920 0 1. 76 1.56 2.132e-8 ~ 



Table 4.3 Summary of Results for Steady Constant-Head Testing at the Oracle Ridge Mine--Cont. 

Dates of Length Length Ave. hd Ave. hd Average Average Average Hydraul. Hydraul. 
testing of test of injec-in injec-in col- inject. uncor. cor. conduc. conduc. 
period period tion zn tion zn lec. zn rate collect. collect. based on based on 

rate rate inject. collect. 
(hrs) (cm) (cm) (cm) (cm/hr) (cm/hr) (cm/hr) (cm/sec) (cm/sec) 

8/8-8/12 No testing - injection pump not pressurized 
8/12-8/15 68.7 62 2870 0 1.02 1.25 1. 257e-8 
8/15-8/18 71 62 2800 0 1.15 1.18 1.453e-8 
8/18-8/22 95.4 62 2960 0 1.51 .922 1.804e-8 
8/22-8/30 No testing - injection packer depressurized 
8/30-9/2 67.3 62 2970 0 1.39 1.86 1. 655e-8 
9/2-9/6 99.3 62 2960 0 1.4 .831 1.673e-8 
9/6-9/9 66.6 62 2930 0 1.21 .706 1.46le-8 
9/9-9/12 72.9 62 2940 0 1.19 .611 1.432e-8 
9/12-9/22 240 62 2950 0 1.1 .554 1. 31ge-8 
9/22-9/29 166 62 2950 0 1.03 .56 1. 235e-8 
9/29-10/6 166 62 2950 0 .985 .8 1.181e-8 
10/6-10/14 191 62 2940 0 .938 .501 1. 128e-8 
10/14-10/17 73.5 62 2950 0 .905 .463 1.085e-8 
10/17-10/28 261 62 2970 0 .877 .48 1.044e-8 
10/28-11/11 336 62 2970 0 .794 .488 9.455e-9 
11/11-11/30 454 62 2990 0 .684 .275 8.091e-9 
11/30-12/2 46 62 2990 0 .628 .218 7.428e-9 
12/2-12/14 287 62 2910 0 .641 .336 7.791e-9 
12/14-1/5/84 526 62 2960 0 .576 .146 6.882e-9 
1/5-1/19 333 62 2970 0 .555 6.60ge-9 
1/19-2/10 526 62 2960 0 .524 .133 6.261e-9 
2/10-3/9 671 62 2940 0 .556 .137 6.68ge-9 
3/9-4/3 597 62 2940 0 .579 .137 6.965e-9 
4/3-4/17 333 62 2980 0 .586 .138 6.955e-9 
4/17 Injection head decreased N 

\0 

4/17-4/26 213 62 1920 0 .101 .455 1.860e-9 VI 



Table 4.3 Summary of Results for Steady Constant-Head Testing at the Oracle Ridge Mine--Cont. 

Dates of Length Length Ave. hd Ave. hd Average Average Average Hydraul. Hydraul. 
testing of test of injec-in injec-in col- inject. uncor. cor. conduc. conduc. 
period period tion zn tion zn lec. zn rate collect. collect. based on based on 

rate rate inject. collect. 
(hrs) (cm) (cm) (cm) (cmjhr) (cmjhr) (cmjhr) (cm/sec) (cm/sec) 

4/26-5/16 478 62 1930 0 .134 .0826 2.456e-9 
5/16-5/22 139 62 1960 0 .113 .647 2.03ge-9 
5/22-5/31 212 62 1960 0 .137 .4 2.472e-9 
5/31-6/5 117 62 1920 0 .171 1.92 3.150e-9 
6/5-6/15 237 62 1890 0 .158 .431 2.957e-9 
6/15-6/19 90.1 62 1890 0 .185 3.462e-9 
6/19-6/28 213 62 1910 0 .375 6.944e-9 
6/28 Tracer travel-time test begun 
6/28-6/29 9.45 43 1920 0 .61 1.124e-8 
6/29-6/30 33.4 43 1900 0 .374 6.962e-9 
6/30-7/20 479 43 1900 0 .359 6.683e-9 
7/20 Tracer test concluded; hole flushed 
7/20-7/24 89 32 1950 0 .299 5.423e-9 
7/24-8/6 312 32 1950 0 .166 3.011e-9 
8/6-8/20 337 32 1940 0 .144 2.625e-9 
8/20-8/29 212 32 1940 36 .131 .102 2.433e-9 1.98ge-9 
8/29-9/5 167 32 1930 34 .124 .0953 2.313e-9 1.867e-9 
9/5-9/12 168 32 1930 34 .104 .0916 1.940e-9 1.794e-9 
9/12-9/19 170 32 1940 35 .113 .101 2.098e-9 1.96ge-9 
9/19-9/26 167 32 1950 34 .0898 .101 1.658e-9 1.958e-9 
9/26-10/3 168 32 1930 34 .0841 .097 1.56ge-9 1.900e-9 
10/3-10/10 169 32 1920 34 .0591 .0983 1.108e-9 1.936e-9 
10/10-10/17 168 32 1910 35 .0691 .0986 1.303e-9 1.953e-9 
10/17-10/24 168 32 1900 35 .0719 .099 1.364e-9 1.971e-9 
10/24-10/31 168 32 1910 34 .0521 .104 9.82e-10 2.05ge-9 
10/31-11/7 168 32 1900 34 .0742 .104 1.406e-9 2.070e-9 N 

\0 

11/7-11/14 168 32 1880 35 .0593 .106 1.137e-9 2.l34e-9 (j\ 



Table 4.3 Summary of Results for Steady Constant-Head Testing at the Oracle Ridge Mine--Cont. 

Dates of Length Length Ave. hd Ave. hd Average Average Average Hydraul. Hydraul. 
testing of test of injec-in injec-in col- inject. uncor. cor. conduc. conduc. 
period period tion zn tion zn lec. zn rate collect. collect. based on based on 

rate rate inject. collect. 
(hrs) (cm) (cm) (cm) (cm/hr) (cm/hr) (cm/hr) (cm/sec) (cm/sec) 

11/14-11/21 168 32 1890 35 .0594 .106 1.133e-9 2.122e-9 
11/21-11/28 167 32 1900 34 .0223 .103 4.23e-10 2.050e-9 
11/28-12/5 168 32 1880 21 .052 .414 9.8ge-10 8.270e-9 
12/5-12/12 169 32 1890 21 .00983 .472 1.86e-10 9.378e-9 
12/12-12/17 120 32 1890 47 .0139 2.67e-10 
12/17-2/1/85 Head-buildup test 
2/1-2/8 No testing; hole above seal flushed 
2/8-2/14 141 32 1910 34 .235 .112 4.430e-9 2.217e-9 
2/14-2/21 168 32 1900 35 .141 .106 2.674e-9 2.111e-9 
2/21-2/28 168 32 1880 34 .104 .0996 1.993e-9 2.004e-9 
2/28-3/7 168 32 1850 34 .0841 .0962 1.638e-9 1.967e-9 
3/7-3/14 168 32 1850 33 .0644 .0929 1.254e-9 1.89ge-9 
3/14-3/22 191 32 1860 34 .056 .0897 1.085e-9 1.824e-9 
3/22-3/28 145 32 1850 30 .0459 .0834 8.92e-10 1.702e-9 
3/28-4/4 168 32 1840 32 .036 .084 7.04e-10 1.725e-9 
4/4-4/11 168 32 1820 32 .0289 .0818 5.72e-10 1.69ge-9 
4/11-4/18 169 32 1810 32 .033 .0799 6.56e-10 1.66ge-9 
4/18-4/22 94.9 32 1810 28 .0332 .0794 6.5ge-10 1.655e-9 
4/23 Injection head increased 
4/25-5/2 168 32 2580 37 .161 .0991 2.23ge-9 1.447e-9 
5/2-5/9 170 32 2550 33 .152 .0946 2.136e-9 1.396e-9 
5/9-5/15 144 32 2540 32 .152 .0935 2.144e-9 1.384e-9 
5/15-5/22 168 32 2540 33 .153 .0908 2.158e-9 1.345e-9 
5/22-5/29 171 32 2520 33 .148 .0892 2.105e-9 1.332e-9 
5/29-6/4 143 32 2520 32 .157 .0893 2.232e-9 1.333e-9 
6/4-6/13 216 32 2510 35 .131 .0871 .0892 1.872e-9 1.275e-9 '" \0 

6/13-6/20 164 32 2490 31 .132 .087 .0896 1.89ge-9 1.28ge-9 -...J 



Table 4.3 Summary of Results for Steady Constant-Head Testing at the Oracle Ridge Mine--Cont. 

Dates of Length Length Ave. hd Ave. hd Average Average Average Hydraul. Hydraul. 
testing of test of injec-in injec-in col- inject. uncor. cor. conduc. conduc. 
period period tion zn tion zn lec. zn rate collect. collect. based on based on 

rate rate inject. collect. 
(hrs) (cm) (cm) (cm) (cm/hr) (cm/hr) (cm/hr) (cm/sec) (cm/sec) 

6/20-6/29 214 32 2510 35 .155 .0864 .089 2.2l5e-9 1.272e-9 
6/29-7/3 102 32 2530 29 .139 .088 .0899 1.966e-9 1.27le-9 
7/3-7/10 165 32 2600 33 .257 .0885 .091 3.54le-9 1.254e-9 
7/10-7/18 192 32 2580 34 .233 .0854 .0893 3.237e-9 1.241e-9 
7/18-7/26 193 32 2580 33 .211 .0805 .0852 2.930e-9 1.183e-9 
7/26-8/2 169 32 2590 32 .202 .0813 .0832 2.793e-91.150e-9 
8/2-8/9 168 32 2590 32 .188 .0796 .0832 2.59ge-9 1.150e-9 
8/9-8/15 143 32 2570 31 .18 .0784 .0824 2.507e-9 1.148e-9 
8/16 Injection head increased 
8/17-8/26 215 32 3310 37 .302 .105 .107 3.263e-9 1.156e-9 
8/26-9/2 168 32 3290 34 .287 .1 .105 3.117e-9 1.141e-9 
9/2-9/9 172 32 3280 34 .276 .1 .104 3.007e-9 1.133e-9 
9/9-9/18 214 32 3270 36 .284 .0986 .103 3.106e-9 1.126e-9 
9/18-9/24 144 32 3260 32 .266 .097 .101 2.914e-9 1.107e-9 
9/24-10/1 168 32 3380 34 .28 .101 .106 2.960e-9 1.120e-9 
10/1-10/8 167 32 3360 34 .273 .1 .105 2.903e-9 1.117e-9 
10/8-10/16 192 32 3350 35 .27 .0989 .104 2.881e-9 1.110e-9 
10/16-10/22 145 32 3340 33 .267 .0983 .103 2.856e-9 1.102e-9 
10/22-10/29 167 32 3340 34 .256 .097 .102 2.73ge-9 1.091e-9 
10/29-11/1 73 32 3340 29 .256 .103 .108 2.735e-9 1.154e-9 
11/1-11/8 167 32 3330 34 .251 .0954 .101 2.693e-9 1.084e-9 
11/8-11/15 166 32 3330 33 .258 .0953 .1 2.768e-9 1.073e-9 
11/15-11/22 172 32 3350 34 .24 .0949 .0997 2.560e-9 1.063e-9 
11/22-11/27 118 32 3340 31 .242 .095 .1 2.587e-9 1.06ge-9 
11/27-12/6 214 32 3330 35 .227 .0893 .094 2.437e-9 1.00ge-9 
12/6-12/13 171 32 3320 33 .248 .0894 .0937 2.668e-9 1.008e-9 N 

\0 
12/13-12/20 168 32 3320 33 .228 .0859 .0907 2.453e-99.76e-IO 00 



Table 4.3 Summary of Results for Steady Constant-Head Testing at the Oracle Ridge Mine--Cont. 

Dates of Length Length Ave. hd Ave. hd Average Average Average Hydrau1. Hydrau1. 
testing of test of injec-in injec-in co1- inject. uncor. cor. conduc. conduc. 
period period tion zn tion zn 1ec. zn rate collect. collect. based on based on 

rate rate inject. collect. 
(hrs) (cm) (cm) (cm) (cm/hr) (cm/hr) (cm/hr) (cm/sec) (cm/sec) 

12/20-12/28 188 32 3410 34 .157 .0898 .0946 1.645e-9 9.91e-10 
12/28-1/9/86 288 32 3400 23 .226 .092 2.367e-9 
1/9-1/11 Transient constant-head test 
1/11-1/14 73.5 32 2010 27 -.006 .0485 .0508 9.06e-10 
1/14 Injection packer replaced 
1/14-1/23 212 65 1990 30 .647 .0408 .0429 1.167e-8 7.74e-10 
1/23-2/6 335 65 2030 31 .596 .0403 .0433 1.054e-8 7.66e-10 
2/6-2/20 336 65 2010 30 .562 .033 .0353 1.004e-8 6.31e-10 
2/20-3/20 673 65 2010 36 .551 .0324 .0345 9.872e-9 6.18e-10 
3/20-4/24 842 65 1990 38 .528 .0305 .0324 9.567e-9 5.87e-10 
4/24-5/22 672 65 1990 35 .509 .0297 .0317 9.208e-95.73e-10 
5/22-6/12 499 65 2000 32 .491 .0294 .0313 8.824e-9 5.63e-10 
6/12 Injection head increased 
6/12-6/19 167 65 3350 29 1.1 .0487 .0519 1.171e-8 5.53e-10 
6/19-7/15 624 65 3280 39 .938 .0447 .0475 1.024e-8 5.18e-10 
7/15 Collection zone flushed 
7/15-8/1 408 65 3320 34 .886 .0461 .0493 9.536e-9 5.31e-10 
8/1-8/21 480 65 3290 35 .862 .0414 .0443 9.366e-9 4.81e-10 
8/21-9/9 455 65 3300 34 .829 .0405 .0434 8.977e-9 4.70e-10 
9/9-10/1 528 65 3300 35 .798 .0386 .0413 8.644e-9 4.47e-10 
10/1-10/8 166 65 3340 27 .79 .0365 .0392 8.434e-9 4.18e-10 
10/8 Dye introduced to injection zone 
10/8-10/24 383 65 3310 30 1.43 .0298 .0322 1.542e-8 3.47e-10 
10/24-11/12/86 455 65 3350 32 1.3 .0305 .0325 1.386e-8 3.46e-10 

N 
\0 
\0 



For this period, the corrected volumes were an average of 5% greater 

than the uncorrected volumes. 
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In the tests of May 17, 1983, flow was visually observed issuing 

from the top portion of the seal on the collection side. In the tests 

of early June, 1983, the rate of flow which could be seen coming from 

the seal was greatly reduced. 

Evaporation from the collection tubes was monitored from May 1985 

to November 1986. Monitoring was accomplished by observing the drop in 

water level in a control tube, identical to and kept next to the collec

tion tube in use. Evaporation was greatest in the period December to 

February but was always less than 7 x 10-4 cm3/hr and thus had an 

insignificant effect on calculated collection rates. 

4 2 4.1 4 Analysis. At the beginning of the study and throughout 

most of the testing, the assumption of an unsaturated rock mass seemed 

appropriate. With continued injection into an unsaturated rock mass, an 

expanding bulb of saturated rock would develop about the seal. After 

sufficient time, it was reasoned, the rate of expansion of the bulb 

would become very small and the rock mass could be modeled as a satu

rated medium with large but finite boundaries of constant head equal to 

zero. The axisymmetric models and analyses presented in Chapter Three 

were based on these assumptions. However, the piezometer data and sev

eral other observations made during the testing were contrary to these 

assumptions. Thus the analysis at Oracle Ridge Mine was approached from 
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the standpoint that the rock mass or a substantial part of it surround

ing the seal is naturally saturated and subject to hydraulic heads which 

are significant compared to injection heads. 

Axisymmetric Analysis. An axisymmetric analysis, which included 

the effects of a significant natural formation head, was performed using 

the average injection and collection rates and heads for the following 

three periods in 1985: 

(1) February 14 to April 22 

(2) May 2 to July 3 

(3) September 24 to December 20 

These periods were selected for analysis because reliable collec

tion data for the periods were available, injection and collection heads 

were reasonably constant within each period, and different injection 

heads were used for the periods. The average ~est results for the 

periods are presented in Table 4.4. 

To perform the axisymmetric analysis, Grid CH4 (Section 3.4.2) was 

modified for the specific geometry of the seal and test configuration at 

Oracle Ridge Mine. In the simulations, the geometric dimensions of the 

flow field and head values for constant-head boundaries are 80% of full 

scale. Figure 4.11 and Table 4.5 describe the flow field used in the 

simulations. 

The following steps were taken for each flow period: 

(1) Perform simulations using the average injection and collection 

heads for the period (Table 4.4), an assumed uniform constant head, Hb, 

for the axial and radial boundaries, and a range of conductivity ratios. 
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Z = -416 

I 
r=4 r=388 

Figure 4.11 Flow field for axisymmetric model of steady constant-head 
test at Oracle Ridge Mine (units are cm; scale is 80% ful1-
scale). 
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Table 4.4 Average Test Results for Three Periods of Steady 
Constant-Head Testing at Oracle Ridge Mine Site 

Quantity IestiDg feI:icd 
2/14 - 4/22 5/2 - 7/3 9/24 - 12/20 

Average injection head 1847/27 2522/18 3341/17 
(cm) 

Average head in co11ec- 33/2 33/2 34/1 
tion zone (cm) 

Average in~ection rate .0641/.0351 .146/0.10 0.253/.017 
(cm /hr) 

Average uncorrected co1-
1ection rate (cm3/hr) 

.0898/.0086 .0894/.0028 

Average corrected co1- .0984* .0939* 0.100/0.005 
1ection rate (cm3/hr) 

Flow ratio, based on 0.680 1.56 2.53 
average injection rate 
and average corrected 

collection rate 

NOTES: 

(average value)/(standard deviation) 

*Estimated by increasing the uncorrected rate by 5% 



(Since the simulation flow field is 80% of full scale, boundary head 

values must be 80% of full scale also.) 
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(2) For each conductivity ratio in (1), calculate Kscd, Krcd, and 

Qi/Qc (Section 3.5.5). 

(3) Interpolate from a plot of Kscd versus Qi/Qc the value of Kscd 

for the average value of Qi/Qc for the test period (Table 4.4). Obtain 

an interpolated value for Krcd in a similar manner. 

(4) Obtain a solution value of Ks from the value of Kscd found in 

(3) and the test values of average collection rate, average injection 

head, and borehole diameter. Calculate a solution value of Kr from Krcd 

in a similar manner. These calculated values of Ks and Kr are the 

values which, when input to the axisymmetric model for the full-scale 

flow field and the full-scale heads for constant-head boundaries, yield 

the observed injection and collection rates. 

(5) Repeat steps (1) through (4) for a range of Hb values. 

Steps (1) through (5) were accomplished for each flow period. The 

results are presented in Appendix I. Next, a semilog plot was made of 

Ks (on the logarithmic axis) versus Hb (80% of full-scale) for each flow 

period. The curves are shown in Figure 4.12. If the test conformed 

perfectly to the model, the three curves would intersect at a common 

point whose coordinates are the hydraulic conductivity of the seal and 

the natural head (reduced to 80% of full scale) at the axial and radial 

boundaries. A similar plot is made with the values of Kr and Hb (Figure 

4.13). Again, assuming perfect conformity of the field test to the 

model, the curves would intersect at the point whose coordinates are the 
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boundary head (cm) 

Figure 4.12 Solution values of seal conductivity (K.) for a range 
of boundary-head values for the three selected periods of steady 
constant-head testing. Values of boundary head are 80S1S of full-scale. 
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Table 4.5 Description of External Boundaries of Flow Field for 
Axisymmetric Model of Steady Constant-Head Flow 

Boundary 
Physical 

Description 

Injection face 
of seal 

Borehole wall in 
injection zone 

Gland of injec

tion packer 

Water-filled 
borehole above 

seal 

Axial boundary 
of rock mass 

Radial boundary 
of rock mass 

Axial boundary 
of rock mass 

Wall of open 
borehole below 

seal 

Gland of mechan

ical plug 

Borehole wall in 

Hydraulic Con
dition 

h - injection 
head (H) 

h - injection 
head (H) 

~-o 
~r 

h - 430 

h - 0 

~-o u 

h - head in 
collection zone collection zone 

Collection face 
of seal 

Centerline of 

borehole 

(he> 

h - head in 
collection zone 

(he> 

~-o u 

Position 

o < 5 < 4.0, z - 4.0 

r - 4, 4.0 < z , 29.6 

r - 4, 29.6 < z < 70.4 

r - 4, 7014 < z < 416 

4 < r < 388, z - 416 

r - 388, -416 < z < 416 

4 < r < 388, z - -416 

r - 4, -416 < z < -7.8 

r - 4, -7.8 < z < -5.6 

r - 4, -5.6 < z < -4.0 

o < r < 4, z - -4.0 

r - 0, -4.0 < z < 4.0 

(Length and head units are cm; scale is 80% of full scale.) 
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conductivity of the rock mass and the natural head (reduced to 80% of 

full scale) along the axial and radial boundaries. 

The intersection of any two of the three curves in Figure 4.12 and 

of the two corresponding curves in Figure 4.13 constitutes a solution. 

The points of intersection of the curves in Figure 4.12 are desig

nated I, 2, and 3. The corresponding points in Figure 4.13 are denoted 

by I', 2', and 3', respectively. The conductivity and head values 

corresponding to the points of intersection are presented in Table 4.6. 

If only the results of flow periods 2/14-4/22 and 5/2-7/3 are consid

ered, the solution is given by the conductivity and boundary-head values 

corresponding to points 1 and 1'. The solution values for boundary head 

for points 1 and l' should be equal. Their inequality is probably due 

to interpolation errors in step (3). Similarly, points 2 and 2' and 3 

and 3' correspond to the solutions for the cases in which the flow 

periods 5/2-7/3 and 9/24-12/20 and the periods 2/14-4/22 and 9/24-12/20, 

respectively, are considered. 

The average of the solution values for Ks is about 4 x 10- 10 

em/sec. For Kr , the average is about 3 x 10-10 em/sec. The full-scale 

solution value for head along the axial and radial boundaries is about 

3200 em (2570/0.8). The close grouping of points I, 2, and 3 and 1', 

2', and 3' strengthens confidence in the applicability of the axisymmet

ric model with non-zero head at the boundaries of the rock mass. 

If the axisymmetric model with head equal to zero along the axial 

and radial boundaries is used, a solution value for Ks of about 1 x 10- 9 

em/sec is obtained from Figure 4.12. This value is an average for the 
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2/14-4/22 

~ 10 -10 

o 1000 2000 3000 4000 5000 
Boundary head (em) 

Figure 4.13 Solution values of rock conductivity (Kr) for a range 
of boundary-head values for the three selected periods of steady 
constant-head testing. Values of boundary head are 8~ of full scale. 



309 

Table 4.6 Solution Values of Seal Conductivity (Ks) , Rock Conductiv
ity (Kr) and Constant Head (Hb) Along Axial and Radial 
Boundaries of Rock Mass 

Intersection Ks 
Point Number* (cm/s) 

1 6.0 x 10-10 

l' 

2 3.1 x 10-10 

2' 

3 4.3 x 10-10 

3' 

*From Figures 4.12 and 4.13. 

Kr 
(cm/s) 

2.7 x 10-10 

3.0 x 10-10 

2.9 x 10- 10 

2500 

2570 

2700 

2620 

2470 

2550 

Points 1 and 1': intersection of solutions curves (Figs. 4.12 and 
4.13) for periods 2/14 - 4/22 and 5/2 - 7/3 

Points 2 and 2': intersection of solution curves for periods 
5/2 - 7/3 and 9/24 - 12/20 

Points 3 and 3': intersection of solution curves for periods 
2/14 - 4/22 and 9/24 - 12/20 

**Va1ues of boundary head are 80% of full scale. 
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flow periods from 5/2 to 7/3 and from 9/24 to 12/20 for Hb - O. A 

solution value for Kr of about 8 x 10-11 cm/sec is obtained from Figure 

4.13 in a similar manner. As Figures 4.12 and 4.13 indicate, the 

axisymmetric model with boundary heads equal to zero is not applicable 

to the flow period from 2/14 to 4/22. The model can only accommodate 

the observed flow ratio when there are boundary heads of about 3100 cm 

(2450/.8) or greater. 

In the axisymmetric analysis, the assumption of a vertical borehole 

was violated. However, in view of the injection pressures used, this 

violation should not significantly affect results. 

Doe-Dimensional Analysis. For the situation in which the flow 

field in a test conforms generally to the axisymmetric model with head 

equal to zero at the axial and radial boundaries, the seal conductivity 

calculated assuming all injection flow is one-dimensional axial flow 

through the seal (Ksic) has been shown to be an upper limit to the 

actual seal conductivity (Section 3.5.7). Further, for the same situa

tion, the conductivity calculated assuming all collection flow is ooe

dimensional through the seal (Kscc) is also an upper limit value, but 

generally a lower one than provided by calculation with the injection 

rate. 

For the case in which the natural formation head is significant 

compared to the injection head, the magnitudes of Ksic and Kscc relative 

to Ks may be examined using the simulation data generated for the pre

vious section. The simulation data in Appendix I for the period 2/14 to 

4/22/85 may be used to obtain values of Ksic/Ks and Kscc/Ks for a 
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particular conductivity ratio and a range of boundary head values. This 

information is plotted in Figures 4.14 and 4.15. These dimensionless 

curves are valio for the geometry of the test at Oracle Ridge Mine for 

any injection head H and any boundary head Hb. The only other restric

tion is that hc « H, where hc is the constant head in the collection 

zone. From Figure 4.15, the ratio Kscc/Ks is consistently greater than 

or equal to one. On the other hand, Ksic/Ks is less than one for Kr/Ks 

> 0.1 and Hb/H > about two. As Hb/H approaches two, Ksic/Ks changes 

rapidly with Hb/H. Thus for Hb - 3200, Ksic appears to be a safe upper 

limit for Kr/Ks > 0.1 and H greater than about 2100, which corresponds 

to Hb/H - 1.5. 

In the ninth column of Table 4.3, the hydraulic conductivity of the 

seal based on the assumption that all observed injection flow is one

dimensional through the seal is presented for the full record of test

ing. The calculation of conductivity is made with Equation 2.8. 

Equation 2.8 was derived assuming the head in the collection zone is 

zero. Since there is a small positive head in the collection zone for 

the test setup at Oracle Ridge Mine, the difference between the heads in 

the injection and collection zones is used in the calculation. Provided 

the axisymmetric model approximates the actual flow field, these values 

may be taken as upper limit values for the actual seal conductivity, 

except, as discussed above, for the case in which injection head is less 

than about 2100 cm. In general, the conductivity based on one

dimensional injection flow declines over the course of testing, the 

largest drop occurring in the first two months of testing. The initial 
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0.1 
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Kr/K.=.01 

0.00 1.00 2.00 3.00 4.00 
Hb/H 

FiQure 4.14 Ratio of seal conductivity calculated assuming all 
aXisymmetric injection flow is one-dimensional (Kale) to actual 
seal conductivity "(Ka) for a range of Hb/H values. (Hb is 
the constant head at the axial and radial boundaries of the 
axisymmetric model. The plotted curves are valid for he H. 
where he is the constant head in the collection zone.) 
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10 
K,/K.=.1 

K,/K.=1 

L./0=1.0; 4/0=3.2; Lc/0=1.6/B=O.2 

K,/K.=.1 

K,/K.=.01 

1 
0.00 1.00 2.00 3.00 4.00 

Hb/H 

FiQure 4.15 Ratio of seal conductivio/ calculated assuming all 
aXisymmetric collection flow is one-dimensional (Kecc) to actual 
seal conductivity (K.) for a range of Hb/H values. (Hb is 
the constant head at the axial and radial boundaries of the 
axisymmetric model. The plotted curves are valid for he «H, 
where he is the constant head in the collection zone.) 
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decline may be due, in part, to the use of injection zones of succes

sively shorter length, during the first months of testing. When the 

length of the injection zone was increased to 65 em in January 1986, the 

injection rate increased markedly, resulting in increased values of con

ductivity based on one-dimensional injection flow. For the two test 

periods considered in the axisymmetric analysis in which injection head 

exceeded 2100 em (i.e. 5/2-7/3 and 9/24-12/20), Ks based on one

dimensional injection flow averaged 2.5 x 10- 9 em/sec with a standard 

deviation of 0.4 x 10-9 em/sec. 

The tenth column of Table 4.3 provides the values of Ks based on 

the assumption that all collection flow is one-dimensional through the 

seal. The calculation is based on corrected collection rates, where 

these are available. Otherwise, the calculation uses the uncorrected 

rates. Calculation is not provided for tests prior to August 20, 1984, 

as these results are considered less reliable. As previously discussed, 

the Ks values based on collection flows may be understood as upper limit 

values regardless of the formation head, provided the axisymmetric model 

approximates the actual flow field. The values of Ks based on collec

tion flow slowly decline over the course of testing. For the three 

testing periods considered in the axisymmetric analysis, Ks values based 

on one-dimensional collection flow averaged 1.4 x 10- 9 em/sec with a 

standard deviation of 0.3 x 10- 9 em/sec. 

4.2.4.2 Transient Constant-Head Test 

A transient constant-head test was performed on the seal at the 

Oracle Ridge Mine site during the period January 9-11, 1986. The test 
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was performed after a period of steady constant-head testing. At the 

start of the test, a step decrease in injection head was applied. The 

test consisted of monitoring the transient collection rate until 

approximately steady conditions were again obtained. Due to lack of 

appropriate instrumentation, the transient injection rate could not be 

monitored in the test. The test was analyzed in terms of the 

one-dimensional model (Section 2.3) to obtain an estimate of the 

hydraulic diffusivity of the seal (Ks/Sss). An axisymmetric analysis 

was not performed. 

4 2 4.2 1 Setup. The equipment used for the transient constant

head test was the same as used for the steady test, except that a buret 

with a capacity of 5 ml and subdivisions of 0.01 ml was used as the 

collection tube. The buret was inclined in order to minimize the 

effects due to the compression of the air pocket (Section 4.2.4.1.1). 

9.2.4.2.2 Procedure. The inclined buret, installed without inter

rupting ongoing constant-head injection, was operational by 1130 on Jan

uary 9. The test was begun at 1906 on January 10 when the driving head 

on the seal was reduced abruptly from 3350 to 1960 cm. Readings of the 

water volume in the buret were taken once everyone to two hours from 

0935 to 1659 on January 10. From 1659 to 1830, readings were taken 

every 30 minutes. Readings were taken at IS-minute intervals from 1830 

until 2001 and at 30 minute intervals from 2001 to 2330. A final buret 

reading for the test was taken at 0900 on January 11. The driving head, 

or difference between the heads in the injection and collection zones, 
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was maintained at an average of 3370 cm from December 20, 1985 to Janu

ary 9 and at an average of 3350 from 1132 on January 9 to 1903 on 

January 10. An average driving head of 1960 cm was maintained from 1909 

on January 10 to 0939 on January 11. 

4 2 4 2 3 Correction for Compression of Air Pocket. The buret 

volume readings taken during the transient constant-head test were 

uncorrected; that is, the readings did not take into account the com

pression of the small air pocket at the apex of the collection zone. In 

Section 4.2.4.1.1, an experimental technique was presented for making 

this correction. However, the technique is only practical for the 

steady constant-head test, in which the time interval between readings 

is on the order of several days. It is not suited to correction of 

buret readings taken in the transient test in which the interval is a 

few tenths of an hour. 

To correct the buret readings, the algorithm in Appendix J was 

prepared. The algorithm is based on the assumptions that Boyle's law is 

applicable to the compression of the air pocket and that the collection 

zone is a cylindrical volume with a horizontal axis. The algorithm 

accomplishes three tasks: 

(1) Using "uncorrected". and "corrected" collection tube volumes for 

a period of steady constant-head testing, the algorithm calculates the 

volume of the air pocket at the beginning of the test period. 

(2) The algorithm normalizes the volume found in (1) by adjusting 

it to the volume it would occupy if the gas pressure within it were a 
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standard pressure. The standard is taken as the pressure corresponding 

to a volume reading of zero on the collection tube. 

(3) The algorithm uses the standardized volume found in (2) to 

correct a set of collection-tube volumes for the compression of the air 

pocket. 

4 2 4 2.4 Results. The results of the transient constant-head 

test are presented in Table 4.7. The figures under "elapsed time" are 

based on the starting time for the test, 1906 on January 10. The "unco

rrected" buret readings are the volumes read during the test. The "cor-

rected" buret readings take into account the compression of the air 

pocket in the collection zone using the algorithm described in the 

preceding paragraph and detailed in Appendix J. The algorithm in Appen

dix J was modified slightly to accommodate the inclined buret rather 

than a vertical collection tube. The collection rates are based on the 

corrected buret volumes. They are average rates for the indicated time 

intervals. 

4 2 4.2.5 Analysis. From an elapsed time of ~9.52 to -0.10 hr, 

the collection rate averaged 0.090 cm3/hr. From an elapsed time of 1.40 

to 13.9 hr, the collection rate averaged 0.041 cm3/hr. The reduction in 

flow rate occurred between the start of the test and an elapsed time of 

1.40 hr. During this period several flow-rate measurements varied sig

nificantly from the smooth transition in flow rate predicted by the 

one-dimensional and axisymmetric models for the test. The outflow 

measurement system, well suited to steady or slowly changing flow rates, 



Table 4.7 Transient Constant-Head Test at Oracle Ridge Mine 

Incremental 
Collected Average 

Time Elapsed BllIet Reading Volume Collection 
Interval Timea (m1) (Corrected) Rate 

Date/Time (hr) (hr) Uncorrected Correctedb (m1) (m1/hr) 

1-9-86/1132 -31. 57 4.988 4.646 
22.05 1.894 0.0859 

1-10/0935 -9.52 3.350 2.752 
2.05 .224 0.109 

1-10/1138 -7.47 3.150 2.528 
0.90 .090 0.100 

1-10/1232 -6.57 3.070 2.438 
0.83 .078 0.0936 

1-10/1322 -5.73 3.000 2.360 
1. 70 .145 0.0853 

1-10/1504 -4.03 2.870 2.215 
1.00 .078 0.0780 

1-10/1604 -3.03 2.800 2.137 
0.92 .077 0.0840 

1-10/1659 -2.12 2.730 2.060 
0.52 .045 0.0871 

1-10/1730 -1.60 2.690 2.015 
0.52 .028 0.0542 

1-10/1801 -1.08 2.665 1.987 
0.48 .038 0.0786 

1-10/1830 -0.60 2.630 1. 949 
0.25 .019 0.0760 

1-10/1845 -0.35 2.613 1. 930 
0.25 .024 0.0960 

1-10/1900 -0.10 2.591 1.906 UJ 

0.25 .003 0.0120 ..... 
(Xl 



Table 4.7 Transient Constant-Head Test at Oracle Ridge Mine--Continued 

Incremental 
Collected Average 

Time Elapsed BllIet ReadiDg Volume Collection 
Interval Timea (m1) (Corrected) Rate 

Date/Time (hr) (hr) Uncorrected Correctedb (ml) (ml/hr) 

1-10/1915 0.15 2.589 1. 903 
0.25 .016 0.0640 

1-10/1930 0.40 2.574 1.887 
0.25 0.14 0.0560 

1-10/1945 0.65 2.562 1.873 
0.27 0.13 0.0488 

1-10/2001 0.92 2.550 1.860 
0.48 0.23 0.0476 

1-10/2030 1.40 2.529 1.837 
0.50 0.15 0.0300 

1-10/2100 1. 90 2.515 1.822 
0.50 0.17 0.0340 

1-10/2130 2.40 2.500 1.805 
0.50 0.21 0.0420 

1-10/2200 2.90 2.481 1.784 
0.50 0.22 0.0440 

1-10/2230 3.40 2.461 1. 762 
0.50 0.22 0.0440 

1-10/2300 3.90 2.441 1. 740 
0.50 0.23 0.0460 

1-10/2330 4.40 2.420 1. 717 
9.50 .396 0.0417 

1-11/0900 13.90 2.060 1.321 

w 
I-' 
\0 



Table 4.7 Transient Constant-Head Test at Oracle Ridge Mine--Continued 

NOTES: 

aElapsed time is based on the time at which the step decrease in head was imposed, 1906 on January 
10. 

bCorrection is based on air pocket volume of 1.655 cm3 at standard pressure. This volume is the 
average volume of the air pocket -calculated for the periods of steady constant-head testing from 
December 6-29, 1985, and January 11-14, 1986. 

W 
N 
o 
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appears not to respond precisely to the relatively rapid changes in flow 

rate of the transient test. 

The test is interpreted in terms of the one-dimensional model for 

the transient constant-head test by plotting the test data as shown in 

Figure 4.16. In developing the data for the plot, the initial and final 

driving heads are used for Hl and H2, respectively. Qo is the steady 

collection rate achieved at the end of the test, 0.041 cm3/hr. Superim

posing the plot in Figure 4.16 on the type curve for collection flow 

(Figure 2.3b) yields the following match-point values: 

t~ = 1.0 

t=3.8 hr 

Substituting t - 3.8 hr - 1.37 x 10-4 sec and Ls - 10 cm into the 

expression for td* yields Ks/Sss - 7.3 x 10- 3 cm2/sec. The hydraulic 

conductivity may be computed using the steady collection rate which 

either preceded or followed the test. Using the steady rate established 

after the test (i.e. Qo - .041 cm3/hr), a driving head of 1960 cm, a 

cross-sectional area of 78.5 cm2 , and a seal length of 10 cm, the con

ductivity is calculated to be 7.4 x 10- 10 cm/sec by Equation 2.23. With 

this conductivity, the specific storage for the seal is about 1 x 10- 7 

cm- l . 

The data curve (Figure 4.16) only approximately matches the type 

curve. Three data points of 12 are not shown on the curve as the 

measured flow rates were less than the final flow rate, Qo . Of the 
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points which were plotted, three of the latter values diverge consider

ably from the theoretical curve. These variations are probably due to 

the inability of the measurement system to accurately measure the 

rapidly changing collection rate. 

The hydraulic conductivity of the seal calculated using the steady 

collection rate and driving head which preceded the test, 0.090 cm3/hr 

and 3350 cm, is 9.5 x 10-10 cm/sec, which is in reasonable agreement 

with the value obtained using the flow rate and head following the test. 

4.2.4.3 Head Buildup Test 

A head-buildup test, first recovery variation, was performed on the 

seal at the Oracle Ridge Mine during the period December 17, 1984 to 

February I, 1985. The test was performed after a long period of 

constant-head testing in which near-steady conditions were well

established. To start the test, a valve controlling the outflow of 

water from the collection zone was abruptly closed. The test consisted 

of monitoring the buildup in head in the collection zone following the 

closure. One-dimensional analytical and axisymmetric numerical analyses 

were performed on results. The axisymmetric analysis is based on an 

assumed flow field in which the constant head at the axial and radial 

boundaries equals zero. 

4,2 4,3 J Setup. The injection zone used in the steady constant

head test (Section 4.2.4.1.1) was also used for the head buildup test. 

The average head maintained in the injection zone from July 20, 1984 to 

February 1, 1985 was 1920 cm. The length of the injection zone during 

this period was 32 cm. 
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The equipment setup for the collection zone is shown in Figure 

4.17. Due to the higher pressures expected to develop in the collection 

zone during the head-buildup test, the mechanical plug used in constant

head tests was replaced by a pneumatic packer (Baski Water Instruments, 

sliding head, deflated diameter of 7.6 cm and inflated gland length of 

46 cm). The packer was placed so that the air-removal tube (Figure 

4.17) touched the lower face of the seal at the crown of the borehole. 

The length of the collection zone for the head-buildup test was 25 cm. 

A Heise bourdon-tube gauge (model CM40031, range ~f 0-200 psi or 0-1380 

kPa, subdivisions of 0.5 psi or 3.4 kPa) was attached at point E to 

monitor collection zone pressures. The tubing from the packer to valves 

A, B, C, and E was stainless steel, 6.3 mm in outside diameter. The 

collection zone was filled, except perhaps for a small air pocket, with 

water from the reservoir. Air escape from the collection zone during 

filling was accomplished by opening valve B. Air was carefully bled 

from all tubing. To expedite filling of the collection zone and purging 

of air from the system, a peristaltic pump (Masterf1ex, model 7533-40) 

was installed in the line from the reservoir. With valves C and D open 

and B closed, the large collection tube was filled to overflowing. At 

overflowing, the pressure gauge read 2.4 psi or 169 cm. The system was 

left in this configuration from December 12 to 17 to establish the ini

tial conditions required for the test. From August 20 to December 12, a 

period of nearly continuous constant-head testing, the average head in 

the collection zone was 33 cm. The length of the collection zone during 

this period was approximately 2 em. 
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Figure 4.17 Collection zone and system for monitoring pressure for the 
head-buildup test at Oracle Ridge Mine. 
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4,2 4 3 2 Performance of Test. The test was begun by closing 

valve C (Figure 4.17) at 1103 on December 17, 1984. Readings of the 

pressure gauge were taken periodically. The time interval between 

readings was short initially but was lengthened over the course of the 

test. The test was terminated at 0950 on February 1, 1985 at a pressure 

reading of 164 kPa. 

4 2 4,3 3 Results. The results of the head-buildup test are 

shown in Table 4.8. Head is based on an assumed datum through the mid

point of the seal face on the collection side. Prior to the start of 

the test, with the 250-m1 cylinder filled to overflowing, the pressure 

gauge read 2.4 psi or 169 cm. By survey, the elevation of the top of 

the cylinder was 47 cm above the datum. Therefore, the head value 

corresponding to each pressure gauge reading is obtained by subtracting 

122 cm (i.e. 169-47 cm) from the reading. These head values are used in 

the axisymmetric analysis of the test. In the one-dimensional analyti

cal model used to analyze the test, the initial head in the collection 

zone is assumed to be zero. To adjust the head values to values 

compatible with the one-dimensional model, 47 cm, which is the initial 

head in the collection zone, is subtracted from each head value. Simi

larly, the injection head is reduced by 47 cm to 1870 cm to conform to 

the model. 

During the head buildup test, the injection flow was reversed for 

nearly the entire period of the test; that is, the direction of flow in 

the injection line was toward the injection pump rather than toward the 

injection zone. 
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Table 4.8 Results of Head-Buildup Test at Oracle Ridge Mine 

Collection Zone 
Gauge Adjusted* 

Elapsed Time Reading Head Head 
Date/Time (min) (hrs) (psi) (cm) (cm) 

12-17-84/1103 0 0 2.4 47 0 
1110 7 0.12 2.4 47 0 
1120 17 0.28 2.5 54 7 
1130 27 0.45 2.5 54 7 
1140 37 0.62 2.6 61 14 
1153 50 0.83 2.6 61 14 
1200 57 0.95 2.7 68 21 
1230 87 1.45 2.7 68 21 
1315 132 2.20 2.8 75 28 
1416 193 3.22 3.0 89 42 
1515 252 4.20 3.2 103 56 
1640 337 5.62 3.4 117 70 
1813 430 7.17 3.6 131 84 
1942 519 8.65 3.8 145 98 
2136 633 10.55 4.1 167 120 
12-18-84/0547 1124 18.73 5.2 244 197 

0931 1348 22.47 5.6 272 225 
1335 1592 26.53 6.1 307 260 
1747 '1844 30.73 6.5 335 288 
2130 2067 34.45 6.9 363 316 

12-19-84/0551 2568 42.80 7.7 420 373 
0952 2809 46.82 8.0 441 394 
1330 3027 50.45 8.4 469 422 
1742 3279 54.65 8.8 497 450 
2133 3510 58.50 9.1 518 471 

12-20-84/0551 4008 66.80 9.9 574 527 
0942 4239 70.65 10.2 595 548 
1344 4481 74.68 10.5 617 570 
1747 4724 78.73 10.8 638 591 
2134 4951 82.52 11.0 652 605 

12-21-84/0556 5453 90.88 11.4 680 633 
0944 5681 94.68 11.6 694 647 
1349 5926 98.77 11. 8 708 661 
1751 6168 102.8 12.0 722 675 
2135 6392 106.5 12.2 736 689 

12-22-84/0548 6885 114.8 12.7 771 724 
1015 7152 119.2 12.9 785 738 

12-24-84/0920 9977 166.3 15.5 968 921 
12-27-84/0905 14282 238.0 18.7 1190 1150 
1-2-85/0917 22934 382.2 20.8 1340 1290 
1-9-85/0917 33040 550.7 22.4 1450 1410 
1-16-85/1003 43130 719.0 23.1 1500 1460 
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Table 4.8 Results of Head-Buildup Test at Oracle Ridge Mine-
Continued 

Date/Time 

1-24-85/0948 
2-1-85/0950 

Elapsed Time 
(min) (hrs) 

54645 
66167 

910.8 
1103 

Collection Zone 
Gauge 

Reading 
(psi) 

23.3 
23.8 

Head 
(cm) 

1520 
1550 

Adjusted* 
Head 
(cm) 

1470 
1500 

*Adjusted for an initial head of zero in the collection zone. 
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4.2 4.3 4 Determination of Compressive Storage of Collection Zone. 

The compressive storage of the collection zone (Sc) is defined as the 

volume of water added to the collection zone per unit increase in 

hydraulic head in the zone. The compressive storage is due to the 

compression of the water in the collection zone and the deformation of 

the walls of the zone (including packer, rock, and tubing) (Hsieh and 

others, 1981; Neuzil, 1982). The compressive storage was determined in 

the laboratory using the equipment shown in Figure 4.18. The packer, 

with the primary tubing attachments used in the field test, was inflated 

in a water-filled steel pipe (schedule 40, 10 cm in inside diameter) 

capped at one end with a schedule 40 bolt-on end plate. The inflation 

pressure was about the same as used in the field. The packer was butted 

up against the plate in the same way that it was positioned against the 

seal in the field test. The volume of water in the space between the 

packer and the end plate was approximately the same as in the collection 

zone during the test. Air was carefully bled from both tubes 1 and 2 

(Figure 4.18). A pressure transducer (Dynisco, model APT310JA, range of 

0-100 psia or 0-690 kPa) with a digital readout (Dynisco, model DR482) 

was connected to a port in the end plate. The setup, with packer 

inflated, stood undisturbed for about 85 hours before testing began. A 

manually operated precision piston-displacement pump (Ruska) was con

nected to tube 1. Tube 2 was capped. Testing was performed by inject

ing water from the pump and observing the rise in pressure in the 

reservoir between the end plate and the packer. Beginning with the 

reservoir unstressed (i.e. atmospheric pressure at the pump), water was 
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Figure 4.18 Laboratory setup for determining compressive storage for 
use in analysis of head-buildup test at Oracle Ridge Mine. 
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injected so as to slowly and steadily raise the reservoir pressure in 

2.0 psi (13.8 kPa) steps. As each step was attained, injection was 

halted for 45-60 seconds; then injection was continued until the next 

step or pressure level was attained. This procedure was continued until 

pressure had been increased to 30 psi (207 kPa). The procedure was 

performed three times. Next, the pump was disconnected from tube I and 

another series of tests was performed on the pump alone. In these tests 

the transducer was connected to the pump and kept at the elevation of 

the pump. Again, the tests were begun with the pump pressure equal to 

atmospheric pressure. Pressure was increased in 2.0 psi (13.8 kPa) 

steps in the same way as in the tests of the pump and reservoir. 

The results of the tests are shown in Tables 4.9 and 4.10. Runs 

two and three in Table 4.9 were very consistent. Injection volumes for 

run one were somewhat higher generally than for the other two runs. The 

average values of runs two and three were used in the calculation of Sc. 

All three runs in Table 4.10 were consistent and average values for the 

three runs were used in the Sc calculation. In Table 4.11 an average 

reservoir compressive storage is calculated for each step over the head 

range of 0 to 2110 cm. For each step or change in hydraulic head (~h), 

the change in water volume of the reservoir (~V) is calculated. To 

obtain ~v for a particular step, the change in volume for the pump 

alone (from Table 4.10) is subtracted from the change in volume of the 

pump and reservoir (from Table 4.9). An average Sc for the step is 

simply ~V/~h. As Table 4.11 indicates, Sc is not constant for the head 



Table 4.9 Laboratory Determination of Compressive Storage of Collection Zone for ORM Head Build-
up Test - Relationship of Water Volume Injected and Pressure for Pump and Reservoir 

Pressure Injected Volume of water ~cm3~ 
Transducer cm of Average of 

counts Psi kPa water Run 1 Run 2 Run 3 Runs 2 0& 3 

37* 0 0 0 0 0 0 0 

67 2 13.8 141 5.12 5.13 5.18 5.16 

97 4 27.6 281 9.31 9.22 9.26 9.24 

127 6 41.4 422 12.69 12.55 12.63 12.59 

157 8 55.2 563 15.58 15.38 15.38 15.38 

187 10 68.9 703 18.05 17.77 17.78 17.78 

217 12 82.7 844 20.15 19.78 19.80 19.79 

247 14 96.5 985 22.02 21.58 21.57 21.58 

277 16 110.3 1125 23.68 23.14 23.15 23.15 

307 18 124.1 1266 25.16 24.54 24.56 24.55 

337 20 137.9 1407 26.46 25.81 25.81 25.81 

367 22 151.7 1547 27.71 26.92 26.98 26.95 

397 24 165.5 1688 28.80 27.98 28.01 28.00 

427 26 179.3 1828 29.79 28.96 28.95 28.96 

457 28 193.1 1969 30.70 29.86 29.82 29.84 

487 30 206.8 2110 31.56 30.72 30.66 30.69 

*37 counts is the t~clnsducer reading in the collection reservoir when pressure at the pump is 
atmospheric. The 37 counts or 17 kpa represents hydrostatic pressure in the collection reservoir. w 

w 
I'V 



Table 4.10 Laboratory Determination of Compressive Storage of Collection Zone for ORM Head 
Build-up Test - Relationship of Water Volume Injected and Pressure for Pump Only 

Pressure Injected Volume of water ~cm3) 
Transducer cm of 

Counts Psi kPa water Run 1 Run 2 Run 3 Average 

0 0 0 0 0 0 0 0 

30 2 13.8 141 .05 .06 .05 .05 

60 4 27.6 281 .09 .09 .09 .09 

90 6 41.4 422 .12 .13 .12 .12 

120 8 55.2 563 .15 .15 .14 .15 

150 10 68.9 703 .17 .17 .16 .17 

180 12 82.7 844 .19 .19 .18 .19 

210 14 96.5 985 .21 .21 .20 .21 

240 16 110.3 1125 .22 .22 .21 .22 

270 18 124.1 1266 .23 .23 .23 .23 

300 20 137.9 1407 .25 .25 .24 .25 

330 22 151.7 1547 .26 .26 .25 .26 

360 24 165.5 1688 .27 .27 .26 .27 

390 26 179.3 1828 .28 .28 .27 .28 

420 28 193.1 1969 .29 .29 .28 .29 

450 30 206.8 2110 .30 .30 .29 .30 

w 
w 
w 
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Table 4.11 Laboratory Determination of Compressive Storage of Col
lection Zone for ORM Head Build-up Test - Calculation of 
Compressive Storage (Sc> for Pressure Head Range of 
0-2110 cm 

Volume V, 
Injected Volume 

h, for Pump Volume Injected 
Pressure and Injected for 

Head 6h Reservoir for pump Reservoir 6V S = 6V/6h e 

(em) (em) 3 (em ) 3 (em ) 3 (em ) 3 (em ) -2 2 (x 10 ern) 

0 0 0 0 
141 5.11 3.62 

141 5.16 .05 5.11 
140 4.04 2.89 

281 9.24 .09 9.15 
141 3.32 2.35 

422 12.59 .12 12.47 
141 2.76 1.96 

563 15.38 .15 15.23 
140 2.38 1. 70 

703 17.78 .17 17.61 
141 1.99 1.41 

844 19.79 .19 19.60 
141 1.77 1.26 

985 21.58 .21 21.37 
140 1.56 1.11 

1125 23.15 .22 22.93 
141 1.39 .986 

1266 24.55 .23 24.32 
141 1.24 .879 

1407 25.81 .25 25.56 
140 1.13 .807 

1547 26.95 .26 26.69 
141 1.04 .738 

1688 28.00 .27 27.73 
140 .95 .679 

1828 28.96 .28 28.68 
141 .87 .617 

1969 29.84 .29 29.55 
141 .84 .596 

2110 30.69 .30 30.39 
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range studied and the test apparatus used. Over the head range encoun

tered in the field test (roughly 0 to 1500 cm), Sc varies by a factor of 

4.5 and averages 1.72 x 10- 2 cm2 . In the theory of the head buildup 

test presented, the compressive storage of the collection zone is 

assumed constant. The variation is probably due to the deformation 

characteristics of the packer or possibly to the presence of an air 

pocket in the reservoir. 

4 2 4,3,5 Analysis. One-Dimensional Model. In the one

dimensional analysis of the test, a plot of the observed buildup data is 

matched against a family of dimensionless type curves of the analytical 

solution for the one-dimensional recovery variation. The method is dis

cussed in Section 2.4.3.4. The data curve is shown in Figure 4.19. The 

ordinate values of the data points are obtained by dividing the adjusted 

head values (Section 4.2.4.3.3 and Table 4.8) by 1870 cm, the adjusted 

injection head. 

Matching is performed by superimposing the data curve on the family 

of type curves (Figure 4.20). Keeping the horizontal axes of the two 

plots collinear, the data curve is moved horizontally and compared to 

each of the family of type curves. The data curve is found to most 

closely match the type curve with ~ - 3. 

of t - 1000 hr and td* - 8 are obtained. 

Convenient match point values 

As shown in Table 4.12, these 

values, along with the ~ value of the matched type curve, yield an 

hydraulic conductivity and a specific storage of the seal of 5 x 10- 9 

cm/sec and 7 x 10- 5 cm- l , respectively. 
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Table 4.12 Calculation of Hydraulic Conductivity and Specific Stor
age for Seal at Oracle Ridge Mine Based on One
Dimensional Analysis of Head Buildup Test 

Quantity 

Dimensionless time t d •• = t~~ at match point 

Time at match point 

Compressive storage of collection zone 

Length of seal 

Cross-sectional area of seal 

Hydraulic conductivity (Ks) - tas.S.Ls/CAI) 

(see Section 3.7.3) 

Dimensionless parameter ~ of type curve 
matching data curve 

Specific storage (Sss) - ~S./AL. 

(from Eq. 2.38) 

Value 

8 

1000 hrs 

1. 72 x 10- 2 cm2 

10 cm 

78.5 cm2 
(seal diam. - 10 cm) 

2 x 10- 5 cm/hr 
5 x 10- 9 cm/sec 

3 

7 x 10- 5 cm- 1 
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The data curve matches the type curve for ~ - 3 closely until about 

t - 240 hr. After that time, the data curve flattens more rapidly than 

the type curve. The flattening is due to flow components in the rock 

mass which cause the head in the collection zone to approach ultimately 

a lower head than that of the injection zone. 

Axisymmetric Model. The analysis of the head-buildup test in terms 

of the axisymmetric numerical model is an iterative procedure in which a 

curve of the test buildup data is matched against mUltiple series of 

type curves. 

The first step in the analysis is to prepare a buildup curve of the 

test data by plotting head values divided by the injection head against 

the logarithm of time. The unadjusted head values and unadjusted injec

tion head are used for this plot. The plot is shown in Figure 4.21. 

The next step is to develop a numerical model of the flow field. 

The geometry and hydraulic characteristics of the flow field are shown 

in Figure 4.22 and Table 4.13. The flow field dimensions and heads at 

constant-head boundaries are 80% of the actual field values. Head at 

the axial and radial boundaries of the rock mass is assumed to be con

stant and equal to zero. A numerical model based on the flow field shown 

in Figure 4.22 was prepared using the ground-water flow model FLUMPS 

(Section 3.3). 

As discussed in Section 3.7, the initial conditions for the first 

recovery variation of the head-buildup test correspond to the head dis

tribution throughout the flow domain which result from a long period of 

constant-head testing in which steady or nearly steady flow conditions 
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Table 4.13 Description of External Boundaries of Simulation Flow Field 

Boundary Physical Description 

Borehole wall in 
injection zone 
Gland of injection 
packer 
Water-filled borehole 
above injection packer 
Axial boundary of rock 
mass 

Hydraulic 
Condition 

Position 

h - 1536 r - 4, 340 < z < 366 

r - 4, 366 < z < 407 

h 419 r - 4, 407 < z < 672 

h o 4 < r < 324, z - 672 

Radial boundary of rock h o r - 324, 0 < z < 672 
mass 
Axial boundary of rock 
mass 
Open borehole below 
collection packer 
Gland of collection 

packer 

Top of collection 

packer 

Axis of borehole 

through collection zone 

Axis of borehole 

through seal 
Injection face of seal 

h o 4 < r < 324, z - 0 

r - 4, 0 < z < 275 

~-O 
~r 

r - 4, 275 < z < 312 

~-O 
h o < r < 4, z - 312 

~-O 
~r 

r - 0, 312 < z < 332 

~-O 
~r 

r - 0, 332 < z < 340 

h - 1536 0 < r < 4, Z - 340 

(length units are cm; scale is 80% of full scale) 
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are achieved. The initial heads in the seal and rock mass for the 

simulations are the heads obtained by running FLUMPS to steady-state 

assuming constant head equal to zero along the face of the seal on the 

collection side and along the interface of the collection zone and the 

rock mass. 

Using reasonable values of parameters ~ and ~, head-buildup simu

lations were obtained for a range of conductivity ratips. The results 

are plotted in Figure 4.23 as a series of dimensionless type curves. 

The data curve is superimposed on the type curves. Keeping the horizon

tal axes collinear, the data curve is moved horizontally until it 

aligns, as well as possible, with the type curve which best matches the 

shape of the data curve. The type curve which appears to best match the 

data curve is the curve for Kr/Ks - 0.02. 

Next, with Kr/Ks - 0.02, simulations are obtained for a range of ~ 

and ~ values. Figure 4.24 is a plot of Hd versus tdsc for ~ - 2.5 x 

10- 3 and a range of ~ values. Figures 4.25 and 4.26 are similar plots 

for ~- 2.5 x 10- 2 and 2.5 x 10-1 , respectively. Matching the data 

curve against the type curves in Figure 4.24, the data curve matches 

most closely to the type curve for ~ - 5, though there is some deviation 

at middle to late times. Comparing the data curve to the type curves of 

Figure 4.25, the best match is achieved with the type curve for ~ - 3. 

In comparison of the data curve to the three curves of Figure 4.26, the 

data curve at late times appears to plot to the left of the type curves. 

Only three type curves were 'generated for ~- 2.5 x 10- 1 (Figure 4.26), 
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Figure 4.22 Flow field for axisymmetric model of head-buildup test 
(first recovery variation) at Oracle Ridge Mine (units are 
cm; scale is 80% full-scale). 
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These curves were not taken to steady state because of excessive compu

tation time required. Also, it is clear from the roughness of the 

curves and their deviation from the patterns of the curves in Figures 

4.24 and 4.25 and the simulations in Section 3.7 that the curves are 

inaccurate. Fortunately, however, it is unlikely that twould approach 

2.5 x 10- 1 for the test at Oracle Ridge Mine, in view of the large value 

experimentally determined for Sc (Section 4.2.4.3.4). 

In Figure 4.27, type curves for t- 2.5 x 10-4 are compared to 

those for t- 2.5 x 10- 3 . In the figure, corresponding curves super

pose almost precisely. Thus the analysis shows that the data curve 

matches quite well the type curve for Kr/Ks - 0.02, t- 2.5 x 10- 2 , ~-

3. It also matches reasonably well the curve for Kr/Ks - 0.02, t- 2.5 

x 10- 3 and ~ - 5. From the comparison of Figure 4.27, it is clear that 

the data curve will match reasonably well the type curve for Kr/Ks -

0.02, ~ - 5, and any value of t less than 2.5 x 10- 3 . Calculation of 

hydraulic properties based on the matched curves indicated above yields 

the results summarized in Table 4.14. Tables 4.15 and 4.16 show the 

details of the calculations. Also shown in Table 4.14 are the values of 

the hydraulic properties which would be obtained using the type curve 

for t- 2.5 x 10-4 as the matched type curve. The results indicate that 

the hydraulic conductivity of the seal is about 6 x 10- 9 cm/sec, the 

specific storage of the seal about 1 x 10-4 cm- l , the conductivity of 

the rock mass about 1 x 10-10 cm/sec, and the specific storage of the 

rock mass about 2 x 10- 7 cm- l or less. The above conclusions are based 

on the assumption that t has a true value of 2.5 x 10- 2 or less, which 
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Table 4.14 Summary of Hydraulic Properties Obtained by Axisymmetric 
Analysis of Head Buildup Test for Oracle Ridge Mine 

&ill Reck Mass 
Parameters for Hydraulic Hydraulic 

matched type conduc- Specific conduc- Specific 
curve tivity storage tivity storage 

l; ~ (cm/s) (cm-l) (cm/s) (cm-l) 

2.5 x 10- 2 3 5.7 x 10- 9 6.8 x 10- 5 1.1 x 10-10 2.2 x 10- 7 

2.5 x 10- 3 5 6.1 x 10- 9 1.1 x 10-4 1.2 x 10-10 2.2 x 10- 8 

2.5 x 10-4 5 6.1 x 10- 9 1.1 x 10-4 1.2 x 10- 10 2.2 x 10- 9 

Conductivity ratio of both matched type curves: 
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Table 4.15 Calculation of Hydraulic Conductivity and Specific Stor
age of Seal and Rock Mass at Oracle Ridge Mine Based on 
Axisymmetric Analysis (~- 2.5 x 10- 2) of Head Buildup 
Test 

Quantity 

Dimensionless time (ld.,) at match point 

Time at match point 

Conductivity ratio of matched type curve 

Parameter ~ of matched type curve 

Parameter ~ of matched type curve 

Compressive storage of collection zone (Sc) 

Length of seal (Ls) 

Cross-sectional area of seal (A) 

Hydraulic conductivity (Ks) of seal 
tdscScLpl At 

Specific storage of seal (Sss) - ~ScIALs 

Hydraulic conductivity of rock mass (Kr) -
(KrIK.)K. 

Specific storage of rock mass (Ssr) - ~ScIALc 

Value 

3.1 

2 x 104 min 

0.02 

2.5 x 10-2 

3 

1.72 x 10- 2 cm2 

10 cm 

78.5 cm2 (seal 
diam. - 10 cm) 

5.7 x 10- 9 cm/sec 

6.8 x 10- 5 cm- 1 

1.1 x 10- 10 cm/sec 

2.2 x 10- 7 cm- l 
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Table 4.16 Calculation of Hydraulic Conductivity and Specific Stor
age of Seal and Rock Mass at Oracle Ridge Mine Based on 
Axisymmetric Analysis (~- 2.5 x 10- 3) of Head Buildup 
Test 

Quantity 

Dimensionless time (tdsJ at match point 

Time at match point 

Conductivity ratio for matched type curve 

Parameter ~ of matched type curve 

Parameter ~ of matched type curve 

Compressive storage of collection zone (Sc) 

Length of seal (Ls) 

Cross-sectional area of seal (A) 

Hydraulic conductivity (Ks) of seal -
Id,cScLpl AI 

Specific storage of seal (Sss) - ~ScIAL, 

Hydraulic conductivity of rock mass (Kr) -
(KrIK,)K, 

Specific storage of rock mass (Ssr) - ~ScIALc 

Value 

1 

6 x 103 min 

0.02 

2.5 x 10- 3 

5 

1.72 x 10-2 cm2 

10 cm 

78.5 cm2 (seal 
diam. - 10 cm) 

6.1 x 10- 9 cm/sec 

1.1 x 10-4 cm- 1 

1.2 x 10-10 cm/sec 

2.2 x 10-8 cm-1 
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seems reasonable for a limestone rock mass and a collection zone with a 

relatively large compressive storage. 

The reversal of the injection flow during the period of the test 

indicates that during this period head in the rock mass near the injec

tion zone exceeded the injection head. The flow to the injection zone 

could not have come from the collection zone, since the collection zone 

was always at a lower head. Before the head-buildup test and following 

it, the head in the injection zone was maintained at about the same 

level (about 1900 cm) as during the test. Both before and after the 

test, the injection flow was not reversed but it was less than the 

collection rate. Probably during these periods, flow was into the 

injection zone from the rock mass rather than from the injection zone 

into the formation. Because the flow from the injection zone to the 

collection zone was greater than this inflow from the formation, the net 

injection was not reversed. However, during the head buildup test, flow 

from the injection zone to the collection zone was greatly reduced. 

Thus the inflow from the formation was not covered by the flow to the 

collection zone and the net injection during the test was reversed. The 

reversal of injection flow indicates that heads greater than about 1900 

cm exist in the formation near the seal. These heads appear to be 

natural. The heads would not seem to be attributable to prior injection 

at higher head since there had been no injection at a higher head for 

eight full months prior to the head buildup test. 
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4.2.4.4 Tracer Travel Time Test 

A tracer test was performed on the seal at the Oracle Ridge Mine 

during the period June 28 to July 20, 1984 to determine an upper limit 

to the minimum travel time for water, marked with tracer, to move, under 

a constant injection head, from the injection to the collection side of 

the seal. The test was performed after a long period of injection at 

constant head. The test consisted of interrupting injection for 3 1/2 

hours to replace the water in the injection zone with water containing a 

significant concentration of bromide ions. Injection was then resumed 

at the same constant head. Subsequently, the collection zone was 

sampled periodically. Samples were examined using liquid chromatography 

for the presence of the tracer. The test results are analyzed in terms 

of a one-dimensional porous-medium flow model. 

4 2 4 4 1 Setup. The injection system used before and during the 

test period was the same as described in Section 4.2.4.1.1. Prior to 

the test, the length of the injection zone was 62 cm. During the test, 

the length was reduced to 43 cm. Prior to the test, from April 17 to 

June 28, head in the injection zone averaged 1920 cm. 

The collection system used during the test is shown in Figure 4.28. 

A mechanical plug (Section 4.2.4.1.1 and Figure 4.9) was installed below 

the seal creating a collection about 2 cm in length. The mechanical 

plug was oriented so that one of its two ports was at the crown of the 

borehole, the other at the invert. With the tubing disconnected from 

the sampling bulb at point A (Figure 4.28), the collection zone (except 

for a small air pocket), tubing and sampling bulb were filled with water 
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Figure 4.28 Oracle Ridge Mine tracer sampling system. 
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by gravity flow from the tank. With the tubing reconnected at point A 

and the tank still feeding water, the peristaltic pump (Masterflex, 

model 7533-40) was run in an attempt to bleed as much air as possible 

from the collection zone and tubing to the sampling bulb, where the air 

was expelled from the system. Then, with the pump turned off, the 

connecting line to the tank was disconnected at point B and that end of 

the connecting line held at about the same elevation as the reservoir 

water level. At this point, the collection system was ready to collect 

outflow. The mechanical plug was installed on June 15. The remainder 

of the sampling system was in place and ready for sampling by 1300 on 

June 28. 

To take a water sample, the peristaltic pump was run for 5 minutes 

at a low head to achieve uniform mixing within the collection zone, 

sampling bulb, and tubing. Then, with the pump still operating, the 

water tank was connected into the system and a 60-ml sample was removed 

by inserting a syringe needle through the septum of the sampling bulb. 

The tank was then disconnected from the system and the pump shut off. 

4.2 4.4 2 Preparation of Tracer Solution. A volume of 11 liters 

of a 10000 ppm bromide solution was prepared by dissolving 164 g of 

potassium bromide crystals in 11 liters of filtered mine water. The 

mine water was found to contain a negligible concentration of the bro

mide ion. The densities of the tracer solution and the mine water at 

room temperature were 1.007 and 0.996 glml, respectively. 
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4.2 4.4 3 Introduction of Tracer Solution. On June 28 at 1330, 

constant-head injection was interrupted and the injection-side packer 

removed from the borehole. The borehole above the seal was filled with 

mine water and then emptied completely by means of a suction pump, the 

intake hose of which was placed at the top of the seal. Next, PVC pipe, 

5.1 cm in inside diameter and in 3-m sections, was installed in the 

borehole extending from the upper end down to the top of the seal. At 

1620 the potassium bromide solution was poured into the PVC pipe. The 

quantity of solution was enough to fill the borehole for a length of 

about 1.4 m above the seal. After removing the PVC pipe, the injection

side packer was reinstalled in the borehole. The packer was placed so 

that the length of the injection zone was reduced from 62 to 43 cm. At 

1705, the injection zone was pressurized to about 1900 cm. The flow 

tubes of the injection pump and the injection line were filled with mine 

water containing none of the tracer. 

4.2 4.4.4 Test Procedure. Samples of about 60 ml were taken 

beginning at 1322 on June 28 and periodically thereafter. The injection 

head was monitored during the test. On July 20 at 1327 the injection

side packer was deflated and removed from the hole. The hole was filled 

and flushed with mine water four times to remove the tracer. The 

injection-side packer was then installed and constant-head testing 

resumed. 

An attempt was made initially to analyze samples for the bromide 

tracer using an ion-selective electrode. However, in trial runs before 
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the tracer test, the method did not give repeatable results and there

fore was abandoned. All analysis was done by high performance liquid 

chromatography (Stetzenbach and Thompson, 1983) by the Analytical 

Chemistry Laboratory of the University of Arizona. The detection limit 

of the chromatography procedure was about 0.1 ppm. 

4 2,4 4,5 Results. The results of the tracer test through June 30 

are shown in Table 4.17. First detection of the tracer occurred in the 

ninth sample, which was taken 565 minutes or 9.42 hours after the injec

tion zone was pressurized. The record of the injection head through 

June 30 is given in Table 4.18. The average injection head for the 

first 9.65 hours was 1920 cm. The average head in the collection zone 

for the same period was about 30 cm. 

4,2 4 4,6 Analysjs. A minimum travel time of not more than 565 

minutes indicates relatively rapid flow through a fracture or an opening 

along the seal/rock interface and is not consistent with either flow 

through the intact cement of the seal or through the intact limestone. 

This conclusion can be supported by calculating the travel time for 

axial flow across the seal and the minimum possible travel time for flow 

in the rock mass under the assumption that the seal and rock are homoge

neous and isotropic porous media. These calculations are made in Table 

4.19 using equations 2.56 and 2.59 and known or conservatively estimated 

values of hydraulic conductivity and effective porosity. Based on the 

calculations in this table, the travel time travel for the intact cement 

is over 700 times the 565 minute figure. The minimum travel time for 

intact limestone is more than 10 times the observed 565 minutes. 
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Table 4.17 Results of Tracer Travel Time Test of Seal at Oracle 
Ridge Mine 

Sample Nwn- Date/Time Elapsed Time Bromide Concentration 
ber Sample Taken (hr) (ppm) 

6-28/1705 0 (Begin injection) 

5 6-28/1725 .33 No detection 

6 6-28/1845 l.67 No detection 

7 6-28/2030 3.42 No detection 

8 6-28/2330 6.42 No detection 

9 6-29/0230 9.42 - .14 

10 6-29/0530 12.4 .46 

11 6-29/0830 15.4 .94 

12 6-29/1130 18.4 l.45 

13 6-29/1534 22.5 2.04 

14 6-29/1830 25.4 2.66 

15 6-29/2144 28.7 3.53 

16 6-30/0546 32.7 4.75 

17 6-30/0546 36.7 5.75 

18 6-30/0930 40.4 7.25 

19 6-30/1205 43.0 7.8 (?) 



Table 4.18 Record of Injection Head During Tracer Test of Seal at 
Oracle Ridge Mine 
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Date/Time Elapsed Time (hr) Injection Head (cm) 

6-28-84/1713 .13 1938 

1848 1.72 1928 

2034 3.48 1926 

2351 6.77 1909 

2355 6.83 1911 

6-29/0244 9.65 1909 

0847 15.70 1912 

1128 18.38 1903 

1531 22.43 1908 

1828 25.38 1899 

2147 28.70 1897 

6-30/0540 36.58 1892 

0930 40.42 1890 

1207 43.03 1895 
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Table 4.19 Calculation of Travel Time for Axial Flow Across Grout 
Seal and Minimum Possible Travel Time for Flow Around 
Seal in Rock Mass 

Saal (Dowell System 1 cement grout) 

Hydraulic conductivity (Ks) 

Effective porosity (Ns ) 

Seal length (Ls) 

Differences in hydraulic head 
across seal (H) 

Travel time - ts - Ls2Ns / (KsH) c 

Rock Mass (Escabrosa limestone) 

Hydraulic conductivity (Kr) 

Effective porosity (Nr ) 

Seal length (Ls) 

Differences in hydraulic head 
across seal (H) 

Minimum possible travel time -
Ls2Nr / (KrH) f 

NOTES: 

aSouth and Daemen, 1986, p. 72. 
bAssumed value. 
CEq. 2.56. 
dSection 4.2.2.1.3. 
eFreeze and Cherry, 1979, p. 37. 
fEq. 2.59. 

1 x 10-10 cm/seca 

0.5b 

10 cm 

1890 cm 

(10- 1°)( 1890)(60sec/min) 

- 4.41 x 105 min 

3 x 10- 9 cm/secd 

0.2e 

10 cm 

1890 cm 

(3x I 0- 9
)( 1890)(60sec/min) 

- 5.88 x 103 min 
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4.2.4.5 Dye Injection and Seal Removal 

As a final test of the seal, a water-soluble red dye was introduced 

into the injection zone on October 8, 1986. Constant-head injection was 

continued for 48 days. At the end of that period, the seal was removed 

by overcoring from the lower end. The removed seal was then visually 

inspected. 

The red dye, made by Formulabs, Escondido, California, is a product 

of the rhodamine B family, but its specific formula is proprietary. The 

dye solution was prepared by adding 1 liter of dye to 15 liters of tap 

water. The density of the solution was 0.998 g/ml at room temperature. 

To introduce the dye, the injection packer was removed and the hole 

emptied. The dye solution was poured into a PVC pipe which extended 

down to the top of the seal. The packer was reinstalled and injection 

at constant head continued. 

The seal was recovered from the hole by overcoring on November 

25-26, 1986. The overcore was 18 cm in diameter and was roughly cen

tered on the 10 cm test borehole. The section of overcore containing 

the seal is shown in Figures 4.29 through 4.34. Figure 4.29 shows the 

section of overcore containing all of the seal but a portion off the 

lower face. The upper end of the core section, which is saw-cut and 

smooth, faces the upper end of the hole. A radial crack extends axially 

through the full length of the section. The staining of the outer 

surface of the overcore is believed to have occurred during drilling 

when the section of overcore extending above the seal broke free, thus 
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Figure 4.29 View of the section of overcore containing all of the seal 
but a portion of the lower face. The smooth, saw-cut end 
of the core section faces the upper end of the hole. The 
dye staining on the exterior of the overcore probably 
occurred during drilling. 



364 

Figure 4.30 View of the upper end of the section containing the seal. 
Upper face of the seal vs. planar and normal to borehole 
axis. Upper face is dye-stained after direct and prolonged 
contact with the dye. 
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Figure 4.31 View of the lower end of the overcore section containing 
the seal. The dye staining on the surface of the seal and 
overcore probably occurred during drilling. 
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Figure 4.32 A thin section of overcore containing most of the lower 
face of the seal has been added to the section shown in 
Figure 4.31. The added portion of the lower face is not 
stained because it was removed from the hole when the drill 
made contact with the dye-filled injection zone. 
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allowing the dye solution in the injection zone to drain past the sec

tion of overcore, staining it in the process. The fresh, rough and 

angular end of the core section is a drilling break. Figure 4.30 is a 

view of the upper end of the overcore section containing the seal. The 

upper face of the seal is planar and normal to the borehole axis. The 

cement core appears generally homogeneous. The upper face of the seal 

was, of course, in direct and prolonged contact with the dye, accounting 

for the heavy staining. The staining seems concentrated in concentric 

bands, probably conforming to surfaces left when the face of the seal 

was ground flat (Section 4.2.3.2). The radial crack, which was also 

noted in Figure 4.29, appears fresh and extends through the thin part of 

the overcore, suggesting that it may have occurred due to stress relief 

during the overcoring operation. Figure 4.31 is a view of the lower end 

of the overcore section containing the seal. The radial crack is again 

visible. The dye staining on the surface of the seal and the overcore 

probably occurred during overcoring. In Figure 4.32, a thin section of 

overcore containing most of the lower face of the seal has been added to 

the section shown in Figure 4.31. The part of the face in Figure 4.31 

which is visible in Figure 4.32 is the stained portion. The remainder 

of the face is not stained because it was removed from the hole before 

drilling made contact with the dye-filled injection zone. The lower 

face of the seal, as seen fully in Figure 4.32, is generally flat and 

normal to the borehole axis. The cement core appears homogeneous. The 

planar surface of the overcore, as seen in Figure 4.32, suggests that 
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this surface is a fracture surface, which aligned almost flush with the 

lower end of the seal. 

The overcore section was cut with a saw to expose the interior of 

the seal. The interior is shown in Figure 4.33. The shininess of the 

cement and the darkened arc on its surface are due to a layer of water. 

Again, the cement core appears homogeneous. Near the radial crack 

through the overcore, there is a concentration of the dye at the 

seal/rock interface. The thinnest portion of the overcore corresponds 

to the apex or crown of the borehole. Thus the stained interface is 

along the crown of the seal. Figure 4.34 shows a closer view of the 

stained portion of the interface. The staining suggests that 

significant flow occurred along this portion of the interface. 

4.3 Testing at the McNary Dam Site 

4.3.1 Description of Site 

McNary Lock and Dam is a U.S. Army Corps of Engineers facility on 

the Columbia River near Umatilla, Oregon (Figures 4.35a and b). The 

experimental field site, which consists of six vertical boreholes in 

basalt, is located on the Oregon (south) side of the river and just 

downstream of the dam. 

4.3.1.1 General Geologic Setting 

The geology of the site is presented in detail in Daemen and others 

(1983, pp. 87-97). This brief description is taken from that presenta

tion. The experimental site is 2.4 km east of the confluence of the 

north-flowing Umatilla River and the flood plain of the west-flowing 

Columbia River. From the ground surface to a depth of about 5 to 8 m is 
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Figure 4.33 The interior of the seal is shown in this saw-cut section 
through the middle of it. The shininess of the cement and 
the darkened area on its surface are due to a layer of 
water. The cement core appears homogeneous. There is a 
concentration of dye at the seal/rock interface at the apex 
or crown of the borehole. 
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Figure 4.34 A close view of the concentration of dye at the crown of 
the hole along the interface. The staining suggests that 
significant flow occurred along this portion of the inter
face. 
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Figure 4.35a General location map of McNary Dam and the west-central 
portion of the Columbia River basalt plateau. 
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Figure 4.35b Location of boreholes below south abatement of McNary Lock 
and Dam. 
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an overburden layer of fluvial origin. The overburden consists of fine-

grained silts and sands which, with depth, grade into grave1-to-cobb1e

sized, well-rounded, primarily basaltic, rock fragments. Beneath the 

overburden is the Umatilla basalt, composed of two individual lava 

flows. The upper flow is the Si11ushi, the lower the Umatilla. The 

Umatilla basalt is the basal (13.5 m.y. old) member of the Saddle Moun

tains Basalt Formation, part of the Yakima Basalt Subgroup, which is the 

upper portion of the Columbia River Basalt Group. The Umatilla member 

is a dense basalt, typically dark grey to black in color. Its texture 

is fine-grained to aphanitic and glassy. The average thickness of the 

Umatilla member, including the uppermost flow breccia, is 41 to 42 m. 

At the field site, the thickness ranges from 39 to 42 m. The test seals 

in this research were placed in the Umatilla. 

Beneath the Umatilla basalt is the Mabton interbed, a tuffaceous 

sedimentary unit. The basaltic unit underlying the Mabton is tenta

tively identified as the Priest Rapids member, the uppermost unit of the 

Wanapum Basalt Formation, which forms the middle portion of the Yakima 

Basalt Subgroup. 

4.3.1.2 Borehole Description 

The six boreholes, which were drilled in the summer of 1982, are 

vertical, 10 cm in diameter, and range in depth from 46.6 to 71.0 m. 

The holes were drilled by diamond coring using water as the drilling 

fluid. Section views of the boreholes and details of the drilling are 

provided in Daemen and other~ (1983, pp. 75-91). Seals were placed in 

three of the holes: UA-CB-1, 4, and 3. 
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4.3.1.3 Depth to Water Table 

The water table at the site is within the overburden, so the entire 

thickness of basalt is saturated. The depth to the water table in the 

test boreholes was closely monitored. Average depths based on 40 mea-

surements spread evenly over the period August 10, 1984 to July 30, 1985 

are as follows: 

UA-CB-l 
UA-CB-3 
UA-CB-4 

Ave. Depth 
below top of 

casing 
(m) 

2.96 
3.03 
2.83 

Std. dev. 
(m) 

.05 

.05 

.16 

Based on tests with a straddle-packer system, the pressure head in 

isolated intervals of the boreholes at depth generally equilibrates to 

approximately hydrostatic pressure for the depth of the interval below 

the water table. Thus the Umatilla basalt, at least to the depths 

tested, seems reasonably well connected hydraulically. 

4.3.2 Selection of Seal Locations 

The location within the borehole selected for placement of a test 

seal was based on the following criteria: 

(1) Absence of hydraulically significant fractures; 

(2) Low effective hydraulic conductivity for the interval; 

(3) Maximum depth. 

The first two criteria are the same as for the test at Oracle Ridge 

Mine (Section 4.2.2). The third criterion was made necessary by the 

method of testing to be performed. In the tests, a zone of low pressure 

was to be created just above the seal. Creation of the low-pressure 
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zone establishes hydraulic gradients in the seal and surrounding forma-

tion resulting in flow toward the zone. By maximizing seal depth, the 

gradients and hence the flow rates are maximized, facilitating 

measurement of what were expected to be very low flow rates. 

4.3.2.1 Preliminary Surveys 

Preliminary surveys to determine suitable intervals for sealing 

consisted of analysis of core and photographic logs and the performance 

of constant-head injection tests with a straddle-packer system. 

4 3 2 1 1 Core and Photo Lo~. Core was obtained for nearly the 

full depth penetrated in the basalt for each of the six boreholes. Core 

logs and above-ground color photographs of all core were made. Also, 

the U.S. Army Corps of Engineers, Walla Walla District, made color pho

tographs of each of the boreholes with a special down-hole still-picture 

camera. Using techniques and equipment developed by the Corps of 

Engineers, an analysis of fractures intersecting the boreholes between 

about 15 and 46 m in depth was performed by Ms. N. Colburn of the 

University of Arizona (Daemen and others, 1983, pp. 96-98). The analy

sis provided depth, orientation, width estimate, and general visual 

description of the fractures. 

Based on analysis of the core and photographic logs of the six 

boreholes, holes UA-CB-1, 3, and 4 were determined to have the longest 

intervals relatively free of significant fractures. These intervals 

were tested with a straddle-packer system to determine effective hydrau

lic conductivity. 
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4,3 2 1 2 Hydraulic-Conductivity Testing of Rock Mass. Constant

head injection tests using a straddle-packer assembly were conducted in 

boreholes UA-CB-l, 3, and 4 in intervals with a low density of 

significant fractures, as determined from core and photographic logs. 

The packer assembly was a redesign of the system used at the Oracle 

Ridge Mine site (Section 4.2.2.1.3). The assembly utilized two Roctest 

sliding-head pneumatic packers, each with a deflated diameter of 7.6 cm 

and an inflated gland length of 127 cm. For most testing, the length of 

the injection zone between the packers was 60 cm, but the length could 

be expanded easily to 150 cm or 302 cm. The pressure transducers, 

readout units, strip chart recorder, and gas-operated valve used for the 

hydraulic-conductivity testing at Oracle Ridge Mine were used in this 

unit. 

Constant-head injection tests were performed using the packer 

assembly. The assembly was lowered in the borehole by cable and winch 

until the desired test interval was straddled by the packers. After 

inflating the packers, the gas-operated valve was closed, which shut-in 

the test zone. The pressure in the test zone was then monitored until 

approximate hydraulic equilibrium in the test zone was achieved. For 

test zones of higher conductivity the attainment of equilibrium required 

as little as two to three hours. For intervals of lower conductivity, 

which was the more frequent case, equilibrium required from 12 to 24 

hours or longer. For several of the intervals tested in UA-CB-4, 

equilibration occurred at exceedingly high pressures, which suggests 
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there may have been a leak of the packer-inflation gas into the injec-

tion zone. Water was delivered to the test zone at a constant pressure 

using an injection pump similar to that used at Oracle Ridge Mine 

(Section 4.2.4.1.1). The injection pressure used in the testing of an 

interval was approximately 210 kPa (or 2140 cm) in excess of equilibrium 

pressure for the interval. During injection, periodic readings of the 

selected injection tube were made. The average injection rate between 

readings was obtained by dividing the volume injected between the 

readings by the time interval between the readings. Injection was con-

tinued until approximately steady flow was achieved. Tests were per-

formed from the upper end of the hole toward the bottom at overlapping 

intervals. Because each test required from several days to more than a 

week to perform, testing was only conducted in the selected intervals of 

low fracture density and was limited to a single injection head. 

Equation 2.1 is used to calculate an effective hydraulic conductiv-

ity for each test interval using the approximately steady flow rate 

achieved toward the end of the test. The excess injection head used in 

the calculation is taken as the pressure head maintained in the test 

zone minus the equilibration pressure head. The calculated values of 

hydraulic conductivity for intervals in which seals were installed in 

the three tested boreholes are presented in Table 4.20. Complete 

results of the tests are provided in Appen~ix K. 

4.3.2.2 Selected Locations 

The intervals selected for placement of the seals were as follows: 



Table 4.20 Calculation of Hydraulic Conductivitya for Selected 
Intervals of Boreholes at McNary Dam 
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Hole Intervalb EquilC Hydstatd Ave. TZe Injectf Kr g Kr h 
top Bottom Press Press Press 
(m) (m) (cm) (cm) (cm) 

1 39.59 40.20 3620 3690 5730 
39.93 40.54 3550 3730 5670 
40.44 41.04 3390 3780 5510 

4 37.59 38.19 6120 3510 8230 
38.09 38.70 5930 3560 8040 
38.60 39.21 11100 3610 13290 
39.11 39.71 11900 3660 14100 
39.62 40.22 3570 3710 5640 

3 32.10 32.70 3020 2940 5130 
32.58 33.19 3810 2990 5920 
32.71 33.31 3520 3000 5610 
33.09 33.69 3870 3040 5970 

Notes: 

a Calculation made using Equation 2.1. 
b Measurement made from top of casing. 

Rate (equil) (hydstat) 
(xlO- 4 (x10- 9 (x10- 9 
cm3/s) cm3/s) cm3/s) 

8.84 2.79 2.88 
4.85 1.52 1.66 
15.2 4.74 5.81 

8.01 2.51 1.12 
9.30 2.93 1.38 
.387 .118 .0266 
.708 .213 .0448 
384 123 132 

15.3 4.79 4.62 
10.5 3.31 2.38 
4.29 1.36 1.09 
11. 9 3.75 2.68 

c Equilibrium pressure achieved in shut-in test interval prior to 
test. 

d Depth of test interval below water table. Average depth of water 
table used (Section 4.3.1.3). 

e Average pressure in test interval during period of near-steady 
injection. 

f Near-steady injection rate attained toward end of test. 
g Hydraulic conductivity calculated assuming excess head - average 

pressure in test zone - equilibrium pressure. 
h Conductivity calculated assuming excess head - average pressure in 

test zone - depth of test zone below water table. 



Borehole 

UA-CB-1 
UA-CB-4 
UA-CB-3 

Interval 
(m) 

39.93-40.54 
38.60-39.21 
32.58-33.19 

379 

Geologic logs for the selected intervals are provided in Figures 

4.36 through 4.38. The position of the seal placed in each interval is 

shown. The extensions (Section 4.3.5) for seals in UA-CB-4 and UA-CB-3 

are not shown. The depth of the top of each seal is correct. The 

lengths of the seals are approximate. 

4.3.3 Equipment and Instrumentation for Seal Testing 

Instrumentation developed for the testing of seals at the McNary 

Dam site included a remote tracer injector, a remote pressure-

temperature recorder, and a unit called the seal tester. The three 

items were constructed by the University of Arizona Instrument Shop. 

Other items of equipment used at the site included a lifting derrick, an 

equipment trailer, and a portable storage building. 

4.3.3.1 Remote Tracer Injector 

The tracer injector was designed to release two different tracer 

volumes at staggered times beneath a borehole seal. The liquid tracers 

were contained in two spring-powered piston injectors. The injectors 

were air cylinders (Clippard, Minimatic series) with a stiff spring 

placed inside the housing, bearing against the piston. Tracer release 

was accomplished by opening a solenoid valve (Allied, model 2M783) at 

the outlet port of each injector. A crystal-controlled digital timer 

(built by the University of Arizona Instrument Shop) opened the solenoid 

valve at any of a range of pre-set times up to 32 days after activation. 
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Figure 4.36 Geologic log of core from borehole UA-CB-l in vicinity of 
seal. 
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Figure 4.37 Geologic log of core from borehole UA-CB-4 in vicinity of 
seal. 
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Figure 4.38 Geologic log of core from borehole UA-CB-3 in vicinity of 
seal. 
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The volume of tracer per piston was approximately 47 mI. The tracer 

injector was enclosed in a stainless-steel canister and positioned in a 

borehole just below seal depth prior to emplacement of the seal. 

4.3.3.2 Remote Pressure-Temperature Recorder 

The recorder was capable of reading and recording pressure and tem

perature beneath a seal once every four hours for more than 300 days. 

The instrument consisted of a temperature sensor (National 

Semiconductor, LM335Z or similar) and a strain-gauge pressure transducer 

(Dynisco, model APT3l0JA, 0-100 psi or 0-689 kPa (absolute» which were 

connected to a non-volatile, semiconductor memory circuit. The recorder 

was enclosed in a stainless-steel container and was positioned immedi

ately below the tracer injector. 

4.3.3.3 Seal Tester 

The seal tester, positioned just above a borehole seal, was used to 

establish flow across the length of the seal and to perform steady 

constant-head, head buildup, and tracer travel-time tests. 

Two designs of the seal tester were used. The first design is 

shown in Figure 4.39. The primary component of the tester is a sliding

head pneumatic packer. Roctest packers, with a deflated diameter of 7.6 

cm and an inflated gland length of 127 cm, were used for most of the 

testing. These packers were replaced toward the end of the project with 

packers (from Roctest and Baski Water Instruments) of about the same 

diameter and gland length but with shortened heads and mandrels which 

permitted the gland to inflate much closer to the seal. At the lower 

end of the packer is a bulkhead, which is penetrated by two ports. 
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Figure 4.39 Schematic of seal tester (first design). The unit includes 
a pressure transducer for monitoring head in the collection 
zone. 
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Connected to one of the ports is the vent tube or vent line, which 

extends from the port through the packer mandrel. A gas-operated valve 

is installed in the vent line just above the packer mandrel. The gas

operated valve (Nupro, "BK" series) is normally open but may be closed 

by applying a sustained, differential gas pressure of about 300 kPa 

through the valve-activation line. Just above the gas-operated valve, 

the flush line connects into the vent line by means of a "tee" fitting. 

Connected to the other bulkhead port is the transducer-access line. 

This line connects to a pressure transducer installed above the packer 

mandrel. At the upper end of the packer, a steel mounting plate is 

connected to the mandrel. The transducer, gas-operated valve, and the 

"tee" fitting are secured firmly to the mounting plate with plastic 

electrical tape. A hole at the top of the mounting plate permits con

nection to a lifting cable. 

The tester is lowered by cable into the borehole until it rests on 

the seal to be tested. The vent, flush, and valve-activation lines, as 

well as an inflation line for the packer and the electrical cables from 

the pressure transducer, extend to the ground surface. The vent line is 

open to the atmosphere at the ground surface at all times. The flush, 

valve-activation, and packer-inflation lines are each connected by means 

of a three-way valve either to the atmosphere or to separate cylinders 

of compressed nitrogen. 

Resting on top of the seal with the gas-operated valve open, the 

packer is inflated. Due to friction of the gland against the borehole 

walls, the packer rises a small distance (usually about 1 to 2 cm) above 
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the surface of the seal during inflation. The isolated zone between the 

top of the seal and the packer gland is the collection zone. The col

lection zone is completely full of water. For a horizontal datum plane 

passing through the top of the seal, the hydraulic head in the 

collection zone is initially equal to the height of the water level in 

the hole with respect to the datum. After inflation, the gas-operated 

valve is closed and the flush line is pressurized. The pressurization 

flushes water from the flush line and also from the vent line above the 

gas-operated valve. After flushing, the flush line is vented to the 

atmosphere and the gas-operated valve is opened. This action immedi

ately reduces the head in the collection zone to the height of the water 

level in the flush and vent lines above the datum. At this point, the 

collection zone is at a lower head than that in the surrounding forma

tion and in the borehole beneath the seal. Water flow is thus induced 

upward through the seal and inward from the formation into the 

collection zone. As a given volume of water flows into the collection 

zone, the amount of water in the flush and vent lines above the gas

operated valve increases by that volume. 

Periodically, the gas-operated valve is closed and the flush and 

vent lines are flushed. The flushed volume is collected and measured 

at the ground surface. Provided flushing is performed consistently 

(i.e. consistent flushing pressure and duration), the approximate volume 

entering the collection zone between two f1ushings is the volume col

lected in the second flushing. The flushed volume of water may also be 

analyzed for the presence of a tracer. 
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The pressure transducer, which is zeroed to atmospheric pressure, 

gives a direct measure of the pressure head at the transducer diaphragm. 

This pressure head plus the height of the diaphragm above the datum, is 

the hydraulic head in the collection zone. Provided inflow volumes to 

the collection zone are small, the head in the collection does not vary 

significantly between flushings. 

The second design of the seal tester is shown in Figure 4.40. The 

difference between this design and the original is that the transducer 

is removed and a collection chamber is added. The collection chamber 

has a capacity of about 220 mI. In the second design, the vent line, 

above the gas-operated valve, connects to the base of the collection 

chamber. Two lines connect to the chamber at its top: the flush line 

and the continuation of the vent line. The vent line, entering from the 

top, extends down to the base of the chamber. 

The operation of the second design is almost the same as for the 

original, with this exception: with the air-operated valve open, as 

water enters the collection zone, the water level rises in the chamber 

rather than in the flush and vent lines. Provided the inflow to the 

collection zone does not exceed the capacity of the chamber, the hydrau

lic head in the collection zone remains nearly constant, varying by no 

more than the length of the chamber (or about 28 cm). The second design 

was intended for use when inflow rates to the collection zone are rela

tively large. 
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Figure 4.40 Schematic of seal tester (second design). The collection 
chamber allows a nearly constant head to be maintained in 
the collection zone. 
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4.3.3.4 Lifting Derrick, Utility Trailer, and Portable Building 

The lifting derrick, a steel frame with a lifting height of about 3 

m, was used to lower or raise equipment in a borehole. The derrick 

featured a battery-operated electric winch (Ramsey, DC200 electric 

series) and a hand-operated winch (Beebe Brothers). A utility trailer 

and a portable building (2.7 m x 3.0 m x 3.0 m high) provided storage 

space for small equipment, cylinders of compressed nitrogen gas, and 

supplies. 

4.3.4 Seal Installation 

4.3 ./L 1 UA-CB-l 

Placement of the seal took place on September 20 and 22, 1983. On 

the first day, PVC bracing and a below-seal instrumentation package were 

installed. On the second day, gravel, sand, and foam-rubber layers were 

placed on top of the instrumentation to form a bed for the grout slurry, 

which was then placed with a dump bailer. Finally, a pneumatic packer 

was inflated just above the curing grout. The packer remained in place 

for eight days as the grout cured. 

4,3,4,1 1 Bracing and Below-Seal Instrumentation. The bracing, 

which supported'the instrumentation package and bedding materials for 

the seal, was schedule 40 PVC pipe, 5 cm in inside diameter. The brac

ing extended to and rested on the bottom of the hole. 

The instrumentation package supported by the bracing consisted of a 

remote pressure-temperature recorder with a tracer injector positioned 

above it. The first tracer, m-trifluoromethylbenzoate, was set for dis

charge at 0400 on October 1 (256 hours after arming). The second, 
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trifluoroacetate, was set for 2000 on October 10 (512 hours after 

arming). A special collar to retain gravel and sand was attached to the 

upper end of the tracer injector. 

To form a suitable bed upon which to place the grout slurry, sepa

rate layers of pea gravel and sand, with a combined thickness of about 

21 cm, were placed above the tracer canister and gravel-sand retainer. 

A layer of foam rubber with a compressed thickness of about 5 cm was 

placed above the gravel and sand layers. The layer of foam was used 

because it was found in laboratory experiments to largely eliminate 

upward channeling of minute water streams along the interface of the 

curing slurry and the borehole wall (Section 1.5.1.2; Oaemen and others, 

1985, pp. 121-134). A sketch showing the bracing, instrumentation, bed

ding materials and seal for UA-CB-1 is provided in Figure 4.41. 

4,3,4,1 2 Grout Preparation. System 1 cement (Section 4.2.3.1) 

was used in the grout mix. The grout was prepared in four separate 

batches, each batch consisting of the following: 

(1) 555 g of System 1 cement, 

(2) 250 ml of distilled water, and 

(3) 18 drops of 0-47 antifoaming agent. 

The ingredients were mixed in accord with established procedures 

for laboratory preparation of System 1 cement at the University of Ari

zona (Oaemen and others, 1981, p. 2.36), except that a different blender 

was used. As each batch was prepared, it was poured into a clean rubber 
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Figure 4.41 Schematic of borehole UA-CB-1 with grout seal, below-seal 
instrumentation, bedding materials, and support bracing. 
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bucket and stirred. After the four batches were prepared and added to 

the bucket, the entire mix was stirred for two minutes. The mix was 

then slowly poured into a dump bailer. 

4,3 4 1,3 Emplacement with Bailer. The bailer was a section of 

stainless-steel pipe, 7.6 cm in inside diameter and 1.57 m in length. 

The upper end of the bailer had a handle for attachment to a lowering 

cable. The lower end had an opening, 3.3 cm in diameter, which was 

plugged by a rubber stopper. The stopper could be removed to release 

the grout slurry by pulling a cord attached to the stopper. The upper 

end of the bailer was open. After placing the mixed slurry into the 

bailer, the remainder of the bailer volume was slowly filled with dis

tilled water. The water was added by tilting the bailer and trickling 

the water down its side to minimize mixing with the slurry. 

Using a hand winch, the filled bailer was lowered slowly into the 

borehole until it rested upon the foam layer. To release the grout, the 

plug at the lower end of the bailer was pulled and the bailer then 

slowly raised to the surface. Finally, about four hours after place

ment, a packer with open mandrel was inflated just above the seal in 

order to duplicate stress conditions within the borehole during curing 

that would be encountered in later seal testing. The packer was left in 

place for eight days. 

After the eight-day period, the packer was removed and the top of 

the seal was scraped to remove soft cementitious material which may 

form, due to excessive mixing with water, at the top of a seal in a 
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submerged installation (Daemen and others, 1983, pp. 67-71). The scrap-

ing was accomplished using a PVC end cap with a slot cut into it along a 

diameter. The scraper was attached to the end of a PVC pipe which was 

long enough to extend down the hole to the seal from the surface. The 

scraper was pressed down and rotated on the seal by two personnel for 

eight to ten minutes. Then the hole was flushed for about 40 minutes 

using an air-lift pump powered by an air compressor (3 m3/min capacity). 

Water from the surface was added to the borehole during the flushing 

process. The scraping and flushing procedure was repeated. By compar

ing the depth to the top of the seal before and after the scra

ping/flushing procedure, the depth of material removed was determined to 

be about 1 cm. 

4.3.4.2 UA-CB-4 

Placement of the seal took place on February 14 and 15, 1984. On the 

first day, a tracer injector along with its PVC support was placed. A 

pressure-temperature recorder was not used in this hole. Next, layers 

of gravel, sand, and foam with a combined thickness of about 25 cm were 

placed above the tracer injector. Grout was mixed and lowered into the 

hole in the dump bailer. When the bailer came to rest on the foam 

bedding surface, the cord attached to the stopper at the base of the 

bailer was pulled. As virtually no resistance to the pull was encoun

tered, it was evident that the slurry had been released prematurely. 

Water samples were taken at depths of 15, 23, and 30 m and each was 

found to contain significant cement residue. A decision was made to 

flush the hole to remove as much grout as possible. The hole was pumped 
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vigorously with the air-lift pump for about one hour on February 14. It 

was pumped again for one hour on February 15. Following the second 

pumping, additional foam was placed in the hole, grout was mixed, low

ered down the hole in the bailer and properly released. On February 16, 

about 20 hours after the second placement, a packer with open mandrel 

was installed just above the curing cement. The packer remained in 

place during a curing period of seven days. 

The tracers used in the injector for UA-CB-4 were heptaf1uorobu

tyric acid (set to release at 0400 on February 24, 256 hours after 

arming) and pentaf1uorobenzoic acid (set to release after 512 hours at 

2000 on March 5). The injector used in UA-CB-4 (and also the unit used 

in UA-CB-3) had several improvements over the injector in UA-CB-1, which 

apparently fired or leaked prematurely (Section 4.3.7.6). The improve

ments were as follows: (1) A check valve requiring 69 kPa (in direction 

of tracer flow) to open was added outside each solenoid valve. The 

checkva1ve was intended to reduce the likelihood that tracer leaking 

through a closed solenoid valve would contact the water environment. 

(2) Separate battery packs to operate each of the solenoid valves and 

the timer were utilized. In UA-CB-1, a single battery pack operated 

both valves and the timer. (3) Several improvements were made in the 

procedure to load the tracers to reduce the likelihood for accidental 

contamination of the exterior of the injector during loading. 

During the flushing of the hole after the failure of the first 

slurry placement, some of the gravel or sand apparently slipped past the 

gravel-sand retainer and was lost. Prior to the second placement, a 
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second layer of foam with a compressed thickness of about 5 cm was added 

to restore the elevation of the bedding surface. 

The procedure used in borehole UA-CB-l for grout preparation and 

filling of the bailer was followed in both attempts to place the seal in 

UA-CB-4. On February 24, nine days after· placement, the seal was 

scraped and flushed twice to remove soft cementitious material. The 

procedure was similar to that used for UA-CB-l, except that "teeth", 

rather than a simple slot, were cut into the PVC end piece. A thickness 

of about 7 cm was removed from the top of the seal. 

4.3.4.3 UA-CB-3 

The seal was placed during the period February 21 and 22, 1984. On 

February 21, a pressure-temperature recorder, with a tracer injector 

above it, was positioned in the hole, supported by PVC pipe extending 

to the hole bottom. On February 22, the layers of gravel, sand, and 

foam were placed, with a total depth for the three layers of 26 cm. 

Next, the grout slurry was placed. In withdrawing the bailer, consider

able upward force using a hand winch was required before the bailer 

could be moved from the foam surface. As increasing force was applied, 

it suddenly broke free. The bailer was then slowly and easily raised to 

the surface. About 18 hours after removal of the bailer, a packer with 

open mandrel was installed just above the seal. The packer remained in 

place six days as the grout cured. 

The tracers used in the injector were sodium thiocyanate (for dis

charge at 1726 on March 2, 256 hours after setting) and pentafluoropro

pionic acid (for discharge at 0926 on March 13, 512 hours after 
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setting). About 10 m1 of the sodium thiocyanate were released 

accidentally during preparation procedures. All parts of the injector 

and canister which were exposed to the tracer were washed as thoroughly 

as possible. 

The same procedures for preparing the grout slurry and filling the 

bailer were followed in borehole UA-CB-3 as in the other installations. 

The difficulty encountered in raising the bailer may have resulted 

from foam becoming wedged between the outside of the bailer and the 

borehole wall. When the bailer was pulled upward, a vacuum may have 

been created, causing the resistance to upward movement. 

When the packer was removed from the hole at the end of the six-day 

curing period, a layer of cement was found deposited on the upper end of 

the packer, suggesting that the fresh slurry had been subject to 

considerable turbulence, probably when the bailer broke free during 

removal. 

On February 29, the seal in UA-CB-3 was scraped using the improved 

scraper. After scraping, the walls of the borehole for about 3 m above 

the seal were brushed with a stiff, wire-wheel brush, 10 cm in diameter. 

The purpose of the brushing was to remove any loose cement from the 

walls of the borehole above the seal. After the scraping and brushing, 

the hole was thoroughly flushed for about 45 minutes using the air-lift 

pump. The thickness of material removed from the top of UA-CB-3 was 

about 9 cm. 
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4.3.5 Lengthening of Seals in UA-CB-4 and UA-CB-3 

In initial steady constant-head testing of the seals in UA-CB-4 and 

UA-CB-3, extremely high collection rates were observed (Section 

4.3.7.1.2). Therefore, on May 2, 1984, these seals were lengthened by 

placing a second grout seal directly on top of the first. 

In lengthening the seals, the grout was prepared in exactly the 

same manner and volume as for the original seals. The grout was again 

placed with the bailer. After withdrawing the bailer, a packer was 

installed just above the fresh slurry. The packer had a bulkhead at the 

lower end of the mandrel. A gas-operated valve could open or close a 

port through the bulkhead. The packer was inflated very slowly with the 

bulkhead port open. After inflation, the valve was closed in an attempt 

to block any natural vertical flow within the borehole. Such flow could 

result in piping through the curing grout (Kimbrell and others, 1987, 

pp. 245-248). The packers were left in place for seven days as the 

grout cured. 

On May 9, the packers were removed from above the lengthened seals. 

At ground surface both packers were observed to have considerable grout 

residue deposited on the upper end. Apparently, either in the process 

of removing the bailer, or in lowering the packers, or in inflating the 

packers, significant turbulence was created, causing some of the cement 

slurry to rise more than 2 m above the top of the original seal. On May 

9, after removal of the packers, the tops of the lengthened seals were 

scraped and the sides of the boreholes were brushed with the wire-wheel 
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brush for 2.5 m above the seals. Then the holes were thoroughly 

flushed. The thickness of soft material removed by scraping was about 4 

cm for UA-CB-4 and about 5 cm from UA-CB-3. 

4.3.6 Seal Length and Depth 

The lengths of the seals were measured at the conclusion of the 

testing when the seals were removed by coring (Section 4.3.8). The 

original and extended lengths (to the nearest 1/2 cm) of the seals are 

given in the following chart. Also shown are the depths from top of 

casing to the top of each seal in its final form. 

Borehole 

UA-CB-1 
UA-CB-4 
UA-CB-3 

4.3.7 Seal Testing 

Original Length 
(cm) 

19 
16 
16 1/2 

4.3.7.1 Steady Constant-Head Test 

Extended Length 
(cm) 

36 
35 

Depth to Top 
(m) 

40.14 
38.84 
32.41 

In the steady constant-head test, the rate of inflow to the co11ec-

tion zone (or collection rate) is measured for conditions of nearly 

constant head in the collection zone. The test was performed using both 

the first and second designs of the seal tester. 

4,3,7 1,1 Procedure. For the first design, the following proce-

dure is followed: 

(1) The test is initiated by closing the gas-operated valve of the 

seal tester and flushing the flush and vent lines. Flushing is always 

performed in the same manner (i.e. at the same pressure and for the same 

duration). 

(2) After flushing, the gas-operated valve is opened to begin the 
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test. The time the valve is opened is recorded along with the reduced 

head in the collection zone achieved immediately after the valve is 

opened. The pressure transducer allows head to be monitored. 

(3) As inflow from the seal and formation to the collection zone 

occurs, the water level in the flush and vent lines rises, raising the 

hydraulic head of water in the collection zone. Head is allowed to rise 

some "reasonable" amount. Then the gas-operated valve is closed and the 

time and head at the closing are recorded. 

(4) The flush and vent lines are flushed. The flushed volume is 

measured. 

(5) Steps (2) through (4) are repeated until testing is stopped. 

The "reasonable" head rise in step (3) should be small enough that 

it is not significant compared to the depth of the gas-operated valve 

below the water table. It should be large enough that the length of 

time between f1ushings is long enough to be convenient. This reasonable 

head rise between f1ushings can only be realized when the rate of inflow 

to the collection zone is relatively small. 

The first design may also be used without the transducer. For this 

arrangement, the head is not known accurately. The head increase 

between two f1ushings may be estimated from the volume of the second 

flushing and the cross-sectional area of the flush and vent lines. 

The procedure to follow with the seal tester of the second design 

is identical to that for the first design except that the interval 

between flushings must be found by trial. The interval should be such 

that the flushed volume is less than about 220 m1. In this way the head 
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change between flushings is not more than the length of the collection 

chamber or about 28 cm. If the flushed volume exceeds 220 ml, then the 

change in head between flushings may be estimated from the amount of the 

second flushing in excess of 220 ml and the cross-sectional areas of the 

flush and vent lines. 

4.3 7.1.2 Results. The results of steady constant-head testing 

for the three seals are presented in Tables 4.21 through 4.23. The 

first column gives the date/time that flushing was performed. The time 

interval, given in the second column, is the length of a testing period. 

It is usually four to six minutes less than the time between flushings. 

The time interval is the time from the opening of the gas-operated valve 

(which occurs after a flushing) until the gas-operated valve is closed 

again (just before the next flushing). The length of collection zone 

(third column) assumes an inflation lift of about 1 cm. The average 

head in the collection zone (fourth column) is taken as the average of 

the heads at the beginning and end of a testing period. For a seal 

tester of the first design with transducer in place, the average head is 

obtained by adding the elevation (with respect to the datum through the 

top of the seal) of the transducer to the average of the pressure heads 

at the beginning and end of the period. For a tester of the first 

design without a transducer, the average head is estimated as the eleva

tion of the gas-operated valve plus the volume flushed at the end of the 

period divided by twice the sum of the cross-sectional areas of the 

flush and vent lines. For a seal tester of the second design, the 

average head is taken as the elevation of the midpoint of the collection 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (em) (em) (m1) (m1/day) 

9-30-83/2200 Tester installed 

9-30/2337 
621 36 440 16 37 A 

10-1/1000 
1878 36 450 10 7.7 A 

10-2/1723 
1708 36 430 7 5.9 A 

10-3/2200 
2124 36 450 8 5.4 A 

10-5/0934 
5665 36 480 16 4.1 A 

10-9/0805 

10-9/0840 Packer deflated by mistake for brief period; 
lines partially flushed 

1430 36 590 63 63 A 
10-10/0900 

4300 36 490 19 6.4 A 
10-13/0848 

5738 36 490 16 4.0 A 
10-17/0830 

4709 36 490 12 3.7 A 
10-20/1503 

5345 36 490 14 3.8 A 
10-24/0829 

10-24/1214 Tester removed; no leaks found 

10-24/1534 Tester installed; lines flushed 

5361 36 480 24 6.4 A 
10-28/0859 

10049 36 470 20 2.9 A 
11-4/0836 

5781 36 470 14 3.5 A 
11-8/0903 

8564 36 480 18 3.0 A 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--Continued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (cm) (cm) (m1) (m1/day) 

11-14/0757 
1501 36 460 7 6.7 A 

11-15/0907 

11-15/1022 Tester removed for borehole photography 

11-15/1853 Tester installed; lines flushed 

9522 36 480 22 3.3 A 
11-22/0938 

10011 36 470 18 2.6 A 
11-29/0835 

11525 36 470 21 2.6 A 
12-7/0844 

10096 36 480 21 3.0 A 
12-14/0907 

7176 36 490 18 3.6 A 
12-19/0849 

7192 36 500 16 3.2 A 
12-24/0847 

7212 36 510 26 5.2 A 
12-29/0909 

10041 36 540 52 7.5 A 
1-5-84/0836 

1-5/1013 Tester removed; no leaks found 

1-5/1809 Tester installed; lines flushed 

922 36 590 130 200 A 
1-6/0937 

9990 36 460 32 4.6 A 
1-13/0835 

14376 36 480 38 3.8 A 
1-23/0818 

10510 36 490 34 4.7 A 
1-30/1533 

11084 36 490 34 4.4 A 
2-7/0822 

14504 36 500 48 4.8 A 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--Continued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (em) (em) (m1) (m1/day) 

2-17 /1018 
10640 36 510 48 6.5 A 

2-24/1943 

2-24 Unsuccessful head-buildup tests performed from 
2-24 to 5-4; problems due to erratic power 
supply; tester removed from hole from 5-4 to 5-10 

5-10/1737 Tester installed; lines flushed 

2440 36 410 32 19 A 
5-12/1021 

3077 36 430 38 18 A 
5-14/1342 

2861 36 420 38 19 A 
5-16/1327 

2907 36 430 54 27 A 
5-18/1358 

4337 36 460 58 19 A 
5-21/1419 

2908 36 440 44 22 A 
5-23/1451 

2820 36 440 40 20 A 
5-25/1355 

5913 36 500 76 19 A 
5-29/1632 

2703 36 470 50 27 A 
5-31/1339 

2721 36 460 42 22 A 
6-2/1104 

3089 36 450 41 19 A 
6-4/1437 

2853 36 440 40 20 A 
6-6/1414 

2862 36 440 43 22 A 
6-8/1400 

4302 36 470 48 16 A 
6-11/1346 

2876 36 470 44 22 A 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-I--CQntinued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (cm) (cm) (ml) (ml/day) 

6-13/1346 
2890 36 450 42 21 A 

6-15/1400 

6-16/0900 Tester removed; no leaks found 

6-16/1624 Tester installed; lines flushed 

2708 36 480 26 14 A 
6-18/1336 

5803 36 490 26 6.5 A 
6-22/1423 

7174 36 480 28 5.6 A 
6-27/1401 

7165 36 480 28 5.6 A 
7-2/1330 

6992 36 480 31 6.4 A 
7-7/1006 

7421 36 490 25 4.9 A 
7-12/1351 

7191 36 490 32 6.4 A 
7-17/1346 

8621 36 500 37 6.2 A 
7-23/1331 

2877 36 470 13 6.5 A 
7-25/1332 

7-25/1445 Tester removed; transducer removed from tester; 
small leak found in gas-operated valve connection; 
valve replaced; no other leaks found 

7-26/0202 Tester installed; lines flushed 

6477 36 580 86 19 B 
7-30/1404 

4334 36 600 90 30 B 
8-2/1422 

5725 36 740 124 31 B 
8-6/1351 

6939 36 940 172 36 B 
8-11/0934 

5926 36 910 165 40 B 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-l--Continued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (em) (em) (ml) (ml/day) 

8-15/1224 
3104 36 800 139 64 B 

8-17/1612 

8-19/1300 Tester removed; no leaks found 

8-19/1405 Tester installed; lines flushed 

4217 36 1000 195 67 B 
8-22/1226 

1581 36 690 112 100 B 
8-23/1451 

1297 36 620 94 100 B 
8-24/1232 

9-4/1500 Tester removed; no leaks found 

9-4/1633 Tester installed; lines flushed 

1198 36 670 108 130 B 
9-5/1235 

1511 36 530 74 71 B 
9-6/1350 

1478 36 690 112 110 B 
9-7/1432 

1314 36 820 143 160 B 
9-8/1230 

9-10/1420 Sealed vent line; pressurized flush line; 
observed bubbles rising to surface 

9-10/1423 Lines flushed 

1373 36 710 116 120 B 
9-11/1320 

1387 36 670 108 110 B 
9-12/1231 

9-15/1400 Tester removed; tightened all connections; 
found no leaks in final check 

9-15/1542 Tester installed; lines flushed 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--Continued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (cm) (cm) (m1) (m1/day) 
2770 36 670 107 56 B 

9-17/1356 
1419 36 510 68 69 B 

9-18/1339 
2851 36 630 97 49 B 

9-20/1314 
1630 36 570 82 72 B 

9-21/1628 
4158 36 790 135 47 B 

9-24/1350 
2802 36 830 . 146 75 B 

9-26/1236 
2964 36 700 114 55 B 

9-28/1404 
4293 36 740 124 42 B 

10-1/1341 
2806 36 720 119 61 B 

10-3/1231 
4239 36 720 118 40 B 

10-6/1114 
3011 36 730 122 58 B 

10-8/1329 
2811 36 390 38 19 B 

10-10/1224 
7252 36 250 6 1.2 B 

10-15/1320 
12906 36 260 7 .78 B 

10-24/1230 

10-28/1500 Tester removed; no leaks found 

10-28/1634 Tester installed; lines flushed 

2723 36 710 116 61 B 
10-30/1401 

2871 36 690 113 57 B 
11-1/1356 

1436 36 600 91 91 B 
11-2/1356 

1436 '36 530 72 72 B 
11-3/1356 

2876 36 670 106 53 B 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--Contjnued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (cm) (cm) (m1) (ml/day) 

11-5/1356 
1436 36 620 94 94 B 

11-6/1356 
1436 36 630 98 98 B 

11-7/1356 

11-7/1500 Tester removed; extensive leak check made; 
no leaks found; replaced filter at intake 
of vent line; installed collection chamber 

11-13/1540 Tester installed; lines flushed 

1432 36 270 60 60 C 
11-14/1540 

1479 36 270 57 55 C 
11-15/1623 

1346 36 270 110 120 C 
11-16/1455 

1343 36 270 69 74 C 
11-17/1324 

2888 36 270 116 58 C 
11-19/1338 

2798 36 270 121 62 C 
11-21/1222 

2972 36 270 135 65 C 
11-23/1400 

4236 36 270 155 53 C 
11-26/1242 

2850 36 270 142 72 C 
11-28/1218 

2992 36 270 137 66 C 
11-30/1416 

4218 36 270 150 51 C 
12-3/1240 

On 12-5, flushing prevented by water 
frozen in lines 

8747 36 270 10 1.6 C 
12-9/1433 

4165 36 270 0 0 C 
12-12/1204 

2950 36 270 0 0 C 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--Continued 

Date/time Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

rate 
(min) (cm) (cm) (ml) (ml/day) 

12-14/1320 
On 12-18, flushing prevented by water 
frozen in lines 

12766 36 270 0 0 C 
12-23/1012 

7321 36 270 0 0 C 
12-28/1219 

1-6-85/1242 Tester removed; no filter blockage found; 
installed improved filter 

1-6/1325 Tester installed; lines flushed 

1435 36 270 108 110 C 
1-7/1326 

2811 36 270 183 94 C 
1-9/1223 

2920 36 270 162 80 C 

1-11/1309 Lines flushed; gas-operated valve left 
closed to test for leaks 

4323 36 270 0 0 C 

1-14/1312 Lines flushed; gas-operated valve opened 
after flushing 

2828 36 270 152 77 C 
1-16/1226 

2939 36 270 144 71 C 
1-18/1331 

4272 36 270 150 51 C 
1-21/1249 

2844 36 270 136 69 C 
1-23/1219 

2928 36 270 134 66 C 
1-25/1313 

4265 "36 270 150 51 C 
1-28/1224 

2872 36 270 132 66 C 
2-1/1236 

5766 36 270 3 .75 C 



409 

Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--Continued 

Date/time 

2-5/1248 

2-11/1248 

3-9/1200 

3-10/1400 

3-10/1542 

3-11/1255 

3-13/1224 

3-15/1240 

3-18/1315 

3-23/1318 

3-25/1730 

3-25/1835 

4-1/1237 

4-4/1726 

4-8/1326 

4-12/1239 

4-15/1321 

4-18/1303 

Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

(min) (cm) (cm) 

8635 36 270 

(m1) 

o 

rate 
(m1/day) 

o 

Tester removed; hole flushed thoroughly 

Hole flushed again 

Tester installed; lines flushed 

1267 36 270 57 65 

2843 36 270 86 44 

Lines flushed; flushed volume not recorded 

4349 270 148 49 

7197 270 202 40 

Tester removed, then reinstalled; during 
inflation, restrained packer rise using 
PVC pipe; no inflation lift observed 

Lines flushed 

9716 36 460 346 51 

4603 36 270 192 60 

5514 36 270 196 51 

5707 36 270 193 49 

4356 36 270 176 58 

4296 36 270 165 55 

After lines flushed, gas-operated valve left 
closed inadvertently 

C 

C 

C 

C 

C 

c 

c 

c 

c 

c 

c 
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Table 4.21 Steady Constant-Head Test of Seal in UA-CB-1--~Dtjnued 

Date/time 

4-22/1256 

4-25/1238 

5-2/1313 

5-9/1237 

5-28/1232 

6-7/1239 

6-13/1732 

7-16 

8-31 

9-1/0032 

9-2/0911 

9-4/1344 

9-9/1442 

9-12/1820 

Time Length Ave. Volume Average Tester 
interval of CZ CZ head flushed collect. system 

(min) (em) (em) (m1) 

Gas-operated valve opened 

4302 36 270 196 

10111 36 270 o 

10038 36 270 o 

27349 36 270 o 

14401 36 270 o 

Tester removed; hole flushed 

rate 
(m1/day) 

66 

o 

o 

o 

o 

Tester modified for head-buildup test; 
test conducted from 7-18 to 8-31 

C 

C 

C 

C 

C 

Tester removed and modified for constant-head test 
Baski stub packer used 

Tester installed; lines flushed 

1952 14 260 31 23 C 

3147 14 260 7 3.2 C 

7252 14 260 o o C 

4532 14 260 9 2.9 C 

Testing ended 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

2-25/2100 Tester installed 

2-28/1534 10 36 1900 890 130000 

2-29/1127 Tester removed; no leaks found 

3-1/0930 Tester installed 

3-1/1550 10 36 1900 892 130000 

3-2/0837 10 36 250 13 1900 

3-3/0854 10 36 240 6 860 

3-10/0819 10 36 360 68 9800 

3-12/0832 10 36 440 110 16000 

3-13/0849 10 36 300 38 5500 

3-14/0836 10 36 300 40 5800 

3-15/0938 10 36 290 32 4600 

3-16/0909 10 36 310 42 6000 

3-19/0841 10 36 410 97 14000 

3-20/1027 10 36 360 70 10000 

3-21/1419 10 36 440 112 16000 

3-22/1325 10 36 230 0 0 

3-22/1335 Lines flushed 

1487 36 260 19 18 
3-23/1425 

1144 36 430 108 140 
3-24/0933 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

2852 36 350 62 31 
3-26/0909 

1424 36 520 157 160 

3-27/0857 
1410 36 320 48 49 

3-28/0831 
1452 36 290 30 30 

3-29/0847 
1421 36 330 52 53 

3-30/0832 
1477 36 370 75 73 

3-31/0913 
2853 36 370 77 39 

4-2/0850 
1416 36 390 86 87 

4-3/0830 
1412 36 320 48 49 

4-4/0806 
1450 36 300 37 37 

4-5/0820 
1429 36 340 58 58 

4-6/0813 
Sample lost 

4-9/0837 
1362 36 440 110 120 

4-10/0723 
1429 36 320 46 46 

4-11/0716 
1558 36 320 46 43 

4-12/0918 
1430 36 350 62 62 

4-13/0912 
1445 36 320 46 46 

4-14/0921 
2872 36 400 92 46 

4-16/0917 
1407 36 350 65 67 

4-17/0848 
1416 36 310 45 46 

4-18/0828 
1466 36 320 50 49 

4-19/0858 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--CoDtinued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

1449 36 370 74 74 
4-20/0911 

1396 36 280 28 29 
4-21/0831 

3206 36 390 88 40 
4-23/1401 

1401 36 360 72 74 
4-24/1326 

1454 36 320 48 48 
4-25/1344 

1485 36 330 52 50 
4-26/1433 

1436 36 280 26 26 
4-27/1433 

1181 36 320 46 56 
4-28/1018 

3080 36 410 96 45 
4-30/1342 

1219 36 320 51 60 
5-1/1005 

5-1/1014 Tester removed 

5-2 Cap placed on original seal 

5-10/1944 Tester installed; lines flushed 

9729 36 330 56 8.3 
5-17/1357 

5734 36 320 50 13 
5-21/1335 

5-21/1356 Tester removed 

5-24/1440 Tester installed 

5-25/0635 Lines flushed 

7196 36 300 38 7.6 
5-30/0635 

7196 36 320 48 10 
6-4/0635 

7196 36 290 34 6.8 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--Contjnued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (ml) (ml/day) 

6-9/0635 
7196 36 290 30 6.0 

6-14/0635 
4316 36 260 18 6.0 

6-17/0635 
7196 36 260 18 3.6 

6-22/0635 
10076 36 650 224 32 

6-29/0635 
10076 36 480 134 19 

7-6/0635 
5756 36 390 86 22 

7-10/0635 
4319 36 350 67 22 

7-13/0638 

7-14/1030 Tester removed; no leaks found 

7-14/1145 Tester installed; lines flushed 

4447 36 340 60 19 
7-17/1356 

4341 36 270 20 6.6 
7-20/1421 

5829 36 270 20 4.9 
7-24/1534 

7-24/1647 Tester removed; no leaks found 
in extensive check 

7-26/0208 Tester installed; lines flushed 

6477 36 2300 500 110 
7-30/1410 

4333 36 410 44 15 
8-2/1427 

5725 36 940 172 43 
8-6/1356 

2878 36 740 124 62 
8-8/1358 

8-9/1420 Tester removed; leak in packer-
inflation line repaired 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

8-13/1539 Tester installed; lines flushed 

2691 36 500 66 35 
8-15/1234 

3089 36 630 97 45 
8-17/1607 

5640 36 970 180 46 
8-21/1411 

8-21/1415 Tester removed; no leaks found 

8-21/1545 Tester installed; lines flushed 

1242 36 400 42 49 
8-22/1231 

2882 36 590 88 44 
8-24/1237 

9-2/1115 Tester removed; no leaks found 

9-2/1400 Tester installed; lines flushed 

2908 36 580 86 43 
9-4/1432 

1329 36 270 10 11 
9-5/1245 

2993 36 260 7 3.4 
9-7/1442 

10046 36 280 13 1.9 
9-14/1412 

10217 36 280 12 1.7 
9-21/1633 

9939 36 270 10 1.4 
9-28/1416 

9-28/1430 Tester removed; filter on intake 
of vent line found clean 

9-28/1510 Tester installed; lines flushed 

1202 36 450 53 63 
9-29/1116 

5841 36 480 62 15 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--Cootjoued 

Date/time 

10-3/1241 

10-5/1345 

10-10/1329 

10-15/1325 

10-22/1352 

10-24/1235 

10-26/1236 

10-28/1644 

10-30/1411 

11-1/1406 

11-2/1406 

11-3/1406 

11-5/1406 

11-6/1406 

11-7/1406 

11-7/1500 

11-14/1521 

11-15/0954 

Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

(min) (cm) (cm) (m1) 
rate 
(m1/day) 

Pressure dropping in cylinder to packer 

2940 36 550 78 38 

7180 36 840 148 30 

7192 36 850 150 30 

10103 36 950 176 25 

Pressure dropping in cylinder to packer 

2799 36 830 146 75 

2877 36 830 146 73 

Sample lost 

2723 36 850 150 79 

2871 36 530 74 37 

1436 36 480 60 60 

1436 36 450 54 54 

2876 36 670 107 54 

1436 36 450 53 53 

1436 36 410 43 43 

Tester removed; leak at packer O-ring 
observed; packer replaced; collection 
chamber installed; replacement packer 
and tester extensively checked for 
leaks; none found 

Tester installed; lines flushed 

1105 36 270 28 36 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--Continued 

Date/time 

11-16/1446 

11-17 /1338 

11-19/1352 

11-21/1236 

11-28/1225 

11-30/1416 

12-9/1426 

12-14/1334 

12-23/1021 

12-28/1233 

1-7-85/1333 

1-12/1441 

1-14/1319 

1-16/1234 

1-17/1307 

Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

(min) (cm) 

1726 36 

1366 36 

2888 36 

2798 36 

10063 36 

(cm) 

270 

270 

270 

270 

270 

(m1) 

7 

4 

8 

7 

25 

After flushing; gas-operated valve 
mistakenly kept closed 

Gas-operated valve opened 

On 12-5 and 12-8, flushing prevented 
by water frozen in lines 

12970 36 270 27 

7142 36 270 20 

12761 36 270 44 

7326 36 270 19 

14454 36 270 54 

7262 36 320 280 

After flushing, gas-operated valve 
left open to test for leaks 

2792 36 270 o 

Lines f1ushed;then gas-operated 
valve opened 

2829 36 270 228 

1467 36 270 173 

5744 36 270 9 

rate 
(m1/day) 

5.8 

4.2 

4.0 

3.6 

3.6 

3.0 

4.0 

5.0 

3.7 

5.4 

56 

o 

120 

170 

2.3 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--CQutiuued 

Date/time 

1-21/1257 

1-28/1231 

2-5/1302 

2-11/1258 

3-12/1630 

7-9 

8-15/1527 

8-16/1333 

8-18/1633 

8-19/1348 

8-20/1328 

8-22/1325 

8-22/1333 

8-23/1330 

8-24/1004 

Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

(min) (cm) (cm) (m1) 
rate 
(m1/day) 

10048 36 270 3 .43 

11545 36 270 o o 

8630 36 270 o o 

Tester removed; hole flushed on 3-12, 
3-21, and 3-23; section of steel pipe, 
60 cm in length, fell down borehole; 
unable to retrieve; testing suspended 

Pipe section removed; head-buildup tests 
performed from 7-17 to 8-10 

Tester installed; lines flushed 

1320 14 270 86 

3054 14 310 268 

1269 14 270 82 

1414 14 270 o 

2871 14 270 o 

Packer deflated; with gas-operated 
open and vent line sealed at surface, 
flush line pressurized to backwash 
filter on intake of vent line 

Packer inflated; lines flushed; 
pressure in packer cylinder dropping 

1228 14 270 105 

3080 14 270 152 

94 

130 

93 

o 

o 

120 

71 
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Table 4.22 Steady Constant-Head Test of Seal in UA-CB-4--Contjnued 

Date/time 

8-26/1330 

8-28/1348 

8-31/1100 

9-1/0040 

9-2/0930 

9-4/1352 

9-6/1450 

9-7/1420 

9-9/1452 

9-12/1810 

9-12/1820 

Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

(min) (cm) (cm) (ml) 

2892 14 270 56 

Tester removed; leak found at packer 
O-ring; cannot correct; hole flushed 

Tester installed; lines flushed 

1964 14 270 29 

3136 14 270 183 

2932 14 270 182 

1404 14 270 2 

2906 14 270 o 

4512 14 270 1 

Testing ended 

rate 
(ml/day) 

28 

21 

84 

89 

2.1 

o 

.32 
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Table 4.23 Steady constant-head test of seal in UA-CB-3 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

2-29-84/2000 Tester installed 

2-29/2012 15 36 1800 836 80000 

3-1/0833 12 36 1800 840 100000 

3-5/0849 10 36 1800 826 120000 

3-7/0848 10 36 1800 842 120000 

3-8/0848 10 36 1800 838 120000 

3-9/0913 10 36 1800 844 120000 

3-12/0831 10 36 1800 848 120000 

3-13/0844 10 36 1800 860 120000 

3-14/0835 10 36 1800 844 120000 

3-15/0934 10 36 1800 842 120000 

3-16/0900 10 36 1800 854 120000 

3-19/0840 10 36 1800 856 120000 

3-20/1030 10 36 1800 856 120000 

3-21/1424 10 36 1900 866 120000 

3-22/1321 Sample volume not recorded 

3-23/1433 10 36 1800 858 120000 

3-24/0931 10 36 1900 868 120000 

3-26/0919 10 36 1800 858 120000 

3-27/0857 10 36 1800 856 120000 

3-28/0830 10 36 1800 862 120000 

3-29/0846 10 36 1900 865 120000 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (ml) (ml/day) 

3-30/0836 10 36 1900 876 130000 

3-31/0913 10 36 1900 914 130000 

4-2/0849 10 36 1800 860 120000 

4-3/0829 10 36 1900 868 120000 

4-4/0805 10 36 1800 844 120000 

4-5/0819 10 36 1900 863 120000 

4-6/0754 10 36 1800 860 120000 

4-9/0835 10 36 1900 864 120000 

4-10/0721 10 36 1900 864 120000 

4-11/0715 10 36 1800 862 120000 

4-12/0916 10 36 1900 870 130000 

4-13/0940 10 36 1900 866 120000 

4-14/0918 10 36 1800 862 120000 

4-16/0915 10 36 1800 860 120000 

4-18/0827 10 36 1800 857 120000 

4-19/0857 10 36 1800 860 120000 

4-20/0909 10 36 1800 840 120000 

4-21/0829 10 36 1900 872 130000 

4-23/1400 10 36 1800 856 120000 

4-24/1324 10 36 1800 860 120000 

4-25/1339 10 36 1800 862 120000 

4-26/1432 10 36 1800 860 120000 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (em) (em) (m1) (m1/day) 

4-27/1431 10 36 1900 865 120000 

4-28/1016 10 36 1800 860 120000 

4-30/1338 10 36 1900 866 120000 

5-1/0950 5 36 1600 710 200000 

5-1/1014 Tester removed 

5-2 Cap placed on original seal 

5-10/1630 Tester installed; preliminary tests 
performed from 5-2 to 5-25 

5-30/0634 10 36 330 52 7500 

6-4/0634 10 36 370 73 11000 

6-9/0634 10 36 400 90 13000 

6-14/0634 10 36 440 114 16000 

6-17/0634 10 36 450 118 17000 

6-22/0634 10 36 720 260 37000 

6-29/0634 10 36 740 271 39000 

7-6/0638 10 36 720 263 38000 

7-13/0642 10 36 530 161 23000 

7-20/0638 10 36 510 147 21000 

7-24/1546 10 36 460 124 18000 

7-24/1837 Tester removed; no leaks found in 
extensive check 

8-14/1520 Tester installed; lines flushed 

1265 36 240 3 3.4 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

8-15/1229 Large drop in pressure in cylinder 
for inflating packer 

8-17/1400 Tester removed; plug on fixed head of 
packer loose and leaking; plug 
tightened; no leaks found in 
final check 

8-17/1615 Tester installed 

8-29/1430 Tester removed; leaks corrected 
in packer inflation and gas-
operated valve lines 

8-29/1730 Tester installed; lines flushed 

8-30/1530 Tester removed; two leaks 
corrected in packer-inflation 
line 

9-2/1110 Tester installed; lines flushed 

3073 36 490 63 30 
9-4/1427 

1449 36 430 49 49 
9-5/1440 

2873 36 580 85 43 
9-7/1437 

4308 36 780 134 45 
9-10/1429 

2763 36 740 124 65 
9-12/1236 

2978 36 760 128 62 
9-14/1418 

4299 36 830 146 49 
9-17/1401 

2883 36 800 138 69 
9-19/1408 

7184 36 850 150 30 
9-24/1356 

2790 36 700 114 59 
9-26/1230 

2976 36 470 58 28 



424 

Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

9-28/1410 
4282 36 380 37 12 

10-1/1336 
2816 36 270 11 5.6 

10-3/1236 
4239 36 250 5 1.7 

10-6/1119 
5831 36 230 0 0 

10-10/1234 
10058 36 240 3 .43 

10-17/1216 

10-21/1200 Tester removed; no leaks found; 
gas-operated valve okay 

10-21/1340 Tester installed; lines flushed 

4241 36 1100 202 69 
10-24/1225 

2892 36 900 162 81 
10-26/1241 

3114 36 810 142 66 
10-28/1639 

2723 36 680 110 58 
10-30/1406 

2871 36 850 150 75 
11-1/1401 

1436 36 770 131 130 
11-2/1401 

1436 36 740 124 120 
11-3/1401 

2876 36 770 132 66 
11-5/1401 

1436 36 830 146 150 
11-6/1401 

1436 36 470 59 59 
11-7/1401 

11-7/1500 Tester removed; no leaks found 
in extensive check; filter on intake 
of vent line replaced; collection 
chamber installed 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Contipued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

11-14/1513 Tester installed; lines flushed 

1101 36 270 32 42 
11-15/0942 

1726 36 270 66 55 
11-16/1436 

1374 36 270 136 140 
11-17/1336 

2883 36 300 266 130 
11-19/1345 

2798 36 310 270 140 
11-21/1229 

2972 36 320 281 140 
11-23/1407 

1409 36 300 266 270 
11-24/1342 

2821 36 270 13 6.6 
11-26/1249 

1478 36 270 7 6.8 
11-27/1333 

1373 36 270 0 0 
11-28/1232 

7211 36 270 13 2.6 
12-3/1249 

12-5/1303 Deflated packer; with gas-operated 
valve open and vent line closed at 
surface, pressurized flush line 
to backwash intake filter 

12-6/1335 Packer reinflated; flushing prevented 
by water frozen in lines 

12-9/1419 Lines flushed 

2805 36 270 200 100 
12-11/1310 

2904 36 290 258 130 
12-13/1340 

1421 36 270 234 240 
12-14/1327 

1575 36 280 240 220 
12-15/1548 



Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time 

12-17/1324 

12-23/1028 

12-26/1237 

12-28/1226 

1-6-85/1340 

1-6/1438 

1-7/1319 

1-9/1331 

1-10/1320 

1-14/1305 

1-15/1354 

1-16/1218 

1-17/1258 

1-18/1323 

1-21/1305 

1-28/1238 

Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

(min) (cm) (cm) (m1) 

2730 36 290 256 

8458 36 270 2 

4443 36 270 5 

Sample lost 

Tester removed; filter on vent 
line clogged with fine, cement
like material; installed improved 
filter 

Tester installed; lines flushed 

1355 36 270 133 

2886 36 290 253 

1423 36 340 288 

rate 
(m1/day) 

140 

.34 

1.6 

140 

130 

290 

After lines flushed, gas-operated valve 
left closed to test for leaks 

5739 36 270 o 

gas-operated valve opened after 
flushing 

1483 36 410 324 

1338 36 330 283 

1474 36 270 56 

1459 36 270 o 

4296 36 270 o 

10047 36 270 19 

11530 36 270 o 

o 

310 

300 

55 

o 

o 

2.7 

o 

426 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

2-5/1254 
8619 36 270 0 0 

2-11/1239 

2-28 Tester removed; hole flushed thoroughly 

3-2/1140 Tester installed; lines flushed 

3152 36 270 164 75 
3-4/1618 

2651 36 270 237 130 
3-6/1235 

1478 36 270 225 220 
3-7/1319 

1550 36 270 225 210 
3-8/1515 

2915 36 290 252 120 
3-10/1556 

1243 36 280 242 280 
3-11/1245 

1659 36 270 75 65 
3-12/1630 

1182 36 270 0 0 
3-13/1218 

10316 36 270 0 0 
3-20/1620 

18497 36 270 0 0 
4-2/1243 

11501 36 270 0 0 
4-10/1230 

8694 36 270 0 0 
4-16/1330 

14374 36 270 0 0 
4-26/1310 

10044 36 270 0 0 
5-3/1240 

10115 36 270 0 0 
5-10/1321 

5-22 Tester removed; hole flushed thoroughly 

5-25/1058 Tester installed; lines flushed 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (cm) (cm) (m1) (m1/day) 

2736 36 270 235 120 
5-27/0840 

3452 36 310 270 110 
5-29/1818 

1078 36 290 258 340 
5-30/1222 

1614 36 270 195 170 
5-31/1522 

4136 36 270 32 11 
6-3/1224 

1453 36 270 0 0 
6-4/1243 

2853 36 270 0 0 
6-6/1222 

10384 36 270 0 0 
6-13/1732 

11213 36 270 0 0 
6-21/1231 

6-26 Testing suspended; tester removed 

7-30/0734 Tester installed; lines flushed 

1444 30 270 38 38 
7-31/0744 

1437 30 270 96 96 
8-1/0747 

1425 30 270 122 120 
8-2/0738 

1587 30 270 198 180 
8-3/1011 

662 30 270 96 210 
8-3/2120 

662 30 270 72 160 
8-4/0828 

743 30 270 110 210 
8-4/2057 

641 30 270 81 180 
8-5/0744 

750 30 270 93 180 
8-5/2020 

674 30 270 84 180 
8-6/0740 



Table 4.23 Steady constant-head test of seal in UA-CB-3--Continued 

Date/time 

8-6/1959 

8-7/0832 

8-7/2027 

8-8/0802 

8-8/0813 

8-8/1648 

8-8/2040 

8-9/0748 

8-9/2055 

8-10/0901 

8-10/1000 

8-15/1527 

8-16/1443 

8-18/1624 

8-20/1320 

8-21/1224 

8-22/1315 

8-23/1320 

Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

(min) (cm) 

732 30 

747 30 

709 30 

689 30 

(cm) 

270 

270 

270 

270 

(ml) 

98 

90 

27 

4 

Packer deflated; with gas-operated 
valve open and vent line sealed 
at surface, flush line pressurized 

rate 
(ml/day) 

190 

170 

55 

8.4 

to backwash filter on intake of vent line 

Packer reinflated 

Lines flushed; much turbid water expelled 

662 30 270 66 

781 30 270 88 

720 30 270 90 

Tester removed; head-buildup test 
conducted from 8-10 to 8-15 

Tester installed; lines flushed 

1390 30 270 32 

2975 30 270 132 

2690 30 280 240 

1378 30 270 214 

1485 30 270 192 

1439 30 270 188 

1229 30 270 160 

140 

160 

180 

33 

64 

130 

220 

190 

190 

190 

429 
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Table 4.23 Steady constant-head test of seal in UA-CB-3--Contipued 

Date/time Time Length Ave. Volume Average 
interval of CZ CZ head flushed collection 

rate 
(min) (em) (em) (m1) (m1/day) 

8-24/0955 
1475 30 270 58 57 

8-25/1036 
3034 30 270 3 1.4 

8-27/1316 

8-29/1510 Tester removed; hole flushed 

9-1/0047 Tester installed; lines flushed 

1947 13 260 80 59 
9-2/0920 

3130 13 260 126 58 
9-4/1336 

2938 13 260 98 48 
9-6/1440 

4309 13 260 78 26 
9-9/1435 

9-12/1829 Sample lost; testing ended 
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chamber if the volume flushed at the end of the period is less than 220 

mI. If the volume is greater than 220 ml, the average head is estimated 

as the elevation of the top of the collection chamber plus the amount of 

the flushed volume in excess of 220 ml divided by twice the sum of the 

cross-sectional areas of the flush and vent lines. The volume flushed 

(fifth column) is the volume flushed at the end of a testing period. 

The average collection rate for a testing period (sixth column) is the 

volume flushed divided by the time interval expressed in days. The 

seventh column indicates the design of the seal tester used for the 

period: A - first design with transducer; B - first design without 

transducer; and C - second design. 

The results for UA-CB-1 (Table 4.21) are summarized in Table 4.24. 

The time periods in Table 4.24 are operational periods during which 

collection rates are reasonably consistent. The periods generally begin 

with the installation of the tester and end with its removal. The 

average collection rates are a weighted (by time interval) average of 

the collection rates in Table 4.21 for the period. Extremely large 

collection rates for the initial test interval following installation of 

the tester are not included in the averaging. The average head in the 

collection zone is obtained in a manner similar to that used for average 

collection rate. Hydraulic conductivity values are discussed in the 

following section on analysis. 

Tables 4.25 and 4.26 are similar summary tables for testing in 

UA-CB-4 and UA-CB-3, respectively. 



Table 4.24 Summary of Steady Constant-Head Testing for UA-CB-1 
(From Table 2.21) 

Average Std. Dev. CZ Lgth. Ave. CZ Std. Dev. Ks * 
Collect Head 

432 

Rate 
Period (cm3/day) (cm3/day) (em) (cm) (cm) 

(x10- 8 
cm/see) 

10/30/83-
2/24/84 4.3 1.4 

5/10-6/15 20 4.0 
6/22-7/25 6.0 0.6 
7/26-8/17 34 12 
8/19-9/12 99 29 
9/15-10/8 54 11 
10/8-10/24 0 
10/28-11/7 70 17 
11/13-12/3 63 15 
12/3-12/28 0 
1/6/85-
1/30 70 16 

1/30-2/11 0 
3/10-3/23 45 7 
3/25-4/25 53 4 
4/25-6/7 0 
9/2-9/12 1.6 1.5 

36 
36 
36 
36 
36 
36 
36 
36 
36 
36 

36 
36 
36 
36 
36 
14 

490 
·450 
490 
770 
760 
710 

650 
270 

270 

270 
290 

260 

20 
20 
10 

150 
160 

70 

50 
10 

10 

10 
30 

10 

.4 
2 

.5 
3 
9 
5 

6 
5 

6 

4 
4 

.1 

*Ca1cu1ated using Equation 2.8 and assuming all collection flow is 
axial flow through the seal. Head H in the equation is taken as the 
difference between the average elevation of the water table above the 
top of the seal (37.18 m) and the average head in the collection zone. 
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Table 4.25 Summary of Steady Constant-Head Testing for UA-CB-4 
(From Table 2.22) 

Average Std. Dev. CZ Lgth. Ave. CZ Std. Dev. Ks * 
Collect Head 
Rate (x10- 8 

Period (cm3/day) (cm3/day) (cm) (em) (cm) cm/sec) 

3/2/84-
3/21 8200 5100 36 340 70 600 

3/23-5/1 55 29 36 350 50 4 
5/10-5/21 10 3 36 330 10 2 
5/25-7/13 14 10 36 380 130 2 
7/14-7/24 9.7 6.2 36 290 30 2 
7/30-8/8 38 18 36 720 230 7 
8/13-8/21 43 5 36 770 210 8 
8/21-8/24 46 2 36 530 90 8 
9/4-9/28 2.2 1.8 36 280 10 .3 
9/28-11/7 40 19 36 730 190 7 
11/14-
1/17/85 16 32 36 270 10 3 

1/17 -2/11 0 36 
8/15-8/19 110 20 14 290 20 20 
8/19-8/22 0 14 
8/23-8/28 62 33 14 270 10 10 
9/1-9/6 70 28 14 270 10 10 
9/6-9/12 0 14 

*Ca1culated using Equation 2.8 and assuming all collection flow is 
axial flow through the seal. Head H in the equation is taken as the 
difference between the average elevation of the water table above the 
top of the seal (36.21 m before 5/2/84 and 36.01 m after) and the 
average head in the collection zone. 
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Table 4.26 Summary of Steady Constant-Head Testing for UA-CB-3 
(From Table 2.23) 

Average Std. Dev. CZ Lgth. Ave. CZ Std. Dev. Ks * 
Collect Head 
Rate (x10- 7 

Period (em3/day) (em3/day) (em) (em) (em) em/sec) 

2/29/84-
5/1 120000 10000 36 1800 100 3000 

5/30-7/24 22000 11000 36 520 140 500 
9/2-9/28 46 14 36 "710 140 1 
9/28-10/17 0 36 
10/21-11/7 80 26 36 830 160 2 
11/14-11/24 130 60 36 300 20 3 
11/24-12/3 0 36 
12/9-12/17 150 50 36 280 10 3 
12/17-12/26 0 36 
1/6/85-
1/16 220 80 36 320 50 4 

1/16-2/11 0 36 
3/2-3/12 140 70 36 270 10 3 
3/12-5/10 0 36 
5/25-5/31 150 70 36 290 20 3 
5/31-6/21 0 36 
7/30-8/7 150 50 30 270 10 3 
8/7-8/8 0 30 
8/8-8/10 160 20 30 270 10 3 
8/15-8/25 130 70 30 270 10 3 
8/25-8/27 0 30 
9/1-9/9 45 14 13 260 10 .9 

*Calcu1ated using Equation 2.8 and assuming all collection flow is 
axial flow through the seal. Head H in the equation is taken as the 
difference between the average elevation of the water table above the 
top of the seal (29.57 m before 5/2/84 and 29.38 m after) and the 
average head in the collection zone. 
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4 3 7 1 3 Analysis. UA-CB-l. One-Dimensional Analys~. Table 

4.24 shows a value of hydraulic conductivity for the seal for each 

operational period. The conductivity values are calculated assuming all 

collection flow is axial and through the seal. Equation 2.8 is used for 

the calculation. The head H in Equation 2.8 is taken as the difference 

between the average elevation of the water table above the top of the 

seal (the datum) and the average head in the collection zone. 

The longest period of consistent collection rates is the initial 

period of testing from 10/30/83 to 2/24/84. Average head in the collec

tion zone, which was monitored with the pressure transducer, is also 

very consistent for the period. The seal conductivity calculated for 

this period is 4 x 10- 9 cm/sec. Following this initial period, collec

tion rates and calculated conductivities generally increase by about an 

order of magnitude until the final test period, which is another period 

of low collection rate and calculated conductivity. The explanation for 

the variation in collection rates is uncertain. Since all flow is 

assumed to be axial and through the seal, the calculated values for seal 

conductivity are upper limit values. 

Table 4.24 indicates a collection rate of zero for four periods. 

During these periods, the collection rate suddenly dropped to zero or 

near zero after a time of rather consistent performance at a much higher 

rate. A possible reason for these drops is clogging of the vent line or 

of a filter element at the intake of the vent line. 

In the final period of testing, 9/2 to 9/12/85, the collection rate 

was as low as during the initial period. The length of the collection 
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zone was reduced from 36 to 14 cm during this period due to use of a 

packer with a shorter head and mandrel. It is unlikely that the low 

flow rate of the final test period was due to the shorter collection 

zone excluding an interval in the rock mass of relatively high conduc

tivity. The injection tests conducted prior to seal installation indi

cated a rock mass conductivity of approximately 2 x 10-9 cm/sec (Table 

4.20). Exclusion of rock with that low conductivity would not cause the 

observed reduction in collection rate. The low flow rate may be due to 

partial clogging of the vent line (the intake filter was not used in 

tests with the shortened collection zone). Alternatively, the low flow 

rates of the first and last test periods may reflect the true hydraulic 

properties of the seal and formation and the rates of the middle test 

periods may be erroneously high. Firm conclusions on these matters 

cannot be drawn from the available data. 

Axisymmetric Analysis. The terms "collection zone" and "collection 

rate" are used to describe the steady constant-head test at the McNary 

Dam site from a functional standpoint. However, the test is in fact a 

one-side test, and, mathematically, the collection zone in this test is 

an injection zone, and the collection rate is a negative injection rate. 

An axisymmetric analysis was performed based on the results of 

testing in two periods: 10/30/83 to 2/24/84 and 8/19 to 9/12/84. The 

procedure for one-side tests was followed (Section 3.5.5.2.2). Grid CH4 

(Section 3.4.2) was used with the geometry shown in Figure 4.42. The 

dimensions of the flow field of the simulations are 80% of full scale. 

Boundary conditions for the simulations are given in Table 4.27. Head 
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Z 35.5 

Z 7.5 

Kr 
r 

f6 Ks 
Z = -7.5 

Z -416 

I 
r=4 r=388 

Figure 4.42 Flow field used in axisymmetric simulation of steady 
constant-head test of seal in borehole UA-CB-l. (Scale of 
seal, collection zone, and impermeable boundary due to 
packer is 80% of full-scale.) 
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Table 4.27 Boundaries of Flow Field for Axisymmetric Simulations of 
Steady Constant-Head Test on Seal in UA-CB-l 

Boundary Physical Description 

Upper face of seal 

Borehole wall in col
lection zone 

Gland of packer 

Wall of open bore
hole above packer 

Axial boundaries of 
rock mass 

Radial boundary of 
rock mass 

Wall of open bore
hole below seal 

Lower face of seal 

Centerline of bore

hole 

Hydraulic 
Condition 

h 

h 

o 

o 

h - 2582 

h - 2582 

h - 2582 

h - 2582 

h - 2582 

~-o 
Ir 

Position 

o < r < 4.0, z - 7.5 

r - 4, 7.5 < z < 35.5 

r - 4, 35.5 < z < 137.5 

r - 4, 137.5 < z < 416 

4 < r < 388, z - = 416 

r - 388, -416 < z < 416 

r - 4, -416 < z < -7.5 

o < r < 4, z - -7.5 

r - 0, -7.5 < z < 7.5 

(Head values are expressed as the amount in excess of the average head 
in the collection zone. Excess head values and geometric dimensions are 
80% of full scale. Units are cm.) 
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values for the constant-head boundaries are expressed as "excess" head 

with respect to the average head in the collection zone. The excess 

head values are 80% of the full-scale values for the first period. For 

these simulations, provided excess heads are used, any value of head may 

be used for non-zero constant-head boundaries to obtain the solution 

loci. 

Simulations were performed to steady state for a range of conduc

tivity ratios. Results of the simulations and calculation of the solu

tion loci (i.e. solution values of Ks and Kr) are presented in Table 

4.28 and Figure 4.43. Any combination of seal and rock conductivities 

from the figure will produce the flow rate observed in the field test 

for the geometry and head conditions of the test period. 

From the results of the constant-head injection tests conducted 

prior to seal installation (Table 4.20), the conductivity of the rock 

mass near the seal is about 2 x 10- 9 em/sec. According to the solution 

locus based on the testing from 8/19 to 9/12/84, a rock conductivity of 

this magnitude corresponds to a seal conductivity of about 3 x 10- 8 

em/sec. According to the solution locus based on results of testing 

from 10/30/83 to 2/24/84, a period in which the observed collection rate 

was much lower, a rock conductivity of 2 x 10- 9 em/sec is not possible. 

According to the axisymmetric model, the rock conductivity must be less 

than about 1 x 10- 10 em/sec in order to obtain the low observed collec

tion rate. Possible explanations for this discrepancy include the fol

lowing: (1) The observed low flow rate is erroneous (e.g. due to partial 

clogging of the vent line or intake filter); (2) the effective rock 
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Table 4.28 Calculation of Solution Loci (i.e. Solution Values of Ks 
and Kr) from Results of Steady Constant-Head Tests in 
UA-CB-1 during Periods 10/30/83 to 2/24/84 and 8/19 to 
9/12/84 

Simulation 
Yallles lQLJQtBJ-2L2~LB~ BLl2-2L12LB~ 

Kr Qc Ks Kr c K~ b Kr c 
(x10- 1O (x10- 5 (x10- 10 (x10- 1O (x10- 1O (x10- 1O 
cm3/s) Kr/Ks cm3/s) Qcd a cm/s) cm/s) cm/s) cm/s) 

100 10 269 130 .118 1.18 2.97 29.7 
30 3 81. 7 39.6 .390 1.17 9.79 29.4 
10 1 28.0 13.6 1.14 1.14 28.6 28.6 

3 .3 9.11 4.41 3.49 1.05 87.8 26.3 
1 .1 3.64 1. 76 8.75 .875 220 22.0 

.3 .03 1. 70 .824 18.7 .561 470 14.1 

.1 .01 1.14 .554 27.8 .278 699 6.99 
.03 .003 .949 .460 33.6 .101 843 2.53 

NOTES: 

a Qcd - Qc/(KsHD) is calculated using values of Qc, H, D, and Ks from 
the simulations. In the simulations, H - 2582 cm; D - 8 cm; Ks -
10- 9 cm/sec. 

b Ks is a solution value of seal conductivity for the testing period 
indicated and is calculated using the expression Ks - Qc/(QcdHD), 
where Qc, H, and D are values from the test period. For 10/30/83-
2/24/84, Qc - 4.3 cm3/day - 5.0 x 10- 5 cm3/sec; H - 3718 - 490 -
3228 cm; D - 10 cm. For 8/19-9/12/84, Qc - 99 cm3/day - 1.1 x 10- 3 
cm3/sec; and H - 3718 - 760 - 2958 cm. 

c Kr is the solution value of rock conductivity for the testing period 
corresponding to the value of Ks calculated in the column to the 
left. Kr is obtained using the calculated Ks and the expression 
Kr - Ks (Kr/Ks). 
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Figure 4.43 Solution for steady constant-head testing of 
seal in UA-C8-1 for periods 10/30/83 to 2/24/84 and 8/19 
to 9/12/84. 
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conductivity near the collection zone is less than 1 x 10-10 cm/sec; or 

(3) the axisymmetric model does not adequately represent the actual flow 

field. The first explanation seems unlikely. The results of testing 

during the period of nearly four months were quite consistent. In 

instances in which clogging is suspected, the collection rate dropped 

rapidly to zero once clogging started. The second explanation seems 

more probable. The hydraulic conductivity of intact, dense basalt can 

certainly be less than 1 x 10-10 cm/sec. For example, South and Daemen 

(1986, pp. 164 and 166) determined the conductivity of two samples of 

intact Sentinel Gap basalt to be about 1 x 10-13 cm/sec. Also, in 

performing the injection tests to determine hydraulic conductivity of 

the formation, the isolated interval was about 60 cm in length, compared 

to the collection-zone length of 36 cm. If rock conductivity in the 

interval of the collection zone were less than 1 x 10-10 cm/sec but 

conductivity were higher above or below the interval, the low conductiv

ity of the interval of the collection zone would be undetected, because 

injection testing reflects the highest conductivity rather than the 

lowest in a test interval. If the rock conductivity is less than 1 x 

10- 10 cm/sec, then the seal conductivity is less than about 3 x 10- 9 

cm/sec, based on results of the 10/30/83 to 2/24/84 period. If Kr is 

less than 1 x 10- 10 cm/sec, than Ks is about 1 x 10- 7 cm/sec, based on 

the results of the period from 8/19 to 9/12/84. These latter results 

are essentially the same as those obtained by one-dimensional analysis. 
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UA-CB-4. A one-dimensional analysis is undertaken for the steady 

constant-head tests of the seal in UA-CB-4. Conductivity values for the 

seal based on the assumption of strictly axial flow are provided in 

Table 4.25. 

The highest conductivity value, 6 x 10- 6 cm/sec, is for the first 

period of testing, 3/2 to 3/21/84. This testing was performed on the 

original seal, before it was lengthened. For the second period, which 

also preceded the lengthening of the seal, the calculated conductivity 

is more than two orders of magnitude less than for the first. 

All subsequent test periods are for the lengthened seal. Conduc

tivity values for 5/10/84 to 1/17/85 average about 5 x 10- 8 cm/sec, 

excluding a period of low collection rate from 9/4 to 9/28/84. 

In the final test period, the collection zone was reduced from 36 

to 14 em in length. Consistent with the low rock conductivity (about 1 

x 10- 9 cm/sec) determined in the injection tests prior to seal installa

tion (Section 4.3.2.1.2), the reduction in collection zone length did 

not reduce the collection rate. 

On three occasions during testing, the collection rate dropped to 

zero and on one occasion to a relatively low rate. The explanation for 

these variations is uncertain. The drops may have resulted from clog

ging of the vent line or intake filter. 

UA-CB-3. A one-dimensional analysis is performed for the steady 

constant-head tests on the seal in UA-CB-3. The values of hydraulic 

conductivity of the seal presented in Table 4.26 are based on strictly 

axial flow through the seal. The first period of testing preceded the 
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lengthening of the seal. Conductivity for this period is about three 

orders of magnitude greater than for subsequent periods, all of which 

followed the extension of the seal. For the lengthened seal, the com

puted values of conductivity are quite consistent, averaging about 3 x 

10-7 cm/sec. 

In the test periods from 7/30 to 8/25, the collection zone was 

reduced in length from 36 to 30 cm. The reduction had little, if any, 

effect on calculated conductivity. In the final period, the collection 

zone was further reduced to 13 cm. The calculated conductivity for the 

final period is slightly less than values for previous periods. 

On eight occasions, the collection rate dropped to zero or near 

zero, possibly due to clogging. 

4.3.7.2 Head Buildup Test 

Head-buildup tests were performed on the three seals during the 

period July-August, 1985. A second recovery variation of the test was 

performed on the seal in UA-CB-1 and impulse variations on the other two 

seals. 

The general procedure for the test (all variations) is as follows: 

(1) Install the seal tester above the seal. 

(2) Establish the initial conditions for the particular variation 

to be used. 

(3) Close the gas-operated valve and flush the flush and vent 

lines. 

(4) Open the gas-operated valve briefly to reduce the head in the 

collection zone. 
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(5) Close the valve and monitor the buildup in head until steady 

conditions are established. 

The initial conditions for the second recovery variation are estab

lished by preceding the test with a long period of steady constant-head 

testing. The initial conditions for the impulse variation are obtained 

by shutting-in the collection zone and allowing it to equilibrate with 

the surrounding formation prior to the start of the test. 

The compressive storage of the collection zone may be obtained in 

the field by (1) shutting-in the collection zone and allowing it to 

equilibrate; (2) flushing the flush and vent lines; (3) opening the 

gas-operated valve briefly to allow pressure to fall; and (4) closing 

the valve, flushing, and measuring the volume flushed. Dividing the 

flushed volume by the drop in pressure head gives the compressive stor

age of the collection zone. The compressive storage may also be 

obtained in the laboratory as described in Section 4.2.4.3.4. 

The results of the head build-up tests are presented in Tables 4.29 

to 4.31 and Figures 4.44 to 4.46. 

4,3,7 2] Borehole UA-CB-l. The test in UA-CB-l was performed 

with a collection zone about 18 cm in length and a packer (Baski Water 

Instruments) for the seal tester with an inflated gland about 127 cm 

long. The height of the transducer above the datum (top of seal) was 

252 cm. The initial conditions were approximately obtained by maintain

ing the collection zone at a low and relatively constant head for about 

66 hours preceding the start of the test. Due to oversight, the 

compressive storage was not determined for the test setup. 
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Table 4.29 Results of Head-Buildup Test for UA-CB-1, 7/22-8/31/85 

Date/Time Elapsed Press. he/H 
Time in CZ 
(min) (ets) 

7-19/1351 262/67 
7-20/0711 78 
7-21/0644 87/52 
7-22/0748 59/50 
7-22/0756 0 50· 0 
0810 14 50 0 
1140 224 60 .0126103 
1603 487 70 .0252207 
1802 606 75 .0315259 
2115 799 80 .0378310 
7-23/0718 1402 100 .0630517 
1350 1794 114 .0807062 
1914 2118 124 .0933165 
7-24/0648 2812 139 .1122320 
1453 3297 155 .1324086 
1823 3507 162 .1412358 
7-25/0654 4258 180 .1639344 
1103 4507 191 .1778058 
1421 4705 197 .1853720 
2036 5080 205 .1954603 
7-26/0911 5835 231 .2282472 
1514 6198 241 .2408575 
2048 6532 248 .2496847 
7-27/0752 7196 266 .2723834 
1503 7627 279 .2887768 
2048 7972 285 .2963430 
7-28/0811 8655 303 .3190416 
1416 9020 316 .3354351 
1707 9191 322 .3430013 
2118 9442 323 .3442623 
7-29/0815 10099 342 .3682219 
1502 10506 357 .3871375 
2234 10958 366 .3984868 
7-30/0834 11558 381 .4174023 
1441 11925 392 .4312736 
2041 12285 397 .4375788 
7-31/0839 13003 422 .4691047 
1518 13402 427 .4754098 
2131 13775 436 .4867591 
8-1/0843 14447 456 .5119798 
1435 14799 471 .5308953 
1930 15094 476 .5372005 
8-2/0848 15892 492 .5573770 
1512 16276 508 .5775536 
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Table 4.29 Results of Head-Buildup Test for UA-CB-1, 7/22-8/31/85--
Continued 

Date/Time Elapsed Press. hc/H 
Time in CZ 
(min) (cts) 

2142 16666 511 .5813367 
8-3/1006 17410 532 .6078184 
1536 17740 538 .6153846 
2116 18080 539 .6166456 
8-4/0623 18627 544 .6229508 
1430 19114 560 .6431274 
2132 19536 562 .6456494 
8-5/0835 20199 577 .6645649 
1643 20687 585 .6746532 
2030 20914 584 .6733922 
8-6/0740 21584 594 .6860025 
1540 22064 607 .7023960 
2001 22325 606 .7011349 
8-7/0850 23094 616 .7137453 
1330 23374 619 .7175284 
2122 23846 616 .7137453 
8-8/0848 24532 632 .7339218 
1650 25014 641 .7452711 
2037 25241 639 .7427491 
8-9/0920 26004 653 .7604035 
1531 26375 658 .7667087 
2052 26696 657 .7654477 
8-10/1000 27484 662 .7717528 
1435 27759 670 .7818411 
2146 28190 670 .7818411 
8-11/0841 28845 685 .8007566 
1609 29293 690 .8070618 
2137 29621 688 .8045397 
8-12/0833 30277 700 .8196721 
1615 30739 705 .8259773 
2054 31018 702 .8221942 
8-13/0902 31746 714 .8373266 
1514 32118 713 .8360656 
2138 32502 710 .8322825 
8-14/0741 33105 715 .8385876 
1330 33454 726 .8524590 
1932 33816 725 .8511980 
8-15/0825 34589 734 .8625473 
1525 35009 737 .8663304 
8-16/1400 36364 743 .8738966 
8-17 /1150 37674 753 .8865069 
8-18/1655 39419 768 .9054224 
8-19/1317 40641 772 .9104666 



Table 4.29 Results of Head-Buildup Test for UA-CB-1, 7/22-8/31/85-
Continued 

Date/Time 

8-20/1345 
8-21/1240 
8-22/1341 
8-23/1345 
8-24/1023 
8-25/1104 
8-26/1356 
8-27/1343 
8-28/1414 
8-29/1450 
8-30/2144 
8-31/0833 
1250 

NOTES: 

Elapsed 
Time 
(min) 

42109 
43484 
44985 
46429 
47667 
49148 
50760 
52187 
53658 
55134 
56988 
57637 
57894 

Transducer counts (cts) - psi x 15 

Press. 
in CZ 
(cts) 

780 
793 
805 
815 
821 
826 
831 
834 
836 
843 
842 
845 
850 

( )/( ) - pressure in cts before and after flushing 
hc/H - (cts - 50)/(843 - 5G) 

hc/H 

.9205549 

.9369483 

.9520807 

.9646910 

.9722573 

.9785624 

.9848676 

.9886507 

.9911728 
1 
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Table 4.30 Results of Head-Buildup Test in UA-CB-4. 8/3-8/10/85 

Date/Time Elapsed Press. hc/H 
Time in CZ 
(min) (cts) 

8-3/1021 661/30 
1032 64 
1040 75/15 
1041 0 16 0 
1042 1 17 .0015267 
1043 2 18 .0030534 
1045 4 20 .0061069 
1047 6 23 .0106870 
1049 8 25 .0137405 
1051 10 27 .0167939 
1054 13 29 .0198473 
1100 19 32 .0244275 
1105 24 34 .0274809 
1111 30 36 .0305344 
1121 40 38 .0335878 
1152 71 40 .0366412 
1233 112 42 .0396947 
1258 137 44 .0427481 
1326 165 46 .0458015 
1352 191 48 .0488550 
1409 208 50 .0519084 
1427 226 52 .0549618 
1442 241 54 .0580153 
1458 257 56 .0610687 
1519 278 58 .0641221 
1533 292 60 .0671756 
2116 635 108 .1404580 
8-4/0622 1181 180 .2503817 
1400 1639 235 .3343511 
2132 2091 287 .4137405 
8-5/0835 2754 357 .5206107 
1406 3085 392 .5740458 
2030 3469 432 .6351145 
8-6/0739 4138 499 .7374046 
1540 4619 545 .8076336 
2000 4879 571 .8473282 
8-7/0850 5649 640 .9526718 
1330 5929 665 .9908397 
2122 6401 667 .9938931 
8-8/0848 7087 667 .9938931 
1650 7569 669 .9969466 
2037 7796 669 .9969466 
8-9/0920 8559 669 .9969466 



Table 4.30 Results of Head-Buildup Test in UA-CB-4, 8/3-8/10/85-
Continued 

Date/Time Elapsed Press. hc/H 
Time in CZ 
(min) (cts) 

1531 8930 670 .9984733 
9251 671 1 
10039 671 1 

450 

2052 
8-10/1000 
1025 10064 671 . Lines flushed; 1 m1 recov . 
1031 10070 671/40 Lines flushed after 

venting; 38 m1 recov. 

NOTES: 

Transducer counts (cts) - psi x 15 
( )/( ) - pressure in cts before and after flushing 
hc/H - (cts - 16)/(671 - 16) 



451 

Table 4.31 Results of Head-Buildup Test in UA-CB-3, 8/12-8/15/85 

Date/Time Elapsed Adjust. Press. hc/H 
Time elapsed in CZ 
(min) Time (cts) 

(min) 

8-11/0701 317 
0941 459 
1609 760 
2138 777 
8-12/0803 766 
0810 0 48 
0811 1 85 
0812 2 0 112 0 
0813 3 1 116 .0092166 
0814 4 2 119 .0161290 
0815 5 3 121 .0207373 
0816 6 4 124 .0276498 
0818 8 6 129 .039l705 
0821 11 9 133 .0483871 
0826 16 14 137 .0576037 
0830 20 18 140 .0645161 
0840 30 28 147 .0806452 
0845 35 33 150 .0875576 
0850 40 38 154 .0967742 
0855 45 43 157 .1036866 
0900 50 48 160 .1105991 
0905 55 53 164 .1198157 
0910 60 58 167 .1267281 
0915 65 63 170 .1336406 
0926 76 74 176 .1474654 
0948 98 96 188 .1751152 
1011 121 119 200 .2027650 
1037 147 145 218 .2442396 
1058 168 166 225 .2603687 
1122 192 190 233 .2788018 
1153 223 221 244 .3041475 
1315 305 303 272 .3686636 
1404 354 352 285 .3986175 
1446 396 394 296 .4239631 
1502 412 410 300 .4331797 
1615 485 483 316 .4700461 
2054 764 762 372 .5990783 
2102 772 770 374 .6036866 
8-13/0753 1423 1421 472 .8294931 
0902 1492 1490 479 .8456221 
1341 1771 1769 500 .8940092 
1514 1864 1862 505 .9055300 



Table 4.31 Results of Head-Buildup Test in UA-CB-3, 8/12-8/15/85-
Continued 

Date/Time 

8-11/0701 
2138 
8-14/0741 
1330 
1932 

Elapsed 
Time 
(min) 

2248 
2851 
3200 
3562 

Adjust. 
elapsed 
Time 
(min) 

2246 
2849 
3198 

Press. 
in CZ 
(cts) 

317 
514 
541 
546 
546 

hc/H 

.9262673 

.9884793 
1 
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8-15/0733 4283 552 Lines flushed; 0 m1 recov. 
0741 552/48 Lines flushed after 

venting; 7 m1 recov. 

NOTES: 

Transducer counts (cts) - psi x 15 
( )/( ) - pressure in cts before and after flushing 
hc/H - (cts 112)/(546 - 112) 
Valve closed at 8-12/0810; pressure rose rapidly until 
0812, the adjusted starting time. 
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Figure 4.44 Results of head-buildup test for UA-C8-1 (Test 
conducted from 7/22 to 8/31/85; second recovery variation) 



1.0 

~0.5 
u 

..r: 

• 
• 

• 

• 

. .,.. 
• 
• • 
• 

• 
• 
• 

0.0 ~~m=~~~~~~~~~~~~mr~~~~~~omm 
10 -2 10 -1 1 10 10 2 10 3 10· 10 11 10 11 10 7 

T (min) 

Figure 4.45 Results of head-buildup test for UA-C8-4 (Test 
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Figure 4.46 Results of head-buildup test for UA-C8-3 (Test 
conducted from 8/12 to 8/15/85; impulse variation) 
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The values of dimensionless head, Hd - hc/H, in Table 4.29 are 

obtained by dividing the excess head (with respect to the initial head) 

in the collection zone by the excess head at equilibrium. Equilibrium 

was assumed to have occurred at 1450 on 8/29 at 843 counts. This corre-

sponds to a pressure head of 3950 cm or a hydraulic head of 3950 + 252 -

4200 cm. The head in the rock mass based on the average height of the 

water table above the datum is 4014 - 296 - 3720 cm. Thus the head in 

the collection zone rose about 13% higher than expected based on posi-

tion of the water table. The head continued to rise slightly after 

attaining the apparent equilibrium point. 

A one-dimensional analysis of the test is performed by matching the 

data curve (Figure 4.44) against one of the type curves for the recovery 

variation (Figure 2.5 or 2.6). The data curve most nearly matches the 

limiting curve for ~ - 0 in Figure 2.6. The data curve matches the type 

curve closely at early times but deviates at later times, as it contin-

ues to rise at a steep slope until termination. The following values 

are obtained for the match: 

t - 1 min; 

For a seal length of 19 cm and a cross-sectional area of 78.5 cm2 , 

the conductivity, Ks , equals [(tdsc)ScLs/(At)] - (1.9 x 10- 7)Sc cm/sec, 

for Sc in cm2 . Specific storage of the seal cannot be obtained since 

the match is against the limiting curve. 

An axisymmetric analysis is also attempted. Simulations are run 

using the flow field shown in Figure 4.47 and Table 4.32. The results 

are presented in the type curves of Figures 4.48 to 4.50. Corresponding 
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Figure 4.47 Flow field for axisymmetric model of head-buildup test on 
seal in borehole UA-CB-l. 
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Table 4.32 External Boundaries of Flow Field for Axisymmetric Simula
tions of Head-Buildup Test on Seal in UA-CB-l 

Boundary 

r 5. r 7 

Physical Description 

Centerline of bore

hole 

Head of packer 

Gland of packer 

Wall of open bore
hole above packer 

Axial boundaries of 
rock mass 

Radial boundary of 
rock mass 

Wall of open bore
hole below seal 

Lower face of seal 

Centerline of bore
hole 

Hydraulic 
Condition 

Ih, 
--0 Ir 

hr - 100 

hr - 100 

hr - 100 

hr - 100 

Position 

r - 0, 7.5 < z < 21.5 

o < r < 4, z - 21.5 

r - 4, 21.5 < z < 123 

r - 4, 123 < z < 416 

4 < r < 388, z - = 416 

r - 388, -416 < z < 416 

r - 4, -416 < z < -7.5 

o < r < 4, Z - -7.5 

r - 0, -7.5 < Z < 7.5 

(Dimensions are 80% of full-scale; non-zero head is arbitrary.) 
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type curves for the three conductivity ratios examined are all very 

similar in shape. This similarity is in sharp contrast to the curves 

for the first recovery variation, in which the maximum buildup achieved 

is a function of the conductivity ratio. For two orders of magnitude 

change in ~ (i.e 0.01 to 1) there is only minor variation in shape. For 

~ - SsrALc/Sc < 0.01, the curves are also very similar in shape. Thus 

obtaining a match of a data curve to a single type curve is, in general, 

very difficult or impossible to achieve for the second recovery varia

tion. 

Though the differences are very minor, the best match of the data 

curve against the type curves presented is for Kr/Ks - 1.0, ~ - 0.01, 

and ~ - .001. Convenient match-point values for this match are t - 1 x 

105 min and tdsc - 2 x 10- 2 . Coinciding curves for minimum ~ and mini

mum ~ (case 6, Table 3.4) or minimum ~ and constant ~ (case 1) are not 

achieved in the simulations presented. Thus the range of possible 

shapes against which to compare the data curve may be somewhat greater 

than encompassed by the type curves. Using the match-point values to 

calculate Ks gives 

Ks - [(tdsc)ScLs]/(At) - (4.8 x 10-8)Sc cm/sec, for Sc in cm2 . The 

value of Ks found by the axisymmetric analysis is somewhat less than 

that found by one-dimensional analysis. With Ks calculated, the value 

of Kr may be obtained from the conductivity ratio of the matched type 

curve. The specific storages of the seal and rock mass may be obtained 

from the ~ and ~va1ues of the matched type curve and Sc. 
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Figure 4.48 Type curves for head-buildup test in 
UA-C8-1 (second recovery variation). 
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4.3.7.2.2 Borehole UA-CB-4. The test in UA-CB-4 was performed 

with a collection zone 14 cm in length and a Roctest packer for the seal 

tester with an inflated gland 127 cm long. The height of the transducer 

above the datum (top of seal) was 241 cm. The initial conditions were 

obtained by shutting in the collection zone for about five days prior to 

the test. The compressive storage of the collection zone was obtained 

by the procedure described in 4.3.7.2. A flushed volume of 38 m1 with a 

pressure drop of 671 - 40 - 631 transducer counts or 2960 cm gives a 

compressive storage of 1.3 x 10-2 cm2 . 

The values of dimensionless head from Table 4.30 are plotted in 

Figure 4.45, the data curve. Equilibrium was assumed to have occurred 

on 8/9 at 2052. The equilibrium pressure was 671 counts, which corre

sponds to a head of 3390 cm. The head in the rock mass based on the 

average height of the water table above the datum is 3884 - 283 - 3600 

cm. The head in the collection zone rose to about 6% higher than 

expected based on the depth of the seal below the water table. 

A one-dimensional analysis of the test is performed by matching the 

data curve (Figure 4.45) against the type curves for the impulse varia

tion (Figure 2.9 or 2.10). The data curve most nearly matches the 

limiting curve for ~ - 0 in Figure 2.10. The data curve matches the 

type curve closely at middle times but deviates at early and late times. 

The following values are obtained by the matching: 

t - 1 minute; tdsc - td*~ - 3 x 10-4 
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For a seal length of 36 cm and a cross-sectional area of 78.5 cm2 , 

the conductivity, Ks , equals [(tdsc)ScLs/(At)] - 3 x 10- 8 cm/sec, for Sc 

- 1.3 x 10-2 cm2 . Specific storage of the seal cannot be obtained 

since the match is against the limiting curve. 

4.3 7.2 3 Borehole UA-CB-3. The length of the collection zone was 

about 12 cm in the test of the seal in UA-CB-3. The packer used was the 

one used in the buildup test in UA-CB-4. The height of the transducer 

above the datum was 239 cm. The initial conditions were obtained by 

shutting in the collection zone for about 25 hours before the test. 

The data from the test are presented in Table 4.31 and Figure 4.46. 

Equilibrium was assumed to have occurred on 8/9 at 2052. The equi1ib-

rium pressure, 552 counts, corresponds to a head of 2830 cm. Based on 

the average height of the water table above the datum, the head in the 

rock mass is 3241 - 303 - 2940 cm, which is about 4% greater than the 

equilibrium value attained in the test. 

A one-dimensional analysis of the test is performed by the same 

procedure as used for the preceding analysis. By interpolation, the 

data curve appears to match most closely the type curve for ~ - 0.2. 

Match-point values obtained from the curves are t - 1 min and tdsc -

~ 1.2 x 10-~. At the conclusion of the test, the procedure to determine 

Sc was followed, yielding a value of 3.0 x 10- 3 cm2 . A seal conductiv

ity of 3 x 10- 8 cm/sec is obtained in the same way as for the test in 

UA-CB-4. From ~ - 0.2 and the value calculated for Sc, Sss is 

determined to be 2 x 10- 7 cm- 1 . 
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4.3.7.3 Tracer Travel-Time Test 

Tracer travel-time tests were planned for each of the seals. 

Tracer injectors, with timer-controlled release, were positioned below 

the site of each seal prior to installation. The injectors are 

described briefly in Section 4.3.3.1. Apparently the injectors fired 

prematurely or leaked as detection occurred before scheduled release. 

4.3.8 Seal Removal and Visual Inspection 

The seals in the three boreholes were removed by core drilling in 

September, 1985. The instrumentation below the seals was also recov

ered. The recovered seal cores were 8 cm in diameter. Photographs of 

the cores are shown in Figures 4.51 to 4.53. 

The seal core for UA-CB-l was 19 cm in length. The break in the 

core appeared fresh and is believed to have occurred during the dril

ling. Foam, which had been placed in the hole prior to placement of the 

seal, was recovered attached to the lower end of the core. At the upper 

end of the core, to a depth of about 2 cm, the seal material appeared 

slightly lighter in color. Inspection of the core interior at the break 

induced by drilling showed that, to a depth of about 5 mm from the outer 

surface, the color of the core was a light tan. In the interior, the 

color was a light grey with some zones of a darker grey. The core 

appeared to be uniform in texture and free of voids or foreign material. 

In UA-CB-4, cores through the original seal and the extension were 

recovered in separate pieces. The upper piece (i.e. the extension) is 

20 cm in length. The upper 2 cm of the core is slightly lighter in 

color. Some small pieces of rock and black plastic material are 



Figure 4.51 Core (8 em in diameter) drilled from seal in borehole UA-CB-1. The right end in 
photograph is top of seal. Foam disks are embedded in grout in at bottom. Break is 
probably due to drilling. Core is free of large voids. The eo1or of the upper 2 em of 
the seal is slightly lighter than that of the body of the seal. 
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Figure 4.52 Core drilled,from borehole UA-CB-4. Left piece is original seal. Right piece is the 
extension. The upper end of each piece is slightly lighter n color than the main body. 
Exterior is generally homogeneous, except for some small voids. 
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Figure 4.53 Core drilled from original seal (left piece) and its extension (right piece) in bore
hole UA-CB-4. The small pieces at the top end of the extension probably broke off 
during drilling. The core from the original seal has large voids on its exterior. 
Dark materials in voids are bits of gravel and basalt. 
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embedded in the top surface of the upper piece. Rock and plastic bits 

are also embedded in the lower end of the sarne piece. The upper piece 

was cut normal to its axis at about mid-length. The interior at the cut 

was light grey to a depth of 5 to 10 mm. Deeper into the interior, the 

seal material was generally dark grey with smooth texture and a few 

small voids and bits of what appear to be embedded basalt. 

The lower piece (i.e. the core from the original seal) recovered 

from UA-CB-4 is 16 cm in length. At its top, to a depth of about 1 cm, 

the color is slightly lighter. A few bits of rock are embedded in the 

surface. A piece of the core appears to have broken off the bottom end 

of the lower piece. The lower piece was also cut at mid-length. The 

description of the interior is the same as for the upper piece. 

The core from UA-CB-3 was also removed in separate pieces for the 

original seal and its extension. The extensio~ consisted of one large 

piece and two small chips which probably had broken from the top of the 

extension during drilling. The length of the extension, including the 

chips, is 18.5 cm. The extension or upper piece was cut at mid-length. 

At the cut, the core is light grey in color to a depth of .5 to 2 cm 

from the surface. The interior is grey with some areas of darker grey. 

The texture is generally smooth with a few small voids. 

The lower piece (i.e. the core from the original seal) recovered in 

UA-CB-3 was 16.5 cm in length. A large void (about 4 cm by 2 cm by 1.5 

cm deep) and three smaller ones (about 1 to 2 cm by 0.5 cm by .25 to .5 

cm deep) are present on the outer surface. Also on the surface is a 6 

cm by 1.5 cm by 0.5 to 1 cm deep groove extending up from the bottom of 
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the piece and running parallel to the core axis. Bits of gravel and 

basalt are embedded in the groove. Many fine dark particles, probably 

basalt, are embedded along the length of the groove. The groove may be 

similar to the channels observed by Daemen and others (1985, pp. 

121-133). The exterior of the lower piece and the interior to a depth 

of 0.5 to 2 cm (as revealed by a mid-length cut) is a light color and is 

embedded with tiny dark particles. The interior of the lower piece is 

grey with areas of dark grey. The texture of the grey areas is smooth. 

The light areas toward the surface have a fine grainy texture. 

4.3.9 Problems Encountered in Testing 

The primary problems encountered were the high collection rates in 

UA-CB-4 and UA-CB-3, the performance of the packers and tracer injec

tors, and the apparent clogging of the intake filter of the vent line of 

the seal tester. 

To maintain continuous constant-head testing with a high collection 

rate requires frequent flushings. For much of the testing it was not 

possible to flush more than once per day. With high collection volumes 

during a testing interval between flushings, the hydraulic head in the 

collection zone, and therefore the hydraulic gradient driving flow, vary 

significantly in time. The problem was greatly reduced with the addi

tion of the collection chamber to the seal tester. 

Packer performance, specifically the leakage of inflation gas 

through the gland into the collection zone, is believed to have been a 

significant problem. Sliding-head packers frequently develop leaks of 
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inflation gas at the O-ring seal between the sliding head and the man

drel. To prevent leaks of this kind into the collection zone, the seal 

tester was designed with the fixed head of the packer next to the 

collection zone. However, leaks also develop where the exposed part of 

the gland meets the heads. Such leakage at the fixed head enters the 

collection zone directly. The leakage problem became apparent in the 

constant-head injection tests to determine hydraulic conductivity prior 

to seal installation. Before such a test is conducted, the isolated 

zone is shut-in and pressure is allowed to equilibrate with the head in 

the surrounding rock mass. In some of the very tight intervals, the 

equilibration pressures greatly exceeded the hydrostatic pressure for 

the depth of the interval (Table 4.20). Such leakage may have caused 

the sustained rapid rise in head at late times in the head buildup 

tests. 

The problem of the clogging of the intake filter on the vent line 

appeared to affect the testing of all three seals. In at least one 

instance (Table 4.23 for 1/6/85), a filter was found clogged with fine, 

cementitious material in an inspection following removal of the tester 

due to a sudden drop in collection rate. Repeated attempts were made to 

remove the fine sediments which settled on top of the seals by position

ing the intake of a pump on or near the top of the seal and pumping 

vigorously. 



CHAPTER FIVE 

SUMMARY, DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

5,1 Summary and Discussion 

5.1.1 Objectives 
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In-situ tests are presented to quantitatively characterize the 

hydraulic performance of cement grout seals in uncased boreholes. The 

test methods are applied to seals at two field sites. 

5.1.2 Approach 

The proposed tests utilize two basic configurations: one-side and 

two-side. The former configuration (Figure 1.2) is used when there is 

access to only one end of the seal. The latter (Figure 1.3) is used 

when both ends of the seal are accessible. 

The study focuses on seals with a length-to-diameter ratio less 

than about five. Analysis of the tests is performed using two basic 

models: models based on one-dimensional axial flow through the seal and 

axisymmetric three-dimensional models in which flow occurs in both the 

seal and the surrounding rock mass. In the one-dimensional models, the 

seal is assumed to be a homogeneous and isotropic porous medium. In the 

axisymmetric models, the seal and rock mass are each taken as a homoge

neous and isotropic porous medium. 

For each test, the one-dimensional and axisymmetric models are 

presented as boundary-value or initial-boundary-value problems in terms 
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of the equation of ground-water flow and appropriate boundary and ini

tial conditions. For models formulated in this manner, the hydraulic 

characteristics of the seal are expressed by the hydraulic conductivity 

(Ks) and specific storage (Sss) of the seal. For axisymmetric models, 

the conductivity and specific storage of the rock mass (Kr and Ssr) are 

also part of the formulation. 

Analytical solutions are presented for the one-dimensional models 

(Chapter Two). The axisymmetric models are analyzed numerically using 

an available code for ground-water flow (Chapter Three). Procedures are 

given for both types of models for determining hydraulic properties from 

test results. 

The application of the proposed tests (Chapter Four) is at two 

field sites: Oracle Ridge Mine, near Tucson, Arizona and McNary Lock and 

Dam, near Umatilla, Oregon. At the first site, tests using the two-side 

configuration are performed on a seal in a near-horizontal borehole in 

recrystallized limestone. At the second site, one-side tests are per

formed on three seals in vertical boreholes in a dense basalt. 

5.1.3 Tests 

Using the one-side and two-side configurations, three tests are 

proposed for evaluating the hydraulic performance of seals: 

(1) Steady constant-head test (Section 2.2) 

(2) Transient constant-head test (Section 2.3) 

(3) Head-buildup test (Section 2.4) 

Steady flow is assumed in the first test. In the second and third, 
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flow is transient. A fourth test, the tracer travel-time test (Section 

2.5), is presented as a means for detecting the presence of a high

velocity flow path through or around a seal. 

5.1.4 Models 

5.1.4.1 One-Dimensional Models 

One-dimensional analytical models are presented for each of the 

tests, including the tracer test. The one-dimensional model for the 

steady constant-head test yields estimates of the hydraulic conductivity 

of the seal (Ks) in terms of the injection rate and the collection rate 

(Section 2.2.4). If a flow field is adequately represented by the axi

symmetric model with head equal to zero at the exterior boundaries of 

the rock mass, both estimates of Ks from the one-dimensional model are 

upper limits, with the one based on collection rate generally being the 

smaller (Section 3.5.7). 

The one-dimensional model for the transient constant-head test 

yields the hydraulic diffusivity (ratio of conductivity to specific 

storage) of the seal. The steady flow achieved at the end of the test 

may be used to obtain Ks from equations developed for the steady test. 

With Ks known, the specific storage of the seal (Sss) may be obtained 

from the diffusivity. The solution for the transient test is obtained 

by matching a plot of the transient injection rate or collection rate 

from the test against a dimensionless type curve based on the analytical 

solution (Section 2.3.3). 
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A head-buildup test may be analyzed in terms of a one-dimensional 

model to obtain values of Ks and Sss. Three variations of the one

dimensional model are presented (Section 2.4.1). The variations differ 

in initial conditions. Solution values of Ks and Sss are obtained by 

matching a plot of the transient buildup of head in the collection zone 

against a family of dimensionless type curves. If the compressive stor

age of the seal (i.e. the product of Sss and the volume of the seal) is 

either much greater or less than that of the collection zone, only 

partial hydraulic information may be obtained from the test (Section 

2.4.3.4). 

The one-dimensional model of the tracer travel-time test provides 

expressions for the minimum travel time through and around the seal from 

the injection to the collection zone under steady-flow conditions. Com

parison of the travel ~imes based on the model to the observed minimum 

travel time in a test may indicate the existence of a high-velocity flow 

path through the seal or rock mass. Travel times based on the model 

require use of known or estimated seal and rock conductivity and poros

ity values (Section 2.5.3). 

5.1.4.2 Axisymmetric Models 

Axisymmetric models are presented for the steady and transient 

constant-head tests and four variations of the head-buildup test (Sec

tions 3.5.2, 3.6.2, 3.7.2, & Appendix G). For each of the models, the 

flow field is assumed to consist of a homogeneous and isotropic seal 

surrounded by a cylindrically shaped, homogeneous and isotropic rock 

mass with finite but large axial and radial dimensions. Hydraulic head 
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at the axial and radial boundaries of the rock mass is assumed constant 

and equal to zero. The models are presented in terms of dimensionless 

variables for greatest generality. 

The axisymmetric models for the steady and transient constant-head 

tests and one variation of the head-buildup test are investigated numer

ically (Sections 3.5, 3.6, & 3.7). For each model, the response of the 

model to variation in relevant hydraulic parameters is examined. 

Procedures are described for obtaining hydraulic properties from the 

results of a field test. Also, the axisymmetric and one-dimensional 

models are compared. Several additional analyses are performed for the 

model of the steady constant-head test. 

5.1.5 Numerical Analyses of Axisymmetric models 

5.1.5.1 Computer Code 

The numerical model used in the study is the program FLUMPS, devel

oped by Neuman and Narasimhan (1977). FLUMPS is a Galerkin finite

element model which may be used to simulate water flow in a confined 

porous medium under saturated conditions. The program accommodates 

heterogeneous flow regions in two-dimensions or in three dimensions with 

a vertical axis of symmetry. The program has many additional capabili

ties not used in the study (Section 3.3). 

In most simulations, the program seems to provide good accuracy. 

An exception is Figure 4.26, in which the plotted curves are not in the 

proper theoretical sequence. Accuracy appears to be least certain for 
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simulations of the head-buildup test in which parameter ~- (SsrALc/Sc) 

is large. These cases required extremely small time steps, which led to 

excessive computation time, to obtain the best possible accuracy. 

5.1.5.2 Steady Constant-Head Test 

5 1 5.2 1 Effect of Geometric and Hydraulic Parameters on Injection 

and Collection Rates. The following functional relationship, confirmed 

by simulations, holds for the axisymmetric model of the two-side steady 

constant-head test provided the axial and radial boundaries of the rock 

mass are remote (Section 3.5.3): 

Q id , Q cd = f (L s / D , L i / D , L c / D , K r / K s) 

where Qid - Qi/(KsHD) 

Qcd ... Qc/(KsHD) 

dimensionless injection rate 

dimensionless collection rate 

Ls/D 

Li/D 

dimensionless seal length 

dimensionless length of injection zone 

Lc/D dimensionless length of collection zone 

Ks/Kr - conductivity ratio. 

In the preceding expressions, Qi and Qc are, respectively, the 

injection and collection rates in the steady test, H is the injection 

head, and D is the seal or borehole diameter. Quantities Ls , Li, and Lc 

are the lengths of the seal and the injection and collection zones, 

respectively. 

A sensitivity analysis is presented of the effects of Ls/D, Li/D, 

and Lc/D on Qid and Qcd for the two-side test and on Qid for the one

side test (Section 3.5.3). A finding of the study is that in a two-side 

test, for Ls/D greater than about 5 and Kr/Ks greater than 0.1, Qid is 
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not significantly influenced by change in seal length (Figure 3.2). 

Also. Qid for a one-side test with Ls/D - 5 and KrIKs - 0.1 is less than 

4% greater than Qid for the same test but with the lower face of the 

seal and the borehole wall below the seal changed to impermeable bound

aries. Qid becomes insensitive to seal length at shorter seal lengths 

for higher conductivity ratios. This insensitivity to seal length 

indicates that. in the testing of a long seal. the injection rate 

reflects the hydraulic properties of only that part of the seal within 

at most 5 borehole diameters of the injection zone. 

The study examined the effect of gland length of packers on injec

tion and collection rates in a two-side test (Section 3.5.4.1.5). The 

simulations show that for Ls/D between 1 and 4. Li/D and Lc/D between 

0.2 and 2. and Kr/Ks less than 100. Qid and Qcd vary with the length of 

packer glands by less than 5%. so long as the glands are 9 diameters or 

more in length. 

The study also showed that Qid in a one-side test is nearly identi

cal to Qid in the two-side test. for the same Ls/D. Li/D. and Kr/Ks. 

Other findings are presented in Section 3.5.4. 

5,1 5 2 2 Solution Procedures. In general. analysis of a two-side 

test in terms of the axisymmetric model yields a unique solution pair of 

Ks and Kr values. However. if Kr »Ks • the analysis only yields Kr and 

the knowledge that Ks is much smaller. If Kr « Ks. analysis gives Ks 

and knowledge that Kr is relatively small (Section 3.5.5.1). If the 
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analysis of a two-side test yields no solution, then either errors were 

made in measurements or the axisymmetric model does not adequately 

describe the test. 

Two procedures are presented for analysis using the axisymmetric 

model: the intersection and flow-ratio methods (Section 3.5.5.2). Both 

require a series of simulations using a flow field geometrically similar 

to that of the test for a range of conductivity ratios. 

Two-side tests which yield a solution by analysis with the axisym

metric model, mayor may not conform to the assumptions of the model. 

However, assuming no measurement errors, tests which do not yield a 

solution, definitely do not comply with the assumptions. The shorter 

the seal length or length of the injection zone, the greater is the 

probability that tests yielding an axisymmetric solution do meet the 

model assumptions (Section 3.5.6 and Appendix F). 

Analysis of a one-side test yields an injection solution locus, an 

infinite set of solution pairs of Ks and Kr values. Each of the pairs 

will produce the observed injection rate when used in the axisymmetric 

model with full-scale test geometry and injection head. In order to 

obtain the unique solution pair for the seal and rock mass of the test, 

one of the values must be known independent of the test (Section 

3.5.5.1). In principle, another way to obtain the unique pair is to 

perform the test a second time using a different injection length. The 

intersection of the solution loci for the tests is the unique pair. The 

latter method was not investigated in the study. 
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5 1.5.2.3 Sensitivity of Solution Values to Errors in Flow-Rate 

Measurement. The effect of error in the measurement of injection and 

collection rates on calculated values of Ks and Kr in the two-side test 

is examined for two seal lengths (Ls/D - 0.5 and 4.0), two injection 

lengths (Li/D - 0.6 and 2.0), and two lengths of the collection zone 

(Lc/D - 0.6 and 2.0) over a range of conductivity ratios (0.1 to 10) 

(Section 3.5.6). 

In general, the computed seal conductivity is less sensitive to 

errors in flow-rate measurement for the shorter seal, the shorter injec

tion zone, and shorter collection zone. The computed rock conductivity 

is less sensitive to these errors for the longer seal and injection zone 

and for the shorter collection zone. 

Generally, the sensitivity of the calculated seal conductivity to 

measurement error decreases as the conductivity ratio decreases. The 

sensitivity of the calculated rock conductivity generally decreases as 

the conductivity ratio increases. 

Errors in the measurement of injection and/or collection rates gen

erally result in greater error to calculated seal conductivity than to 

the conductivity calculated for the rock mass. 

The results of the comparisons are presented in Tables 3.la, b, and 

c. 

5 1 5.2.4 Comparison of Axisymmetric and Qne-Dimensiona] Models 

Seal conductivities obtained by one-dimensional analysis using 

injection and collection rates from axisymmetric simulations are com

pared to the seal conductivities used in the simulations (Section 
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3.5.7). The comparisons are useful for evaluation of a one-dimensional 

analysis of a field test provided the axisymmetric three-dimensional 

model reasonably describes the actual test. 

The results are presented in terms of the ratio of Ksic to Ks and 

Kscc to Ks. The quantity Ksic is the seal conductivity calculated 

assuming all injection flow of an axisymmetric simulation is axial flow 

through the seal. Similarly, Kscc is the seal conductivity calculated 

assuming all collection flow is axial flow through the seal. Ks is the 

conductivity of the seal used in the simulation. 

In general, Ksic is greater than Ks and increases with respect to 

Ks as seal length, injection length, length of collection zone, and/or 

conductivity ratio increase. For sufficiently small conductivity 

ratios, Ksic is approximately equal to Ks. For example, in the simu

lations presented, for Ls/D - 1.0, Ksic is approximately equal to Ks for 

Kr/Ks < 0.01. 

In general, Kscc is greater than Ks and increases with respect to 

Ks as seal length, injection length, length of collection zone, and/or 

conductivity ratio increase. In the simulations presented, Kscc is 

approximately equal to Ks for seal lengths up to 4 diameters and Kr/Ks < 

0.1. 

For very small conductivity ratios, Ksic is approximately equal to 

Kscc. For other ratios, Ksic is greater than Kscc for the same test 

geometry. 

The relationship of Ksic to Ks for the one-side test is very nearly 

the same as that for the corresponding two-side test. 



482 

5.1.5.3 Transient Constant-Head Test (Two-Side Test Only) 

5,1 5,3,1 Effect of Hydraulic Parameters on Transient Injection 

and Collection Rates. For a given scale of test geometry, the transient 

constant-head test may be described by the following functional rela

tionship (Section 3.6.3): 

Q Id , Q cd = f ( K r / K s ' 6 , t d ) 

where 6 - Ssr/Sss and td - Ks t/(SssD2). Equivalently, the relation

ship may be expressed as 

Q Idr ' Q cdr = f ( K r / K s , 6 , t dr ) 

where Qidr - Qi/(KrHD), Qcdr - Qc/(KrHD), and tdr - Kr t/(SsrD2 ). 

Using a constant test geometry, the variation of Qid and Qcd with 

td is plotted for a range of conductivity ratios and 6 values. Similar 

plots are made in terms of Qidr, Qcdr, and tdr' 

For a given geometry and value of 6, the curves of transient injec

tion and collection rates vary in shape with Kr/Ks. For very large and 

very small conductivity ratios, the curves converge to a particular 

shape. Plots of transient injection and collection rate for constant 

Kr/Ks and a range of 6 values behave in a similar manner, converging to 

a particular shape when 6 is either very large or small. A curve to the 

shape of which a series of curves converges is called a "limiting 

curve". 

5,1 5 3,2 Solution Procedures. Solution procedures are presented 

for the general case (in which neither seal nor rock hydraulic proper

ties are known in advance), the case in which the conductivity and spe-
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cific storage of the rock mass are known independent of the test, and 

the case in which a steady state is achieved in the test (Section 

3.6.5). 

All of the solution cases involve matching a curve of the transient 

injection and/or collection data against dimensionless type curves 

(curves of Qid and/or Qcd versus td or Qidr and/or Qcdr versus tdr). 

The general case is the most difficult to perform and most subject 

to error as it involves matching a curve of the test data against multi

ple series of type curves to find a single best match. For the other 

cases, the procedure is simplified and accuracy should be improved. If 

the test data matches one of the limiting curves, then only partial 

hydraulic information for the seal and rock mass can be obtained from 

the test. 

In general, obtaining a unique solution is not assured. Identi

cally shaped or nearly identically shaped type curves may exist for 

different combinations of properties. 

If the test data does not match the shape of any of the type 

curves, then the range of the type curves must be increased (out to the 

limiting curves, if necessary), or measurement errors were made in the 

test, or the test conditions are not adequately modeled by the axisym

metric model. 

In principle, the test may be performed using either the one-side 

or two-side configuration. If performed as a two-side test, either the 

transient injection or transient collection data or both may be used to 

obtain hydraulic properties. However, the variation in shape for the 



484 

injection curves is minimal. Thus obtaining an unambiguous match with 

injection data alone may be difficult or impossible. In general, a 

solution by matching is probably best accomplished by using the two-side 

configuration for the test and matching both the injection and collec

tion data. 

5,1,5 3,3 Comparison of Axisymmetric and One-pimensional Models. 

The transient injection and collection rates of the one-dimensional 

model match closely those of the axisymmetric model when Kr/Ks ~ 0.01 

and 6 ~ 0.01, conditions for one of the limiting curves. For that lim

iting curve, only the hydraulic properties of the seal (Ks and Sss) are 

significant and Qid and Qcd are functions of td only. 

The axisymmetric and one-dimensional models were compared by using 

the one-dimensional model to compute the hydraulic diffusivity of the 

seal from the results of simulations of the transient constant-head test 

using the axisymmetric model. In general, the one-dimensional analysis 

of both injection and collection rates yielded diffusivity values within 

a factor of 3 to 4 of the simulation values for Kr/Ks ~ 0.1 and 6~ 1. 

The one-dimensional analysis yielded its most accurate values for the 

axisymmetric diffusivity for Kr/Ks ~ 0.01 and 6 ~ 0.01 (Section 3.6.6). 

5.1.5.4 Head-Buildup Test (First Recovery Variation) 

Four variations of the axisymmetric model of the head-buildup test 

are presented. The variations differ in initial conditions and in the 

head maintained at the axial and radial boundaries (Appendix G). One of 

the variations, the first recovery, is examined by numerical simulation. 
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5.1.5.4 1 Effect of Hydraulic Parameters on Head Buildup. For a 

given scale of test geometry, the following functional relationship 

holds for the first recovery variation of the head-buildup test (Section 

3.7.3): 

where Hd - hc/H is the dimensionless head buildup and ~ - SssALs/Sc. 

In the preceding equations, hc is the head in the collection zone, 

A is the cross-sectional area of the seal or borehole, and Sc is the 

compressive storage of the collection zone, a quantity obtained by sepa

rate experiment. In the functional relationship, td may be replaced by 

other expressions for dimensionless time including tdr, tdsc -

KsAt/(ScLs), and tdrc - KrAt/(ScLs). Also, parameters ~ and~

SsrALc/Sc or ~ and6 may be used instead of ~ and b. 

Using a constant test geometry and constant values of ~ and b, plots 

of Hd versus td (i.e. dimensionless buildup curves or type curves) are 

presented for a range of conductivity ratios. The shape of the buildup 

curves is significantly influenced by the conductivity ratio. The 

greater is Kr/Ks, the more rapid is buildup at early dimensionless times 

and the lower is the peak buildup achieved. The peak buildup depends 

only on Kr/Ks in a finite rock mass in which steady conditions are 

achieved. For very large and very small conductivity ratios, the 

buildup curves appear to converge to a particular limiting-curve shape 

(Section 3.7.4.1). 

For a constant test geometry and constant Kr/Ks, buildup curves are 

presented for a range of ~ and b values. In general, for a constant 
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value of~, the curves vary in shape with 6, and curves vary in shape 

with ~ for constant 6. However, for constant ~ and very large or very 

small 6, the curves converge to a particular limiting-curve shape. A 

similar convergence to the shape of a limiting curve occurs for constant 

6 and very large or very small ~ (Section 3.7.4.2). 

5,1 5 4,2 Solutiop Procedures. A general procedure is presented 

for determining the hydraulic properties of the seal (Ks and Sss) and 

rock mass (Kr and Ssr). A simplified procedure, is presented for the 

case in which Kr and Ssr are known independent of the test. The solu

tion procedures involve matching the test data against families of 

dimensionless buildup curves (type curves) for a range of Kr/Ks, ~, and 

6 values (Section 3.7.5). 

An advantage of the first recovery variation over the second recov

ery and impulse variations is that the steady peak buildup attained at 

the conclusion of the test depends only on and is very sensitive to 

Kr/Ks. Provided a steady peak buildup is attained or approached in a 

test, this dependency allows Kr/Ks to be determined readily and accu

rately without knowledge of other parameters. Thus the matching problem 

is reduced from three parameters to only two (~ and 6). For the second 

recovery and impulse variations, the peak attained in the test is the 

same, regardless of Kr/Ks or other parameters. Thus obtaining an unam

biguous match is much more difficult. 

If the data curve matches one of the limiting curves, then only 

partial hydraulic information can be determined from the test. 



In general, obtaining a unique solution is not assured. Identi

cally shaped or nearly identically shaped type curves may exist for 

different combinations of parameters. 
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Whenever possible, the properties of the rock mass (Kr and Ssr) 

should be determined independent of the test. This permits use of the 

simplified procedure and should result in greater accuracy by reducing 

by one the number of parameters to be determined by matching (Section 

3.7.5). 

Failure to obtain a suitable match for the data curve indicates 

either that the families of type curves must be expanded (out to the 

limiting curves, if necessary), errors in measurements were made in the 

test, or the test does not adequately conform to the assumptions of the 

model. 

5,1,5 4,3 Comparison of Axisymmetric and One-pimensional Models 

The axisymmetric and one-dimensional models of the first recovery varia

tion of the head-buildup test are compared for a range of Kr/Ks, ~, and 

6 values (Section 3.7.6). 

Peak buildups in the axisymmetric model that are comparable to 

those of the one-dimensional model are only attained when Kr/Ks « 1. 

This condition results from the exclusive dependence of the peak buildup 

in the axisymmetric model on the conductivity ratio. 

Except for buildup values near the peak, the axisymmetric model is 

in close agreement with the one-dimensional model for all simulations in 

which Kr/Ks « 1, ~« 1, and 6 « 1 or Kr/Ks « 1, ~« 1, and ~ « 1. 

Each of these conditions corresponds to a limiting curve. The first is 
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the limiting curve for the case in which Kr and Ssr are insignificant. 

For this case, Hd is a function of td and ~, which is comparable to the 

general one-dimensional model. The second condition corresponds to the 

limiting curve for the case in which Kr , Ssr, and Sss are insignificant. 

For this case, Hd is a function of tdsc - KsAt/(ScLs), which is compara

ble to the one-dimensional model for ~ approaching zero. 

Though not demonstrated in the study, the axisymmetric and 

one-dimensional models should also compare closely for the situation 

when Kr/Ks « 1, 6 « 1, and ~ »1. For this case, Kr , Ssr, and Sc are 

insignificant and Hd is a function of td. This case is comparable to 

the one-dimensional model for ~ approaching infinity. 

5.1.6 Field Applications 

Applications of the methods of seal testing were applied at two 

field sites: Oracle Ridge Mine, near Tucson, Arizona, and McNary Lock 

and Dam, near Umatilla, Oregon. 

5.1.6.1 Oracle Ridge Mine 

At the Oracle Ridge Mine, a seal, 10 cm in length, was installed in 

a nearly horizontal borehole in recrystallized limestone. The hole was 

10 cm in diameter, 33 m long and connected two drifts. With access to 

both ends of the borehole, tests using the two-side configuration were 

performed over a 3 1/2-year period from May, 1983 to November, 1986. 

5,1 6,1 1 Preliminary Surveys and Installation of Seal. The 

criteria for selecting the seal location were (1) absence of 
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hydraulically significant fractures; (2) low effective hydraulic conduc

tivity of the interval; and (3) convenience for seal installation and 

testing (Section 4.2.2). 

Preliminary surveys to assist in the selection process consisted of 

logging of core, video logging of the borehole, and constant-head injec

tion tests using a straddle-packer unit (Section 4.2.2.1). Core logs 

were screened to determine intervals with competent intact rock and low 

fracture density. The video log was intended to provide a clear, ori

ented view of the borehole interior. However, due to uncontrolled jerk

ing and rotation of the camera in the hole the log was of marginal use. 

Packer testing was performed in selected intervals of the borehole. 

Constant-head injection tests of short (15 minutes), intermediate (60 

minutes) and long (about 2 to 4 days) duration were conducted. Results 

in the interval selected for the seal indicated an effective hydraulic 

conductivity of 3 x 10-10 to 3 x 10- 9 cm/sec (Section 4.2.2.1.3). 

The location selected for installation of the seal was about 3 m 

from the lower end of the borehole, which permitted relatively conve

nient access to the seal from that end. A grout mass about 1.5 m in 

total length was installed using a dump bailer. The grout slurry was 

placed above a temporary mechanical plug installed below the seal loca

tion. Natural ground water in the hole, if any, was minimal during 

placement. After 13 days of curing, the grout mass was drilled out from 

both ends, leaving a seal 10 cm long in place (Section 4.2.3). 
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5,1,6 ],2 Distribution of Water in Rock Mass. The following 

observations are made about the distribution of water in the rock mass 

near the seal: 

(1) The walls of the drift near the lower end of the borehole where 

the seal was located are dry year-around. The borehole itself below the 

collection system appeared generally dry also. There is some moisture 

on walls at the upper end but much of that may be due to condensation 

from warm moist natural ventilation (Section 4.2.1.3). 

(2) Injection above the seal was nearly continuous from July 1983 

to November 1986 at injection heads of 1900 to 3400 cm (Section 

4.2.4.1). 

(3) Two piezometers were installed in the rock mass at the eleva

tion of the seal. The piezometer tips were 3.6 m apart and the seal lay 

approximately mid-way between them. The piezometers were operational 

from November 1985 to September 1987. One of the piezometers consis

tently indicated heads under 500 cm as injection continued and heads 

under 400 cm for seven months after termination of injection. The other 

piezometer registered heads between 1600 and more than 1900 cm during 

injection and between 1200 and 1600 cm after its termination (Section 

4.2.1.3). 

(4) During the performance of a head buildup test (12/17/84 to 

2/1/85), a test in which the collection zone is shut-in and the collec

tion rate is near zero, the injection flow (at a head of about 1900 cm) 

was in reverse in the flow tubes of the injection pump. The reversed 

flow 



indicates that flow was from the formation into the injection zone 

(Section 4.2.4.3.5). 
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(5) During periods of constant-head testing before and after the 

head buildup test, the injection rate was significantly less than the 

collection rate. The periods were from 9/19/84 to 12/17/84 and 2/1/85 

to 4/22/85. The injection heads during these periods were from 1810 to 

1950 cm. For the five months prior to the first period, the injection 

head was from 1890 to 1940 cm (Section 4.2.4.1.3). 

Based on these observations, the zone around the seal appears to be 

saturated but the distribution of head appears complex. The relatively 

high heads in the formation indicated by the one piezometer, the flow 

reversal, and injection rates less than collection rates appear due to 

more than injection alone. Hydraulic connection of at least part of the 

rock mass near the seal with a source at significant natural head seems 

probable. Comparable head variations for closely spaced piezometers 

have been reported by others (e.g. Sowers, 1976). 

5 ] 6 1,3 Steady Constant-Head Test. The primary test performed 

was the steady constant-head test. Results were analyzed using both one

dimensional and axisymmetric models. The axisymmetric analysis (Section 

4.2.4.1.4) was performed assuming a non-zero, unknown head at the axial 

and radial boundaries. The average results of three test periods (incl

uding part of one of the periods cited above in which collection exce

eded injection) were used in the analysis. Using any two of the three 

periods allowed determination of seal and rock conductivities and the 

unknown head at the axial and radial boundaries. The analysis yielded 
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three values of seal conductivity between 3 x 10-10 and 6 x 10-10 cm/sec 

and averaging about 4 x 10-10 cm/sec. All three values of rock conduc

tivity were 3 x 10-10 cm/sec. The values of the unknown boundary head 

ranged between 3100 and 3400 cm and averaged about 3200 cm. 

In the axisymmetric model presented in Section 3.5, head at the 

axial and radial boundaries of the rock mass is assumed equal to zero. 

The solution for this model was obtained for two of the three periods 

considered in the analysis discussed above. A solution is not possible 

for this model for the case in which collection flow exceeds injection. 

The values of Ks for the two periods in which injection exceeded collec

tion are 9 x 10- 10 and 1.3 x 10- 9 cm/sec or about 1 x 10- 9 cm/sec. The 

values of Kr for the two periods are 5 x 10-11 and 1.2 x 10-10 or about 

8 x 10-11 cm/sec. 

The hydraulic conductivity of the seal based on one-dimensional 

injection flow was calculated for each test interval over the 3 1/2-year 

period of testing. The calculated conductivities generally decline 

gradually as testing proceeds. The sharpest drop is at the beginning of 

testing. Calculated conductivity dropped by a factor of about 30 

between tests on May 17 and May 27, 1983. For the two test periods 

considered in the axisymmetric analysis in which injection exceeded col

lection rate, the calculated seal conductivity based on one-dimensional 

injection flow averaged 3 x 10- 9 cm/sec. A simple analysis showed this 

value to be an upper limit for seal conductivity based on the axisymmet

ric model with constant head of 3200 cm at the exterior boundaries of 

the rock mass (Section 4.2.4.1.4). 
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Seal conductivity also was computed based on the assumption of one

dimensional collection flow for all steady constant-head testing from 

August 1984 to November 1986. In general, the calculated values of 

conductivity also decreased gradually over the course of testing. The 

average conductivity for the three periods considered in the axisymmet

ric analysis was 1 x 10- 9 cm/sec. The analysis referred to in the 

previous paragraph showed this to be an upper limit value also (Section 

4.2.4.1.4). 

Nearly the same values of Ks were obtained by the one-dimensional 

analysis at different injection pressures. This is consistent with 

linear-laminar flow in accord with Darcy's law and also suggests that 

injection pressures were below levels which might open fractures or 

alter the conductivity of the seal or rock mass. 

For the testing program at Oracle Ridge Mine, the results of the 

steady constant-head test appear to be the most reliable, based upon 

their consistency, particularly of the collection data, throughout the 

testing period. 

The cause of the gradual decline in injection and collection rates 

over time is not known. However, the decline appears not due to changes 

in hydraulic head in the rock mass. Most head changes in the rock mass 

would affect the injection and collection flows in an opposite manner. 

For example, if head in the rock mass were to increase, the injection 

rate would tend to decrease but the collection flow would increase. 

Thus it seems most likely that the effective conductivity of the seal, 

the rock, or both is slowly decreasing. 
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5,1,6,1,4 Transient Constant-Head Test. A transient constant

head test in which only collection rate was monitored was performed on 

the seal at the Oracle Ridge Mine. A one-dimensional analysis yielded 

an hydraulic diffusivity (Ks/Sss > of 7 x 10-3 cm2/sec. Assuming the 

steady collection flow at the end of the test is one-dimensional flow 

through the seal, the hydraulic conductivity is calculated as 7 x 10-10 

cm/sec. Using this conductivity, a specific storage for the seal of 1 x 

10-7 cm- l is obtained from the diffusivity. 

The transient constant-head test was very difficult to monitor. 

The profile of very low and rapidly changing flow rate deviates consid

erably from the theoretical smooth transition. In the test setup, a 

small air pocket existed at the apex of the collection zone and a large 

part of the volume of the collection zone was in flexible tubing. The 

erratic measured collection rate may be due in part to compliance and/or 

inertial factors. Such a test would seem to require a collection zone 

of minimum volume and maximum rigidity and free of gas pockets. The 

same requirements hold for the injection zone if transient injection 

rate is measured. 

5 1,6 1 5 Head-Buildup Test. A head-buildup test (first 

recovery variation) was performed (Section 4.2.4.3). The test was ana

lyzed using both one-dimensional and axisymmetric models (Section 

4.2.4.3.5). Values of 5 x 10- 9 cm/sec and 7 x 10- 5 cm- l were obtained 

for conductivity and specific storage in the one-dimensional analysis. 

The axisymmetric analysis was performed assuming head at the exterior 

boundaries of the rock mass was equal to zero. The solution values of 
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seal and rock hydraulic properties were not unique; that is, the data 

curve appeared to match reasonably well more than one type curve. How

ever, the seal properties for all solutions were quite consistent: a 

seal conductivity of 6 x 10-9 cm/sec and specific storage of about 1 x 

10-4 cm- l . The analysis gave a rock conductivity of 1 x 10-10 cm/sec 

and specific storage of 2 x 10- 7 cm- l or smaller. 

In analysis of the head-buildup test, the calculated values of Ks 

and Sss depend on the compressive storage, Sc. The compressive storage 

was obtained in the laboratory in a steel pipe and varied by a factor of 

five over the pressure range of the collection zone in the field test 

(Section 4.2.4.3.4). The variation may have been due to the compliance 

of the packer or possibly to the presence of air in the system, though 

every effort was made to eliminate air. Use of a smaller injection head 

to reduce the magnitude of buildup in a test may help minimize effects 

due to the variation in Sc. 

For the test setup at Oracle Ridge Mine with the collection system 

on the lower side of the seal, it is difficult to remove all air from 

the collection zone. Since the presence of air can significantly affect 

the shape of the buildup curve (Gale and Raven, 1979, pp. 23, 26, & 29), 

the test might have been improved by establishing the collection zone 

for this test on the upper side. 

In the axisymmetric analysis of the test, the determination of 

Kr/Ks was made unambiguously without knowledge of other properties, even 

though a true steady peak buildup was not achieved. This determination 
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was possible because in the first recovery variation of the head-buildup 

test the late-time shape of the curve is greatly influenced by the con

ductivity ratio (Section 3.7.4.1). 

5 ] 6 1,6 Tracer Trayel-Time Test. A tracer travel-time test 

was performed (Section 4.2.4.4). In the test, a bromide tracer, 

injected under constant head on one side of the seal, was detected on 

the other side after 565 minutes of injection. This travel time is 

consistent with relatively rapid flow through a fracture or highly con

ductive zone at the seal/rock interface and is not consistent with 

either flow through the intact grout or through the intact limestone. 

This analysis is based on assumed values of interconnected porosity for 

the seal core of 5% and 2% for the intact rock mass. Since travel time 

varies directly with porosity according to the model (Section 2.5.3), 

these assumptions are significant. The detection limit for the tracer 

was about 0.1 ppm. A shorter minimum travel time might have been 

obtained by a more sensitive detection system and/or more frequent sam

pling. 

5 1,6 1,7 Dye Injection, Seal Remoyal and Inspection. A dye was 

injected into the seal for a period of 48 days. At the end of that time 

the seal was removed by overcoring. The core of the seal appeared 

homogeneous in color and texture, free of voids. There was, however, 

significant staining along the interface at the top of the seal, sug

gesting this was a significant flow path (Section 4.2.4.5). 
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5.1.6.2 McNary Dam 

Seals were installed in three of six vertical boreholes drilled in 

basalt at McNary Lock and Dam on the Columbia River, near Umatilla, 

Oregon. The holes, 10 cm in diameter, ranged in depth from 47 to 71 m. 

The seal in UA-CB-1 (19 cm long) was installed in September, 1983 and 

was tested from October, 1983 to September, 1985. The original ·sea1s in 

holes UA-CB-4 and 3 (16 and 16 1/2 cm long, respectively) were installed 

in February, 1984. Due to extremely high collection rates in initial 

steady constant-head testing, the seals in UA-CB-4 and 3 were lengthened 

(to 36 and 35 cm) in May, 1984 by placement of a second batch of grout 

immediately above the original seal. The lengthened seals were tested 

from May, 1984 to September, 1985. The three seals ranged in depth from 

29 to 37 m below the local water table. 

S 1 6 2] Preliminary Surveys. The criteria for selecting the 

seal locations at McNary Dam were (1) absence of hydraulically signifi

cant fractures; (2) low effective hydraulic conductivity for the inter

val; and (3) maximum depth (Section 4.3.2). Since testing was to rely 

on natural hydrostatic pressure to drive flow, the latter requirement 

was believed necessary to maximize what were expected to be very low 

flow rates. 

Preliminary surveys used in the selection process consisted of 

analysis of core logs and downhole photographs and constant-head injec

tion tests using a straddle-packer system (Section 4.3.2.1). The U.S. 

Army Corps of Engineers made color photographs covering the length of 

each of the boreholes using a special downhole still-picture camera. An 
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analysis of the photographs using Corps of Engineer equipment was made 

to log location, orientation, width estimate, and visible characteris

tics of fractures. The photograph and core analyses were essential to 

preliminary screening of the holes to determine intervals most promising 

for the installation of seals and for packer testing. 

Packer testing using the constant-head injection test was performed 

in selected intervals of the three holes which received seals. In each 

test, injection was sustained for from one to eight days until approxi

mately steady flow was achieved. Conductivity was calculated using the 

flow rate toward the end of the test (Section 4.3.2.1.2). 

Prior to testing, an isolated interval was shut-in and allowed to 

equilibrate with formation pressure. The equilibration required periods 

from 12 to 24 hours or longer for tight intervals and may then have been 

only approximately achieved. A significant problem became evident in 

tight intervals of UA-CB-4. Equilibration in several intervals occurred 

at erroneously high pressures. The problem appears due to the leakage 

of minute quantities of inflation gas from the packers into the isolated 

zone, which caused pressure in the interval to rise far above formation 

pressure. In intervals of high conductivity, the phenomenon was not 

observed, perhaps because equilibration occurs much more rapidly and the 

released gas is readily dispersed into the formation. Leaking of 

packer-inflation gas leading to erroneously high equilibration pressures 

has been noted by Forster and Gale (1981, p. 33). 
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5,1 6,2 2 Seal Installation. The seals were placed under 

submerged conditions using a bailer. Mixing with ground water occurred 

to some extent in all three of the installations. The evidence for 

mixing was the lighter color of the exterior of the cores removed from 

the seals at the end of testing (Section 4.3.8). 

The mixing probably resulted from turbulence created when the stop

per is removed from the base of the bailer. Other mixing may occur when 

the bailer is withdrawn, as in the case of the original seal in UA-CB-3. 

Since the seals were removed by coring rather than overcoring, the 

extent to which the channeling phenomenon occurred in these installa

tions is unknown. The linear groove extending parallel to the axis of 

the original seal in UA-CB-3 may be arl extensive channel (Section 

4.3.8). 

5,1,6 2 3 Downhole Instrumentation. The downhole instrumentation 

consisted of the pressure-temperature recorder, the tracer injector, and 

the seal tester (Section 4.3.3). The pressure-temperature recorder per

formed satisfactorily but was probably unnecessary in these tests. Ade

quate temperature measurement may be made by attachment of a sensor to 

the seal tester. Pressure beneath the seal could have been adequately 

measured before seal installation by isolating the hole below seal depth 

with a single packer and allowing pressure to equilibrate. Variation in 

the water table was not significant. 

The failure of the tracer injectors was a major loss to the pro

gram. The cylinders used to contain the tracer were a crucial part of 

the design. Assuming the timers performed correctly, the cylinders 



500 

apparently leaked the tracer in advance of the release date. Also, the 

unit was difficult to fit in the housing. Some tubing connections may 

have developed leaks as a result of stress during loading into the hous

ing (Section 4.3.7.6). 

The seal tester performed well, except for the following: 

(1) The vent line or the intake filter on the vent line may have 

clogged periodically, resulting in reduction of the collection rate to 

or near zero. 

(2) The packer in some cases may have leaked inflation gas into the 

collection zone, affecting collection rates (Section 5.1.6.2.4) and 

head-buildup rates (Section 5.1.6.2.5). 

The frequent occurrence of clogging cannot be confirmed. However, 

on one occasion, the intake filter was found caked with cementitious 

sediments in a surface inspection which followed a reduction of the 

collection rate to zero (Section 4.3.9). It is possible that sediments 

responsible for clogging in other instances were effectively "back

washed" from the filter or vent line in the process of raising the seal 

tester to the surface. 

5,1 6 2 4 Steady Constant-Head Tests. For UA-CB-l, collection 

rates varied from about 4 to 100 cm3/day for tests with a 36-cm collec

tion zone. The most consistent period of testing was the first four 

months (10/30/83 to 2/24/84) during which collection averaged 4.3 

cm3/day, which corresponds to a conductivity based on the one

dimensional model of 4 x 10- 9 cm/sec. Thereafter, measured collection 

rates increased and averaged between 34 and 99 cm3/day from 7/26/84 to 
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4/25/85. Such rates correspond to one-dimensional conductivities of 

from 3 to 9 x 10-8 cm/sec. On four occasions, the collection rate 

declined fairly rapidly from a high value to or near zero, possibly due 

to clogging of the vent line or its intake filter or due to leakage of 

packer-inflation gas into the collection zone. During a final brief 

period of testing (9/2 to 9/12/85) with a new packer and a shorter 

collection zone (14 cm), collection rates were again as low as the first 

period of tests. The reasons for the variation in collection rates are 

not certain. It seems unlikely that the hydraulic qualities of the 

seal/formation would degrade so as to cause the increased flow rates of 

the middle period. It is possible, though unlikely, that the filter or 

vent line was partially clogged during the initial period when rates 

were low. It is unlikely because, in other instances, where clogging is 

suspected, it developed fully relatively quickly over a period of a few 

days to a few weeks. It seems more likely that the low flow rates of 

the first and last periods reflect the true hydraulic character of the 

seal/formation and that the higher rates for the middle period of test

ing are erroneous. Leakage of water into the flush or vent lines is a 

possible cause of high collection volumes. However, the system was 

repeatedly checked for leaks and none were found. Another mechanism 

causing high collection rates is leakage of water past the packer due to 

a poor seal between the packer gland and the borehole wall. However 

this is also considered unlikely due to the smoothness of the borehole 

walls and the absence of significant fractures. 
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Another possible cause of erroneously high flow rates is leakage of 

inflation gas into the collection zone, causing high flushed volumes as 

an expanding gas pocket displaces water from the collection zone into 

the vent and flush lines or collection chamber. Once the collection 

zone is drained to the vent-line intake, the flushed volumes diminish, 

perhaps approaching levels expected without leakage. By this theory, 

the periods of "near zero" flow observed during testing could correspond 

to these periods of diminished flushed volume following the drainage of 

the collection zone. Also, the low flow rates of the final test period 

might be due in large part to the use of the new packer, assuming its 

gas leakage was significantly less than that of the original packer. 

This theory, however, does not seem to explain the total absence of any 

flushed volume, which was often observed. A "zero" flow seems better 

explained by clogging or by gas leakage and clogging. 

An axisymmetric analysis of the results of the steady test for UA

CB-1 was performed. By this analysis, the low collection rates observed 

in the initial four months of testing require a rock mass conductivity 

of 10- 10 cm/sec or less. This is about an order of magnitude less than 

the conductivities of the rock mass obtained in the injection tests 

prior to seal installation. However, as discussed in Section 4.3.7.1.3, 

conductivities of dense basalt less than 10- 10 cm/sec are quite possible 

and such a low conductivity in a 36-cm collection zone could have been 

undetected in the injection tests which used a 60-cm test interval. 
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For UA-CB-4, the high collection rates of the first 20 days were 

followed by a drop in rate of more than two orders of magnitude, prob

ably due to the hydration of the cement and its expansion. From 5/10/84 

to 8/22/85, the calculated conductivity varied from about 2 x 10- 7 to 2 

x 10- 8 cm/sec. In a final series of tests with a shortened collection 

zone, conductivity averaged about 1 x 10- 7 cm/sec. On four occasions 

during testing, the collection rate dropped quickly from a high rate to 

near zero, possibly due to clogging and/or to leakage of packer

inflation gas. 

For UA-CB-3, collection rates were consistently very high for the 

first two months of testing. In the first two months after the seal was 

lengthened, the calculated conductivity dropped by about two orders of 

magnitude. Thereafter, testing showed a consistent conductivity of 

about 3 x 10- 7 cm/sec. On eight occasions, the collection rate dropped 

quickly from a high rate to near zero, again, possibly due to clogging 

and/or gas leakage. 

5.1 6.2 5 Head-Buildup Tests. A head-buildup test, second 

recovery variation, was performed on the seal in UA-CB-1. In an analy

sis with the one-dimensional model, the best match was for the limiting 

curve for ~ - O. The data curve matches the limiting curve well at 

early times but deviates at middle and late times, as it continues to 

rise at a steep slope until termination (Section 4.3.7.3). Due to an 

oversight, the compressive storage was not determined for this test. In 

terms of Sc, the hydraulic conductivity (in cm/sec) from the test 

results is (1.97 x 10- 7)Sc, for Sc in cm2 . Using Sc - 8 x 10- 3 cm2 , an 
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average of the values obtained for tests in the other holes, gives Ks -

2 x 10- 9 em/sec. This value of Ks compares well with the conductivity 

obtained from the one-dimensional analysis of the first and last testing 

periods of the steady constant-head test. At the conclusion of the 

test, the pressure in the collection zone was 13% greater than the depth 

of the collection zone below the water table. Based on the deviations 

of the data curve from the type curves, the high equilibration pressure, 

and the use of an average Sc from tests in the other boreholes, the 

calculated Ks must be viewed with caution. Sss cannot be obtained in 

the analysis since the match was with the limiting curve. 

In an axisymmetric analysis of the test in UA-CB-l, a good match 

for late times could not be obtained. The best match for the range of 

type curves used was for Kr/Ks - I, ~ - 0.01, and ~- SsrALc/Sc - 0.001. 

The match-point values yield a calculated Ks of (4.8 x 10-8)Sc, or Ks -

4 x 10- 10 em/sec using the average Sc from the other tests. Continuing 

the analysis, calculated values of Sss, Kr , and Ssr are 5 x 10- 8 em-I, 4 

x 10-10 em/sec, and 6 x 10- 9 em-I. These results must be viewed with 

the same cautions as for the one-dimensional model. 

An impulse head-buildup test was performed in UA-CB-4 and was ana

lyzed with the one-dimensional model. The best match was for the limit

ing curve for ~ - O. The match was reasonably close for middle times 

but deviated at early and late times. The compressive storage of the 

collection zone was determined to be 1.3 x 10- 2 cm2 using the field 

method described in Section 4.3.7.2. The calculated Ks for the test is 

3 x 10- 8 em/sec, which is in reasonable agreement with values obtained 
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from the one-dimensional analysis of the steady test. Specific storage 

cannot be obtained from the test because the match was with the limiting 

curve. At the conclusion of the test, the equilibrated pressure in the 

collection zone was 6% greater than the depth of the collection zone 

below the water table. 

An impulse head-buildup test was also performed in UA-CB-3 and ana

lyzed with the one-dimensional model. The best match, determined by 

visual interpolation, was for ~ - 0.2. Sc, obtained using the field 

method, was 3.0 x 10- 3 cm2 . From the analysis, Ks - 3 x 10- 8 em/sec and 

Sss - 2 x 10- 7 em-I. The value of Ks is about an order of magnitude 

lower than that obtained from the one-dimensional analysis of the steady 

test. The value of Sss is an order of magnitude larger than that 

obtained in the axisymmetric analysis of the test in UA-CB-l but compa

rable to that obtained from the transient constant-head test at Oracle 

Ridge Mine. The value of Sc is about an order of magnitude lower than 

that obtained for UA-CB-4 and for the test at Oracle Ridge Mine. If Sc 

for UA-CB-3 were comparable to these other values, the calculated con

ductivity would compare closely to values obtained from the steady test. 

The equilibrated pressure at the end of the test was 4% greater than the 

depth of the collection zone below the water table. 

For the test configuration at McNary Dam, the head-buildup test can 

only be performed using the impulse or second recovery variations. For 

these variations, equilibration always occurs at the same head, that of 

the formation. Also, for these variations, the shape of the buildup 

curve is only slightly sensitive to Kr/Ks, other hydraulic parameters 
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held constant. Thus obtaining an unambiguous match is much more diffi

cult for the impulse and second recovery variations than for the first 

recovery or step variations. For these latter variations, the shape of 

the late-time portion of the curve is very sensitive to KrIKs and the 

peak buildup attained under steady conditions depends exclusively on 

Kr/Ks· 

The high equilibration pressures in all three buildup tests may 

have been caused by packer-inflation gas leaking into the collection 

zone. 

S 1,6 2,6 Seal Remoya1 and Inspection. The seals were removed 

by core drilling at the conclusion of testing. The cores were 8 cm in 

diameter, so minimal information on the interface was obtained. The 

cores from UA-CB-l and 4 were generally uniformly smooth in texture and 

generally free of voids. There was some color variation in the inte

rior. The exterior, to a depth of 5 to 10 mm, and at the upper ends, to 

a depth of 20 mm or so, was lighter in color than the interior. For 

UA-CB-4, the core from the original seal and the extension were removed 

as separate pieces. 

Core from the original seal and extension were removed as separate 

pieces from UA-CB-3. The lighter color of the exterior extended to a 

depth of from 5 to 20 mm. The interior of the extension was variable in 

color and smooth in texture with a few small voids. A large void and 

three smaller ones were present on the outer surface of the core from 

the original seal. Also present on the outer surface was a large groove 
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extending parallel to the axis of the core. Bits of gravel and basalt 

were embedded in the groove. The interior of the original seal was 

light in color and embedded with tiny dark particles, probably basalt. 

5.2 Conclusions 

5.2.1 General 

Four tests may be used to characterize the hydraulic performance of 

borehole seals: the steady and transient constant-head tests, the head

buildup test, and the tracer travel-time test. 

The steady and transient constant-head tests and the head-buildup 

test may be analyzed in terms of one-dimensional models in which the 

seal is assumed to be a homogeneous and isotropic porous medium and 

axisymmetric three-dimensional models in which both the seal and the 

surrounding rock mass are homogeneous and isotropic porous media. 

These one-dimensional and axisymmetric models may be presented as 

boundary-value or initial-boundary-value problems in terms of the equa

tion of ground-water flow and appropriate boundary and initial condi

tions. 

For models defined in this manner, the hydraulic characteristics of 

the seal are expressed by its hydraulic conductivity (Ks) and specific 

storage (Sss). For axisymmetric models, the hydraulic conductivity (Kr) 

and specific storage (Ssr) of the surrounding rock mass may also be part 

of the formulation. 

The tracer travel-time test may be analyzed with a one-dimensional 

porous-medium model based on Darcy's law and the notion of average lin

ear velocity. The hydraulic characteristics for this model are the 
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hydraulic conductivity and porosity of the seal and of the surrounding 

rock mass. 

Tests may be analyzed by an inverse procedure in which the hydrau

lic properties of the model are determined which cause the model to 

duplicate, as closely as possible, the hydraulic response observed in 

the field test. These model properties may be taken as estimates of the 

properties of the seal and/or rock mass. For one-dimensional models, 

closed-form solutions may be used in the analysis of test results. 

Analysis of test results with the axisymmetric models may be done numer

ically, using available computer codes for ground-water flow. 

5.2.2 Models 

5.2.2.1 One-Dimensional Models 

Analysis of a steady constant-head test using the one-dimensional 

model yields an estimate for Ks in terms of the injection rate (Qi) 

and/or the collection rate (Qc). If the test conforms to the assump

tions of the axisymmetric model, these estimates are both upper limits 

for Ks , with the estimate provided by Qc generally being the smaller. 

The specific storage of the seal cannot be obtained from the test since 

flow is assumed steady. 

The one-dimensional model of the transient constant-head test 

yields the hydraulic diffusivity (Ks/Sss) of the seal. If Ks is deter

mined from the steady flow either preceding or following the test, Sss 

may be determined from the diffusivity. Either the transient injection 

rate, or collection rate, or both may be analyzed for the diffusivity. 

Analysis is accomplished by matching a curve of the transient flow data 
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against a dimensionless curve (type curve) based on the analytical solu

cion. 

There are at least three variations of the one-dimensional model of 

the head-buildup test: recovery, step, and impulse. The variations dif

fer in initial conditions. In general, each may be used to obtain Ks 

and Sss from test results by matching the test data against a family of 

type curves. If the compressive storage of the seal (Sss x volume of 

seal) is either very large or very small compared to the compressive 

storage of the collection zone (Sc), only partial hydraulic information 

may be obtained from the test. 

The model of the tracer travel-time test may be used to confirm the 

existence of a high-velocity flow path through or around a seal. Analy

sis with the model requires the input of known or estimated seal and 

rock conductivity and porosity values. 

5.2.2.2 Axisymmetric Models 

In general, the analysis of a two-side steady constant-head test 

yields the unique pair of Ks and Kr values which cause the model to 

produce the same injection and collection rates observed in a test, 

provided the model geometry and injection head are the same as in the 

field. If Kr » Ks, then only Kr may be obtained from the test and the 

knowledge that Ks is relatively small. Similarly, if Ks »Kr , then Ks 

may be obtained and knowledge that Kr is relatively small. 

The axisymmetric analysis of a one-side steady test yields an infi

nite number of possible solution pairs of Ks and Kr values. The unique 
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In general, the axisymmetric analysis of the transient constant

head test yields the hydraulic properties of both the seal and rock 

mass. If Kr is either very large or very small compared to Ks or if Ssr 

is either very large or very small compared to Sss, only partial hydrau

lic information may be obtained from the test. In principle, both the 

one-side and two-side tests may be analyzed to obtain properties. For 

the two-side test, either the transient injection rates or collection 

rates or both may be analyzed. However, the variation in shape of the 

injection curves is minimal, which makes obtaining an unambiguous match 

with injection data alone difficult or impossible. A solution is prob

ably best attained by using the two-side configuration and matching both 

the injection and collection data. Obtaining a solution is simplified 

if Kr and Ssr are known independent of the test or if an axisymmetric 

analysis of the steady injection and collection rates at the beginning 

or end of the test is first used to obtain Kr and Ks. 

There are at least four variations of the a~isymmetric model of the 

head-buildup test: first and second recovery, step, and impulse. The 

variations differ in initial conditions and in boundary conditions for 

the rock mass. In general, analysis with the axisymmetric model yields 

the hydraulic properties of the seal and rock mass. However, if there 

is great contrast between Kr and Ks , or between the various storage 

terms, only partial hydraulic information may be obtained. In the first 

recovery and step variations, the shape of the late-time portion of the 
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buildup curve is very sensitive to the conductivity ratio, Kr/Ks. For 

these variations, if steady conditions exist, the peak buildup achieved 

in the test depends exclusively on KrlKs. This sensitivity often 

enables the conductivity ratio to be determined by matching readily and 

accurately with only estimated values of the storage properties, thus 

greatly simplifying the solution procedure. In the second recovery and 

impulse variations, the sensitivity of buildup to KrlKs is minimal. 

Thus obtaining an unambiguous match with these latter variations is much 

more difficult. 

5.2.2.3 Advantages/Disadvantages of One-Dimensional and Axisymmetric 
Models 

The one-dimensional models have the following advantages: 

1. Procedure is simple and solutions are unique. Analysis is 

straightforward. For the steady test, Ks is obtained from a simple 

expression. For the transient constant-head test, the data curve is 

matched against a single type curve. In the head-buildup test, matching 

is against a single series of type curves. In all of the one-

dimensional models, solutions obtained are unique. 

2. The accuracy is adequate for many purposes. For example, the 

one-dimensional analysis of the transient constant-head test using data 

from an axisymmetric simulation yields an hydraulic diffusivity within a 

factor of three to four of the diffusivity used in the simulation for 

Kr/Ks S 0.1 and Ssr/Sss S 1. Similar comparisons for the steady 

constant-head test may be made using Figures 3.13a through 3.l6b. 
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3. Analytical solutions are available. Use of an analytical solu

tion permits full investigation of the solution without problems due to 

numerical simulation. 

The following are advantages of the axisymmetric models: 

1. Models provide a more realistic simulation of hydraulic behav

ior. In any field test, there will be flow components in the rock mass 

which may influence test results significantly. These components 

usually can be accommodated in the axisymmetric model. For example, in 

the head buildup test at Oracle Ridge Mine, head buildup peaked at a 

value considerably less than the injection head. Such a reduced peak, 

which cannot be accounted for in the one-dimensional model, is readily 

simulated in the axisymmetric model. 

2. Analysis permits determination of rock hydraulic properties. 

Analysis generally allows determination of properties of the rock mass 

as well as those of the seal. 

3. The model of the steady constant-head test is simple and its 

solutions are unique. Analysis of the steady test may be performed with 

a small number of simulations in a straightforward manner. The solution 

obtained is generally unique. 

Disadvantages of the axisymmetric models include the following: 

1. Numerical simulation is required. In the absence of analytical 

solutions, analysis by numerical methods is necessary. Such analysis 

can involve large computation times, and numerical errors, to some 

extent, are inevitable. 

2. Obtaining an unambiguous match for the transient constant-head 
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and head-buildup tests is difficult, unless the hydraulic properties of 

the rock mass are known apart from the test. 

3. Uniqueness is not assured for the transient constant-head and 

head-buildup tests; that is, there may be more than one set of hydraulic 

properties of seal and rock mass which yield essentially the same 

hydraulic response. 

5.2.3 Seal Testing 

5.2.3.1 Preliminary Surveys 

Preliminary surveys for the selection of favorable intervals for 

sealing included the following: 

(1) Core logs 

(2) Downhole video or still-camera logs 

(3) Constant-head injection tests. 

In this study, core logs were the most crucial screening tool to 

determine locations for injection testing with packers. Downhole video 

and photography were helpful secondary tools to confirm or clarify 

-information from the core logs. Due to the considerable time require

ments of injection testing, such screening was necessary in order to 

select the most favorable intervals and to have time for adequate 

injection testing of those intervals. In all logging and packer test

ing, the recording of accurate depth measurements was essential. 

Injection testing was needed to help make the final choice of 

intervals for sealing and to determine the hydraulic properties of those 

intervals for later use in seal-test analysis. At Oracle Ridge Mine and 

McNary Dam, test-zone lengths of 76 and 60 cm were used for injection 
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tests. These lengths were short enough for selection of the seal loca

tion. However, additional tests in the final intervals selected using a 

shorter test zone, comparable to injection-zone length, would have been 

helpful in seal-test analysis (Section 4.3.7.1.3). If feasible, dura

tion of these additional tests should be comparable to time periods 

planned for uninterrupted seal testing. 

Pulse tests to determine the specific storage of the rock mass were 

planned but not performed due to leakage of the cylinder used to create 

the pressure pulse. Such tests should be performed as knowledge of the 

specific storage of the rock mass can help simplify the axisymmetric 

analysis of the transient constant-head and head-buildup tests. 

While assessment of the hydraulic conductivity and specific storage 

of the rock mass prior to seal installation is considered important to 

proper analysis of subsequent seal tests, it is not obvious that the 

placement of the seal will not alter the hydraulic properties of the 

rock mass near the seal. Such altering could result from effects of 

stresses imposed by the seal or to a skin created by the seal material. 

Preliminary surveys should include assessment of the degree of sat

uration of the rock mass near the seal site. Shut-in tests to determine 

natural formation head (Section 4.3.2.1.2) would have been helpful at 

Oracle Ridge Mine. Such tests, though time consuming, might have deter

mined if the formation were saturated or unsaturated initially. If 

saturated, the tests would have indicated the natural hydraulic head in 

the formation near the seal. Such information is needed for the proper 
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conduct and analysis of injection tests. Installation of the piezome

ters at the outset of testing at Oracle Ridge Mine would also have been 

helpful. As shown in the axisymmetric analysis of the steady 

constant-head test at Oracle Ridge Mine (Section 4.2.4.1.4), the forma

tion head can significantly affect calculated values of seal and rock 

properties. 

5.2.3.2 Seal Installation 

Bailer installation of short seals under submerged conditions can 

permit excessive mixing with borehole water, which may result in a 

cement grout seal of poor quality. Based on insp~ction of the core 

removed at the conclusion of testing, excessive mixing clearly occurred 

in the seal of UA-CB-3. Except possibly for the seal in UA-CB-l, the 

seals at McNary Dam, even after lengthening, were much more conductive 

than the seal at Oracle Ridge Mine, which was placed under essentially 

dry conditions. 

In installation of the seal in the near-horizontal hole at Oracle 

Ridge Mine, the seal separated from the borehole at the crown. The 

resulting gap was evidently a high-velocity flow path. This problem is 

common in horizontal installations (Section 1.5.1.2). Perhaps installa

tion by pressure grouting would reduce the separation. 

5.2.3.3 Configurations 

Two configurations may be used for the tests presented herein: the 

one-side (Figure 1.2) and two-side (Fig 1.3) configurations. When pos

sible, use of the two-side configuration is preferred for the following 

reasons: 
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1. In the steady constant-head test, the two-side configuration 

allows determination of both Ks and Kr from the test. The one-side 

permits determination of an infinite set of pairs of Ks and Kr values, 

anyone of which will provide the observed test flows. The particular 

solution pair may only be obtained with additional information or test

ing. 

2. In use of the one-dimensional model for steady tests, the 

collection flow from the two-side test generally gives a lower upper 

limit on seal hydraulic conductivity than the injection flow from the 

one-side test. 

3. In an axisymmetric analysis of a transient constant-head test, 

the transient injection curves vary in shape much less than the collec

tion curves. For the one-side test, with only injection curves, obtain

ing an unambiguous match is difficult or impossible for the axisymmetric 

model. The task is more easily accomplished for the two-side test with 

curves for both injection and collection. 

4. The first recovery and step variations of the head-buildup test 

may be performed with the two-side configuration, but not with the one

side configuration. In axisymmetric analyses of tests of these varia

tions, Kr/Ks may often be determined simply and accurately with only 

estimates of the other hydraulic properties, thus greatly simplifying 

the solution process. 

5. The performance of the tracer travel-time on a seal accessible 
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from only one side is much more difficult. It generally requires place

ment of a tracer injector, capable of delayed activation, on the inac

cessible side of the seal prior to seal installation. 

6. In general, control of experimental equipment in two-side tests, 

with access at both ends, is superior to that in one-side tests. 

The effects of geometric and hydraulic parameters on Qid in the 

one-side steady constant-head test are very nearly identical to the 

effects on Qid in the two-side test, despite the differences in boundary 

conditions. 

5.2.3.4 Geometry 

Relatively short seals are necessary for testing in order to obtain 

measurable results in practical test times and to approximate conditions 

assumed in the models. As seal length is increased, it becomes increas

ingly difficult to find intervals in a rock mass which do not contain 

significant fractures which could dominate flow and invalidate the 

assumption of a homogeneous and isotropic rock mass. Also, the use of 

short seals helps minimize the effects of errors in flow-rate measure

ment on calculated seal conductivity values (Section 3.5.6). A disad

vantage in short seals is that end effects may be more significant. 

Mixing of the grout slurry with borehole debris or water during an 

installation should occur primarily at the extremities of the slurry 

mass. For short seals, these areas of mixing at the ends of the mass 

may represent a significant portion of the seal and thus greatly affect 

seal performance. 



518 

Minimizing the lengths of the seal, injection zone, and/or the col

lection zone helps to reduce the upper limit values for seal conductiv

ity obtained from one-dimensional analysis of the steady constant-head 

test (Section 3.5.7). Minimizing the length of the injection and 

collection zones also reduces the effects of errors in flow-rate mea

surement on calculated values of seal conductivity (Section 3.5.6). 

Axisymmetric analysis shows that for a dimensionless seal length 

(Ls/D) greater than about 5 and a conductivity ratio (Kr/Ks) greater 

than 0.1, dimensionless injection (Qid) is not significantly influenced 

by change in seal length (Figure 3.2). Also, Qid for a one-side test 

with Ls/D - 5 and Kr/Ks - 0.1 is less than 4% greater than Qid for the 

same test but with the lower face of the seal and the borehole wall 

below the seal changed to impermeable boundaries. Qid becomes insensi

tive to seal length at shorter seal lengths for higher conductivity 

ratios. This insensitivity suggests that in the testing of a long seal, 

the injection rate reflects only the hydraulic properties of that part 

of the seal within about 5 diameters of the injection zone for Kr/Ks > 

0.1. 

5.2.3.5 Performance of Packers and Other Equipment 

Leakage of packer-inflation gas into the test zone of the stradd1e

packer system and possibly into the collection zone of the seal tester 

was a significant problem at McNary Dam. Leakage appears to have caused 

high equilibration pressures in hydraulic conductivity tests prior to 

seal installation. It also may have caused high collection rates in 
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steady constant-head tests and high equilibration pressures in head

buildup tests. Packers were always checked for leakage prior to first 

use. Leaking packers were never knowingly used. However, in tests at 

the conclusion of testing at McNary Dam virtually every packer was 

observed to leak small quantities of gas when inflated in a pipe to 

downhole pressures and placed underwater for a 24-hour period. Infla

tion of packers with water rather than gas may reduce leakage. Another 

alternative which deserves investigation is the use of mechanical 

packers. A simple mechanical plug was used to form the collection zone 

at Oracle Ridge Mine. The plug provided a waterproof seal for pressures 

up to about 50 kPa. 

Performance of the seal tester at McNary Dam could have been 

improved with a larger capacity collection chamber. A larger chamber 

would permit longer intervals between f1ushings, while still maintaining 

a nearly constant head in the collection zone. Another improvement 

would be to use a transducer in all constant-head testing. The trans

ducer permits positive and continuous knowledge of pressuxe in the col

lection zone. The transducer could be used to detect clogging. If 

clogging were to occur there should be an obvious buildup in collection 

zone pressure with flushed volumes dropping to or near zero. Two diffi

culties were encountered in using the transducer: 

(1) The transducer did not fit on the mounting plate when the 

collection chamber was in place. 

(2) The electrical connections in the cable from the transducer to 

the surface power source and readout unit were particularly subject to 



520 

damage in installation and removal of the seal tester. Extreme care was 

necessary in these procedures. 

The cylinders of the tracer injectors at McNary Dam apparently 

leaked the tracer in advance of the release date. Some tubing connec

tions may have developed leaks as a result of stress during loading into 

the housing. 

The pressure-temperature recorders at McNary Dam performed well 

recording temperature and pressure beneath the seal every 4 hours for 

about 300 days. However, the recorders were probably unnecessary. 

Fluctuations in temperature and pressure were insignificant over the 

course of testing. Pressure below the seal could have been obtained 

before installation by "shutting in" a packer at seal depth and monitor

ing the pressure below the packer until equilibration. If necessary, 

temperature could have been monitored just above the seal by attaching a 

sensor to the seal tester. 

The injection system at Oracle Ridge Mine maintained constant-head 

in the injection zone satisfactorily throughout testing. Measurement of 

injection rates was adequate for long (i.e. a week or longer) injection 

intervals between readings. The system could have been improved by 

providing additional ports in the bulkhead of the injection packer to 

allow for circulation of a tracer. 

The collection system for steady constant-head testing at Oracle 

Ridge Mine evolved over the course of the testing program. The systems 

used from August, 1984 until the end of testing were quite satisfactory 

for the accurate measurement of collection volume for test intervals of 



a few days to about two weeks. The system was not adequate to accu

rately measure the transient flow rates in a transient constant-head 

test. 
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The collection system for the head-buildup test at Oracle Ridge 

Mine was generally adequate for the test. However, exclusion of all air 

from the collection zone and tubing was difficult if not impossible to 

achieve. Additionally, because of the magnitude of the expected pres

sure buildup during the course of the test, a pneumatic packer was used 

to form the collection zone. The design of the packer made necessary a 

collection zone about 25 cm in length. The collection zone required 46 

day to equilibrate. A smaller collection zone, made possible by a more 

compact packer design, would have equilibrated sooner. With a pneu

matic packer, there is always the possibility of the leakage of infla

tion gas into the collection zone. No leakage is known to have occurred 

in the test. 

The collection system for the tracer test seemed satisfactory. The 

circulation system is believed to have provided adequate mixing of the 

water in the collection zone prior to sample removal. Initially, tracer 

samples were to be analyzed by use of an ion-selective electrode. How

ever, the electrode did not give repeatable results in trials made 

before the test. Detection of the bromide tracer was accomplished by 

high performance liquid chromatography. 

5.2.3.6 Seal Removal 

The removal of the seal by overcoring is preferable to simple 

removal by coring. Overcoring preserves the interface, which may be a 
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significant flow path. Injection of dye prior to seal removal appears 

to have successfully marked a major flow path along the interface of the 

seal at Oracle Ridge Mine. 

In cases in which coring is performed rather than overcoring, vid

eologging after the coring may reveal significant information about the 

character of the interface area. 

Inspection of the removed seal or seal and overcore was limited to 

visual examination in the present research. Density, strength, and per

meability tests and chemical analyses could also be performed to assess 

the quality of the cement grout. 

5.2.3.7 Synthesis of Field Results 

5,2 3 7 J Oracle Ridge Mine. Testing at Oracle Ridge Mine took 

place over 3 1/2 years. Most of the analyses performed were based on 

testing from December, 1984 to January, 1986. This latter period 

included a head-buildup test, a transient constant-head test, and steady 

constant-head testing at three injection heads. 

The effective conductivity of the seal definitely decreased in the 

early testing of May-June, 1983. A reduction is certain because in the 

steady constant-head tests of May 17 flow was observed issuing from the 

seal on the collection side along the interface at the crown of the 

borehole. In tests the following month, the flow was greatly reduced. 

Both injection and collection rates gradually declined over the 3 1/2 

years of testing, suggesting that the effective conductivity of the seal 

and/or that of the adjacent rock mass continued to decrease gradually 

over the period. 
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For the period from December, 1984 to January, 1986, the seal con

ductivity was less than 1 x 10-9 cm/sec with a best estimate of 4 x 

10-10 cm/sec. The upper limit is based on one-dimensional analysis of 

steady collection flows for the period. The best estimate is based on 

the axisymmetric analysis of the steady constant-head test with non-zero 

head at the exterior boundaries of the rock mass. The values obtained 

from the head-buildup test (5 x 10- 9 for the one-dimensional and 6 x 

10- 9 cm/sec for the axisymmetric model) are considered less reliable 

because only one test was performed and because of uncertainty over the 

value determined for the compressive storage of the collection zone. 

The specific storage of the seal was determined from the head

buildup test to be about 1 x 10-4 cm- 1 . Based on the diffusivity 

obtained from the transient constant-head test and a value for Ks 

obtained by one-dimensional analysis of the final collection flow rate 

in the transient test, the specific storage of the seal is determined to 

be 1 x 10- 7 cm- 1 . The first value seems quite high for the grout seal. 

The latter value is reasonable for intact rock and seems a better esti

mate. Discrepancies of several orders of magnitude are common in values 

of specific storage calculated from field tests. Additional testing 

would have been necessary to determine this property more precisely. 

The conductivity of the rock mass determined from the axisymmetric 

analysis of the steady constant-head test agrees closely with the con

ductivity determined in long-duration injection tests before seal 

installation. The value is 3 x 10-10 cm/sec and is the best estimate of 

the property. A slightly lower value (1 x 10-10 cm/sec) was obtained by 
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the axisymmetric analysis of the head-buildup test. However, in this 

latter analysis, head was assumed equal to zero at the axial and radial 

boundaries of the rock mass. 

The specific storage of the rock mass was only determined in the 

axisymmetric analysis of the head-buildup test. The analysis yielded a 

value of 2 x 10- 7 cm- l or less, which is reasonable for the limestone. 

The short minimum travel time observed and the staining along the 

interface at the top of the seal, suggest that this region may have been 

a significant, perhaps dominant, path for flow through the seal. If 

this is the case, then the seal properties obtained in the analyses are 

understood as effective properties, or properties of an equivalent homo

geneous porous medium. 

S 2 3 7 2 McNary Dam. The 19-cm long seal in UA-CB-l was tested 

over a nearly two-year period. For the overall period, an upper limit 

for the hydraulic conductivity of the seal based on a one-dimensional 

analysis of the steady constant-head test is about 4 x 10- 9 to 6 x 10- 8 

cm/sec. The results of the first four months of testing were the most 

consistent for the entire testing period. Accepting these results as 

most representative of the hydraulic character of the seal and adjacent 

formation, the upper limit for seal conductivity is about 4 x 10- 9 

cm/sec. According to the axisymmetric model, if the seal conductivity 

is in this range, then the conductivity of the rock mass must be less 

than 10- 10 cm/sec. Such conductivity for the rock mass around the seal 

is quite possible (Section 4.3.7.1.3), even though the results of the 

injection tests prior to seal installation indicated a conductivity 
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about an order of magnitude greater. Results of a head-buildup test 

conforming to the model for the second recovery variation indicated a 

seal conductivity of 2 x 10-9 cm/sec by one-dimensional analysis and 4 x 

10-10 cm/sec by axisymmetric analysis. These results are consistent 

with an upper limit on seal conductivity of 4 x 10-9 cm/sec. The axi

symmetric analysis gave values of Sss, Kr , and Ssr of 5 x 10-8 cm- l , 4 x 

10-10 cm/sec, and 6 x 10-9 cm- l , respectively. The buildup results must 

be viewed with caution because the data curve deviated from the best 

matching type curve at late times and an average of the compressive 

storages obtained for tests on the other two seals was used for Sc. 

The original seal in UA-CB-4 was 16 cm in length and was tested for 

about two months before it was lengthened to 36 cm. During the first 20 

days of testing, the conductivity of the seal based on the one

dimensional model dropped about two orders of magnitude to about 4 x 

10- 8 cm/sec. After lengthening, calculated conductivity based on the 

one-dimensional model for the steady test remained between 2 x 10- 8 and 

about 1 x 10- 7 cm/sec for the remaining 16 months of testing. Evi

dently, the lengthening of the seal did nothing to decrease flow through 

the seal. An impulse head-buildup test performed on the seal was 

analyzed with the one-dimensional model. The seal conductivity from the 

analysis was 3 x 10- 8 cm/sec, which is consistent with results of the 

steady tests. The specific storage of the seal was not obtained because 

the data curve matched the limiting for ~ - O. The results of the 

buildup test must be taken cautiously because the data curve deviated 

from the best-matching type curve at early and late times. 
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The original seal in UA-CB-3 was 16 1/2 cm in length and was tested 

for two months before being lengthened to 35 cm. Seal conductivity 

based on the one-dimensional model of the steady test averaged 3 x 10-4 

cm/sec without noticeable reduction for the first two months. In the 

first two months after the seal was lengthened, the calculated conduc

tivity dropped by about two orders of magnitude. For the remaining 14 

months of testing, the steady constant-head test showed a consistent 

conductivity of about 3 x 10- 7 cm/sec. A one-dimensional analysis of an 

impulse head-buildup test yielded a seal conductivity of 3 x 10-8 cm/sec 

and specific storage of 2 x 10- 7 cm- l . The conductivity is about an 

order of magnitude lower than obtained from analysis of the steady 

tests. The compressive storage of the collection zone was determined to 

be 3 x 10- 3 cm2 , which is about an order of magnitude lower than the 

value obtained for UA-CB-4 and for the test at Oracle Ridge Mine. If 

the compressive storage for UA-CB-3 is actually an order of magnitude 

lower than the determined value, the seal conductivity would be quite 

consistent with the values obtained from the steady test. The specific 

storage would be about 2 x 10- 6 cm- l . 

At the end of testing, the three seals (with diameter of 10 cm) 

were removed by coring. The diameter of t''.e core was 8 cm, so the 

interface region could not be observed. The core from the original seal 

in UA-CB-3 showed evidence of extensive mixing with borehole water dur

ing placement. It had several large voids on its exterior, including a 

linear void parallel to the seal axis, which may have been an extensive 
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channel (Sections 1.5.1.2 & 4.3.8). The condition of the core was con

sistent with the high conductivities obtained in the first two months of 

testing. The core from the extension of the seal in UA-CB-3 was 

generally homogeneous and dense, with no significant voids. Laboratory 

conductivity for the system 1 cement grout used for the seals is about 1 

x 10-10 cm/sec (South and Daemen, 1986, p. 72). The intact seal core, 

with conductivity probably approaching 10-10 cm/sec, suggests that the 

flows observed after the lengthening were primarily along the interface 

of the extension. 

The cores from the seal in UA-CB-1 and from the original seal and 

its extension in UA-CB-4 were generally intact, dense, with no signifi

cant voids. This suggests that the flow rates observed for these seals 

were also primarily along the interface. 

5,3 Related Applications 

A figure similar to Figure 3.3 could be used in design of tunnel or 

shaft seals which are subjected to head H on one side, while head on the 

other side and within the surrounding formation may be assumed to equal 

zero. Assume that known information is Kr (the conductivity of the rock 

mass or more probably the damaged zone), the diameter D of the shaft or 

tunnel, H the design head against the seal, and Qc the maximum flow 

permitted. What are desired are the seal length Ls and the conductivity 

of the seal Ks. The figure might be plotted as Qcdr (Qc/(KrHD» versus 

Ls/D for a range of conductivity ratios or Qcdr versus Kr/Ks for a range 

of seal lengths (Ls/D) (similar to Figure 3.9). The designer could 

compute Qcdr for his requirements and enter the figure to find suitable 



combinations of Ls and Ks for the seal. 

Figure 3.9 indicates that for KrlKs > 10, Qc is proportional to 

KrHD. Thus in the design of a seal for rock mass conductivity Kr , 

reduction in Qc can not be obtained by making Ks less than Kr/10. 
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In a laboratory hydraulic conductivity testing program for low

conductivity samples, the transient constant-head and/or recovery varia

tion of the head-buildup test may be performed at the end of steady 

constant-head testing without the requirement for head in the sample to 

become uniform before starting. 

5,4 Recommendations 

Perform an axisymmetric analysis of the head-buildup test at Oracle 

Ridge Mine assuming the head at the axial and radial boundaries of the 

rock mass are equal to 3200 cm, as determined in the analysis of the 

steady test. 

Compare the one-dimensional and axisymmetric head-buildup tests in 

a manner similar to the comparison for the transient constant-head test 

(Section 3.6.6, Table 3.3). 

Develop a program for testing packers for leakage and performance 

(sealing) prior to use. 

Investigate the effects of packer compliance and air pockets on the 

compressive storage of the collection zone. 

For future tests similar to those at McNary Dam, investigate test

ing by injection of water into the seal rather than collecting it. 

Mathematically the test is the same (a one-side test). Injection in 
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this manner would eliminate the clogging problem. It would allow main

tenance of constant head in the collection zone and allow continuous 

monitoring of flow rate and head at surface. A transducer at depth 

would not be essential for the steady test. The method would eliminate 

need for a collection chamber and flush line. With a transducer added 

to the tester, the head-buildup test (second recovery variation) could 

be performed. 

be performed. 

A disadvantage would be that the tracer test could not 

Another disadvantage is that the equipment at the sur-

face would be more extensive; that is, an injection pump would be neces

sary for each seal being tested. 

Investigate the use of a constant-flow test (Olsen, Nichols, and 

Rice, 1985) in place of the steady constant-head test for low-flow 

seals. 

Study a long seal in a borehole with access to both ends as fol

lows: Install a full-length seal. Drill out the seal from both ends by 

overcoring, leaving a small length of the seal intact. Study the 

overcored portions of the seal visually or using laboratory permeability 

tests or other tests. Test the portion of the seal remaining in the 

hole using the two-side configuration. 

Investigate channeling under laboratory conditions. 

Investigate improved ways of installing seals in horizontal holes 

and under submerged conditions. 
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APPENDIX A 

ONE-DIMENSIONAL ANALYTICAL SOLUTION VALUES 



Solution Values for Transient Constant-Head Test 
(Equations 2.26 & 2.27) 

2.700000E-003 
4.000000E-003 
6.000000E-003 
8.000000E-003 
1.000000E-002 
1.200000E-002 
1.400000E-002 
1.600000E-002 
1.800000E-002 
2.000000E-002 
2.500000E-002 
3.000000E-002 
3.500000E-002 
4.000000E-002 
6.000000E-002 
8.000000E-002 
1.000000E-00l 
1.200000E-00l 
1.400000E-00l 
1.600000E-00l 
1.800000E-00l 
2.000000E-00I 
2.200000E-00I 
2.400000E-00I 
2.600000E-00I 
2.800000E-00I 
3.000000E-00I 
3.200000E-00I 
3.400000E-00I 
3.600000E-00I 
3.800000E-00I 
4.000000E-00I 
4.200000E-00I 
4.400000E-00I 
4.600000E-00I 
4.800000E-00I 
5.000000E-00I 
5.200000E-00I 

(Qi-Qo)H 2 

Qo(H 2 -H)) 

9.8578 
7.9206 
6.2837 
5.3078 
4.6419 
4.1503 
3.7683 
3.4603 
3.2052 
2.9894 
2.5682 
2.2573 
2.0157 
1.8209 
1.3033 
9.947300E-00I 
7.842900E-00I 
6.294600E-00I 
5.l02400E-00l 
4.l59200E-00l 
3.400900E-00I 
2.785700E-00I 
2.283900E-00I 
1.873600E-00l 
1.537400E-00l 
1.26l700E-00l 
1.035600E-00l 
8.500500E-002 
6.977500E-002 
5.727500E-002 
4.70l500E-002 
3.859300E-002 
3.168000E-002 
2.600500E-002 
2.134600E-002 
1.752300E-002 
1. 438400E-002 
1.180700E-002 

(Qo-Qc)H 2 

Qo(H 2 -H)) 

9.999900E-00I 
9.999700E-00I 
9.996800E-00I 
9.984300E-00I 
9.952300E-00I 
9. 891100E-00I 
9.285800E-00I 
8.247200E-00I 
7.071000E-00I 
5.944l00E-00l 
4.943300E-00I 
4.086900E-00I 
3.368l00E-00l 
2. 770800E-00I 
2.277200E-00I 
1.870500E-00l 
1.536000E-00l 
1.261100E-00l 
1.035300E-00l 
8.499200E-002 
6.976900E-002 
5.727300E-002 
4.70l400E-002 
3.859200E-002 
3.167900E-002 
2.600500E-002 
2.134600E-002 
1. 752300E-002 
1.438400E-002 
1.180700E-002 
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Solution Values for Recovery Variation of Head-Buildup Test 

hc/H xi-.001 .01 .1 1 10 100 1000 

1e-2 1.0054e1 1.0082eO 1.024e-1 1.07ge-2 1.276e-3 2.205e-4 9.395e-5 
2e-2 2.020ge1 2.0268eO 2.06ge-1 2.227e-2 2.831e-3 6.100e-4 3.453e-4 
3e-2 3.046ge1 3.055geO 3.127e-1 3.424e-2 4.602e-3 1.158e-3 7.537e-4 
4e-2 4.0836e1 4.0956eO 4.198e-1 4.661e-2 6.568e-3 1.865e-3 1.31ge-3 
5e-2 5.131e1 5.1462eO 5.280e-1 5.934e-2 8.71ge-3 2.728e-3 2.042e-3 
6e-26.1896e1 6.208eO 6.373e-1 7.240e-2 1.105e-2 3.74ge-3 2.921e-3 
7e-2 7.2595e1 7.2811eO 7.47ge-1 8.578e-2 1.355e-2 4.927e-3 3.958e-3 
8e-2 8.340ge1 8.3658eO 8.596e-1 9.944e-2 1.622e-2 6.262e-3 5.152e-3 
ge-2 9.4342e1 9.4623eO 9.726e-1 1.134e-1 1.906e-2 7.754e-3 6.503e-3 
1e-1 1.054e2 1.0571e1 1.0868eO 1.276e-1 2.206e-2 9.404e-3 8.011e-3 

1.5e-1 1.6257e2 1.6306e1 1.6775eO 2.025e-1 3.953e-2 2.001e-2 1.791e-2 
2e-1 2.2322e2 2.238ge1 2.3041eO 2.833e-1 6.100e-2 3.454e-2 3.173e-2 

2.5e-1 2.8778e2 2.8864e1 2.9711eO 3.700e-1 8.645e-2 5.29ge-2 4.948e-2 
3e-1 3.567ge2 3.5786e1 3.6842eO 4.631e-1 1.15ge-1 7.538e-2 7.116e-2 

3.5e-1 4.3093e2 4.3222el 4.4502eO 5.631e-l 1.492e-1 1.017e-l 9.676e-2 
4e-1 5.11e2 5.1253e1 5.2774eO 6.712e-1 1.866e-l 1.31ge-l 1.263e-l 

4.5e-1 5.9804e2 5.9983e1 6.1768eO 7.888e-l 2.281e-1 1.662e-1 1.598e-1 
5e-l 6.9338e2 6.9546e1 7.1618eO 9.176e-l 2.742e-l 2.046e-l 1.975e-l 

5.5e-l 7.9877e2 8.0117e1 8.2508eO 1.059geO 3.255e-l 2.477e-1 2.398e-l 
6e-l 9.166e2 9.1934el 9.4681eO 1.21geO 3.831e-l 2.962e-1 2.874e-l 

6.5e-1 1.0502e3 1.0533e2 1.0848e1 1.3994eO 4.484e-l 3.513e-l 3.415e-1 
7e-1 1.2044e3 1.208e2 1.2441el 1.6077eO 5.23ge-l 4.150e-l 4.041e-l 

7.5e-1 1.3868e3 1.390ge2 1.4326e1 1.854eO 6.132e-1 4.903e-1 4.781e-1 
8e-1 1.61e3 1.6148e2 1.6632e1 2.1555eO 7.225e-1 5.826e-1 5.687e-1 

8.5e-1 1.8978e3 1.9034e2 1.9606e1 2.5442eO 8.634e-1 7.015e-1 6.855e-1 
ge-1 2.3034e3 2.3103e2 2.3796el 3.092eO 1.062eO 8.691e-1 8.502e-1 

9.1e-1 2.4087e3 2.416e2 2.4885e1 3.2343eO 1.1136eO 9.127e-1 8.930e-1 
9.2e-1 2.5266e3 2.5342e2 2.6102e1 3.3934eO 1.1713eO 9.614e-l 9.408e-1 
9.3e-1 2.6601e3 2.6681e2 2.7483e1 3.5738eO 1.2367eO 1.0166eO 9.950e-1 
9.4e-1 2.8143e3 2.8228e2 2.9076e1 3.7821eO 1.3122eO 1.0803eO 1.0576eO 
9.5e-1 2.9967e3 3.0057e2 3.096e1 4.0284eO 1.4015eO 1.1557eO 1.1317eO 
9.6e-1 3.219ge3 3.2296e2 3.3267e1 4.329geO 1.5108eO 1.248eO 1.2223eO 
9.7e-1 3.5077e3 3.5183e2 3.624e1 4.7186eO 1.6517eO 1.366geO 1.3391eO 
9.8e-1 3.9133e3 3.9251e2 4.0431e1 5.2664eO 1.8503eO 1.5345eO 1.5038eO 
9.ge-1 4.6067e3 4.6205e2 4.7595e1 6.2028eO 2.1898eO 1.8211eO 1.7853eO 

9.9ge-1 6.9101e3 6.9308e2 7.1393e1 9.3137eO 3.3176eO 2.7731eO 2.7203eO 
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Solution Values for Step Variation of Head-Buildup Test 

hc/H xi-.OOI .01 .1 1 10 100 1000 

le-2 1.0220el 1.174geO 2.528e-l 1.113e-l 7.327e-2 6.468e-2 6.35ge-2 
2e-2 2.0376el 2.l935eO 3.688e-l 1.394e-l 8.748e-2 7.683e-2 7.55le-2 
3e-2 3.0636el 3.2226eO 4.78le-l 1.62le-l 9.843e-2 8.6l6e-2 8.468e-2 
4e-2 4.l002el 4.2623eO S.864e-l 1.824e-l 1.07ge-l 9.420e-2 9.257e-2 
Se-2 5.l477el 5.3l2geO 6.950e-l 2.0l2e-l 1.164e-l 1.015e-l 9.972e-2 
6e-2 6.2063el 6.3747eO 8.045e-l 2.l9le-l 1.244e-l 1.083e-l 1.064e-l 
7e-2 7.2762el 7.4478eO 9.l5le-l 2.364e-l 1.320e-l 1.147e-l 1.127e-l 
8e-2 8.3576el 8.5325eO 1.0268eO 2.534e-l 1.393e-l 1.20ge-l 1.188e-l 
ge-2 9.450gel 9.6290eO 1.1398eO 2.700e-l 1.464e-l 1.26ge-l 1.247e-l 
le-l 1.0556e2 1.0738el 1.2540eO 2.865e-l 1.533e-l 1.327e-l 1.304e-l 

1.5e-l 1.6274e2 1.6473el 1.8447eO 3.684e-l 1.865e-l 1.608e-l 1.580e-l 
2e-l 2.233ge2 2.2555el 2.47l3eO 4.523e-l 2.l9le-l 1.885e-l 1.852e-l 

2.5e-l 2.8795e2 2.903lel 3.l384eO 5.403e-l 2.525e-l 2.l67e-l 2.l2ge-l 
3e-l 3.5696e2 3.5953el 3.85l4eO 6.338e-l 2.873e-l 2.46le-l 2.4l8e-l 

3.5e-l 4.3l0ge2 4.338gel 4.6l74eO 7.340e-l 3.242e-l 2.773e-l 2.724e-l 
4e-l 5.lll6e2 S.1420el 5.4447eO 8.422e-l 3.638e-l 3.l07e-l 3.052e-l 

4.Se-l 5.9820e2 6.0150el 6.3440eO 9.598e-l 4.066e-l 3.468e-l 3.407e-l 
5e-l 6.9355e2 6.97l2el 7.3290eO 1.0885eO 4.534e-l 3.863e-l 3.795e-l 

5.5e-l 7.9894e2 8.0284el 8.4l8eO 1.230geO 5.050e-l 4.29ge-l 4.223e-l 
6e-l 9.l676e2 9.2l0lel 9.6353eO 1.3geO 5.627e-l 4.786e-l 4.702e-l 

6.5e-l 1.0503e3 1.0550e2 1.1016el 1.5704eO 6.282e-l 5.338e-l 5.244e-l 
7e-l 1.2045e3 1.2097e2 1.260gel 1.7787eO 7.037e-l 5.976e-l 5.870e-l 

7.5e-l 1.386ge3 1.3926e2 1.4493el 2.0250eO 7.930e-l 6.730e-l 6.6lle-l 
8e-l 1.6l0le3 1.6l65e2 1.679gel 2.3265eO 9.023e-l 7.652e-l 7.5l7e-l 

8.5e-l 1.897ge3 1.90Sle2 1.9773el 2.7lSleO 1.0432eO 8.84le-l 8.685e-l 
ge-l 2.303Se3 2.3llge2 2.3963el 3.262geO 1.24l8eO 1.05l8eO 1.0332eO 

9.le-l 2.408ge3 2.4l76e2 2.S052el 3.4053eO 1.2934eO 1.0953eO 1.0760eO 
9.2e-l 2.5267e3 2.5358e2 2.6270el 3.5644eO 1.35lleO 1.1440eO 1.1238eO 
9.3e-l 2.6603e3 2.6698e2 2.7650el 3.7448eO 1.4l65eO 1.1992eO 1.1780eO 
9.4e-l 2.8l45e3 2.8245e2 2.9243el 3.953leO 1.4920eO 1.2630eO 1.2406eO 
9.5e-l 2.996ge3 3.0074e2 3.ll27el 4.l994eO 1.58l3eO 1.3384eO 1.3l47eO 
9.6e-l 3.220le3 3.23l3e2 3.3434el 4.500geO 1.6906eO 1.4306eO 1.4053eO 
9.7~-1 3.507ge3 3.Sl9ge2 3.6407el 4.8895eO 1.83l5eO 1.5495eO 1.522leO 
9.8e-l 3.9l35e3 3.9267e2 4.0598el 5.4373eO 2.030leO 1.7l72eO 1.6868eO 
9.ge-l 4.606ge3 4.6222e2 4.7762el 6.3738eO 2.3696eO 2.0037eO 1.9682eO 

9.9ge-l 6.9l02e3 6.9325e2 7.l560el 9.4847eO 3.4974eO 2.9557eO 2.9033eO 



Solution Values for Impulse Variation of Head-Buildup Test 

hc/H xi-.001 .01 .1 1 10 

1e-2 9.7203eO 6.743e-1 7.97ge-3 7.970e-5 7.827e-7 
2e-2 1.9876e1 1.6927eO 3.243e-2 3.242e-4 3.232e-6 
3e-2 3.0136e1 2.7218eO 7.415e-2 7.414e-4 7.405e-6 
4e-2 4.0502e1 3.7615eO 1.340e-1 1.340e-3 1.33ge-5 
5e-2 5.0977e1 4.8121eO 2.122e-1 2.128e-3 2.127e-5 
6e-2 6.1563e1 5.873geO 3.062e-1 3.116e-3 3.115e-5 
7e-2 7.2262e1 6.946geO 4.103e-1 4.314e-3 4.313e-5 
8e-2 8.3076e1 8.0316eO 5.197e-1 5.731e-3 5.730e-5 
ge-2 9.400ge1 9.1282eO 6.31ge-1 7.37ge-3 7.378e-5 
1e-1 1.0506e2 1.0237e1 7.458e-1 9.270e-3 9.26ge-5 

1.5e-1 1.6224e2 1.5972e1 1.3365eO 2.282e-2 2.282e-4 
2e-1 2.228ge2 2.2055el 1.9630eO 4.465e-2 4.465e-4 

2.5e-1 2.8745e2 2.8530e1 2.6301eO 7.727e-2 7.727e-4 
3e-1 3.5646e2 3.5452e1 3.3432eO 1.241e-1 1.242e-3 

3.5e-1 4.305ge2 4.2888e1 4.1091eO 1.897e-1 1.901e-3 
4e-1 5.1066e2 5.091ge1 4.9364eO 2.774e-1 2.823e-3 

4.5e-l 5.9770e2 5.964ge1 5.8357eO 3.861e-l 4.108e-3 
5e-1 6.9305e2 6.9212e1 6.8208eO 5.120e-1 5.915e-3 

5.5e-1 7.9844e2 7.9783e1 7.9097eO 6.536e-l 8.493e-3 
6e-1 9.1626e2 9.1600e1 9.1271eO 8.126e-1 1.226e-2 

6.5e-1 1.0498e3 1.0500e2 1.0507el 9.92ge-1 1.794e-2 
7e-1 1.2040e3 1.2047e2 1.2100e1 1.2012eO 2.692e-2 

7.5e-1 1.3864e3 1.3876e2 1.3985e1 1.4475eO 4.20ge-2 
8e-1 1.6096e3 1.6115e2 1.6291e1 1.74geO 7.037e-2 

8.5e-1 1.8974e3 1.9001e2 1.9264e1 2.1377eO 1.31ge-1 
ge-1 2.3030e3 2.306ge2 2.3455e1 2.6855eO 2.875e-1 

9.1e-1 2.4084e3 2.4126e2 2.4544e1 2.8278eO 3.371e-1 
9.2e-1 2.5262e3 2.5308e2 2.5761e1 2.986geO 3.937e-1 
9.3e-1 2.6598e3 2.6648e2 2.7142e1 3.1673eO 4.587e-1 
9.4e-1 2.8140e3 2.8195e2 2.8735e1 3.3756eO 5.341e-1 
9.5e-1 2.9964e3 3.0024e2 3.061ge1 3.621geO 6.233e-1 
9.6e-1 3.2196e3 3.2263e2 3.2925e1 3.9234eO 7.326e-1 
9.7e-1 3.5074e3 3.514ge2 3.589ge1 4.3121eO 8.735e-1 
9.8e-1 3.9130e3 3.9217e2 4.0090e1 4.859geO 1.0721eO 
9.ge-1 4.6064e3 4.6172e2 4.7254e1 5.7963eO 1.4116eO 

9.9ge-1 6.9097e3 6.9275e2 7.1052e1 8.9072eO 2.5394eO 
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APPENDIX B 

HESH DESIGN 

B] Introduction 

Two basic finite element meshes were used in the numerical study of 
Chapter 3: grid CH4 (Figures B.1a & b) for simulations of the constant
head test; and grid HB1 (Figures B.2a - c) for head-buildup test simu
lations. Two other meshes were used in the analysis of field tests: 
grid ORM (Figure B.3a - c), which was used in the simulation of the 
head-buildup test at Oracle Ridge Mine, and a fourth grid similar to 
ORM, which was used for the analysis of the head-buildup test on UA-CB-1 
at McNary Dam. 

The analysis in this appendix concerns grids CH4 and HB1. The seal 
portion of grid CH4 was modified for simulation of different seal 
lengths. The rock mass portion remained the same for all simulations. 
Grid HB1 was never altered, since all simulations were for the same seal 
length. The design of these meshes involved two primary considerations: 
the extent of the axial and radial boundaries of the rock mass and the 
fineness of the mesh. 

B 2 Mesh for constant-head tests 

B.2.1 Extent of axial and radial boundaries 

Grid CH4 was designed for the simulation of a constant-head test at 
true steady-state conditions in a large but finite rock mass. In such a 
steady-state simulation, the position of the axial and radial boundaries 
affects the magnitude of the injection and collection flow rates. Con
sequently, the results of the simulation are strictly valid only for the 
particular boundary dimensions used. However, as the axial and radial 
boundaries are placed farther and farther from the seal, the rate at 
which flow rate changes with change in boundary position decreases. The 
axial and radial boundaries used in the constant-head test simulations 
were placed sufficiently far from the seal that even significant changes 
in their positions have an acceptably small effect on steady injection 
and collection rates. 

Simulations were made using the following grids with the indicated 
axial and radial lengths: 
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Figure B.la Grid CH4 used in simulations of the steady constant-head 
test. The remainder of the grid is shown in Figure B.lh at 
an expanded scale. 
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Figure B.lb The portion of grid CH4 that includes the seal and the very 
near rock mass. The length of the seal is 5 diameters. 
Points A and A' correspond to points A and A' in Figure 
B.la. 
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Figure B.2a Grid HBl used in the simulations of the head-buildup test in 
Chapter 3. Another portion of the grid at an expanded scale 
is shown in Figure B.2b. 
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correspond to points Band B' in Figure B.2b 
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Figure B.3a Grid ORM used in the simulations of the head-buildup test at 
Oracle Ridge Mine. Grid dimensions are LaiD - 84 and LrlD = 
40.5. Another portion of the grid at an expanded scale is 
shown in Figure 8.3b. 
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For each grid, the seal length, Ls/D, was 3.0. The length of the 
injection zone, Li/D, and length of the collection zone, Lc/D, were each 
0.6. Grid CH2 was constructed by adding elements at the axial and 
radial boundaries of CH1; grid CH3 was formed by adding elements at the 
boundaries of CH2; etc. Thus the five grids were identical in the 
vicinity of the seal and out to the axial and radial limits of CHl. 

For each grid, computer runs to steady state were made over the 
general range of conductivity ratios (Kr/Ks) to be used in the constant
head test study. The results are presented in Table B.1 for Ls/D - 3.0. 
For each run, the steady-state injection and collection rates are shown 
in a dimensionless form as Qid and Qcd, respectively. For grids CH1, 
CH2, CH3, and CH5, the percent difference between the indicated flow 
rate and the flow rate of the comparable run with grid CH4 is also 
shown. 

From the table, the injection flow rates decrease only slightly 
with increasing LaiD and Lr/D. The greatest percent difference from the 
injection rate for CH4 is about 3%. Collection rates, however, vary 
much more with grid size. For example, for Kr/Ks - 100, the ratio for 
which variation is greatest, collection rate is 29% less for grid CH1 
than the flow rate for CH4. Table B.1 includes the computation time 
required for each run. Clearly, the larger the grid, the more computa
tion time is required, other factors being equal. For this study, grid 
CH4 was chosen. The choice was somewhat arbitrary. However, the grid 
is large enough that sensitivity of collection and injection flow rates 
to grid dimensions is small. For example, for conductivity ratios up to 
100, Ls/D - 3, and Lc/D - Li/D - 0.6, grid dimensions may vary from 
those of CH3 to CH5 and injection and collection flows will vary by less 
than 6% from those of grid CH4, for comparable parameters. Table B.1 
also shows comparisons of grids CH3 and CH5 with CH4 for Ls/D - 0.5 and 
Ls/D - 5.0. For the shorter seal length, the percent difference is less 
than 3% for the cases simulated. For Ls/D - 5.0, the percent difference 
is less than 11%. The computation times for grid CH4, while large, are 
considered practical for the sl:udy. Grid CH4 was also used for the 
transient simulation of the constant-head test. 

B.2.2 Fineness of mesh 

In general, the accuracy of a finite element simulation increases 
as the fineness of the grid increases. As the fineness of the grid 
increases, the computation time required for a simulation usually 
increases. A goal of mesh design is to use the coarsest mesh which will 
provide adequate accuracy. The most desirable way to demonstrate the 
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Table B.1 Effect of Axial and Radial Rock-Mass Boundaries on Injection 
and Collection Rates in Two-Side Constant-Head Test 

Ls/D Kr/Ks Grid CPU Qcd % Dif Qid % Dif 
(sec) 

5.0 10 CH3 210 3.137 -10.5 53.78 .712 
CH4 1869 3.504 53.40 
CH5 3550 3.730 6.45 53.17 -.431 

1 CH3 222 .4134 -10.3 5.931 .816 
CH4 2394 .4607 5.883 
CH5 3036 .4857 5.43 5.857 -.442 

3.0 100 CHI 134 39.03 -27.9 549.5 3.10 
CH2 224 47.96 -11.4 539.3 1.18 
CH3 448 51.18 -5.47 536.0 .563 
CH4 907 54.14 533.0 
CH5 1933 56.31 4.01 530.8 - .413 

1 CHI 160 .5813 -23.7 6.170 3.30 
CH2 160 .6893 -9.56 6.048 1. 26 
CH3 182 .7247 -4.92 6.011 .636 
CH4 1203 .7622 5.973 
CH5 3662 .7708 1.13 5.962 -.184 

0.01 CHI 225 .2588 -1.26 .3343 1.06 
CH2 2513 .2611 -.382 .3319 .333 
CH3 3542 .2615 -.229 .3315 .212 
CH4 3375 .2621 .3308 
CH5 5134 .2621 0.0 .3308 0.0 

0.5 100 CH3 227 183.1 -1.24 591.5 .390 
CH4 804 185.4 589.2 
CH5 2195 186.6 .647 588.0 -.204 

1 CH3 292 3.395 -.702 7.546 .319 
CH4 553 3.419 7.522 
CH5 4003 3.511 2.69 7.432 -1.20 

Notes: 

a Kr/Ks - hydraulic conductivity ratio; Kr - conductivity of rock mass 
[LIT] . 

b Qcd - Qc/(KsHD); Qid - Qi/(KsHD) where Qc - collection rate [L3/T]; 
Qi - injection rate [L3/T]; H - injection head [L] - 100; Ks -
hydraulic conductivity of seal [LIT] - 1 x 10- 9 ; D - borehole 
diameter - 8. 

c Length of collection zone - Length of injection zone - 4.75. 
d Fully implicit backward-difference scheme used with parameter sivary 

- 0.5. 
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accuracy of a finite-element simulation is to compare it to an analyti
cal solution. In the absence of an analytical solution, the coarsest 
grid providing adequate accuracy is chosen by performing a given 
simulation or series of simulations using successively finer grids. The 
grid selected is then the coarsest grid for which successively finer 
grids yield results not significantly different. 

Generally, a grid should be finest in regions where gradients are 
largest and near material boundaries. In the constant-head test, the 
largest hydraulic gradients are in and near the seal, and the interface 
between the seal and rock is a material boundary. In the rock mass away 
from the seal, head changes more gradually. To check the accuracy of 
constant-head test simulations using grid CH4, two grids were prepared: 
grid CH4C, which is coarser than CH4 in and near the seal, and grid 
CH4F, which is finer than CH4 in and near the seal. Away from the seal, 
the two grids are identical to CH4. Runs were made with grids CH4C and 
CH4F for seals with lengths of 0.5 and 3.0 seal diameters. For each 
seal length, runs were made with conductivity ratios of 100, 1.0, and 
0.01. Results are presented in Table B.2 in terms of Qid and Qcd, 
dimensionless injection and collection flow rates. For the runs per
formed, the maximum difference between the collection flow for grid CH4 
and that for CH4F was 3.6%. For injection flows, the maximum difference 
was 1.5%. For the coarse grid, CH4C, the maximum differences were 10.0% 
and 3.5% for collection and injection flows, respectively. Comparisons 
could not be made for longer seal lengths due to the extremely large 
number of elements which would be required for the fine grid. 

A third fine grid was prepared which was identical to the fine grid 
for Ls/D - 0.5, except that it included refinement near the singularity 
points at the top of the injection zone and bottom of the collection 
zone. Injection and collection flows obtained with CH4FX for Kr/Ks -
100, 1.0, and 0.01 differed by less than 0.5% from those obtained with 
the fine grid without the refinement. 

Based on the comparisons made, grid CH4 provides results not 
significantly different from those obtained with the fine grid. On the 
other hand, some results for the coarse grid, CH4C, are significantly 
different from the fine grid results. Therefore, grid CH4 seems to 
provide adequate accuracy and yet is not excessively fine. 

B.3 Mesh for bead-buildup tests 

B.3.1 Extent of axial and radial boundaries 

The axial length (LaiD) and radial length (Lr/D) of grid HBI were 
28.0 and 12.5, respectively. The small grid size was used to reduce 
computation time, which was great nonetheless. 

The head-buildup test simulations were generally run to steady 
state. Consequently, the peak buildup value and the shape of the 
buildup curve for later dimensionless times are influenced to some 
extent by the position of the axial and radial boundaries. To demon
strate the effects of boundary position on the buildup curve, a compari
son of head buildup is made between grid HBI and a larger grid, HBL, for 
which LaiD equals 84.0 and Lr/D equals 40.5. Grid HBL was constructed 
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Table B.2 Effect of Mesh Fineness on Injection and Collection Rates 
in Two-Side Constant-Head Test 

Ls/O Kr/Ks Grid CPU Qcd % Oif Qid % Oif 
(sec) 

0.5 100 CH4C 439 197.0 10.1 600.3 3.45 
CH4M 804 185.4 3.58 589.2 1.53 
CH4F 2104 179.0 580.3 

CH4FXb 2090 179.3 .168 582.4 .362 
1 CH4C 447 3.511 4.34 7.605 1. 90 

CH4M 553 3.419 1.60 7.522 .791 
CH4F 2425 3.365 7.463 

CH4FXb 1770 3.373 .238 7.480 .228 
0.01 CH4C 248 1.590 .0629 1.632 .0613 

CH4M 991 1.589 0.0 1.631 0.0 
CH4F 2017 1.589 1.631 

CH4FXb 3670 1.589 0.0 1.631 0.0 

3.0 100 CH4C 264 55.84 5.42 538.4 2.05 
CH4M 907 54.14 2.21 533.0 1.02 
CH4F 5868 52.97 527.6 

1 CH4C 584 .7706 1.86 5.988 .757 
CH4M 1203 .7622 .753 5.973 .505 
CH4F 7012 .7565 5.943 

0.01 CH4Cc 1021 .2614 2.11 .3313 -1.60 
CH4Mc 3370 .2618 2.27 .3314 -1. 57 
CH4Fc 14035 .2560 .3367 

Notes: 

a Headings and hydraulic and geometric quantities are the same as for 
Table B1. 

b Grid CH4FX is the same as CH4F for Ls/O - 0.5 except that refinement 
has been added near singularity points at the top of the injection 
zone and bottom of the collection zone. The values of Qcd. Qic. and 
CPU time shown for grid CH4FX are average values obtained from runs 
with Lc - Li - 4.625 and 4.875. 

c This run was not made to steady state but to t - 1.516 x 108 sec. 
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by adding elements at the axial and radial boundaries of HB1; thus HBL 
and HBl are identical in the seal region and out to the limits of HB1. 

Results of the comparison are shown in Figures B.4 - B.6. The 
effect of increasing the axial and radial dimensions is to increase late 
time head values. The amount of increase appears to diminish as KrfKs 
decreases. For the conditions of Figure B.4, grids HBl and HBL yield 
nearly identical buildups for Kr/Ks - 0.01. From the simulations pres
ented, the effect of storage parameters on the increase in head values 
is uncertain, but appears to be minimal. 

Due to boundary effects, the simulations of head buildup are 
strictly applicable only to tests with the same boundary geometry (i.e. 
same LaiD and Lr/D). However, the general shape and trends of the 
buildup curves presented in the Chapter 3 simulations should be typical 
of buildup tests in any large rock mass with constant head boundaries. 

B.3.2 Fineness of mesh 

The accuracy of grid HBl was checked by comparing simulations made 
with it to simulations obtained with a finer grid, grid HBF. HBF is 
refined in the seal and head buildup regions and in the rock mass near 
the seal. Results of the comparisons are shown in Figures B.7 and B.S. 
In general, the grids yield buildup curves which are in very close 
agreement. Some deviation occurred at late times for delta - 10 in 
Figure B.S. 
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Figure B.4 Effect of axial and radial boundaries on head buildup for a 
range of Kr/Ks values. 
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Figure B.6 Effect of axial and radial boundaries on head buildup. 
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Figure B.7 Effect of mesh fineness on head buildup for a range of Kr/Ks 
values. 
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Figure B.B Effect of mesh fineness on head buildup for a range of 6 
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APPENDIX C 

CHOICE OF NUMERICAL SCHEME AND PARAMETER SIVARY 

In runs of the constant-head test, the fully implicit numor:lclll 
scheme was used. For simulations of the steady constant-hoad tost, th~ 
default value of parameter sivary was employed, while trnnoiont 
constant-head simulations required a smaller value of tho pal·llInotor. 'l'h~ 
mixed expU.cit-implicit numerical scheme was utilized in runs of tho 
head-buildup test, and values of sivary much smaller than tho dofault: 
value were generally necessary for accuracy. The parametor sivary i~ 
the user-specified maximum desired change in head at any node dur.ing II 

time step. 

C J Constant-bead tests 

The fully implicit numerical scheme with sivary equal to tho 
default value of 0.5% of the excess injection zone head was utJod in t:h~ 
steady constant-head test simulations. To examine the approprintalllouu 
of this choice, runs were made of a two-side test using both tho fully 
implicit and the mixed schemes and a range of values of sivary. '1'h6 
runs and results are described in Table C.l. The results of th() uimu
lations indicate the following: 

(1) For the grid and range of parameters used, tho fully implicit: 
scheme and the default value of sivary yield final or steady colloct:lon 
and injection flow rates that are not significantly different from Chotw 
obtained with the mixed scheme and values of sivary less than cho 
default value. 

(2) For the grid used, for given hydraulic properties, for o1clull: 
of the two numerical schemes, and for very nearly the salllo final flow 
rates, the computation time required depends on the va1uo of sivllry. 
However, the value of sivary which requires least computation timo clIn
not be determined a priori. 

(3) For the grid used, for given hydraulic parameters, for 
value of sivary, and for very nearly the same final flow rates, 
computation time required depends on the numerical schellle used. 

a givlln 
thu 
lIow-

ever, the numerical scheme which requires less computation time omltloC 
be determined a priori. 

In light of these results, choice of the fully implicit schvllIo llnd 
the default value of sivary for the steady-state constant-hond touc utili
u1ations seems satisfactory. 

In simulations of the transient constant-head test, a valuo of 
sivary less than the default value was generally required to obtain n 
smooth curve for collection flow rate versus time. For slmulationlJ in 
which the default value was 0.5, a value of 0.1 was generally roqult'od 
for satisfactory results. 
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Table C.1 Effect of Numerical Scheme and Parameter Sivary on 
Required Machine Time and Accuracy of Injection and Collec-
tion Flows 

Kr/Ks Numerical Sivary CPU (X10-~~m/s) % Dif Qi % Dif 
Scheme (sec) (x10- 7cm/s) 

100 Fully .1 1286 436.12 .0941 4260.8 -.00939 
Implic .25 503 435.98 .0620 4260.9 -.00704 

.50 907 433.14 -.590 4263.7 .0587 

.75 901 433.83 -.431 4263.1 .0446 
1.0 1410 431. 81 -.895 4265.0 .0892 
2.0 913 438.76 .700 4258.1 - .0727 

Explic- .1 844 435.71 4261. 2 
Implic .25 810 435.41 -.0689 4261.4 .00469 

.50 618 436.32 .140 4260.6 -.0141 

.75 1206 437.19 .340 4259.8 - .0329 
1.0 1625 438.38 .613 4258.5 -.0639 
2.0 1049 435.33 - .0872 4262.1 .0211 

1 Fully .1 1181 6.1318 - .0245 47.753 .00419 
Implic .25 812 6.1241 -.150 47.760 .0188 

.50 1203 6.0976 -.582 47.786 .0733 

.75 1184 6.1172 -.263 47.768 .0356 
1.0 1410 6.1607 .447 47.723 .0586 
2.0 1121 6.1817 .789 47.696 .115 

Explic- .1 782 6.1333 47.751 
Implic .25 635 6.1189 -.235 47.765 .0293 

.50 1796 6.1170 -.266 47.765 .0293 

.75 >2000 
1.0 1819 6.1351 .0293 47.751 0.0 
2.0 938 5.5818 -8.99 48.297 1.14 

Fully .1 >5000 
Implic .25 3076 2.0963 2.6469 

.50 3375 2.0967 2.6463 
1.0 >5000 

Explic- .1 >5000 
Implic .25 >5000 

.50 >5000 

Notes: 

a Computations made on a CYBER 175 using program FLUMPS (Neuman and 
Narasimhan, 1977). 
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Table C.1 Effect of Numerical Scheme and Parameter Sivary on 
Required Machine Time and Accuracy of Injection and Collec
tion F1ows--NOTES--Cootipued 

b Geometric and hydraulic quantities used: Ls/D - 3.0, Li/D - Lc/D -
0.59, D - 8, H - 100, Ks - 10- 9 , Sss - Ssr - 10-7 . 

c All flow rates are for steady state or for the simulation time 
required for the fully implicit run with sivary - 0.5 (the default 
value) to reach steady state, whichever occurred first. 

Table C.2 Comparison of Numerical Schemes for Head-Buildup Test 

EXIl-Imll Eu]] 1mll 
Run Kr/Ks Xi Delta Sivary CPU hc max CPU hc max 

(sec) (sec) 

1 10 1.0 1.0 .005 1287 21.2 870 21.2 
2 1 .01 1.0 .001 4001 27.5 4000 27.8 
3 1.0 .01 .01 1223 29.2 617 29.2 
4 1.0 1.0 .005 3001 26.8 1848 29.2 
5 1.0 10 .001 3000 16.4 3002 15.6 
6 1.0 100 .0003 8002 12.3 8002 11.5 
7 10 1.0 .001 1234 8.6 1242 8.6 
8 100 1.0 .0003 8002 11.5 8002 11.0 
9 .01 1.0 1.0 .01 4001 65.6 4002 37.2 

10 1.0 0.1 .01 2500 88.5 2503 56.0 
11 1.0 .01 .01 2033 94.2 1958 94.3 

Note: 

The two runs for a given set of parameters terminate at either the same 
head buildup or at the same computation time. Runs performed on a CYBER 
175 using program FLUMPS (Neuman and Narasimhan, 1977) . 
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C 2 Head-buildup tests 

For simulation of the head buildup test, the mixed explicit
implicit scheme was used. Values of sivary considerably less than the 
default value were generally needed to obtain accurate results. 

A comparison of the mixed and fully implicit schemes for the head
buildup test is presented in Table C.2. Eleven pairs of runs covering a 
range of hydraulic properties were made using the two schemes. The same 
hydraulic properties and the same value of sivary were used for the runs 
of each pair. For comparison of computational efficiency, the runs of a 
pair terminate at either the same head buildup or at the same computa
tion time. For ten of the eleven pairs, the.mixed and fully implicit 
schemes yielded very nearly the same buildup curves. 

For one of the pairs, however, the buildup curves determined by the 
two schemes differed significantly. The head buildup curves obtained 
for this case by the two schemes are shown in Figure C.1. Two other 
sets of buildup curves are shown in the figure for comparison. It seems 
clear from the figure that for this case, the results obtained with the 
fully implicit scheme are erroneous. 

For three of the eleven pairs, the fully implicit scheme was sig
nificantly more efficient computationally. For two pa~rcs, it was 
slightly more efficient. For four pairs, the mixed scheme was slightly 
more efficient and significantly more efficient for two pairs. 

Based on the comparisons of the two schemes, the choice of the 
mixed explicit-implicit scheme for the head buildup test appears justi
fied for the following reasons: 

(1) The fully implicit scheme apparently produced significant 
errors in the aforementioned instance. Similar gross errors were not 
observed with the mixed scheme, provided sivary values were sufficiently 
small. 

(2) The mixed scheme appears to be as efficient or perhaps somewhat 
more efficient overall than the fully implicit scheme. The results 
suggest that the mixed scheme may be significantly more efficient in 
simulations with low conductivity ratios and slightly more efficient in 
cases with values of either ~ or 6 greater than one. 

This comparison of the schemes should not be regarded as defini
tive, since it does not cover the full range of hydraulic parameters, 
especially larger values of ~ and 6. 

Values of parameter sivary considerably smaller than the default 
value were generally necessary for accuracy in the simulations of the 
head-buildup test. In Figures C.2 though C.S, a comparison is made of 
buildup curves obtained with different sivary values for seven sets of 
hydraulic properties covering a range of values. For each set, runs 
were attempted for three values of sivary. The smallest sivary for each 
set was the value used in the simulations of Chapter Three. The largest 
value was less than or equal to the default value, 0.5. For three of 
the seven sets, runs with larger sivary values resulted in buildup 
curves significantly different from curves produced with the smallest 
sivary value. For these cases, both ~ and 6 were greater than or equal 
to one. For the other four cases, the buildup curve produced was nearly 
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Figure C.l Head buildup results for mixed explicit-implicit and fully 
implicit numerical schemes. 
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Figure C.2 Effect of sivary on head buildup. 
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Figure C.3 Effect of sivary on head buildup. 
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Figure C.4 Effect of sivary on head buildup. 
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Figure C.5 Effect of sivary on head buildup. 
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Figure C.6 Effect of sivary on head buildup. 
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Figure C.7 Effect of sivary on head buildup. 
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the same for all three sivary values. Assuming that the accuracy of a 
simulation does not decrease with decreasing sivary, the comparison 
clearly shows that sivary values much smaller than the default value are 
often necessary for accurate buildup simulations. 

In the head buildup simulations of Chapter Three, an effort was 
made to use conservatively small values of sivary to insure maximum 
accuracy. However, it was impractical to check accuracy by repeating 
the simulations at even smaller sivary values. Especially small sivary 
values were required for simulations in which ~ and 6 were greater than 
or equal to one. In these cases, the simulations were usually run in 
increments of 3000 to 5000 seconds of computation time. Frequently, as 
the simulation proceded toward steady state, the value of sivary would 
be reduced. The need for a reduced sivary would be indicated by either 
a convergence error or the commencement of "stair-stepping" in the 
buildup curve. One of the program options is the output of the head at 
a particular node for every time step. This option was used in the head 
buildup simulations to obtain the head at a central node in the buildup 
zone at each time step. Also provided with the head at that node is the 
slope of the head versus simulation time curve for that node. During 
"stair-stepping", the slope would take on a very small negative value 
for one or more time steps; then, the slope would be positive and orders 
of magnitude larger for one or more steps; then the sequence would 
repeat. When excessive "stair-stepping" occurred, the head buildup 
curve would sometimes lose accuracy; that is, it would deviate from the 
curve obtained when a smaller sivary was used. Use of a smaller value 
of sivary would generally reduce or eliminate "stair-stepping", at least 
temporarily. Of course, as sivary is decreased, computation time gener
ally increases. Thus to maintain accuracy, extremely small values of 
sivary were often required and very lengthy computation times. Some 
runs, especially for large values of ~ and/or 6, were impractical to 
carry through to steady-state. 
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APPENDIX D 

RESULTS OF STEADY CONSTANT-HEAD TESTS 
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Two-Side Test Results 

Run Ls Lc Li Ks Kr Kr/Ks 
-----------------------------------------------------------

1 4 4.75 4.75eO 1e-9 1e-8 leI 
2 4 1e-9 1e-9 leO 
3 4 1e-9 1e-10 1e-1 
4 8 4.75eO 1e-9 1e-7 1e2 
5 8 1e-9 1e-8 leI 
6 8 1e-9 4e-8 4e1 
7 8 1e-9 4e-9 4eO 
8 8 1e-9 1e-9 leO 
9 8 1e-9 3e-10 3e-1 
10 8 1e-9 1e-10 1e-1 
11 8 1e-9 3e-11 3e-2 
12 8 1e-9 1e-11 1e-2 
13 8 1e-9 3e-12 3e-3 
14 16 4.75 4.75eO 1e-9 1e-8 leI 
15 16 1e-9 1e-9 leO 
16 16 1e-9 1e-10 1e-1 
17 24 4.75 4.75eO 1e-9 1e-7 1e2 
18 24 1e-9 1e-8 leI 
19 24 le-9 1e-9 leO 
20 24 1e-9 3e-10 3e-l 
21 24 1e-9 le-l0 le-1 
22 24 le-9 3e-11 3e-2 
23 24 le-9 1e-11 1e-2 
24 24 1e-9 3e-12 3e-3 
25 32 4.75 4.75eO 1e-9 1e-8 leI 
26 32 1e-9 1e-9 leO 
27 32 1e-9 1e-10 1e-1 
28 40 4.75 4.75eO 1e-9 1e-8 leI 
29 40 1e-9 1e-9 leO 
30 40 1e-9 1e-10 1e-1 
31 8 4.75 1.25eO 1e-9 1e-8 leI 
32 8 1e-9 1e-9 leO 
33 8 1e-9 1e-10 1e-1 
34 8 4.75 8.75eO 1e-9 1e-8 leI 
35 8 1e-9 1e-9 leO 
36 8 1e-9 1e-10 1e-1 
37 8 4.75 1. 625e1 1e-9 1e-8 leI 
38 8 1e-9 1e-9 leO 
39 8 1e-9 1e-10 1e-1 
40 8 4.75 3e1 1e-9 1e-8 leI 
41 8 1e-9 1e-9 leO 
42 8 1e-9 1e-10 1e-1 
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Two-Side Test Results--Continued 

Run Ls Lc Li Ks Kr Kr/Ks 
------------------------------------------------------------.--

43 8 1.25 4.75eO le-9 le-8 leI 
44 8 le-9 le-9 leO 
45 8 le-9 le-lO le-l 
46 8 8.75 4.75eO le-9 le-8 leI 
47 8 le-9 le-9 leO 
48 8 le-9 le-IO le-l 
49 8 16.25 4.75eO le-9 le-8 leI 
50 8 le-9 le-9 leO 
51 8 le-9 le-IO le-l 
52 8 30 4.75eO le-9 le-8 leI 
53 8 le-9 le-9 leO 
54 8 le-9 le-IO le-l 
55 8 4.75 1.625el le-9 le-7 le2 
56 8 le-9 4e-8 4el 
57 8 le-9 4e-9 4eO 
58 8 le-9 3e-IO 3e-l 
59 8 le-9 3e-ll 3e-2 
60 8 le-9 le-ll le-2 
61 8 le-9 3e-12 3e-3 
62 8 16.25 4.75eO le-9 le-7 le2 
63 8 le-9 4e-8 4el 
64 8 le-9 4e-9 4eO 
65 8 le-9 3e-IO 3e-l 
66 8 le-9 3e-ll 3e-2 
67 8 le-9 le-ll le-2 
68 8 le-9 3e-12 3e-3 
69 32 4.75 4.75eO le-9 le-7 le2 
70 32 le-9 3e-9 3eO 
71 32 le-9 6e-IO 6e-l 
72 32 le-9 3e-IO 3e-l 
73 32 le-9 2e-IO 2e-l 
74 32 le-9 3e-ll 3e-2 
75 32 le-9 le-ll le-2 
76 32 le-9 3e-12 3e-3 
77 4 4.75 4.75eO le-9 le-7 le2 
78 4 le-9 3e-IO 3e-l 
79 4 le-9 3e-ll 3e-2 
80 4 le-9 le-ll le-2 
81 4 le-9 3e-12 3e-3 
82 4 le-9 3e-9 3eO 
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Two-Side Test Results--Continued 

Run Qe Qed Ksee/Ks Ksed Kred 
-----------------------------------------------------------

1 1. 600e-5 1.999ge1 1. 2732e1 5.000e-2 5.000e-1 
2 2.735e-6 3.4185eO 2.1763eO 2.925e-1 2.925e-1 
3 1.405e-6 1. 756eO 1.117geO 5.695e-1 5.695e-2 
4 9.90ge-5 1. 2387e2 1. 5771e2 8.073e-3 8.073e-1 
5 1.043e-5 1.3033e1 1.6593e1 7.673e-2 7.673e-1 
6 3.988e-5 4.9846e1 6.3466e1 2.006e-2 8.025e-1 
7 4.556e-6 5.6944eO 7.2503eO. 1. 756e-1 7.02l.e-1 
8 1. 611e-6 2.0135eO 2.5637eO 4.966e-1 4.966e-1 
9 9.167e-7 1.145geO 1.4590eO 8.727e-1 2.618e-1 
10 7.234e-7 9.043e-1 1.1513eO 1.105geO 1.106e-1 
11 6.567e-7 8.208e-1 1. 0451eO 1.2183eO 3.655e-2 
12 6.378e-7 7.972e-1 1.0151eO 1.2543eO 1. 254e-2 
13 6.312e-7 7.88ge-1 1.0045eO 1.2675eO 3.803e-3 
14 6.354e-6 7.943eO 2.0227e1 1. 25ge-1 1.2590eO 
15 8.914e-7 1. 1143eO 2.8374eO 8.975e-1 8.975e-1 
16 3.594e-7 4.492e-1 1.1440eO 2.2260eO 2.226e-1 
17 4.331e-5 5.4143e1 2.0681e2 1. 847e-2 1. 8470eO 
18 4.502e-6 5.6275eO 2.1495e1 1. 777e-1 1. 7770eO 
19 6.098e-7 7.622e-1 2.9114eO 1. 3120eO 1.3120eO 
20 3.063e-7 3.82ge-1 1.4624eO 2.611geO 7.836e-1 
21 2.290e-7 2.863e-1 1.0935eO 3.4930eO 3.493e-1 
22 2.117e-7 2.646e-1 1.0108eO 3.7788eO 1.134e-1 
23 2.097e-7 2.621e-1 1.00lleO 3.8155eO 3.816e-2 
24 2.08ge-7 2.6lle-1 9.974e-1 3.8298eO 1. 14ge-2 
25 3.508e-6 4.3854eO 2.2335e1 2.280e-1 2.2803eO 
26 4.604e-7 5.755e-1 2.9310eO 1. 7376eO 1. 7376eO 
27 1. 61ge-7 2.024e-1 1. 0307eO 4.9413eO 4.941e-1 
28 2.803e-6 3.5043eO 2.230ge1 2.854e-l 2.8537eO 
29 3.686e-7 4.607e-1 2.932geO 2.1706eO 2.1706eO 
30 1. 2lle-7 1. 514e-1 9.635e-1 6.6072eO 6.607e-1 
31 7.594e-6 9.4924eO 1.2086e1 1.053e-1 1.0535eO 
32 1. 308e-6 1.6353eO 2.0821eO 6.ll5e-1 6.115e-1 
33 6.932e-7 8.665e-1 1.1033eO 1.1541eO 1. 154e-1 
34 1.215e-5 1. 5193e1 1. 9344e1 6.582e-2 6.582e-1 
35 1. 787e-6 2.2331eO 2.8433eO 4.478e-1 4.478e-1 
36 7.428e-7 9.285e-1 1.1822eO 1.0770eO 1.077e-1 
37 1.400e-5 1. 7503e1 2.2285e1 5.713e-2 5.713e-1 
38 1.97ge-6 2.4731eO 3.148geO 4.043e-1 4.043e-1 
39 7.627e-7 9.534e-1 1.213geO 1. 048geO 1.04ge-l 
40 1. 575e-5 1.9691e1 2.5072e1 5.078e-2 5.078e-1 
41 2.154e-6 2.692geO 3.4287eO 3.714e-1 3.714e-1 
42 7.820e-7 9.775e-1 1.2445eO 1.0231eO 1.023e-1 
43 7.573e-6 9.4661eO 1.2053e1 1.056e-1 1.0564eO 
44 1.315e-6 1. 643geO 2.0930eO 6.083e-1 6.083e-1 
45 6.934e-7 8.668e-1 1.1036eO 1.1537eO 1.154e-1 
46 1. 216e-5 1. 5195e1 1.9347e1 6.581e-2 6.581e-l 
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Two-Side Test Resu1ts--Continued 

Run Qe Qed Ksee/Ks Ksed Kred 
-----------------------------.-----------------------------

47 1. 785e-6 2.2315eO 2.8412eO 4.481e-1 4.481e-1 
48 7.421e-7 9.276e-1 1.181leO 1.0780eO 1.078e-1 
49 1. 398e-5 1.7475e1 2.2250e1 5.722e-2 5.722e-1 
50 1. 974e-6 2.4673eO 3.1414eO 4.053e-1 4.053e-1 
51 7.625e-7 9.531e-1 1.2136eO 1.0492eO 1.04ge-1 
52 1. 577e-5 1.9715e1 2.5102el 5.072e-2 5.072e-l 
53 2.l55e-6 2.694eO 3.430leO 3.7l2e-l 3.7l2e-l 
54 7.8l7e-7 9.772e-l 1.2442eO 1.0234eO 1.023e-l 
55 1.344e-4 1.6803e2 2.1394e2 5.95le-3 5.951e-l 
56 5.405e-5 6.756e1 8.6020el 1.480e-2 5.92le-l 
57 5.988e-6 7.4846eO 9.5297eO 1.336e-l 5.344e-l 
58 1.032e-6 1.2904eO 1.6430eO 7.750e-l 2.325e-l 
59 6.686e-7 8.357e-1 1.0640eO 1.l966eO 3.590e-2 
60 6.417e-7 8.022e-l 1.02l4eO 1.2466eO 1. 247e-2 
61 6.323e-7 7.904e-1 1.0064eO 1.265leO 3.795e-3 
62 1.338e-4 1. 673e2 2.l30le2 5.977e-3 5.977e-l 
63 5.4l0e-5 6.7624el 8.6l0lel 1.47ge-2 5.915e-l 
64 5.985e-6 7.481leO 9.5253eO 1.337e-l 5.347e-l 
65 1. 032e-6 1.2898eO 1.6422eO 7.753e-l 2.326e-l 
66 6.685e-7 8.356e-l 1.0640eO 1. 1967eO 3.590e-2 
67 6.4l7e-7 8.02le-l 1.0213eO 1. 2467eO 1. 247e-2 
68 6.323e-7 7.904e-l 1.0064eO 1. 2651eO 3.795e-3 
69 3.346e-5 4.l82el 2.l29ge2 2.391e-2 2.39l2eO 
70 l.l6le-6 1.45l5eO 7.3924eO 6.88ge-l 2.0668eO 
71 3.250e-7 4.063e-l 2.0693eO 2.46l2eO 1.4767eO 
72 2.24ge-7 2.81le-l 1.43l6eO 3.5575eO 1. 0672eO 
73 1.897e-7 2.372e-l 1.207geO 4.2l63eO 8.433e-1 
74 1. 526e-7 1.907e-l 9.714e-l 5.2432eO 1.573e-l 
75 1. 542e-7 1.928e-l 9.8l7e-l 5.l88leO 5.l88e-2 
76 1. 550e-7 1.938e-l 9.870e-l 5.l600eO 1. 548e-2 
77 1.483e-4 1.853ge2 1.1802e2 5.394e-3 5.394e-l 
78 1. 70le-6 2.l26leO 1.3535eO 4.703e-l 1.41le-l 
79 1.301e-6 1.6265eO 1.0355eO 6.148e-l 1. 844e-2 
80 1.272e-6 1.5894eO 1.01l8eO 6.292e-1 6.292e-3 
81 1. 261e-6 1.5764eO 1.0036eO 6.344e-l 1.903e-3 
82 5.632e-6 7.0401eO 4.48lgeO 1.420e-1 4.26le-l 
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Two-Side Test Resu1ts--Continued 

Run Qi Qid Ksic/Ks Ksid Krid Qi/Qc 

1 4.834e-5 6.0421e1 3.8465e1 1.655e-2 1.655e-1 3.0213eO 
2 6.018e-6 7.5221eO 4.7887eO 1. 32ge-1 1. 32ge-1 2.2004eO 
3 1.73ge-6 2.1734eO 1.3836eO 4.601e-1 4.601e-2 1. 2377eO 
4 4.443e-4 5.5541e2 7.0717e2 1. 800e-3 1.800e-1 4.4840eO 
5 4.525e-5 5.6566e1 7.2022e1 1. 768e-2 1. 768e-1 4. 3404eO 
6 1. 784e-4 2.229ge2 2.8392e2 4.485e-3 1. 794e-1 4.4735eO 
7 1.858e-5 2.323e1 2.9577e1 4.305e-2 1. 722e-1 4.0795eO 
8 5.201e-6 6.5015eO 8.2780eO 1.538e-1 1. 538e-1 3.2290eO 
9 2.032e-6 2.5404eO 3.2345eO 3.936e-1 1.181e-1 2.2170eO 
10 1.102e-6 1. 3778eO 1. 7542eO 7.258e-1 7.258e-2 1.5236eO 
11 7.713e-7 9.642e-1 1.2276eO 1.0372eO 3.111e-2 1.1746eO 
12 6.761e-7 8.451e-1 1.0760eO 1.1833eO 1.183e-2 1.0600eO 
13 6.427e-7 8.033e-1 1.0228eO 1.2448eO 3.734e-3 1.0182eO 
14 4.362e-5 5.4526e1 1.3885e2 1.834e-2 1.834e-1 6.8647eO 
15 4.863e-6 6.0781eO 1. 5478e1 1. 645e-1 1. 645e-1 5.454geO 
16 8.096e-7 1.0120eO 2.576geO 9.882e-1 9.882e-2 2.2526eO 
17 4.264e-4 5.3296e2 2.0358e3 1. 876e-3 1. 876e-1 9.8437eO 
18 4.321e-5 5.4018e1 2.0633e2 1. 851e-2 1. 851e-1 9.5988eO 
19 4.77ge-6 5.9733eO 2.2816e1 1. 674e-1 1. 674e-1 7.836geO 
20 1.677e-6 2.0965eO 8.0080eO 4.770e-1 1.431e-1 5.475geO 
21 7.29ge-7 9.124e-1 3.4851eO 1.0960eO 1. 096e-1 3.1870eO 
22 3.724e-7 4.655e-1 1.7780eO 2.1483eO 6.445e-2 1. 758geO 
23 2.646e-7 3.308e-1 1.2635eO 3.0231eO 3.023e-2 1.2621eO 
24 2.267e-7 2.833e-1 1.0823eO 3.5294eO 1. 05ge-2 1.0851eO 
25 4.300e-5 5.3753e1 2.7376e2 1. 860e-2 1.860e-1 1. 2257e1 
26 4.746e-6 5.9321eO 3.0212e1 1.686e-1 1.686e-1 1.0308e1 
27 6.988e-7 8.735e-1 4.4488eO 1.1448eO 1. 145e-1 4.3164eO 
28 4.272e-5 5.3396e1 3.3993e2 1.873e-2 1. 873e-1 1.5238e1 
29 4.706e-6 5.8825eO 3.744ge1 1. 700e-1 1. 700e-1 1. 276ge1 
30 6.831e-7 8.53ge-1 5.4358eO 1. 1712eO 1. 171e-1 5.6416eO 
31 2.904e-5 3.6298e1 4.6215e1 2.755e-2 2.755e-1 3.823geO 
32 3.672e-6 4.5895eO 5.8435eO 2.17ge-1 2.17ge-1 2.8066eO 
33 9.586e-7 1.1982eO 1.5256eO 8.346e-1 8.346e-2 1.3828eO 
34 5.866e-5 7.3326e1 9.3362e1 1. 364e-2 1. 364e-1 4.8265eO 
35 6.520e-6 8.1494eO 1.0376e1 1.227e-1 1.227e-1 3.6493eO 
36 1. 23e-6 1. 5375eO 1. 9576eO 6.504e-1 6.504e-2 1.655geO 
37 7.923e-5 9.9036e1 1. 2610e2 1. 010e-2 1.01Oe-1 5.6584eO 
38 8.55ge-6 1.069ge1 1.3622e1 9.347e-2 9.347e-2 4.3260eO 
39 1.432e-6 1.7905eO 2.2797eO 5.585e-1 5.585e-2 1.8780eO 
40 1.093e-4 1.3661e2 1.7394e2 7.320e-3 7.320e-2 6.9377eO 
41 1.157e-5 1.4463e1 1.8414e1 6.914e-2 6.914e-2 5.3707eO 
42 1. 731e-6 2.163geO 2.7551eO 4.621e-1 4.621e-2 2.2138eO 
43 4.472e-5 5.5898e1 7. 1171e1 1. 78ge-2 1.78ge-1 5.9050eO 
44 5.143e-6 6.4291eO 8.1858eO 1.555e-1 1. 555e-1 3.9110eO 
45 1.095e-6 1.3684eO 1. 7423eO 7.308e-1 7.308e-2 1. 5787eO 
46 4.544e-5 5.679ge1 7.2318e1 1. 761e-2 1.761e-1 3.7380eO 
47 5.22ge-6 6.536eO 8.321geO 1.530e-1 1.530e-1 2.9290eO 
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Two-Side Test Resu1ts--Continued 

Run Qi Qid Ksic/Ks Ksid Krid Qi/Qc 

48 1.105e-6 1.3813eO 1.7587eO 7.240e-1 7.240e-2 1. 4890eO 
49 4.561e-5 5.7006e1 7.2583e1 1. 754e-2 1. 754e-1 3.2622eO 
50 5.250e-6 6.5623eO 8.3553eO 1.524e-1 1.524e-1 2.6597eO 
51 1.107e·6 1.3838eO 1. 7618eO 7.227e-1 7.227e-2 1.4518eO 
52 4.567e-5 5.7091e1 7.2691e1 1. 752e-2 1. 752e-1 2.8958eO 
53 5.26e-6 6.575eO 8.3716eO 1.521e-1 1. 521e-1 2.4406eO 
54 1.108e-6 1.3853eO 1.7638eO 7.21ge-1 7.21ge-2 1. 4176eO 
55 7.846e-4 9.8073e2 1. 2487e3 1.020e-3 1.020e-1 5.8368eO 
56 3.146e-4 3.931ge2 5.0062e2 2.543e-3 1.017e-1 5.8198eO 
57 3.214e-5 4.017ge1 5.1157e1 2.48ge-2 9.956e-2 5.3682eO 
58 3.02ge-6 3.7864eO 4.8210eO 2.641e-1 7.923e-2 2.9343eO 
59 8.702e-7 1.0877eO 1.384geO 9.194e-1 2.758e-2 1.3015eO 
60 7.090e-7 8.862e-1 1.1283eO 1.1284eO 1. 128e-2 1.1047eO 
61 6.525e-7 8.157e-1 1.0385eO 1.2260eO 3.678e-3 1.031geO 
62 4.483e-4 5.6033e2 7.1343e2 1. 785e-3 1.785e-1 3.3492eO 
63 1. 798e-4 2.2473e2 2.8613e2 4.450e-3 1. 780e-1 3.3232eO 
64 1. 874e-5 2.3421e1 2.9821e1 4.270e-2 1.708e-1 3.1307eO 
65 2.045e-6 2.5568eO 3.2554eO 3.911e-1 1.173e-1 1. 9824eO 
66 7.72ge-7 9.661e-1 1. 2300eO 1.0351eO 3.105e-2 1.1561eO 
67 6.766e-7 8.458e-1 1.0768eO 1.1824eO 1.182e-2 1.0544eO 
68 6.428e-7 8.035e-1 1.0231eO 1.2445eO 3.734e-3 1.0166eO 
69 4.248e-4 5.3096e2 2.7042e3 1.883e-3 1.883e-1 1.2696e1 
70 1. 328e-5 1. 6603e1 8.4556e1 6.0230-2 1. 807e-1 1. 1438e1 
71 2.998e-6 3.746geO 1.9083e1 2.66ge-1 1.601e-1 9.221geO 
72 1. 64ge-6 2.0616eO 1.0500e1 4.851e-1 1.455e-1 7.3341eO 
73 1.186e-6 1.4824eO 7.5497eO 6.746e-1 1.34ge-1 6.2501eO 
74 3.306e-7 4.132e-1 2.1046eO 2.419geO 7.260e-2 2.1667eO 
75 2.16ge-7 2.712e-1 1. 3810eO 3.6878eO 3.688e-2 1.4068eO 
76 1.760e-7 2.200e-1 1.1206eO 4.5447eO 1. 363e-2 1.1354eO 
77 4.714e-4 5.892e2 3.7510e2 1. 697e-3 1.697e-1 3.1782eO 
78 2.696e-6 3.3704eO 2.1456eO 2.967e-1 8.901e-2 1.5852eO 
79 1.401e-6 1.7518eO 1. 1152eO 5.70ge-1 1. 713e-2 1.0770eO 
80 1.305e-6 1.6313eO 1.0385eO 6.130e-1 6.130e-3 1.0263eO 
81 1. 271e-6 1.588geO 1.0115eO 6.294e-1 1. 888e-3 1.007geO 
82 1. 54ge-5 1. 9365e1 1.2328e1 5.164e-2 1.54ge-1 2.7507eO 

Notes: 

a Simulations made with grid CH4. 
b Refer to List of Symbols for definitions of variables. 
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One-Side Test Results 

Run Ls Lc Ks Kr KrlKs 
-------------------------------------------------

1 
2 4 1.25 1e-9 1e-7 100 
3 4 1e-9 1e-8 10 
4 4 1e-9 1e-9 1 
5 4 1e-9 3e-10 .3 
6 4 1e-9 1e-1O .1 
7 4 1e-9 3e-11 .03 
8 4 1e-9 1e-ll .01 
9 4 1e-9 3e-12 .003 
10 8 1.25 1e-9 1e-7 100 
11 8 1e-9 1e-8 10 
12 8 1e-9 1e-9 1 
13 8 1e-9 3e-10 .3 
14 8 1e-9 1e-10 .1 
15 8 1e-9 3e-ll .03 
16 8 1e-9 1e-ll .01 
17 8 1e-9 3e-12 .003 
18 8 8.75 1e-9 1e-7 100 
19 8 1e-9 1e-8 10 
20 8 1e-9 1e-9 1 
21 8 1e-9 3e-10 .3 
22 8 1e-9 1e-1O .1 
23 8 1e-9 3e-ll .03 
24 8 1e-9 1e-ll .01 
25 8 1e-9 3e-12 .003 
26 8 16.25 1e-9 1e-7 100 
27 8 1e-9 1e-8 10 
28 8 1e-9 1e-9 1 
29 8 1e-9 3e-10 .3 
30 8 1e-9 1e-10 .1 
31 8 1e-9 3e-ll .03 
32 8 1e-9 1e-ll .01 
33 8 1e-9 3e-12 .003 
34 16 1.25 1e-9 1e-8 10 
35 16 1e-9 1e-9 1 
36 16 1e-9 1e-1O .1 
37 16 8.75 1e-9 1e-8 10 
38 16 1e-9 1e-9 1 
39 16 1e-9 1e-10 .1 
40 24 1. 25 1e-9 1e-7 100 
41 24 1e-9 1e-8 10 
42 24 1e-9 1e-9 1 
43 24 1e-9 3e-10 .3 
44 24 1e-9 1e-10 .1 
45 24 1e-9 3e-ll .03 
46 24 1e-9 1e-ll .01 
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One-Side Test Results--CQntinued 

Run Ls L9 Ks Kr Kr/Ks 
-------------------------------------------------

47 24 1e-9 3e-12 .003 
48 24 8.75 1e-9 1e-8 10 
49 24 1e-9 1e-9 1 
50 24 1e-9 1e-10 .1 
51 32 1.25 1e-9 1e-7 100 
52 32 1e-9 1e-8 10 
53 32 1e-9 1e-9 1 
54 32 1e-9 3e-10 .3 
55 32 1e-9 1e-10 .1 
56 32 1e-9 3e-11 .03 
57 32 1e-9 1e-ll .01 
58 32 1e-9 3e-12 .003 
59 32 8.75 1e-9 1e-8 10 
60 32 le-9 1e-9 1 
61 32 1e-9 1e-10 .1 
62 40 1. 25 le-9 1e-7 100 
63 40 1e-9 1e-8 10 
64 40 1e-9 1e-9 1 
65 40 le-9 3e-10 .3 
66 40 1e-9 1e-10 .1 
67 40 1e-9 3e-ll .03 
68 40 8.75 1e-9 1e-8 10 
69 40 1e-9 1e-9 1 
70 40 1e-9 1e-10 .1 
71 8 30 le-9 1e-8 10 
72 8 1e-9 1e-9 1 
73 8 1e-9 1e-10 .1 
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One-Side Test Results--Continued 

Run Qi Qid Ksic/Ks Ksid Krid 

1 3.002e-4 3.752le2 2.3887e2 2.665e-3 2.665e-l 
2 3.l35e-5 3.9l93el 2.495lel 2.552e-2 2.552e-l 
3 4.364e-6 5.4554eO 3.4730eO 1. 833e-l 1.833e-l 
4 2.20ge-6 2.76lSeO 1.7580eO 3.62le-l 1.086e-l 
5 1. 578e-6 1.972leO 1.2555eO 5.07le-l 5.07le-2 
6 1.354e-6 1.69lgeO 1.0771eO 5.911e-l 1. 773e-2 
7 1. 28ge-6 1.6ll3eO 1.0258eO 6.206e-l 6.206e-3 
8 1. 266e-6 1.583eO 1.0078eO 9.3l7e-l 1. 895e-3 
9 2.837e-4 3.5464e2 4.5l54e2 2.820e-3 2.820e-l 
10 2.92ge-5 3.66l3el 4.66l6el 2.73le-2 2.73le-l 
11 3.703e-6 4.6283eO 5.892geO 2.l6le-l 2.l6le-l 
12 1. 60le-6 2.00l3eO 2.548leO 4.997e-l 1.49ge-l 
13 9.62ge-7 1. 2037eO 1.5325eO 8.308e-l 8.308e-2 
14 7.302e-7 9.l28e-l 1.162leO 1. 0956eO 3.287e-2 
15 6.624e-7 8.28le-l 1.0543eO 1.2077eO 1.208e-2 
16 6.386e-7 7.982e-l 1.0163eO 1.2528eO 3.758e-3 
17 5.880e-4 7.3S04e2 9.3S88e2 1.360e-3 1.360e-l 
18 5.950e-5 7.4376el 9.469gel 1. 34Se-2 1. 345e-l 
19 6.623e-6 8.2784eO 1.0540el 1.208e-l 1.208e-l 
20 2.4S2e-6 3.0648eO 3.9022eO 3.263e-l 9.78ge-2 
21 1. 24le-6 1.55l3eO 1. 975leO 6.446e-l 6.446e-2 
22 8.l2ge-7 1. 0161eO 1.2938eO 9.84le-l 2.952e-2 
23 6.89ge-7 8.624e-l 1.0980eO 1.lS96eO 1.l60e-2 
24 6.468e-7 8.085e-l 1. 0294eO 1.2368eO 3.710e-3 
2S 7.998e-4 9.9971e2 1.272ge3 1. 000e-3 1.000e-l 
26 8.06ge-5 1.0086e2 1.2842e2 9.9l4e-3 9.9l4e-2 
27 8.71ge-6 1.089gel 1.3877el 9.175e-2 9.175e-2 
28 3.076e-6 3.8448eO 4.8953eO 2.60le-l 7.803e-2 
29 1.448e-6 1.BlOSeO 2.30S2eO 5.523e-l 5.S23e-2 
30 8.750e-7 1. 0937eO 1.3925eO 9.l43e-l 2.743e-2 
31 7.l06e-7 8.883e-l 1.13l0eO 1.1258eO 1.l26e-2 
32 6.530e-7 8.l63e-l 1.0393eO 1.22SleO 3.675e-3 
33 2.834e-5 3.542Bel 9.02lSel 2.823e-2 2.823e-l 
34 3.445e-6 4.306SeO 1.0966el 2.322e-l 2.322e-l 
3S 6.887e-7 8.60ge-l 2.l923eO 1.16l6eO 1.162e-l 
36 5.726e-5 7.l574el 1.8226e2 1. 397e-2 1. 397e-l 
37 6.l92e-6 7.7396eO 1. 970gel 1.292e-l 1.292e-l 
38 9.36ge-7 1.l71leO 2.9822eO B.53ge-l B.53ge-2 
39 2.72ge-4 3 .4118e2 1.3032e3 2.93le-3 2.93le-l 
40 2.803e-5 3.5034el 1.3382e2 2.B54e-2 2.854e-l 
41 3.385e-6 4.23l3eO 1.6l62el 2.363e-l 2.363e-l 
42 1. 300e-6 1. 6254eO 6.208SeO 6.l52e-l 1. 846e-l 
43 6.l60e-7 7.700e-l 2.94l0eO 1. 2988eO 1. 29ge-l 
44 3.406e-7 4.257e-l 1. 6260eO 2.349leO 7.047e-2 
4S 2.552e-7 3.l90e-l 1. 2l84eO 3.l350eO 3.l35e-2 
46 2.232e-7 2.790e-l 1.06S6eO 3.5B46eO 1.075e-2 
47 5.64ge-5 7.06lel 2.6971e2 1.4l6e-2 1.416e-l 
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One-Side Test Resu1ts--Cootioued 

Run Qi Qid KsJc/Ks Ksid Krid 

48 6.068e-6 7.5853eO 2.8974e1 1.318e-1 1.318e-1 
49 8.511e-7 1.0638eO 4.0635eO 9.400e-1 9.400e-2 
50 2.717e-4 3.3958e2 1.7294e3 2.945e-3 2.945e-1 
51 2.795e-5 3.493ge1 1.7794e2 2.862e-2 2.862e-1 
52 3.363e-6 4.2036eO 2.140ge1 2.37ge-1 2.37ge-1 
53 1. 280e-6 1.6005eO 8.1513eO 6.248e-1 1. 874e-1 
54 5.880e-7 7.350e-1 3.7431eO 1.3606eO 1.361e-1 
55 3.005e-7 3.756e-1 1. 9127eO 2.6627eO- 7.988e-2 
56 2.07ge-7 2.59ge-1 1. 3237eO 3.8476eO 3.848e-2 
57 1. 713e-7 2.141e-1 1.0903eO 4. 6710eO 1.401e-2 
58 5.595e-5 6.9931e1 3.5616e2 1.430e-2 1.430e-1 
59 5.994e-6 7.492geO 3.8161e1 1.335e-1 1.335e-1 
60 8.137e-7 1.0171eO 5.1800eO 9.832e-1 9.832e-2 
61 2.715e-4 3.3933e2 2.1602e3 2.947e-3 2.947e-1 
62 2.788e-5 3.4853e1 2.2188e2 2.86ge-2 2.86ge-1 
63 3.354e-6 4.191geO 2.6686e1 2.386e-1 2.386e-1 
64 1. 271e-6 1.588geO 1.0115e1 6.294e-1 1.888e-1 
65 5.767e-7 7.20ge-1 4.5892eO 1.3872eO 1. 387e-1 
66 2.805e-7 3.506e-1 2.2321eO 2.8520eO 8.556e-2 
67 5.605e-5 7.0061e1 4.4602e2 1.427e-2 1.427e-1 
68 5.996e-6 7.4948eO 4.7713e1 1. 334e-1 1. 334e-1 
69 7.996e-7 9.995e-1 6.362geO 1.0005eO 1.001e-1 
70 1. 117e-4 1.3956e2 1.7770e2 7.165e-3 7.165e-2 
71 1. 180e-5 1.4755e1 1. 8787e1 6.777e-2 6.777e-2 
72 1. 755e-6 2.1941eO 2.7936eO 4.558e- 1 4.558e-2 

Notes: 

a Simulations made with grid CH4. 
b See List of Symbols for definitions of variables. 



578 

APPENDIX E 

EFFECT OF PACKER GLAND LENGTH ON INJECTION AND COLLECTION RATES 

In the simulations of Chapter Three, the full length of the bore
hole beyond the injection zone and collection zone was assumed imperme
able to flow. In actual field tests, the injection and collection zones 
are usually formed by placing mechanical or pneumatic packers just 
beyond the injection and collection zones. Thus the actual lengths of 
the impermeable boundaries along the borehole are the gland lengths of 
the in-place packers. 

Several simulations of the constant-head test were performed to 
compare steady injection and collection flow rates obtained with short, 
impermeable boundaries to the flow rates obtained with full-length, 
impermeable boundaries. The results apply only to the steady constant
head test. No attempt was made to make a similar comparison for the 
transient constant-head test or the head buildup test. 

The simulation results are shown in Table E.l. In the table, Lpi 
and Lpc are the inflated gland lengths of the packers on the injection 
and collection sides of a seal, respectively. Deviation is defined as 
the percent difference between the flow rate (Qi or Qc) obtained in the 
simulation from the corresponding flow rate for the case in which the 
impermeable boundaries extend the full length of the borehole beyond the 
injection and collection zones. All simulations reported in the table 
are for Kr/Ks - 100. Additional runs were made which indicate that 
maximum deviation occurs when Kr/Ks is maximum, other factors being 
equal. 

Based on the simulations performed, the following tentative conclu
sions are made for the steady constant-head test: 

(1) Deviation for the collection rate is generally greater than for 
the injection flow rate. 

(2) All other factors remaining constant, deviation decreases as 
Lpi and/or Lpc increase. 

(3) For seal lengths of 1 to 4 diameters, injection and collection 
zone lengths of about 0.2 to 2 diameters, and conductivity ratios up to 
100, deviation is less than about 5% when Lpi and Lpc are 9 diameters or 
longer. 
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Table E.l Steady Flow Rates for Two-Side Constant-Head Test with 
Packers of Various Gland Lengths Compared to Flow Rates 
for Tests with Full-Length Impermeable Boundaries 

Ls/D Li/D - Lpi/D Lpc/D Qc % Dev Qi % Dev 
Lc/D (xlO- 5 (xlO- 5 

cm/s) cm/s) 

1.0 .156 F F 5.1263 27.828 
6.84 6.84 4.9795 -2.86 27.983 .557 

.594 F F 9.9092 44.433 
1.00 F 8.9617 -9.56 46.687 5.07 
1. 97 F 9.3560 -5.58 45.436 2.26 
4.41 F 9.6758 -2.36 44.759 .734 
7.91 F 9.8235 -.865 44.547 .257 

F 1.00 8.9679 -9.50 44.885 1.02 
F 1. 97 9.3526 -5.62 44.760 .736 
F 4.41 9.6744 -2.37 44.604 .385 

1.00 1.00 8.2505 -16.7 46.959 5.69 
1. 97 1. 97 8.9189 -9.99 45.657 2.75 
4.41 4.41 9.4794 -4.34 44.894 1.04 
7.91 7.91 9.7099 -2.01 44.639 .464 

2.69 F F 21.773 92.370 
7.81 7.81 21.203 -2.62 93.029 .713 

2.0 .156 F F 2.8802 27.264 
7.84 7.84 2.80l3 -2.74 27.347 .304 

.594 F F 6.0454 43.050 
1.00 1.00 4.6041 -23.8 45.674 6.10 
4.91 4.91 5.7002 -5.71 43.441 .908 
7.41 7.41 5.8318 -3.53 43.278 .530 

2.63 F F 15.220 87.967 
7.38 7.38 14.635 -3.84 88.676 .806 

4.0 .156 F F 1.5198 27.035 
8.84 8.84 1.4521 -4.45 27.112 .285 

.594 F F 3.3456 42.477 
1.03 1.03 2.2637 -32.3 45.045 6.05 
8.41 8.41 3.2170 -3.84 42.632 .365 

2.75 F F 10.172 88.670 
9.25 9.25 9.6931 -4.71 89.291 .700 



Table E.l--Continued--NOTES 

Notes: 

a Simulations performed with Kr/Ks - 100; Ks - 10-9 ; H - 100; D - 8. 
b "F" indicates that packer (or impermeable boundary) extends full 

length of borehole above injection zone or below collection zone. 
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c Qi - injection rate; Qc - collection rate; Ks - seal conductivity -
10- 9 ; Kr - rock-mass conductivity - 10- 7 ; H - injection head - 100; 
D - borehole diameter - 8; Lui - length of gland of injection packer; 
!.pc - length of g,land of col~ection packer. 



APPENDIX F 

PROBABILITY OF A STEADY CONSTANT-HEAD TEST CONFORMING TO THE 
ASSUMPTIONS OF THE AXISYMMETRIC HODEL 
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The purpose of this appendix is to show that as the length of the 
seal and/or the length of the injection zone decrease, the probability 
increases that steady constant-head tests which yield results within the 
range of possible flow-ratio values conform to the assumptions of the 
axisymmetric model. 

Define events A and B as follows: 
A: Test conforms to the assumptions of the axisymmetric model. 
B: Flow Ratio (Qi/Qc) measured in a test is within the range of 

possible values according to the model. 
Assuming no measurement errors, P(B/A) - 1.0. 
From basic probability theory, P(B/A) - PCB n A)/P(A). 
From the preceding relationships, PCB n A) - peA n B) - peA). 
Thus P(A/B) - P(A)/P(B). 
The longer are the seal, injection zone, and/or the collection 

zone, the smaller is peA). This probability decreases because as these 
dimensions increase, it is increasingly likely that the flow domain 
includes a significant fracture or other feature which is contrary to 
the model's assumption of a seal and rock mass which are homogeneous and 
isotropic. An equivalent statement of the relationship is: The shorter 
are the seal, injection zone, and/or the collection zone, the larger is 
peA). 

The shorter are the the seal and/or the length of the injection 
zone, the smaller is PCB). This probability decreases because as seal 
length or length of injection zone decreases, the range of possible 
Qi/Qc values decreases (Figures F.l and F.2). 

Thus as the seal length and/or length of the injection zone become 
shorter, P(A/B) increases. 

As shown in Figure F.3, the range of possible flow ratios increases 
(i.e. PCB) increases) as the length of the collection zone decreases. 
It is therefore unclear from this analysis whether P(A/B) increases or 
decreases for decreasing collection zone length. 
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Figure F.l Dimensionless seal conductivity versus flow ratio for two 
seal lengths. The range of possible Qi/Qc values decreases 
with Ls/D. 
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Figure F.2 Dimensionless seal conductivity versus flow ratio for two 
injection lengths. The range of possible Qi/Qc values 
decreases with Li/D. 
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4.00 5.00 

Figure F.3 Dimensionless seal conductivity versus flow ratio for two 
lengths of the collection zone. The range of possible Qi/Qc 
values increases as Lc/D decreases. 



APPENDIX G 

MATHEMATICAL DESCRIPTIONS OF THE AXISYMMETRIC MODELS 
FOR THE SECOND RECOVERY, STEP, AND IMPULSE VARIATIONS 

OF THE HEAD-BUILDUP TEST 
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The axisymmetric model for the second recovery variation of the 
head buildup test is described by the following initial-boundary-value 
problem (Figure 3.35; subscript "c" denotes collection subdomain): 

Seal Subdomain 
Governing differential equation: 

(G.l ) 

Boundary conditions: 

O<r<DI2, z=Lsl2 (G .2) 

(G .3) 

Rock Subdornain 

Governing differential equation: 

(G.4 ) 

Boundary conditions: 

(G .5) 

(G.6) 

r=DI2, -L a /2<z<-L s I2-L c 

r=Lr' -L a /25.z5.L a /2 (G .7) 
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Collection Subdornain 

Governing differential equation: 

(G.8) 

Boundary conditions 

ohc 
or =0 r=O, -L s /2-L c<z<-L s /2 (G .9) 

ohc 
oz =0 05,r5,DI2, z=-L sI2-L c (G.IO) 

Interface Conditions 

ohs oh r K -=K-s or r or (G.II) 

(G.12) 

ohs ohc 
K -=K 

s OZ c oz 0<r<DI2, z=-LJ2 (G.13) 

Initial Conditions 

For the seal and rock subdornains, h,(r.z.O) and hr(r.z.O) are such 
that the equations defining the boundary-value problem for a form of the 
steady constant-head test are satisfied. The form of the steady test is 
given by the equations describing the two-side steady constant-head test 
(Equations 3.1 through 3.14), except that equation 3.10 is replaced by 
the following: 

h r = H (G.14) 
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For the collection subdomain, 

(G.15) 

The equations defining the axisymmetric model for the step varia
tion are the same as for the first recovery (i.e. Equations 3.23 through 
3.41) except that the initial conditions are changed to the following: 

hs(r, z, 0) = h,(r, z, 0) = hc(r, z, 0) = 0 (G.16) 

The equations defining the axisymmetric model for the impulse vari
ation are the same as for the second recovery variation, except that the 
initial conditions are changed to the following: 

hs(r, z, 0) = h,(r, z, 0) = H (G.I?) 

(G.18) 



APPENDIX H 

ANALYSES OF ESCABROSA LIMESTONE AND WATER FROM ORACLE RIDGE MINE 

Chemical analysis of Escabrosa limestone samples 

Quantity 
or property B1A B2A C1A 

Si02 (%) .20 .15 .15 
CaO (%) 31. 7 32.2 31.5 
CO2 (%) 47.0 46.9 46.6 
Fe203 (%) .23 .24 .24 
A1203 (%) .04 .03 .02 
S (%) <.05 <.05 <.05 
MgO (%) 20.3 20.8 20.6 
P205 (%) .040 .035 .030 
Mn (%) .078 .044 .057 
Na (%) .02 .02 .02 
K (%) <.01 <.01 <.01 
Pb (ppm) ·20.0 25.0 35.0 
Cu (ppm) <5.0 5.0 5.0 
Bi (ppm) <2.0 <2.0 <2.0 
Specific 
gravity 2.83 2.88 

Notes: 

a Analyses performed by Skyline Labs, Inc., Tucson, Arizona, report 
dated 3-1-85. 
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b Samples are from drill core from the following depths (below point B, 
Figure 4.2) in borehole ORM-LS: B1A - 30.86 m; B2A - about 28.6 m; 
CIA - about 30.5 m. 
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Mechanical properties of Escabrosa limestone samples 

Sample 

CIA 
C2A 
C3A 
C4A 

Notes: 

Young's Modulus 

(GPa) 

88 
92 
88 
87 

Poisson's Ratio 

.24 

.35 

.37 

.32 

Unconfined 
Compressive 
Strength 

(MPa) 

93 
150 
120 
180 

a Testing performed in Geomechanics Laboratory, Department of Mining 
and Geological Engineering, University of Arizona. 

b Samples are from drill core from the following depths (below point 
B, Figure 4.2) in borehole ORM-LS: CIA - 30.40 to 30.61 m; C2A -
29.09 to 29.30 m; C3A - 28.89 to 29.09 m; C4A - 31.01 to 31.21 m. 

Analysis of Water Samples 

Quantity 

Soluble salts (ppm) 
pH 
Ca (mg/l) 
Mg (mg/l) 
Na (mg/l) 
Cl (mg/l) 
S04 (mg/l) 
HC03 (mg/l) 
C03 (mg/l) 
F (mg/l) 
N (mg/l) b 
K (mg/l) 
SAR c 
Hardness (mg/l) 
Si03 (mg/l) 
Pb (mg/l) 

Notes: 

Sump water 

299 
7.85 

31 
30 

6 
4.6 

25 
190 

o 
.58 

4.61 
8 

.18 
11.6 

14.24 
.002 

Filtered water 

329 
7.5 
46 
25 

5 
4.5 
16.5 

220 
o 

.51 
4.63 

6 
.16 

12.7 
15.39 

.008 

a Analyses performed by Soils, Water and Plant Tissue Testing 
Laboratory, Department of Soils, Water and Engineering, University 
of Arizona, Tucson, Arizona on 5-18-84. 

b Analyzed as nitrate. 
c Sodium Absorption Ratio. 
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APPENDIX I 

RESULTS OF SIMULATIONS OF STEADY CONSTANT-HEAD TESTS AT 
ORACLE RIDGE MINE FOR CASE OF NON-ZERO HEAD AT AXIAL AND 

RADIAL BOUNDARIES OF ROCK MASS 

Inject. Bndry 
head head Kr Kr/Ks Qi 

Run (em) (em) (em/sec) (em3/see) 
--------------------.--------------------------------------------.-
1 1478 0 le-ll le-2 1. 060e-5 
2 3e-ll 3e-2 1. 35Se-S 
3 le-10 le-l 2.38Se-S 
4 3e-IO 3e-l S.3l4e-S 
5 le-9 leO 1.SSOe-4 
6 le-8 lel 1.4S7e-3 
7 7.3ge2 le-ll le-2 1.02le-S 
8 3e-ll 3e-2 1. 23ge-S 
9 le-IO le-l 1. 998e-S 
10 le-9 leO 1.167e-4 
11 le-8 lel 1. 077e-3 
12 1.478e3 le-ll le-2 9.826e-6 
13 3e-ll 3e-2 1.l23e-S 
14 le-lO le-l 1. 6l2e-S 
15 le-9 leO 7.842e-S 
16 le-8 lel 6.96Se-4 
17 2.2l7e3 Ie-ll le-2 9.438e-6 
18 3e-ll 3e-2 1. 006e-S 
19 le-lO le-l 1. 224e-S 
20 le-9 leO 4.008e-S 
21 le-8 lel 3.l57e-4 
22 2.38e3 le-ll Ie-2 9.3S4e-6 
23 3e-ll 3e-2 9.808e-6 
24 le-IO le-l 1.l40e-S 
25 le-9 leO 3.l71e-S 
26 le-8 lel 2.326e-4 
27 2.44e3 le-ll le-2 9.322e-6 
28 3e-ll 3e-2 9.714e-6 
29 le-10 Ie-l 1.l0ge-S 
30 le-9 leO 2.860e-S 
31 le-8 lel 2.0l7e-4 
32 2.46e3 le-ll le-2 9.31le-6 
33 3e-11 3e-2 9.682e-6 
34 le-10 le-I 1. 098e-S 
35 le-9 leO 2.7S7e-S 
36 le-8 lel 1. 9l4e-4 
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Inject. Bndry 
head head Kr Kr/Ks Qi 

Run (em) (em) (em/sec) (em3/see) 
-------------------------------------------------------------------
37 2.48e3 le-ll le-2 9.30le-6 
38 3e-ll 3e-2 9.65le-6 
39 le-lO le-l 1.088e-5 
40 le-9 leO 2.653e-5 
41 le-8 leI 1.8l2e-4 
42 2.587e3 le-ll le-2 9.245e-6 
43 3e-ll 3e-2 9.483e-6 
44 le-lO le-l 1.032e-5 
45 3e-10 3e-l 1. 27e-5 
46 le-9 leO 2.09ge-5 
47 le-8 leI 1. 26le-4 
48 2.67ge3 le-8 leI 7.88le-5 
49 2.771e3 le-8 leI 3.l4ge-5 
50 2.863e3 le-8 leI -1.58e-5 
51 2.956e3 le-ll le-2 9.05le-6 
52 3e-ll 3e-2 8.903e-6 
53 le-lO le-l 8.386e-6 
54 le-9 leO 1. 87ge-6 
55 le-8 leI -6.37e-5 
56 3.695e3 le-ll le-2 8.664e-6 
57 3e-ll 3e-2 7.74Ie-6 
58 le-lO le-l 4.520e-6 
59 le-9 leO -3.64e-5 
60 le-8 leI -4.44e-4 
61 4.434e3 le-ll le-2 8.276e-6 
62 3e-ll 3e-2 6.578e-6 
63 le-lO le-l 6.540e-7 
64 le-9 leO -7.47e-5 
65 le-8 leI -8.24e-4 
66 2673 0 le-ll le-2 1. 936e-5 
67 3e-ll 3e-2 2.482e-5 
68 le-lO le-l 4.388e-5 
69 3e-10 3e-l 9.810e-5 
70 le-9 leO 2.866e-4 
71 le-8 leI 2.696e-3 
72 7.3ge2 le-ll le-2 1. 897e-5 
73 3e-ll 3e-2 2.366e-5 
74 le-lO le-l 4.002e-5 
75 le-9 leO 2.483e-4 
76 le-8 leI 2.3l6e-3 
77 1.478e3 le-ll le-2 1. 85ge-5 
78 3e-ll 3e-2 2.250e-5 
79 le-lO le-l 3.6lSe-S 
80 le-9 leO 2.l00e-4 
81 le-8 leI 1. 936e-3 
82 2.2l7e3 le-ll le-2 1.820e-S 
83 3e-ll 3e-2 2.133e-5 
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Inject. Bndry 
head head Kr Kr/Ks Qi 

Run (cm) (cm) (cm/sec) (cm3/sec) 
-------------------------------------------------------------.-----
84 le-IO le-l 3.22ge-5 
85 le-9 leO 1. 7l8e-4 
86 le-8 leI 1. 556e-3 
87 2.5ge3 le-11 le-2 1. 800e-5 
88 3e-11 3e-2 2.075e-5 
89 le-lO le-l 3.033e-5 
90 le-9 leO 1. 525e-4 
91 le-8 leI 1. 364e-3 
92 2.956e3 le-11 le-2 1.78le-5 
93 3e-ll 3e-2 2.0l7e-5 
94 le-lO le-l 2.842e-5 
95 le-9 leO 1.335e-4 
96 le-8 leI 1.l76e-3 
97 2018 0 le-ll le-2 1.456e-5 
98 3e-11 3e-2 1. 865e-5 
99 le-lO le-l 3.290e-5 
100 3e-l0 3e-l 7.346e-5 
101 le-9 leO 2.l44e-4 
102 le-8 leI 2.0l7e-3 
103 7.3ge2 le-ll le-2 1.4l8e-5 
104 3e-11 3e-2 1. 748e-5 
105 le-1O le-l 2.904e-5 
106 le-9 leO 1. 762e-4 
107 le-8 leI 1.637e-3 
108 1.478e3 le-ll le-2 1.37ge-5 
109 3e-11 3e-2 1. 632e-5 
110 le-IO le-l 2.517e-5 
111 le-9 leO 1. 37ge-4 
112 le-8 leI 1.257e-3 
113 2.2l7e3 le-11 le-2 1. 340e-5 
114 3e-ll 3e-2 1.516e-5 
115 le-1O le-l 2.l3le-5 
116 le-9 leO 9.963e-5 
117 le-8 leI 8.766e-4 
118 2.587e3 le-ll le-2 1. 32le-5 
119 3e-11 3e-2 1.458e-5 
120 le-10 le-1 1. 937e-5 
121 le-9 leO 8.047e-5 
122 le-8 leI 6.863e-4 
123 2.64e3 le-11 le-2 1. 3l8e-5 
124 3e-ll 3e-2 1.44ge-5 
125 1(;;-10 le-l 1. 90ge-5 
126 le-9 leO 7.773e-5 
127 le-8 leI 6.590e-4 
128 2.68e3 le-11 le-2 1. 3l6e-5 
129 3e-ll 3e-2 1.443e-s 
130 le-1O le-l 1. 888e-5 
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Inject. Bndry 
head head Kr Kr/Ks Qi 

Run (cm) (cm) (cm/sec) (cm3/sec) 
.------------------------------------------------------------------
131 1e-9 leO 7.565e-5 
132 1e-8 1e1 6.385e-4 
133 2.72e3 1e-11 1e-2 1. 314e-5 
134 3e-11 3e-2 1.437e-5 
135 1e-10 1e-1 1. 868e-5 
136 1e-9 leO 7.358e-5 
137 1e-8 1e1 6.17ge-4 
138 2.956e3 1e-11 1e-2 1. 301e-5 
139 3e-ll 3e-2 1.400e-5 
140 1e-1O 1e-1 1. 744e-5 
141 1e-9 leO 6.136e-S 
142 1e-8 1e1 4.965e-4 
143 1e-7 1e2 4.844e-3 

Run Qc Kscd Krcd Qi/Qc 
(cm3/sec) 

--------------------------------------------------
1 9.233e-6 1. 2807eO .0128065 1.148297 
2 9.453e-6 1.2508eO .0375250 1.433423 
3 1.023e-5 1.1558eO .1155816 2.331281 
4 1.248e-5 9.473e-1 .2841852 4.257250 
5 2.044e-5 5.785e-1 .5784736 7.581213 
6 1. 224e-4 9.663e-2 .9663289 11.90340 
7 9.302e-6 1.2712eO .0127117 1.098079 
8 9.658e-6 1.2243eO .0367285 1.282784 
9 1. 090e- 5 1.0853eO .1085268 1. 834236 
10 2.617e-5 4.518e-1 .4518151 4.458922 
11 1.732e-4 6.826e-2 .6825608 6.214282 
12 9.371e-6 1.2618eO .0126182 1.048620 
13 9.863e-6 1. 1988eO .0359654 1.138318 
14 1.156e-5 1.0227eO .1022749 1.394170 
15 3.190e-5 3.707e-1 .3706699 2.458416 
16 2.241e-4 5.276e-2 .5275981 3.107670 
17 9.440e-6 1.2526eO .0125258 .9998199 
18 1.007e-5 1.1744eO .0352324 .9994041 
19 1.223e-5 9.670e-1 .0967040 1.001390 
20 3.764e-5 3.141e-1 .3141089 1. 064713 
21 2.751e-4 4.298e-2 .4297917 1.147505 
22 9.455e-6 1.2506eO .0125059 .9892963 
23 1.011e-5 1.1692eO .0350756 .9698804 
24 1.237e-5 9.556e-1 .0955629 .9212802 
25 3.88ge-5 3.040e-1 .3040136 .8152881 
26 2.862e-4 4.131e-2 .4131088 .8125917 
27 9.460e-6 1. 249geO .0124985 .9854022 
28 1.013e-5 1. 1672eO .0350168 .9589141 
29 1. 243e-5 9.515e-1 .0951477 .8920093 
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Run Qc Kscd Krcd Qi/Qc 
(cm3/sec) 

--------------------------------------------------
30 3.936e-5 3.004e-l .3004218 .7266883 
31 2.904e-4 4.072e-2 .4072327 .6947477 
32 9.462e-6 1.2496eO .0124960 .9840629 
33 1.014e-5 1. 1667eO .0349995 .9553429 
34 1. 245e-5 9.501e-l .0950100 .8823624 
35 3.951e-5 2.992e-l .2992433 .6976185 
36 2.917e-4 4.053e-2 .4053063 .6561889 
37 9.464e-6 1.2494eO .0124935 .9827876 
38 1.014e-5 1.1660eO .0349788 .9516912 
39 1. 246e-5 9.487e-1 .0948728 .8726631 
40 3.967e-5 2.981e-l .2980740 .6688010 
41 2.931e-4 4.034e-2 .4034118 .6180484 
42 9.474e-6 1.2480eO .0124805 .9757969 
43 1.017e-5 1.1626eO .0348791 .9324090 
44 1. 256e-5 9.415e-l .0941476 .8214030 
45 1.90ge-5 6.194e-l .1858146 .6652698 
46 4.050e-5 2.920e-l .2919650 .5182478 
47 3.005e-4 3.935e-2 .3935168 .4197091 
48 3.068e-4 3.854e-2 .3853977 .2568709 
49 3.131e-4 3.776e-2 .3775947 .1005748 
50 3.195e-4 3.701e-2 .3701130 -.049535 
51 9.508e-6 1.2435eO .0124353 .9519372 
52 1.027e-5 1.1510eO .0345293 .8665920 
53 1.28ge-5 9.172e-l .0917229 .6505236 
54 4.336e-5 2.727e-l .2727000 .0433243 
55 3.25ge-4 3.628e-2 .3628329 -.195327 
56 9.577e-6 1.2346eO .0123459 .9046287 
57 1.048e-5 1.1285eO .0338538 .7387383 
58 1.356e-5 8.722e-l .0872234 .3334538 
59 4.90ge-5 2.40ge-l .2408735 -.741383 
60 3.768e-4 3.138e-2 .3138337 -1.17773 
61 9.646e-6 1.2258eO .0122577 .8579337 
62 1. 068e- 5 1.1068eO .0332042 .6157821 
63 1.422e-5 8.314e-l .0831388 .0459865 
64 5.482e-5 2.157e-l .2156956 -1.36203 
65 4.276e-4 2.765e-2 .2764942 -1.92632 
66 1.683e-5 1.2710eO .0127097 1.150847 
67 1. 723e-5 1.2415eO .0372435 1.440929 
68 1. 864e- 5 1. 1473eO .1147272 2.354365 
69 2.274e-5 9.403e-l .2820984 4.313707 
70 3.725e-5 5.741e-l .5740671 7.693423 
71 2.232e-4 9.581e-2 .9580645 12.07930 
72 1. 68ge-5 1.2658eO .0126577 1.123121 
73 1. 743e-5 1.226geO .0368055 1. 357315 
74 1. 930e-5 1.1077eO .1107750 2.072990 
75 4.298e-5 4.975e-l .4975453 5.777473 
76 2.741e-4 7.802e-2 .7802102 8.450452 
77 1. 696e-5 1.2606eO .0126063 1. 095738 
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Run Qc Kscd Krcd Qi/Qc 
(cm3/sec) 

--------------------------------------------------
78 1. 764e-5 1.2126eO .0363777 1.275645 
79 1. 997e-5 1.0708eO .1070806 1.810265 
80 4.871e-5 4.390e-1 .4390154 4.312139 
81 3.250e-4 6.581e-2 .6580502 5.957656 
82 1. 703e-5 1.2556eO .0125559 1.068581 
83 1. 784e-5 1.1987eO .0359596 1.195852 
84 2.064e-5 1.0363eO .1036298 1.564575 
85 5.444e-5 3.928e-1 .3928066 3.155275 
86 3.758e-4 5.690e-2 .5689655 4.139794 
87 1. 707e-5 1.2530eO .0125302 1.054904 
88 1. 794e-5 1.1918eO .0357532 1.156328 
89 2.097e-5 1.0197eO .1019694 1.446474 
90 5.733e-5 3.730e-1 .3729919 2.659120 
91 4.015e-4 5.326e-2 .5325762 3.397340 
92 1. 71e-5 1.2505eO .0125053 1.041637 
93 1. 805e-5 1.1850eO .0355511 1.117872 
94 2.13e-5 1.003geO .1003944 1.334272 
95 6.017e-5 3.554e-1 .3553990 2.218751 
96 4.267e-4 5.011e-2 .5011249 2.755671 
97 1. 267e-5 1.2746eO .0127459 1.149692 
98 1. 297e-5 1.244geO .0373473 1.437770 
99 1.404e-5 1.1503eO .1150267 2.344425 
100 1. 713e-5 9.427e-1 .2827981 4.289268 
101 2.B06e-5 5.754e-1 .5754206 7.643285 
102 1. 681e-4 9.605e-2 .9604950 11.99845 
103 1. 274e-5 1. 2677eO .0126769 1.113074 
104 1.317e-5 1.2255eO .0367661 1.327184 
105 1.47e-5 1.0982eO .1098231 1. 975374 
106 3.37ge-5 4.778e-1 .4778311 5.214586 
107 2.190e-4 7.373e-2 .7373036 7.474881 
108 1. 280e-5 1.260geO .0126086 1. 076773 
109 1. 338e-5 1.2068eO .0362027 1.219913 
110 1.537e-5 1.0507eO .1050700 1.638269 
111 3.952e-5 4.086e-1 .4085537 3.489814 
112 2.69ge-4 5.983e-2 .5982583 4.656661 
113 1.287e-5 1.2541eO .0125410 1.040861 
114 1.358e-5 1.1885eO .0356563 1.116027 
115 1.603e-5 1.0071eO .1007112 1. 329195 
116 4.525e-5 3.568e-1 .3568129 2.202033 
117 3.207e-4 5.034e-2 .5033517 2.733015 
118 1. 291e- 5 1. 2507eO .0125070 1.023086 
119 1. 36ge- 5 1. 1796eO .0353880 1.065103 
120 1.636e-5 9.866e-1 .0986616 1.183829 
121 4.811e-5 3.355e-1 .3355364 1. 672486 
122 3.462e-4 4.663e-2 .4663200 1.982293 
123 1. 291e- 5 1.2502eO .0125021 1.020445 
124 1.370e-5 1. 1783eO .0353492 1. 057879 
125 1. 641e-5 9.837e-1 .0983730 1.163427 



Notes: 

Run 

126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 

Kscd 

4.853e-5 3.327e-1 
3.49ge-4 4.615e-2 
1.292e-5 1.249geO 
1.371e-5 1.1774eO 
1.645e-5 9.816e-1 
4.884e-5 3.306e-1 
3.526e-4 4.578e-2 
1.292e-5 1.2495eO 
1.372e-5 1.1764eO 
1.648e-5 9.794e-1 
4.915e-5 3.285e-1 
3.554e-4 4.543e-2 
1.294e-5 1.2474eO 
1.37ge-5 1.170geO 
1.670e-5 9.66ge-1 
5.098e-5 3.167e-1 
3.716e-4 4.344e-2 
3.55ge-3 4.536e-3 

Krcd 

.3326945 1.601752 

.4614549 1.883693 

.0124992 1.018582 

.0353209 1.052436 

.0981577 1.148173 

.3305826 1.549176 

.4578429 1.810641 

.0124954 1.016641 

.0352926 1.046929 

.0979433 1.132986 

.3284973 1.497243 

.4542999 1.738744 

.0124741 1.005409 

.0351262 1.015158 

.0966938 1.044562 

.3167043 1.203727 

.4344339 1.336078 

.4535723 1.360801 
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a Grid CH4 modified for geometry of Oracle Ridge Mine steady constant
head test used. 

b Variables are defined in List of Symbols. 



APPENDIX J 

AIR POCKET CORRECTION ALGORITHM 

Introduction 

This algorithm uses available data from the collection zone at the 
Oracle Ridge Mine to determine the size of the air-pocket in the 
collection zone as a function of pressure. Since the pressure in the 
collection zone is determined by the height of the water in the 
collection pipet, errors in the flow test data due to the presence of 
air in the collection zone can be corrected. 

Experimental Procedure (refer to Figure J.1) 

1. With the valves closed, water entering the collection zone will 
cause the miniscus in the collection pipet to rise. 

2. At the termination of collection, the level in the drain pipet is 
lowered to nearly 0 ml by opening valve #2. 

3. Valve #2 is closed, then valve #1 is opened to allow flow from 
the collection pipet to the drain pipet. 

4. The drain pipet is raised or lowered until the miniscus in the 
collection pipet is at its pre-test level. 

5. The change in volume for each pipet is noted, the difference 
between them being due to the expansion of the air-pocket as 
pressure is reduced. 

Computational Approach 

The problem is broken down into three parts: 

A. Using the volume change in the collection pipet, V ,and the cp 
volume change in the drain pipe (which is the true volume 
entering the collection zone), V ,the volume of the air-pocket 

cz 
at the pressure resulting from the pre-test level in the 
collection pipet is determined. 

B. Using the volume calculated in A, the air-pocket volume is 
normalized to that which it would be for a zero volume in the 
collection pipet. 

C. The result of B is applied to a set of collection pipet volumes 
to correct them for the presence of the air pocket. 

Useful Expressions and Definitions 

Let the volume apparently collected be Vcp= V2 ' - VI'. 
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Collection 
pipet 

Valve 
til 

Drain 
pipet 

Valve 
112 

Figure J.1 Schematic of collection system at Oracle Ridge Mine with 
nomenclature for air-pocket calculations. 
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Let the volume actually collected be V = V ' - V ' - V
2 

+ VI. 
cz 2 1 

Let subsc~ipts 1,2 indicate state of system befo~e and afte~ test 
period, respectively. 

Let V. be the volume of the ai~ pocket at time i. 
1 

Let V.' be the volume of collection pipet at time i. 
1 

Let h. be the height of the miniscus in the pipet above the wate~ 
1 

level in the collection zone. 

Let H be the height of the ze~o mark on the pipet above the cente~ of 
o 

the collection zone. 

Let R be the ~adius, and D be the length of the collection zone. 

Let a. be the height of the ai~ pocket. 
1 

Let c be the c~oss-sectional a~ea of the pipet. 

Let y be the weight density of wate~. 

It then follows that the p~essu~e in the air pocket will be: 

since 

P. = yh. = yH + (yV.'/c) - y(R - a.) 
11011 

h = H + (V. '/c) - (R - a.) 
i 0 1 1 

(l) 

Assuming that the bo~ehole is ho~izontal, it can be shown that the 
volume of the ai~ pocket is 

v. = 9~R2D - R(R - a.)Dsin9. 
1.... 1 1 

whe~e 

-1 
9. = cos [(R - a.)/R] 

1 1 

Combining te~s yields 

as sin29 = 2sin9cos9 

De~ivation: Pa~t A 

V. = R2
D[9. - «R - a.)/R)sin9.] 

1 1 1 1 

2 
V. = R D[9. - cos9.sin9.] 

1 111 

2 
V. = R D[9. - (sin29./2)] 
111 

Recall Boyle's law: PV = constant in the ai~ pocket, so 

(la) 

(2) 

(3) 
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But, 
P

2 = PI + hP (hP > 0) 

(4) 
V

2 = VI + hV (hV < 0) 

Substituting Eq. 4 into Eq. 3 yields 

P
1

V
l 

= (PI + hP)(Vl + hV) 

= P
1

V
l 

+ P
1

hV + V
1

hP + hPhV 

o = P
1

hV + V
1

hP + hPhV 

o = (P
1

/hP) + (V
1

/hV) + 1 (5) 

By applying Eq. 1 for PI and P2' we find 

hP = P
2 

- P
1
= y[(H

o 
+ (V

2
'/c) - (R - a

2
» - (H

o 
+ (V

1
'/c) - (R - a

1
)] 

= y[H + (V '/c) - R + a - H - (V
1
'/c) + R - a

1
] 

o 2 2 0 
= y[(V ' - V ')/c + a - a ] 

2 1 2 1 
hP = Y [ (h V' I c) + a 2 - a 1 ] (6 ) 

By applying Eq. 2 for VI' V2 we find 

hV = V2 - VI = R2
0[al - (sln2a2/2)] - R

2
0[al - (sin2a

l
/2)] 

hV = R2
0[a2 - a1 - (1/2)(sina 2 - sinal)] (7) 

substituting Eqs. I, 2 and 6 into Eq. 5 yields 

V , 
1 

H +-+ a - R 2 sin2a 
0 c 1 R 0 

0 = - -- (a -
hV' IhVI 1 
-+ a - a 

c 2 1 

Algorithm: Part A 

1. Of the variables in Eq. 8, 
R,O,C and H are system constants 

o 
VI' and V

2
' are measured directly 

hV' = V ' - V ' = V 
2 1 cp 

2 

1 
) + 1 (8) 
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16VI = V - V ~ V = V - V2 + VI cz cp cz cp 
aI' a

2 
and 6

1 
are unknowns. 

2. Guess air-pocket initial height a
1 

-1 
3. Let 61 = cos [(R - a

1
)/R)] from Eq. 1a. 

lie 2 
4. Let VI = R 0[61 - (sin261/2)] from Eq. 2. 

5. Guess air pocket final height a20 

6. 

7. 

Let 62 
lie 

Let V2 

-1 = cos [(R 

= R2
D[62 -

- a
2

)/R)]. 

(sin262/2)]. 

(9) 

8. Compare change in air pocket volume corresponding to guesses with 
actual change in volume. 

lie lie 
Let & = 1 + [(V2 - V1)/16VI]. 

9. If & ~ 0, then repeat steps 5-8. 

MOTE: At this point an a2 has been found which when used with the 

assumed a
1 

gives a calculated volume change equal to the measured 

change. However, a
1 

itself is not necessarily correct. 

10. Now apply Eq. 8 to determine if the change in head will produce 
lie lie 

the volume change from Vl to V2 · 
V ' 

1 lie 

H + -+ a - R V 
0 c 1 1 

c = + 1 
6V' 16VI 
-+ a - a 

c 2 1 

11. If c ~ 0, then repeat steps 2-10. 

NOTE: At this point we know the height (a1 ) and volume (VI) of the 

air pocket for a pressure associated with the water in tbe pipet at 
the pre-test level. 

Derivation: Part B 

From part A, the pressure and volume of the air pocket associated with 
pipet volume V ' were found. In order to be able to compare results 

1 
from a number of tests with arbitrary initial volumes, it is 
convenient to have a standard pipet volume at which air pocket volumes 
may be compared. The standard chosen for this derivation is the zero 
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marking on the pipet. In part B, the air pocket volume from part A 
will be normalized to the equivalent volume associated with the 
standard pipet volume. 

Again applying Boyles law, 

where 0 is zero pipet volume (Vo') and 1 is initial pipet volume (VI') 

But from part A, 

and 

both of which can be readily obtained. 

Then, 
YC

l 
= P V o 0 

substituting Eqs. 1 and 2 into Eq. 10 gives 

YC1 = y[H + (V '/c) - (R - a )JR2D[6 - (sin2e 12)J o 0 000 

But V • = 0, so o 

cl = R2D(H - R + a )[e - (sin2e 12)J 
000 0 

Algorithm: Part B 

1. Of the variables in Eq. 11, 
R. D and H are system consants 

o 
c

l 
is found using results from part A 

a is unknown and e = f(a ). 
0 0 0 

2. Let P
1
/y = H + (V

1
'/c) - (R - a

1
) 

0 

3. Let VI = R
2

D[6
1 

- (sin26
1

/2)J 

4. Let c 
1 

= (P
1

/y)V
l 

5. Guess nominal air pocket height a 
0 

(10) 

(11) 
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-1 a )/R] from EC!. 1b 6. Let 9 = cos [(R-
0 0 

2 
- sin29 12) 7. Let & = c1 - R D(H - R + a )(9 o 0 0 0 

8. If & ~ 0, then repeat steps 5-7 

9. V = R2
D(9 o 0 

- sin29 12) 
0 

NOTE: Now height a and volume V are known for the air pocket with o 0 
the pipet having standard volume of zero. 

Derivation: Part C 

Having obtained the air pocket volume for zero pipet volume in part B, 
we will now use a similar technique to find the volume of the air 
pocket for arbitrary pipet volumes and use the results to correct the 
pipet readings for the errors induced by the shrinking of the air 
pocket. 

The subscript i will refer to a general pipet reading. 

Using Boyle's law 

p.v. = c' = yc 
111 

where c
1 

is the same as calculated in B-4. 

substituting Eqs. 1 and 2 into Eq. 12 gives 

2 = y[H + (V.'/c) - (R - a.)]R Dce. - sin28./2) 
o 1 111 

or 

c R
2

D[H + (V. '/c) - (R - a.»)(9. - sin29./2) 1= 0 1 1 1 1 

From Eq. 2, V. = R2D(9. - sin29./2) 
111 

So, the increase in water volume in the collection zone is V 
o 

Thus, the true pipet volume is given by 
V." = V ' + (V - V.) 

1 i 0 1 

Algorithm: Part C 

1. Of the variables needed for Eqs. 13 and 14. 
R. D. Hand c are system constants 

o 

(12) 

(13) 

- V.' 
1 

(14) 
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2. 

3. 

4. 

5. 

6. 

7. 

c and V were found 
1 0 

in Part B 

V.' is measured 
1 

6. = 
1 

V. = 
1 

V " = i 
a. is 

1 

f(a. ) 
1 

f(ei,ai ) 

f(Vi ' 'Vi ,Vo) 

unknown. 

Guess air pocket height a .. 
1 

-1 
Let e. = cos [(R - a.)/R] from Eq. lb. 

1 1 
2 

Let 6 = c1 - R D[H + (V. '/c) - (R - a.)](e. - sin2e./2) o 1 111 
If 6 ~ 0, then repeat steps 2-4. 

2 
Let V. = R D(e. - sin20./2). 
111 

Let V " = V ' + (V - V.). 
i i 0 1 

Repeat 1-7 for each measured V.'. 
1 
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APPENDIX K 

RESULTS OF CONSTANT-HEAD (OR CONSTANT-PRESSURE) 
INJECTION TESTS AT McNARY DAM 
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Table K.l Constant Pressure Injection Test Results. Borehole UA-CB-l; test started 9-4-03; 
depth to top of test zone: 39.592 m; length of test zone: 6U.6 cm; ambient test 
zone pressure: 355 kPa (51.5 psig). 

V(.M) 
t, Elapsed time PE(~t) V(M.) Q A(L\t) = (60)(L\t) 

--------------- ~t --------------
(cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) ~kPa) 

9-4/0Y43 0 U 
204 30.5 210 19.53 1.23 

14U7 264 4.40 
199 29.8 2Uo 14.03 1.itS 

1726 463 7.72 
265 3U.U 207 2U.14 1.27 

2151 728 12.1 
5HS 30.2 20ts 33.50 1.m:! 

9-5/0629 1246 20.8 
213 3U.2 2Uts 10.98 .H59 

1002 1459 24.3 
252 30.2 2UH 10.37 .686 

1414 1711 28.5 
139 3u.0 'LU7 7.93 .9~1 

1633 185U 30.8 
300 29.H 2UO 19.53 1.06 

2139 2156 35.9 
704 3U.0 'LU7 41.49 .9t:S2 

9-6/0923 2860 47.7 
2U2 30.0 2U7 7.93 .054 

1245 3062 51.0 
129 3U.2 208 4.t:SH .631 

1454 3191 53.2 
36 29.t:S LOo 1.~D .t:S4H 

1530 3227 53.8 

(j\ 

0 
(j\ 



Table K.l Constant Pressure Injection Test Results - NOTES 

PE(At) = average pressure (in excess of ambient pressure) in the test zone between the packers 
over the time period ~t. 

V(At) = volume of water injected into the test zone during the time period At. 

QA(At) = average injection flow rate during the period At. 

0\ 
o ...... 



Table K.2 Constant Pressure Injection Test Results. Borehole Ua-ClS-l; tes t started ~-~-tU; 
depth to top of test zone: 39.929 m; length of test zone: 60.6 cm; ambient test 
zone pressure: 34H kPa (5U.5 psig). 

V(LH) 
t, Elapsed time PE(~t) V(~t) Q A(LH)" (60)(6t) 
--------------- ~t --------------

(cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

9-9/1050 0 U 
237 30.2 2UH 21.3b 1.50 

1447 237 3.95 
9H 30.2 2UH 7. 'n 1.35 

1625 335 5.5H 
343 29.7 lUS IH.92 .~1~ 

2208 678 11.3 
559 30.3 209 25.63 .764 

9-10/0727 1237 20.6 
435 :m.3 2U9 14.b4 • .'>61 

1442 1672 27.9 
390 30.2 2U~ 11.59 .4HI:S 

2118 2068 34.5 
567 29.H lUb 17.7U .)2U 

9-11/0645 2635 43.9 
414 3U.7 ll1 9.76 .3~3 

1339 3049 50.H 

PE(~t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
over the time period ~t. 

V(~t) = volume of water injected into the test zone during the time period 6t. 

QA(6t) = average injection flow rate during the period 6t. 0\ 
o 
00 



Table K.3 Constant Pressure Injection Test Results. Borehole UA-~H-l; test started Y-IL-tl3; 
depth to top of test zone: 4U.437 m; length of test zone: 60.6 cm; ambient test 
zone pressure: 332 kPa (4B.2 psig). 

Date/Time 

9-12/1509 

1643 

2206 

9-13/0H24 

1155 

1836 

t, Elapsed time 

(min) (hours) 

o o 

94 1.57 

417 6.95 

1035 17.3 

1246 20.8 

1647 27.5 

fit 
(min) 

94 

323 

6lB 

211 

4Ul 

l'E(6t) 

(psig) (l<.Pa) 

30.0 207 

3U.0 2U7 

30.2 2Utl 

30.3 209 

30.2 lUB 

V(6t) 

(cm3) 

2b.B5 

64.U7 

b6.04 

2U.14 

3b.ol 

V(6t) 
Q o4(6t) = (60)(6t) 

x 103 (cm3/sec) 

4.76 

3.31 

2.32 

I.S9 

l.SZ 

PE(bt) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(bt) = volume of water injected into the test zone during the time period bt. 

QA(bt) = average injection flow r~te during the period bt. 

0\ 
o 
\0 



Table K.4 Constant Pressure Injection Test Results for Borehole UA-CB-4. 
Top of Test Zone: 37.586 m (123.31 ft); Length ~f Test Zone: 
Ambient Test Zone Pressure: 600 kPa (B7.0 psig) 

t, Elapsed time 
6t 

PE(6t) V(6t) 
--------------- --------------

(cm3) Date/Time (min) (hours) (min) (psig) (kPa) 

12-29/0838 0 0 
469 30.3 209 34.8 

12-29/1627 469 7.82 
1301 30.8 213 83.6 

12-30/1408 1770 29.50 
356 30.7 211 17.7 

12-30/2004 2126 35.43 
864 30.0 207 44.5 

12-31/1028 2990 49.83 
586 29.8 206 27.5 

12-31/2014 3576 59.60 
1102 29.8 206 50.0 

1-01/1436 4678 77 .97 

Depth to 
60.3 cm (1.98 ft); 

Q (~t) _ V(~t) 
A - (60)(~t) 

x 103 (cm3/sec) 

1.24 

1.07 

.828 

.859 

.781 

.757 

* High ambient test zone pressure is believed due to minute gas leak from packer into tight-rock test 
zone of this interval (see Section 2.2.5). 

PE(6t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
":the time period Llt. 

V(6t) = volume of water injected into the test zone during the time period 6t. 

QA(6t) = average injection flow rate during the period 6t. 

0\ 
I-' 
o 



Table K.5 Constant Pressure In.iection Test Results for Borehole UA-CB-4. 
Top of Tast Zone: 38.094 m (124.98 ft); Length ~f Test Zone: 
Ambient Test Zone Pressure: 581 kPa (84.3 psig) 

t, Elapsed time PE(l1t) V(l1t) --------------- l1t -------------- (cm3) Date/Time (min) (hours) (min) (psig) (kPa) 

12-24/1543 0 0 
326 30.2 208 31.1 

12-24/2109 326 5.43 
938 30.3 209 67.1 

12-25/1247 1264 21.07 
425 30.3 209 28.1 

12-25/1q52 1689 2~.15 
901 30.0 207 53.1 

12-26/1053 2590 43.17 
426 30.0 207 23.8 

12-26/1759 3016 50.27 
855 29.8 206 45.2 

12-27/0814 3871 64.52 
282 30.2 208 15.9 

12-27/1256 4153 69.22 

Depth to 
60.3 cm (1.98 ft); 

t _ V(6t) 
QA(6 )- (60)(6t) 

x 103 (cm3/sec) 

1.59 

1.19 

1.10 

0.982 

0.931 

0.880 

0.938 

* High ambient test zone pressure is believed due to minute gas leak from packer into tight-ro~k test 
zone of this interval (see Section 2.2.2.2). 

PE(l1t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period 6t. 

V(l1t) = volume of water injected into the test zone during the time period l1t. 

0A(l1t) = average injection flow rate during the period l1t. 
0\ .... .... 



Table K.6 Constant Pressure Injection Test Results for Borehole UA-CB-4. Depth to Top 
of Test Zone: 38.602 m (126.65 ft); Length of T*st Zone: 60.3 em (1.98 ft); 
Ambient Test Zone Pressure: 1090 kPa (158 psig) 

V(.!lt) 

t, Elapsed time PE(l1t) V(l1t) Q A(M) = (60)(M) 

--------------- l1t -------------- (em3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

1-31/0826 0 0 
414 30.8 213 7.32 0.295 

1-31/1520 414 6.90 
413 31.3 216 6.10 0.246 

1-31/2213 827 13.78 
596 31.3 216 0.610 0.0171 

2-1/0809 1423 23.72 
351 31.3 216 0.610 0.0290 

2-1/1400 1774 29.57 
419 31.3 216 1.83 0.0728 

2-1/2059 2193 36.55 
673 31.2 215 1.83 0.0453 

2-2/0812 2866 47.77 
398 31.2 215 1.22 0.0511 

2-2/1450 3264 54.40 
356 31.2 215 1.83 0.0857 

2-2/2046 3620 60.33 
699 30.8 213 1.83 0.0436 

2-3/0825 4319 71.98 
440 30.8 213 0.915 0.0347 

2-3/1545 4759 79.32 
391 31.0 214 0.915 0.0390 

2-3/2216 5150 85.83 
743 30.8 213 1.83 0.0411 

2-4/1039 5893 98.22 
520 31.5 217 1.22 0.0391 

0\ ..... 
N 



Table K.6 COnstant Pressure Injection Test Results for Borehole UA-CB-4. Depth to Top 
of Test Zone: 3R.602 m (126.65 ft); Length of T~st Zone: 60.3 cm (1.98 ft); 
Amhient Test Zone Pressure: 1090 kPa (158 psig) --COntinued 

V(~l) 

t, Elapseci time 
flt 

PE(flt) V(fl t) Q .4(~t) = (60)(~t) 
---------------

Date/Time --------------
(cm3) x 103 (cm3/sec) (min) (hours) (min) (psig) (kPa) 

2-4/1919 6413 106.R8 
716 31.7 218 1.R3 0.0426 

2-5/0715 7129 l1R.82 
396 31.5 217 0.610 0.0257 

2-5/1351 7525 125.42 

* High ambient test zone pressure is believed due to minute gas leak from packer into tight-rock test' 
zone of this interval (see Section 2.2.2.2). 

PE(flt) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(flt) = volume of water injected into the test zone during the time period flt. 

QA(flt) = average injection flow rate during the period flt. 

~ 
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Table K. 7 Constant Pressure Injection Test Results for Borehole UA-CB-4. Depth to Top 
of Test Zone: 39.110 m (128.31 ft); Length of T*st Zone: 60.3 cm (1.98 ft); 
Ambient Test Zone Pressure: 1160 kPa (169 psig) 

V(M) 

~!.._~!~e~~~_~!~~ 6t 
PE(6t) V(6t) Q o4(6t) = (60)(6t) 

--------------
(cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

1-24/1250 0 0 
142 31.0 214 4.88 0.573 

1-24/1512 142 2.37 
375 31.0 214 5.49 0.244 

1-24/2127 517 8.62 
635 30.7 211 4.27 0.112 

1-25/0802 1152 19.20 
299 30.3 209 1.83 0.102 

1-25/1301 1451 24.18 
462 31.0 214 3.66 0.132 

1-25/2043 1913 31.88 
715 31.2 215 2.44 /0.0569 

1-26/0838 2628 43.80 
331 31.3 216 1.83 0.0922 

1-26/1409 2959 49.32 
356 31.5 217 1.53 0.0714 

1-26/2005 3315 55.25 

*High ambient test zone pressure is believed due to minute gas leak from packer into tight-rock test 
zone of this interval (see Section 2.2.2.2). 

PE(6t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(6t) = volume of water injected into the test zone during the time period 6t. 

QA(6t) = average injection flow rate during the period 6t. 
0-..... 
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Date/Time 

1-9/2054 

1-10/0805 

1-10/1455 

1-10/2019 

1-11/0826 

Table K.8 COnstant Pressure Injection Test Results for Borehole UA-CB-4. Depth to Top 
of Test Zone: 37.618 m (129.98 ft); Length of Test Zone: 60.3 cm (1.98 ft); 
Ambient Test Zone Pressure: 350 kPa (50.8 psig) 

V(6t) 

t, Elapsed time PE(6t) V(6t) Q .. (6t) = (60)(6t) 

--------------- 6t --------------
(cm3) x 103 (cm3/sec) (min) (hours) (min) (psig) (kPa) 

0 0 
671 28.R 199 1680 41.7 

671 11.18 
410 27.2 lR7 885 36.0 

lORI lR.02 
324 29.3 202 777 40.0 

1405 23.42 
727 30.0 207 1670 38.3 

2132 35.53 

PE(6t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(6t) = volume of water injected into the test zone during the time period 6t. 

QA(6t) = average injection flow rate during the period 6t. 

0-
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Tahle K.9 COnstant Pressure Injection Test Results for Borehole UA-CR-3. Depth to Top 
of Test Zone: 32.099 m (105.31 ft); Length of Test Zone: 60.0 cm (1.97 ft); 
Ambient Test Zone Pressure: 296 kPa (43.0 psig) 

V(6t) 

t, Elapserl time PE(6t) V(6t) 
Q 04(61) = (60)(61) 

--------------- l1t --------------
(cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

2-13/1404 0 0 
270 30.3 209 81.8 5.05 

2-13/1834 270 4.50 
820 30.2 208 212 4.30 

2-14/0814 1090 18.17 
666 30.2 208 151 3.79 

2-14/1920 1756 2q.27 
206 30.0 207 45.2 3.65 

2-14/2246 1962 32.70 
Injection pump reset during this interval 

2-14/2249 1962 32.70 
599 30.8 213 126 3.50 

2-15/084R 2561 42.68 
899 30.7 211 171 3.18 

2-15/2347 3460 57.67 
636 30.5 210 104 2.73 

2-16/1023 4096 68.27 
724 30.2 208 112 2.57 

2-16/2227 4820 80.33 
583 30.0 207 79.3 2.27 

2-17/0R1O 5403 90.05 
Injection pump reset during this interval 

2-17/0R25 5403 90.05 
555 30.7 211 59.8 1.80 

2-17/1740 5958 99.30 
lR7 30.5 210 20.7 1.85 

0-..... 
0-



Table K.9 COnstant Pressure Injection Test Results for Borehole UA-CB-3. Depth to Top 
of Test Zone: 32.099 m (105.31 ft); Length of Test Zone: 60.0 cm (1.97 ft); 
Ambient Test Zone Pressure: 296 kPa (43.0 psig)--COntinued 

V(~t) 

t, Elapsed time PE(At) V(At) Q A(~t) = (60)(~t) 
--------------- At -------------

<cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

2-17/2047 6145 102.42 
770 30.3 209 95.1 2.06 

2-18/0937 6915 115.25 
752 30.3 209 83.6 1.85 

2-18/2209 7667 127.78 
557 30.0 207 52.5 1.57 

2-19/0726 8224 137.07 
825 30.0 207 79.3 1.60 

2-19/2111 9049 150.82 
786 29.8 206 65.9 1.40 

2-20/1017 9835 163.92 
1326 30.0 207 124 1.56 

2-21/0823 11,161 186.02 

PE(At) = average pressure (in excess of ambient pressure) in the test zone hetween the packers over 
the time period ~t. 

V(At) = volume of water injected into the test zone during the time period At. 

0A(At) = average injection flow rate during the period At. 

0'1 
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Table K.lO Constant Pressure Injection Test Results for Rorehole UA-CB-3~ Depth to Top 
of Test Zone: 32.582 m (106.90 ft); Length of Test Zone: 60.3 cm (1.98 ft); 
Ambient Test Zone Pressure: 373 kPa (54.2 psig) 

V(~t) 

t, Elapsed time 
6t 

PE(6t) V(6t) Q A(~t) = (60)(~t) 
--------------- -------------- (cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

10-26/0839 0 0 
259 30.5 210 20.7 1.34 

10-26/1258 259 4.32 
348 30.3 209 25.6 1.23 

10-26/1846 607 10.12 
797 29.7 205 54.9 1.15 

10-27/0803 1404 23.40 
292 30.5 210 17.7 1.01 

10-27/1255 1696 28.27 
199 30.2 208 12.8 1.07 

10-27/1614 1895 31.58 
274 29.8 206 17.1 1.04 

10-27/2048 2169 36.15 
677 29.8 206 42.7 1.05 

10-28/0805 2846 47.43 

PE(6t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(6t) = volume of water injected into the test zone during the time period 6t. 

QA(6t) = average injection flow rate during the perio~ 6t. 

(J\ 
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Date/Time 

10-5/0838 

10-5/1033 

10-5/1144 

10-5/1545 

10-5/2217 

10-6/0810 

Table K.ll Constant Pressure Injection Test Results for Borehole UA-CB-3. Depth to Top 
of Test Zone: 32.709 m (107.31 ft); Length of Test Zone: 60.3 cm (1.98 ft); 
Ambient Test Zone Pressure: 345 kPa (50.0 psig) 

V(6t) 

t, Elapsed time 
6t 

PE(6t) V(6t) Q o4(6t) = (60)(6t) 
--------------- -------------- (cm3) x 103 (cm3/sec) (min) (hours) (min) (psig) (kPa) 

0 0 
115 30.3 209 4.88 .707 

115 1.92 
71 30.3 209 1.83 .430 

186 3.10 
241 30.2 208 7.93 .549 

427 7.12 
392 30.0 207 14.0 .597 

819 13.65 
593 29.7 205 15.3 .429 

1412 23.53 

PE(6t) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(6t) = volume of water injected into the test zone during the time period 6t. 

0A(6t) = average injection flow rate during the period 6t. 
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Table K.12 Constant Pressure Injection Test Results for Borehole UA-CB-3. Depth to Top 
of Test Zone: 33.090 m (108.56 ft); Length of Test Zone: 60.3 em (1.98 ft); 
Ambient Test Zone Pressure: 379 kPa (55.0 psig) 

V(~t) 

~!.-~!~£:!~~-~~~~ At 
PE(A t) V(A t) Q A(~t) = (60)(~t) 

--------------
(cm3) x 103 (cm3/sec) Date/Time (min) (hours) (min) (psig) (kPa) 

11-4/1358 0 0 
415 30.0 207 69.6 2.79 

11-4/2053 415 6.92 
613 29.8 206 88.5 2.41 

11-5/0706 1028 17.13 
393 30.0 207 53.1 2.25 

11-5/1339 1421 23.68 
519 30.0 207 59.8 1.92 

11-5/2218 1940 32.33 
534 29.5 203 40.9 1.28 

11-6/0712 2474 41.23 
431 29.3 202 29.9 1.16 

11-6/1423 2905 48.42 
464 30.2 208 33.0 1.18 

11-6/2207 3369 56.15 
599 30.3 209 41.5 1.15 

11-7/0806 3968 66.13 

PE(At) = average pressure (in excess of ambient pressure) in the test zone between the packers over 
the time period ~t. 

V(At) = volume of water injected into the test zone during the time period At. 

QA(At) = average injection flow rate during the period At. 
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