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ROCK MASS SEALING
EXPERIMENTAL ASSESSMENT OF BOREHOLE PLUG PERFORMANCE
Annual Report, June 1, 1983 - May 31, 1984

EXECUTIVE SUMMARY

This Annual Report describes the work performed on the Rock Mass Sealing
Contract No. NRC-04~78=271 during the period June 1, 1983 - May 31, 198%
by the Department of Mining and Geclogical Engineering, University of
Arizona, Tucson, Arizona, for the U.S. Nuclear Regulatory Commission,
Division of Health, Safety, and Waste Management.

The objective of this research project is to provide an experimental
performance assessment of existing technology for sealing boreholes.
This assessment will provide a factual data basis on the acceptability
of using presently available technology to reduce waterflow (and,
indirectly, radionuclid: migration) through boreholes near a High Level
Waste (HLW) Repository. Although HLW repositories will be located at
sites with highly favorable isolation characteristics, two aspects that
cculd create a concern with respect to radionuclide release, for any

s te, are manmade penetrations of the rock mass within or near a
repository, and local, e.g. geologically disturbed, rock zones with
reduced isolation capabilities.

The research reported on here adresses primarily the sealing of manmade
penetrations, and experimentally directly the sealing of boreholes. To
some extent the experimental work performed can be considered as scaled
down work on the sealing of manmade penetrations in general (e.g.
including shafts and drifts). It can be expected, for example, that
interface flow between cement grout behind a shaft liner and the
surrounding rock should be very similar to interface flow observed in
experiments described here, i.e. should be very minimal if high quality
cement and installation procedures are used, but could show significant
piping or channeling with some installation procedures (e.g Chapter

2). Attempts at explicitly scaling up have had mixed results, at

best. Further work in this area is planned and in progress, but it
appears highly probable that testing on a considerably larger scale will

be necessary to permit a widely valid and reliable determination of size
effects.

l. Introduction

The first chapter of this report introduces the work performed this
year. It gives a brief justification for the research - primarily the
lack of available, quantitative experimental verification of borehole
plug performance. Such an independently developed factual data basis
will assist NRC in making findings about sealing procedures proposed in
HLW repository license applications. The chapter summarizes the scope
as well as the limitations or work performed and plsinned. It concludes
with a list of reports issued previously on this contract, putting the



present progress report within the genera’ framework of the ongoing
research.

2., Field Testing of Borehole Plug Performance

2.1 Intrcducrion

The second chajter describes field plug installation procedures and
results of field testing of borehole plug performance at the McNary Dam
site (Columbia River, Oregon) and at the Oracle Ridge Mine site. Also
presented are results of laboratory tests performed in support of field
testing. The prime objective of these lab tests is to try to identify
potential fie!l installation problems by simulating field installation
procedures. ‘irticularly of concern in this context are the frequently
observed chanaeling or piping along the rock-plug interface.

2.2 McNary Dam Site

Twenty cm long, 10 c¢m diameter plugs have been placed in three vertical
holes in basalt at depths of approximately 45 to 50 m below the

surface. One of these plugs has sealed very effectively. Two plugs
that have not sealed effectively have been capped with an additional 20
cm cement. After this remedial work one of the capped plugs has shown
very low hydraulic conductivity, while the third plug continues to allow
relatively large waterflows.

The site, borehole configuration, etc., have been described in detail in
the previous annual report. Instrumentation used for hole and plug
testing includes a straddle packer assembly, remote tracer injectors,
pressure-temperature recorders and a plug tester, as well as supporting
equipment .

Borehole photography and core logging have been used to select plug
locations, based on rock competence, low fracture density and sufficient
depth below the water table. Packer “esting has been performed in the
intervals selected orn the basis of the results from the preliminary
surveys as being the most promising for plug installation and testing.
The packer tests provide the hydraulic conductivity of the formation.

Plug emplacement is preceded by installation of the tracer injector and
of the below-plug instrumentation package. These instruments are
covered with gravel, sand and foam rubber, on top of which cement is
placed with a bailer. In one case bailer emplacement has been
noticeably unsuccessful, in another case probably so.

Plug testing is performed with a plug test packer installed directly
above the plug, and consists of tracer travel time tests, fluid inflow
tests and pressure build-up tests. Results are presented for all three
plugs, but comprehensive data analysis is still in progress.



2.3 Oracle Ridge Mine Site

A cement plug has been installed in a nearly horizontal horehole
coanecting two mine drifts, thus allowing access to both ends of the
plug, and greatly facilitating testing. Constant pressure injection
tests have been performed on the plug since May 1983, An extensive
discussion of the results is presented, and further testing and analysis
are in progress. It can be concluded alrecady, with some qualifications,
that effective scaling of horizontal holes appears quitz feasible with a
swelling cement,

2.4 Lahoratory Testing in Support of Field Tests

The objective of this laboratory testing is to try tu resolve the
frequently observed channeling or piping along the interface between a
cement plug and the surrounding wall (e.g. acrylic tube in many lah
tests) when plugs are (nstalled within a water column. Such channeling
(piping) has major detrimental consequences, i.e. drastic increases in
hydraulic conductivity. Several alternatives have been tried in order
to prevent such channeling, but none has proved fully successful. It is
probable thezt this type of channeling might be less severe for plugs or
grouts installed in a high density drilling mud (as compared to
installations in water), but that it nevertheless should be of concern
for all grouting and cementing in fluid=-filled holes.

Two radial permeameter tests have been performed on rock from the Oracle
Ridge Mine, both with rock bridges and with cement plugs.

3. Effects of Dynamic Loading and of brying on Cement Borehole Plug
Performance

This chapter is the executive summary of a topical report to be issued
within the near future.

Flow testing has been conducted on cement borehole plugs installea in
granite cylinders. The effect of dynamic loading on the hyvdraulic
conductivity of the seals has been studied by subjecting the sealed rock
samples to dynamic loading, i.e. controlled shaking on a shaking

table. The influence of cement drying has been evaluated by comparin~
water flow through cement seals that have been maintained saturated
since initial curing through all tests with results obtained on secals
which have been allowed to dry out (typically for many months, either at
room temperature, or in a laboratory oven).

It can be stated conclusively that dynamic loading, at accelerations un
to 2 g for applications up to 5 minutes, i.e. considerably more severe
testing conditions than would be encountered during any expected
earthquake loading, does not have a measurable detrimental effect on
cement borehole plug performance. Even after such loading the hydraulie
conductivity of the plug remains at or below that of the (low
permeability) granite in which it has been installed, i.e. no
preferential flowpath develops along or through the plug.



It can be stated equally conclusively rhat drying of the cement tested
here shows severe detrimental effects. The swelling is reversed, and
the resulting net shrinkage first induces a strongly preferential
flowpath (i.e. a partially open gap) between the plug and the rock, next
shrinkage cracks within the cement itself, and a further increase in
hydraulic conductivity. Upon saturating dried-out cement plugs, a
partial performance recovery does take place (see also Chapter %), but
the hydraulic conductivity of the system is never reduced to values of
the same order of magnitude as those for the cement plugs that are never
dried out. Clearly, it would be highly desirable to complement this
work by performing an experimental assessment of cement mixes designed
specifically to minimize shrinkage during drying, including
determination of the swelling and hydraulic conductivity behavior of
such plugs, as well as of the rock=plug interface strength.

4, Experimental Assessment of Borehole Drilling Damage in Basalt

Chapter 4 consists of two parts, the executive summary of a topical
report to be issued shortly, and a description of ongoing work.

The objective of this drilling damage study is to identify whether the
damage induced by drilling in a rock annulus surrounding a plug, i.e. in
the borehole walls, might he sufficient to allow a significant bhy-pass
flow through this damaged zone. Experimental studies include ring
tension tests, permeability (flow) measurements, and microscopic
fracture studies.

The ring tension test study includes an extensive laboratory
investigation of the tensile strength and stiffness of the rock around
drillholes. The experimental work is complemented by a comprehensive
numerical and analytical interpretation of the results. In the
permeability tests an attempt has been made to identify the flow
component through the damaged zone. (In a generalized sense all flow
tests performed as part of this contract are tescs of thi. type.) In
the microscopic fracture studies a detailed study has been made of
fractures, their density, orientation, size, etc., around boreholes both
by petrograpaic and by electron microscopy. Three types of basalt have
been used for the experimental work.

The malr conclusions reached from this investigation can be summarized
as follows:

- the damaged zone induced by drilling is very ualikely to be a
significant flowpath.

- a damaged zone can be induced by drilling. Its thickness, in the
samples tested (hole diameters ranging from 25 mm to 159 mm) does
not exceed 1.7 mm, and usually is smaller.

- different drilling methods (e.g. diamond coring, rotary or
percussion drilling) induce different and very characteristic
types of damage (i.e. fracture density, distribution, orientation
and size).



= the damaged zone depends on rock characteristics (e.g. grain
size, grain orfentation) as well as drilling parameters (e.g. hit
size, energy Input, weight on bit, rotational speed).

Probably the main remaining uncertainty in this area is whether the
conclusions can bhe extrapolated to much larger diameters. In order to
resolve this uncertainty, it is recommended that tests be performed on
samples with borehole diameters from aboat 225 mm (9") up to 600 mm
(24%),

Je  Expecimental Assessmeat of Bentonite Borehole Sealing

This chapter is the executive summary of a topical report to be issued
shortlys Seven commercially available bentonites have been studied.

Chemical analysis of the products confirms that commercially the name
bentonite refers to products that can be significantly different,
particularly with regard to impurities. This suggests the need for
bentonite sealing specifications to include limits on acceptable
impurity content, and for experimental verification of the influence, {if
any, of the itmpurities on sealing performance.

Conventional (soll mechanics) engineering properties have been
determined for the bhentonites. This includes shrinkage limit, plastic
limit, liquid liwit, specific gravity of solids and molsture=density.
Serious difficultics and large differences in experimental results have
been encountered during this testing,

Pormeability testing of bentonites has confirmed the low permeability of
all products. Some particle migration (piping) has been observed.
Saturation is difficult to obtain and to assure. The permeability
results depend strongly on a large number of parameters (e.g. pressure
gradient across the sample, lateral houndary conditions, compacting

mcthod i and encryy, water chemistry, volume changes during testing,
9!0.).

Lirect shear tests have becn performed for bentonite on bentonite and
for bentonite on hasalt contacts, in both cases for saturated and for
mnsaturated conditions.s The bhasalt=bentonite interface always has baen
weaker than a bentonite-bentonite contact. A complex multiple=plane

slip zone develops in the benonite tests.

Swelling tests have been pecformed, on one product only, with ranges of
water content from 19 to 41%, and with distilled water and NaCl
solutions. Swelling pressares vary widely depending upon test
conditions, and easily can reach magnitudes where they could have a
significant detrimental effect (e.ge by opening rock fractures in an
unfavorable orientation).

Beatonite {s a highly complex material. Although there are very strong
arguments in its favor as a repository sealing material, it also is
certain that considerably more experimental work is needed in order to
provide reasonable assarance about the predictability of virtually all
detailed aspects of its behavior.



6. The Effect of Temperature on Cement Plug Sealing Performance

Testing the influence of temperatures above room temperature (up to
95°C) has been initiated. For the present series of experiments, the
temperature range has been selected to simulate temperatures up to a
distance from the actnal waste (distance determined by waste age,
configuration, etc.) where steam generation is unlikely, as steam is
likely to induce significant complicating effects. Results are
presented from scouting experiments on one dried=out cement sample and
two saturated plugs.

A detailed description is given of the experimental apparatus, including
pressure intensifier, flowmeter, permeameter, heating unit, temperature
control system and bladder accumulator, and of the experimental
procedures.

The prelimimary experiments reported on are primarily debugging
experiments for equipment and instrumentation, and it would be premature

to draw conclusions from these initial results.

7. Size Effects on Cement Borehole Plug Performance

Most of the sealing studies performed as part of this contract have been
performed on relatively small diameter boreholes (typically 1" to 4").
Because the properties of both rock and sealing materials (e.g. cement)
are size-dependent, this introduces uncertainty in the extrapolation of
the results to larger size plugs. An assessment of the uncertainty
involved will be made on the basis of results obtained from experiments
on larger diameter boreholes.

This chapter describes primarily laboratory equipment and
instrumentation being assembled to perform the experiments.

A scouting preliminary test has been initiated, and has resulted in a
revealing and potentially very significant observation. A 20 em
diameter, 20 cm long swelling cement plug has been poured in a Pomona
basalt bhlock. The basalt block had been inspected carefully prior to
the test, and no obvious cracks had been observed along the hole wall.
Yet, during cement curing (swelling), a nearly radial hairline fracture
running almost parallel to the hole axis opened up to an aperture
sufficiently wide to allow the crack to become a dominant flowpath.

Addicional tests described include instrument tests.

B, Cement Swelling Experiments

Cement swelling is desirable in order to minimize the development of
interface flowpaths (e.g. between plug and rock, or between grout and
casing or liner) and to maximize interface strength, although excessive
swelling can have detrimental effects, e.g. as described in Chapter 7.

In Chapter 8 ongoing tests are described and results are tabulated.



9. Push=-out Strength of Dried and Resaturated Cement Plugs

The work described in Chapter 9 includes long=term continuation of
experiments reported on previously, as well as results obtained with a
modified push-out testing system which provides somewhat more derailed
experimental results.

Experiments on cement plugs that have heen allowed to dry out and then
have been resaturated coafire the flow test results (Chapter 3): drying
causes significant performance deterioration (in this case, strength
loss), while partial recovery does take place upon resaturation.
Repeated loading to failure of these samples virtually certainly
contributes to the detarinration, bat, even so, significant strength
(i.es sufficient to maintain an even short repository plug in place
under expected loading) is maintained by the plugs.

An interesting, but not entir=ly explained, observation is that during
resaturation of the cement plugs, four basalt cylinders fractured,
clearly displaying a diametrical tension crack as would be expected fronm
an internal stress (e.g. swelling pressure).



CHAPTER ONE

INTRODUCTION

1.l Objectives

The fundamental objective of this "Rock Mass Sealing" research project
is to assess experimentally the performance of existing products and
methods for sealing rock masses, in the current phase of the project to
conduct an experimental evaluation of borehole plug performance. This
work is aimed at determining the feasibility of sealing boreholes inter=-
secting a repository rock mass to a level where it can reasonably be
assured that the plugged boreholes will not become preferential radio-
nuclide migration paths. This project studies experimentally the
likelihood of preventing such mizrations by sufficiently reducing the
hydranlic conductivity of the plugged borehole (including the plug-rock
interface and the rock directly around the plug).

The study is being conducted primarily in order to establish a factual
data basis on borehole sealing perforwance. Although some types of
borehole sealing have heen performed for many years, relatively little
testing and sealing verification has been done.

Concern about boreholes and their potential influence on the isolation
performance of the rock mass surrounding repositories has been expressaod
in a number of basic reviews on underground HLW disposal (e.g. Kocher et
al., 1983, p. 54; Bredehoeft et al., 1978, ps 8; UsS. Department of
Energy, 1982, p. 29; U.S. Department of Energy, 1983, p. 25; Barbreau et
al., 1980, p. 528; Committee on Radivactive Waste Management, 1978, pp.
5,10; Atomic Energy of Canada Limited, 1978, pe 72; Heineman et al,
1978, p. 4; U.S, Department of Energy, 1979, p. 3.1.32%; OECD, 1980,
Foreword; Burkholder, 1980, p.15; Irish, 1980, pe 42; Arnett et al.,
1980, p. 139; Pedersen and Lindstron-Jensen, 1980, p. 195; Deju, 1983,
Pe 4)0

It deserves pointing out that the need for borehole plugging, and
particularly for very high performance (e.g. very low hydraulic
conductivity), is not universally accepted, nor obvious, and certainly
might he a somewhat site dependent requirement, as shown by consequence
assessments (e.g. Pedersen and Lindstrom-Jensen, 1980, p. 195;
Klingsberg and Duguid, 1980, p. 43; Intera Environmental Consultants,
Inc., 1981). These authors do recognize that horehole seals will
provide " ... an important redundant barrier ... " or " ... will satisty
the concept of multiple barriers ... "o

General guidelines for the separation of radiocactive waste from the
physical environment, and in particular for the acceptable radionuclide
releases following repository closure, have been proposed by EPA (1982;
40 CFR 191). Detailed implementation of the requirements is governed by
10 CFR 60 (NRC, 1983). The research performed as part of this ongoing



contract addresses specifically some of the remaining uncertainties
associated with the sealing requirements specified in 10 CFR 60,
including $60.51,(a),4; $60.102,b(2),e(1),(2); §60.113; §60.133,(h),
§60.142,(c), but particularly $§60.134, Design of seals for shafts and
boreholes.

1.2 Scope and Limitations

The scope of the work performed during the subject period centers
primarily on experimental assessment of borehole plug performance. Rock
types used for borehole plug performance testing during this year
include basalt, granite, and limestone. Borehole sealing materials
{nclude cement and bentonite. The experimental performance assessment
is accomplished through field and laboratory testing.

Laboratory testing includes water flow and strength testing of plugs
installed in boreholes drilled coaxially in rock cylinders. Laboratory
flow testing of plugs is performed on unloaded and on stressed rock
samples (confining and axial stresses up to 3,000 psi). Testing of
unconfined samples is considerably easier, requires less sophisticated
equipment and instrumentation, and results in higher flow rates, so that
a larger data basis can be obtained in a shorter time. Testing of
confined samples provides a more realistic simulation of at-depth in
situ conditions, allows a higher differential pressure to be applied
across the plug without risking rock fracture, and allows a severe
performance test, particularly for the rock=plug interface, upon
reduction of the confinement.

Testing is performed at temperatures ranging from room temperatures up
to 95°C. This temperature range is selected in order to represent
conditions at likely repository depths and at some distance from actual
waste.

Most laboratory testing is performed on relatively small boreholes (1"
to 4"). Because both rock and cement have size-dependent properties,
this limits the applicability of the results. Experiments on plugs in
larger diameter holes (certainly 7 3/4", possibly up to 13") are in
progress, and should allow more reliable assessment of size influerice on
plug performance.

Laboratory and field testing is performed on a relatively limited number
of materials. The rocks used in the experiments are generically
representative of potential repository formations, and the sealing
materials used are existing and readily available products that have a
high potential for being used as actual sealing materials.

Laboratory water flow testing typically is performed under stress
gradients that are considerably higher than gradients likely to be
encountered near repositories. Because of the test configurations used,
this should result in testing conditions imposed on the interface and on
the rock surrounding the plug that are considerably more severe than
these likely to be encountered in situ. It is unknown whether the
pressure gradient has an effect on the cement plugs (but generally
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accepted conventional assumptions do not consider this to be the case),
while they certainly have a significant effect on bentonite plug
behavior. Field testing is performed at relatively low pressure
gradients, possibly more representative for short plugs at typical
repository depths.

Testing, of necessity, is limited to time lengths that are short
relative to those for permanent sealing requirements. Even so, testing
is continued for time lengths that exceed considerably those of most
laboratory testing. Moreover, tests are repeated on plugs installed

earlier, and such repetition of tests is planned to be continued in the
future.

Most experiments are performed on saturated rock=plug samples. Usually
experiments are started after a relatively short curing period (7-8
days) at atmospheric pressure. Further curing proceeds under whatever
pressure is applied (to onc end of) the plug for the particular experi-
ment under consideration. Some experiments have been performed on
cement plugs allowed to dry out in a laboratory environment, or forced

to dry out in an oven, as well as on samples that have been resaturated
after drying.

All axial strength testing to date has heen performed on plugs in uncon-
fined rock samples. This should provide a lower bound of the plug-rock
interface as any confinement beyond that supplied by the presently used
rock cylinders would increase the normal stress across the interface,
and hence the frictional strength.

Dynamic testing of plugged borehole samples is performed on 6" diameter
samples with '" diameter coaxial hole. The earthquake simulation loads
are increased in a series of sequentially more severe experiments until
the maximum shaking table capacity is reached.

Drilling damage studies are conducted on holes ranging from 1" to 4"
diameter. All drilling is performed on unconfined unloaded samples.
Considering the very high strength of the basalts tested, it is helieved
that the in-situ stresses would have to be extremely high before the
differential hetween stress concentration around the hole and in-hole
fluid pressure would cause significantly different effects from those
observed. Conversely, signiticant differences in drilling energy

induced to the rock are more likely to induce different intensities of
drilling damage.

In sum, a considerable experimental data basis, covering a wide range of
sealing performance aspects is heing developed. It is believed that a
very good reference basis is being established to define an upper bound
on the performance of existing products and methods for sealing
boreholes, i.e. performance under laboratory conditions. This includes
evidence on the plug material performance, on the plug-rock interface,
and on the rock surrounding the plug. Qualitative and quantiative
evidence also is being gathered on some potentially detrimental
influences on vorehole plug performance, in particular drying, field
installation and stress relaxation in the rock mass. Work on scaling up
experiments, revulrs and conclusions to larger sizes has bheen initiated.
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Active Wastes in Geologic Repositories,” Final Rule 10 CFR 60,
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1.5 Rock Mass Sealing Contract No. NRL 04-78-271 - Reports lssued

This Annual Report describing research performed during the period

June 1, 1983 - May 31, 1984, is the latest in a series of reports {ssued
for the subject contract. A complete list of reports issued (to be
issued for South and Daemen, 1985) i{s given below, to facilitate a
general overview of work performed to date and of the overall context of
ongoing work.

The first four reports, as well as the seventh, are literature surveys.

The fifth report is primarily a description of planning, experimental
design and some preliminary tests.

The topical report by Jeffrey (1980) gives a comprehensive theoretical
(analytical) discussion of transverse plug-rock interaction, based on
elastic and viscoelastic calculations. This is complemented by the
axial interaction discussed in Stormont and Daemen (1983), which is
primarily experimentally oriented, but includes extensive analytical
discussions.

The topical report by Mathis and Daemen (1982) presents a detailed
experimental assessment of drilling damage in granites, work being
continued in basalts, as described in Chapter Seven of the present
Annual Report. It is expected that a topical report on drilling damage
in basalt will be issued in 1985,

Experimental flow studies under polyaxial stress conditions are
described in Cobb and Daemen (1982), under radially symmetric external
loading in South and Daemen (1985), and on unloaded samples in Chapter
Six of the present report. Additional data on plug performance under
stressed and unstressed conditions will be revorted in the future.

All annual reports subsequent to (5) include a combination of
experiments, results, conclusions, and plans for future work, similar to
the present annual report.

Quarterly progress reports are not listed as all information contained
therein also is included in the annual reports.
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Mining and Geological Engineering, University of Arizona,
Tucson.
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pp+, Foreign Travel Trip Report to the U.S. Nuclear Regulatory
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CHAPTER TWO
FIELD TESTING OF BOREHOLE PLUG PERFORMANCE

2.1 Introduction

This chapter describes procedures and results of field testing at rhe
McNary Dam and Oracle Ridge Mine sites. Also presented are results of
laboratory tests performed in support of field testi.g.

2.2 McNary Dam Site

2.2.[ Sulllmat'y

A cement plug, about 20 cm (8 in) long, was placed in each of the
following boreholes on the indicated dates: borehole no. UA-CB-1 on
9/22/83, no. UA-CB=4 on 2/15/84, and no. UA-CB=3 on 2/22/84.

Pressure build-up and extensive fluid build-up tests have been performed
on the plug in UA=CB-l. Fluid build-up inflow rates for UA-CB-l
averaged 6 ml/day for the period October, 1983 through February, 1984.
Initial fluid build-up tests on the plugs in UA-CB-4 and UA-CB-3 yielded
much higher inflow rates, indicating that the plugs were not sealing
effectively. On May 2, 1984, a cement cap 18-20 cm (7-8 in) long was
placed directly on top of the plugs in holes UA-CB-4 and UA-CB-3,
Preliminary fluid build-up testing indicates that the plug and cap in
UA-CB=4 are sealing as effectively as the plug in UA-CB-1. In UA-CB-3
the cap has improved sealing; however, fluid build-up inflow rates are
still three orders of magnitude greater than in UA-CB-1.

2.2.2 Site Description

The site consists of six experimental boreholes in basalt. The holes,
which were drilled in the summer of 1982, are vertical, 10 cm (4 in) in
diameter and range in depth from 46.6 m (153 ft) to 71.0 m (233 fc).

The water table in the area is about 3 m (9 ft) below ground surface. A

full description of the site can be found in the '82-'83 Annual Report
(Daemen et al., 1983)

2,2.3 Equipment
2.2.3.1 Instrumentation

2.2.3.1.1 Packer Testing. The primary items of instrumentation for
packer pressure testing are a straddle packer assembly and a water
injection pump. A microcomputer is used for data recording and
analysis. The straddle packer assembly utilizes two pneumatic packers
having a deflated diameter of 7.6 cm (3.0 in) and a gland length of 150
em (59 in). Electronic pressure transducers monitor the pressure in the
test zone between the packers as well as above and below the packers.
Digital pressure indicators provide a continuous reading proportional to
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the pressures measured by the transducers. A strip-chart recorder gives
a graphical display of the test zone pressure. A normally—-open, gas-
operated valve is positioned at the injection line inlet to the test
zone. The test zone length is normally 60 cm (24 in), but may be
expanded easily to 150 em (59 in) or 302 cm (9 ft Il in). The gas-over-
water injection pump delivers water to the packer test zone over a wide
range of pressures and flow rates. It also permits a precise flow rate
measurement . The microcomputer is an Apple II+ with two disk drives, a
monitor and a printer.

2,243,142 Plug Testing. Inst rument ation developed for testing of
borehole plugs consists of a remote tracer injector, a remote pressure=
temperature recorder and a plug tester unit. The three equipment items
were built by the University of Arizona Instrument Shop.

Remote tracer injector. The tracer injector has been developed to
release two different tracer volumes at staggered times beneath a
borehole plug. The liquid *racers are contained in two spring-powered
piston injectors. Tracer release is accomplished by opening a solenoid
valve at the outlet port of each injector. A crystal-controlled digital
timer opens the solenoid valve at any of a range of pre-set times up to
32 days after activation. The tracer volume per piston injector is
approximately 47 cc (2.86 cu in). The tracer injector is enclosed in a
stainless steel canister and is positioned in a borehole just below plug
depth prior to emplacement of the plug.

Remote pressure-temperature recorder. The recorder is capable of
reading and storing below=plug pressure and temperature once every four
hours for more than 30U days. The instrument consists of a temperature
sensor and a strain-gauge pressure transducer which are connected to a
non=volatile semiconductor memory circuit. The recorder is enclosed in
a stainless steel container and is positioned immediately below the
tracer injector.

Plug tester. The plug tester, positioned above a borehole plug, is
used to create a hydraulic gradient across the plug and to perform
hydraulic tests of plug performance. The plug tester is described in
detail in Section 2.2.7.1.

2.2.3.2 Other Equipment Items

The University of Arizona has an equipment trailer, a 2.7 x 3.0 m (9 x
10 ft) portable storage building and a lifting derrick on site (Figures
2.1 and 2.2). The U.S. Army Corps of Engineers, which operates McNary
Lock and Dam, has provided a second portable building (1.2 x 2.1 m or

4 X7ft)o

2.2.4 Preliminary Surveys

Preliminary surveys, consisting of core logging and borehole
photography, were conducted to determine the most favorable sites for
placing plugs. Core was ohtained for nearly the full length of all six
boreholes at the site. Core logs and above-ground color photographs of
all core have been made. Also, the Corps of Engineers, Walla Walla

18






-
-

cNar 1L BES deri B errick

lectri 1 in i ind perated winch for

wering )TE Le 1St rument



District, has taken color photographs of each of the boreholes using a
specially-designed still-picture camera. Using techniques and equipment
developed by the Corps of Engineers, an analysis of fractures
intersecting the boreholes bhetween about 15 and 46 m (50 and 150 feet)
has been accomplished. The analysis provides depth, orientation, width
estimate and general visual description of in-situ fractures. Based on
the preliminary surveys, an interval in each of three of the boreholes
was selected for plug placement. The intervals were selected based on
the following criteria: (1) competence of rock, (2) low density of

fractures, and (3) adequate depth below water table for hydraulic
testing of plug.

Figures 2.3 = 2.5 show the three selected intervals. The geologic logs
are based on analysis of core and the photographic logs on analysis of

the Corps of Engineers borehole photographs. The logs show actual plug
position within the intervals.

2.2.5 Packer Testing

Packer testing was concentrated in the intervals selected based on the
preliminary surveys. Constant pressure injection tests of 24 to 186
hours duration using the straddle packer assembly were performed.
Tables.Z.l-Z.?, 2.,4=2,8 and 2,9-2.12 summarize the results of these
tests. Figures 2.6-2.8, 2.9-2.13 and 2.14-2.17 are plots of average
injection flow rate vs. time for the tests. Assuming that approximately
steady-state injection is achieved during the latter hours of each test,
equivalent hydraulic conductivity may be calculated from the packer test
results using the steady-state flow rate and the following steady-state
expression for equivalent hydraulic conductivity (Ziegler, 1976):

. A A
-~ T l3y IR/ )]

where k., = equivalent hydraulic conductivity [L/T],

£ = length of test zome [L],
H, = excess pressure head [L],

Q = steady-state injection flow rate [L3/T].

R = effective radius of influence (use R = 1**) [L], and

ry = radius of borehole [L].

’Upon conclusion of the tests in UA-CB-4, a minute gas leak was found at
the intersection of the membrane and the fixed head of the upper

packer. In very tight rock, it appears that an effect of this leak is
to cause the test zone pressure to equilibrate at erroneous and
extremely high pressures in tests to determine ambient pressure (see
Tables 2.4 = 2.7). The effect of the leaked gas on the water injection
rate is being studied.
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Table 2.1 Constant Pressure Injection Test Results = NOTES

PE‘.(“) = average pressure {(in excess of ambient pressure) in the test zone between the packers over the time

period At.

V(At) = volume of water injected into the test zone during the time period At.

LA(M) = average injection flow rate during the period At.

97



Lz

Table 2.2 Constant Pressure Injection Test Results. Borenole UA-CB-1; tesL started Y-¥-33;
depth to top of test zone: 39.929 m; length of test zone: 60.0 cm; ambient test
zone pressure: 348 kPa (50.5 psig).

Qulat) = viae)

by Siageed tien At BN 2o ol Visc) | (oujat
Date/Time (min) (hours) (min) (psig) (kPa) (c-j) x 107 (em’/sec)
9-9/1050 0 U
237 30.2 208 21430 L.50
1447 237 3.95
95 30.2 208 7.93 1.35
1625 335 5.58
343 29.7 2Ud 18.92 W1y
2208 678 11.3
559 30.3 VY 25.03 /04
9-10/0727 1237 20.6
435 0.3 209 l4.04 201
1442 1672 27 .9
390 0.2 200 11.59 480
2118 2068 34,5
567 29.8 LU0 17.70 S PV
9-11/0645 2635 43.9
414 30.7 211 9.70 «395
1339 3049 50.8

P (at) = average pressure (in excess of ambient pressure) in the test zone between the packers over the time
period At.

V(&t) = volume of water injected into the test zone during the time period At.

Qu(At) = average injection flow rate during the period at.
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Table 2.3 Constant Pressure Injection Test Results. sorenole uAa-LB-1; test started Y-i4i-03;
depth to top of test zone: 4U.437 m; length of test zoae: bl).6 cm; ambient test
zone pressure: 332 kPa (45.2 psig).

i e IR g Boy ey, N N
Date/Time (min) (nours) (min) (psig) (kPa) (ew’) x 1} (ca’/sec)
9-12/1509 v 0
94 3u.0 20/ 26485 4.76
1643 94 1.57
323 30.0 2ul 04.07 3.31
2206 417 6.95
ols 30.2 206 b .04 2.32
9-13/0824 1035 17.3
21l 3u.3 209 .14 1.59
1155 1246 20.8
4ul 30.2 08 Jo.ol Le52
1836 1047 27.5 :

P (At) = average pressure {(in excess of ambient pressure) in the test zone between the packers over the time
period At.

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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Table 2.4 Constant Pressure Injection Test Results for Borehole UA-CB-4. Depth to
Top of Test Zonme: 37.586 m (123.31 ft); Length Qf Test Zone: 60.3 cm (1.95 ft);
Ambient Test Zone Pressure: 60U kPa (87.0 psig)

QA(At) = V(at)

t, Blapeed tive at LR ) i (®0) (4t

Date/Time (win) (hours) (min) (psig) (kPa) (cmj) x IU° (em™ /sec)
12-29/0838 1] U

469 30.3 209 34.8 1.24
12-29/1627 469 7.82

1301 30.8 213 83.6 1.07
12-30/1408 1770 29.50

356 30.7 211 127 828
12-30/2004 2126 35.43

HH4 30.0 207 44.5 «85Y
12-31/1028 2990 49,83

586 29.8 206 27 &5 <7181
12-31/2014 3576 59.60

1102 29.8 200 S0.0 7
1-01/1436 4678 77.97

*higb ambient test zone pressure is believed due to minute gas leak from packer into the tight-rock test
zone of this interval (see Section 2.2.5).

PE(At) = average pressure (in excess of ambient pressure) in the test zone between the packers over the time
period At.

V(At) = volume of water injected into the test zone during the time period At.

Qu(ar) = average injection flow rate during the period At.
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Table 2.5 Constant Pressure Injection Test Results for Borehole UA-CB-4. Depth to
Top of Test Zone: 38.094 m (124,98 ft); Length of Test Zonme: 60.3 em (1.98 ftr);
Ambient Test Zone Pressure: 581 kPa (B4.3 psig)

Q,(ar) = _V(ar)

Sy Xiopand vime . At PRSI, s o ,  {e0ae

Date /Time (min) (hours) (min) (psig) (kPa) (cn3) x 107 (cm”/sec)
12-24/1543 0 0

326 30,2 208 31.1 1.59
12-24/2109 326 5.43

938 30.3 209 67.1 1.19
12-25/1247 1264 21.07

425 30.3 209 28.1 1.10
12-25/1952 1689 28.15

901 30.0 207 53.1 0,982
12-26/1053 2590 43.17

426 30.0 207 23.8 0,931
12-26/1759 30i6 50,27

855 29.8 206 45.2 0,880
12-27/0814 3871 64,52

282 30.2 208 15.9 0.938
12-27/1256 4153 69,22

.High ambient test zone pressure is helieved due to minute gas leak from packer into the tight-rock test
zone of this interval (see Section 2.2,.2,2).

Pp(At) = average pressure (in excess of ambient pressure) in the test zone between the packers over the time
perlod At.
V(At) = volume of water Injected into the test zone during the time period At.

OA(At) = average injection flow rate during the period At,



Table 2.6 Constant Pressure Injection Test Results for Borehole UA-CB-4, Depth to Top
of Test Zone: 38.602 m (126,65 fr); Length of Test Zone: 60,3 em (1.98 fr);
Ambient Test Zone Pressure: 1090 kPa (158 psig)

04 (ae) = v(at)

t, Elspeed time (60)(at)

Date /Time (min) (hours) (psig) (kPa) x 103 (em”/sec)
1-31/0826 0 0

414 3n.8 213 7.32 0.295
1-31/1520 414 .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 3.3 216 0.610 0,0290
on 2-1/1400 1774 29.57

419 3.3 216 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 3.2 215 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 R5.83

743 30.8 213 1.83 0.,0411
2-4/1039 5893 98,22

520 31.5 217 1.22 0.0391
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Table 2.6 Constant Pressure Injection Test Results for Borehole UA-CB-4. Depth to Top
of Test Zone: 38.602 m (126,65 ft); Length of Tgst Zone: 60,3 cm (1,98 fr);
Amhient Test Zone Pressure: 1090 kPa (158 psig) --Continued

t, Slavsed time e P = - R iy
Date /Time (min) (hours) (min) (psig) (kPa) (c-3) x lﬂ‘3 (cujlaec)
2-4/1919 6413 106,88
716 31.7 218 1.83 0.,0426
2-5/0715 7129 118,82
396 31.5 217 0,610 n,0257
2-5/1351 7525 125,42

*Hiuh amblent test zome pressure is helieved due to minute gas leak from packer into the tight-rock test
zone of this interval (see Section 2,2.2.2).

Pg(At) = average pressure (in excess of ambient pressure) i{n the test zone hetween the packers over the time
period At.
V(At) = volume of water injected into the test zone during the time period At.

OA(At) = average injection flow rate during the period Ar.



e

Table 2.7 Constant Pressure Injection Test Results for Borehole Ua-CB-4, Depth to Top
of Test Zone: 39,110 m (128,31 ftr); Length of Test Zone: 60.3 cm (1.98 ft);
Ambient Test Zone Pressure: 1160 kPa (169 psig)

0,(at) = _ Vv(ae)

t, Elapsed time - o ghex) e y ,60GD

Date /Time (min) (hours) (min) (psig) (kPa) (em™) x 107 (em”/sec)
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 3).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

'ngh ambient test zone pressure is believed due to minute gas leak from packer into the tight-rock test
zone of this interval (see Section 2.2.2,2).

Pz(At) = average pressure (in excess of ambient pressure) in the test zone bhetween the packers over the time
period At.

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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Tahle 2.8 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)

£s Xtopned tim at Pglat) WA WEE =ty

Date /Time (min) (hours) (min) (psig) (kPa) (c-3), x 103 (;-3/sec)
1-9/2054 0 0

671 28.8 199 1680 41.7
1-10/0805 671 11.18

410 27,2 187 B85S 36.0
1-10/1455 1081 18.02

324 29.3 202 777 40,0
1-10/2019 1405 23.42

727 30,0 207 1670 38.3
1-11/0826 2132 35.53

P!(At) = gyverage pressure (in excess of ambient pressure) in the test zone between the packers over the time
period At.

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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Table 2.9 Constant Pressure Injection Test Results for %orehole VA-CB~-3. Depth t Ton
of Test Zone: {).w\c)q - /{ v‘f\' ] _;r\; length +f Test Zone: h".‘ P (r‘.', .?\;
Ambient Test Zone Pressure: 296 kPa ‘-":‘.H .'“ik"'—_‘r:“"\"iq‘ 1ed
) ! -'\ = ‘\‘{‘P}
t, Elapsed time P.(At) (AL ) A 40 X
............... A s o ",‘ YA \
Date /T ( ) (} 2 ) { ) ¢ oy faDa) 3 3 3
date /Time nin (hours min) psig) (kPa) (cm E {(em™ /sec)
2-17/2047 6145 102,42
30,3 209 95,1 ) 06
2-18/09137 6915 115.25
752 30.3 209 83.6 1.85
:_;q ) 209 ‘Hh’ l”."“
557 30,0 207 52.5 1.57
, = 4 T 24 ] v f
19/072¢ R224 137.07
) £ b\ I ; ]
825 30 ) 20 9.3 1.6
3 2=-19/2111 9049 150,82
96 9.8 206 6£5.9 1.40
2=-20/1017 98135 163,92
1326 30.0 07 124 | .56
2-21/0823 11,161 186,02
’ " " 3 .
P.(At) = average pressure (in excess of ambient pressure) in the test zone hetween the packers over the time

period At.
V(At) = volume of water injected into the test zone during the time period At.

0.(At) = average injection flow rate during the period At,
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Table 2.10 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 ftr);
Ambient Test Zone Pressure: 373 kPa (54.2 psig)

0,(at) = v(at)

£y Klopesd time P Rt ol et oats G0 (ae)

Date /Time (min) (hours) (min) (psig) (kPa) (ewd) X 103 (em”/sec)
10-26/0829 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

7197 29,7 205 54.9 1.15
10-27/0803 1404 23,40

292 30,5 210 7.7 1.01
10-27/1255 1696 28,27

196 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(At) = average pressure (in excess of ambient pressure) in the test zone between the packers over the time
period At.

V(At) = volume of water injected into the test zone during the time period At.

QA(At) = average injection flow rate during the period Ar,
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Table 2.1l Constant Pressure Injection Test Results for Borehole UA-CR-3. Depth teo Top
of Test Zone: 32.709 m (107,31 ft); Length of Test Zone: 60,3 cm (1.98 ")
Amhient Test Zone Pressaure: 345 kPa (50.0 psig)

0,(at) = v(ar)

t, Elassed time i o ) viae) R ()

Date/Time (min) (hours) (min) (psig) (kPa) (cu3) x 10 (cu3/cec)
10-5/0838 0 0

115 30.3 209 4,88 <707
10-5/1033 115 1.92

71 30.3 209 1.83 430
10-5/1144 186 3.10

241 30.2 208 7.93 « 549
10-5/1545 427 7.12

392 30.0 207 14.0 «597
10-5/2217 81?2 13.65

593 29,7 205 5.3 429
10-6/0810 1412 23.53

P!(At) = average pressure (in excess of ambient pressure) in the test zone between the packers over the time
period At.

V(At) = volume of water injected i(nto the test zone during the time period At.

OA(At‘ = average injection flow rate during the period At.
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Table 2.12 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)

Quar) = V()

t, Elapsed time ar "":E_(it) viat) 60O

Date/Time (min) (hours) (min) (psig) (kPa) (em’) x 107 (cw’/sec)
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

PB(At) = average pressure (in excess of ambient pressure) in the test zone between the packers over the time
period At.

V(At) = volume of water injected into the test zone during the time period At.
Q,(at) = average injection flow rate during the period At.
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Figure 2.7 Flow rate vs. time from constant pressure injection test.
Hole: UA-CB-1
Depth to top of test zone: 39.929 m
Length of test zone: 60.6 cm
4.0 1 Average excess pressure: 208 kPa
Date at start of test: 9-9-83
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FT Figure 2.8 Flow rate vs. time from constant pressure
injection test.
Hole: UA-CB-]
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Figure 2.10 Flow rate vs. time from constant pressure injection

test.

Hole: UA-CB-4

Depth to top of test zone: 38.09% m
Length of test zone: 60.3 cm
Average excess pressure: 208 kPa
Date at start of test: 12-24-83
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Figure 2.11 Flow rate vs. time from constant pressure

iniection test.

Hole: UA-CB-4

Depth to top of test zone: 38.602 m
Length of test zone: 60.3 cm
Average excess pressure: 215 kPa
Date at start of test: 1-31-84
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Figure 2.13 Flow rate vs. time from constant pressure injection test.

Hole: UA-CB-4

Depth to top of test zone: 39.618
Length of test zone: 60.3 cm
Average excess pressure: 200 kPa
Date at start of test: 1-9-84
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6.0_
Figure 2.14 Flow rate vs. time for constant pressure injection test*.

Hole: UA-CB-3
Depth to top of test zone: 32.099 m
Length of test zone: 60.0 cm
5.0 Average excess pressure: 208 kPa
: rj Date at start of test: 2-13-84
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test.

Hole: UA-CB-3

Depth to top of test zone: 32.582 m
Length of test zone: 60.3 cm
Average excess pressure: 207 kPa
Date of start of test: 10-26-83

Figure 2.15 Flow rate vs. time from constant pressure injection
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Figure 2.16 Flow rate vs. time from constant pressure injection
test.

Hole: UA-CB-3

Depth to top of test zone: 32.709 m
Length of test zone: 60.3 cm
Average excess pressure: 207 kPa
Date at start of test: 10-5-83
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Figure 2.17 Flow rate vs. time from constant pressure
injection test,

Hole: UA-CB-3

Depth to top of test zone: 33.090 m
Length of test zone: 60.3 cm
Average excess pressure: 206 kPa

Date at start of test: 11-4-83
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Equivalent hydraulic conductivity values based on the packer test
results are presented in Tables 2.13 = 2.15.

2,2.,6 Plug Emplacement
2.,2.6,1 PRorehole UA-CB-1

Placement of the plug took place on September 20 and 22, 1983, On the
first day, PVC bracing and a below-plug instrument package were placed.
On the second day, gravel, sand and foam rubber layers were placed on
top of the instrument package to form a bed for the cement, which was
then placed using a dump bailer. Finally, a pneumatic packer was
inflated just above the curing cement; the packer remained in place
during an eight day curing period.

2.2.6.1.1 Below Plug Instrumentation Package and PVC Pipe Support

An instrument package placed below the plug consisted of a remote tracer
injector and a remote pressure-temperature recorder (Figure 2.18). Both
instruments are described in Section 2.2.3.1.2. The tracer injector is
capable of releasing two different tracer volumes at staggered times.
The first tracer, m-trifluoromethylbenzoate (m-TFMBA), was set for
discharge at 4:00 am on October 1 (256 hours after arming) and the
second, trifluoroacetate (TFA), at 8:00 pm on October 19 (512 hours
after arming). A gravel and sand retaining collar was attached to the
upper end of the tracer injector canister. The tracer injector and
pressure-temperature recorder were supported in the borehole by 2-inch
schedule 40 PVC pipe which, in turn, rested on the bottom of the hole.

2.2.6.1.2 Gravel, Sand and Foam Rubber Layers. To form a suitable bed
upon which to place the cement plug, approximately 21 cm (8.3 in) of pea
gravel and sand were placed above the tracer canister and gravel-sand
retainer. The gravel and sand layers are highly permeable and permit
rapid dispersion of the tracers. A layer of foam rubber with a
compressed thickness of about 5 em (2 in) was placed above the gravel
and sand layers. The foam layer was used because it was found in
laboratory experimentation to largely eliminate the upward channeling of
minute water streams through the plug. This effect is described in
Daemen et al. (1983) (see also Section 2.4.1). Figure 2.18 shows the
gravel, sand and foam layers.

2,2,641.3 Cement Preparation. Dowell System 1 cement (Cobb et al.,
1981) was used for the plug. The cement was prepared in four separate
batches, each batch consisting of the following:

*ok
R, radius of influence, is not usually known precisely. However,

Ziegler recommends use of a length between £L/2 and . Since k_ depends
on log R, even large errors in R will not significantly affect the
computed value of k,»

52
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Table 2.13 Calculation of Equivalent Hydraulic Conductivity.?

* ok

Borehole UA-CB-1.

#

Intervalb ty Average Excess Pressure (Hgy) Q" (x 103) (x 10? )
Top (m) Bottum (m) (hours ) (kPa) (cm of water) (cm” /sec) icm/sec)
39.592 40.198 24 207 2111 B84 ol
39.929 40.536 24 208 2121 485 1.5
40.437 41.043 24 2056 2121 1.52 4,7

Assuming homogeneous, isotropic porous medium and steady, laminar flow.

bHeasured from top of borehole casing.

*Time after which it is assumed injiection rate is steady.
**Average pressure above ambient for elapsed time > ts.
'Average flcw rate for elapsed time > Ly

' ln(R/t )

Equivalent hydraulic conductivity = [ ](H ) , Where R = £ = 60.6 cm and 0~ 5.0

CMe



Tabhle 2.14 Calculation of Equivalent Hydraulice Conductivitv.” BRorehole NA=CR=4,

Interval® ts- Average Fxcess Pressure. o (x 10%) Ket (x 10%)
Top (m) Rottom (m) (hours ) (kPa) (gg! cm of water) (em” /sec) (em/sec)
7.586 38,189 30 206.9 2110 801 2.5
38.094 38.697 30 206,72 2110 930 2.9
38.602 39.205 65 215.1 2190 .0387 0.12
39.110 39.713 35 215.9 2200 .0708 0.21
39.618 40,221 15 202,7 2070 38.4 120

Arssuming homogeneous, isotropic porous medium and steady, laminar flow.

hMeasured from top of borehole casing,

Time after which it is assumed injection rate is steady.
&

Average pressure ahove ambient for elapsed time > tq.
#Averagp flow rate for elapsed time > tge

ln(R/rO) Q)

YEqulvalent hydranliec conductivity = L———-m-ﬂ[;r-

- ,» where R = 2= 60.3 cm and 145 = 5.0 cm,
nf 0
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Tabhle 2.15 Calculation of Eruivalent Hydraanlic Conductivity.?

Borehole UA-CB-3.

Interva[h ts- Average Excess Pressure 0’ (§ 103) ' (x 109)
Top (m) Bottom (m) (hours) (kPa) (Hy, cm of water) (cm”/sec) (em/sec)
32.099 32.699 130 206.8 2110 1.53 4.8"
32.582 33.185 25 206.9 2110 1.05 3.3
32.709 33.312 15 205.0 2090 429 1.3
33.090 33.693 35 205.9 2100 1.19 3.7

aAssuming homogeneous, isotropic porous medium and steady, laminar flow.

bMeasured from top of borehole casing.

Time after which it is assumed injection rate is steady.

*Average pressure above ambhient for elapsed time > e

#Average flow rate for elapsed time > Lo

R ln(R/rO)

Equivalent hydraulic conductivity = [———-———ﬂ(sLj s, where R = 2 = 60,3 .m and rp = 5.0 cm.
2ng "0 0

'Basod on R =g = 60,0 cm.



Figure 2.18 Schematic of borehole UA-CB-1 with cement plug,
below-plug instrumentation and support bracing.

*
Depth = 0O

-

Depth = 40.135m Ply
aL,3 CmI 3.7 cm »
‘ Foam

i
I Sand and CGravel
20.7 cm . ;

o
: 1 b Injection Tubes
Depth = 40.592m \

Sand-Gravel Retainer

|~ Tracer Injector Canister

//

95.3 cm

70.2 em L Remote Pressure-Temperature
- Recorder Canister

Depth = 42.247 m-.%
/
%/
434.5 cm /é% PVC Pipe
’,/4

Depth = 46.592 m -X
(hole bottom)

*
Depths measured from top of casing Vertical scale: 1 in=50 cm
Not to scale horizontally



(1) 555 gm (1.22 1bs) of System |l cement,
(2) 250 ml (8.45 fl oz) of distilled water, and
(3) 18 drops of D-47 antifoaming agent.

The ingredients of each batch wer: mixed in accord with estublished
laboratory procedures for System | cement preparation (Daemen et al.,
1981), except that a different blender model was used. As each batch
was prepared, it was poured into a clean rubber 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
the dump bailer. The bailer is a 1.57 m (5.15 ft) length of 7.6 cm (3.0
in) i.d. stainless steel pipe. The upper end of the bailer has a handle
for attachment of a lowering cable. The lower end has a 3.3 em (1.30
in) opening which is plugged by a rubber stopper. The stopper may be
removed to release the cement by pulling on a cord attached to the
stopper. The upper end of the bailer is open. After placing the mixed
cement slurry into the bailer, the remainder of the bailer volume was
slowly filled with distilled water.

2.2.6.1.4 Plug Emplacement with Bailer Using a hand winch, the filled
bailer was lowered slowly into the borehole until it rested upon the
foam layer. To release the cement, the plug at the lower end of the
bailer was pulied and the bailer then very slowly raised to the

surface. Finally, about four hours after the cement was placed, a
packer with open mandrel was inflated just above tta plug in order to
duplicate stress conditions within the borehole during curing that would
be encountered during later plug testing. The packer was left in place
for eight days.

2.2.6.2 Borehole UA-CB-4

Placement of the plug took place on February 13, 14 and 15, 1984, On
the first day the timer of the tracer injector was set and the canister
enclosing the injector sealed. On February 14 the tracer injector with
its PVC pipe support was placed. Next, layers of iravel, sand and,
finally, foam rubber were placed above the tracer injector to form a bed
for the cement. Cement was mixed and lowered into the hole in a 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 encountered it was evident that
the cement had been released prematurely. Water samples were taken at
depths of 15, 23 and 30 m (50, 75 and 100 fc) and each was found to
contain signiiicant cement residue. It was decided to flush the hole to
remove as much cement as possible. The hole was puamped vigorously for
about 1 hour on February l14. It was pumped again for | hour on February
15. Following the second pumping, additional foam was placed in the
hole, cement was mixed, lowered down the hole in the bailer and properly
released. On February 16, a pneumatic packer with open mandrel was
inflated just above the curing cement. The packer remained in place
during a 7 day curing period.

242.6,2.1 Below-plug Instrumentation Package and PVC Pipe Support. The
instrumentation package placed below the plug in UA-CB~4 consisted of
only a tracer injector. The tracer injector is described in Section
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Figure 2.19 Schematic of borehole UA-CB-4 with cement
plug, below-plug instrumentation and support

bracing.
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activated and the injection unit was sealed in its canister. Also on
February 21, the pressure-temperature recorder and tracer injector,
along with PVC pipe to support the instruments, were positioned in the
borehole. On February 22, the layers of gravel, sand and foam were
placed, followed by placement of the cement. Placement of the cezent
proceeded smoothly until withdrawal of the bailer . Considerable upward
force using a hand winch was required before the bailer could be moved
from the foam bedding surface. As increasing force was applied to the
bailer it suddenly broke free. It was then raised slowly and easily to
the surface. About 18 hours after removal of the bailer a packer with
open mandrel was inflated just above the plug. The packer remained in
place for 6 days as the plug cured.

2.2.6.3.1 Below-plug Instrumentation Package and PVC Pipe Support. The
below-plug instrumentation consisted of a remote tracer injector and a
remote pressure-temperature recorder. Both instruments are described in
Section 2.2.3.1.2. The tracers used in the injector were sodium
thiocyanate (to be released at 5:26 pm on March 2, 256 hours after
arming) and pentafluoropropionic acid (to be released at 9:26 am on
March 13, 512 hours after arming). About 10 ml of the sodium
thiocyanate tracer were released during preparation procedures. All
parts of the injector apparatus and canister which were exposed to the
tracer were washed as thoroughly as possible. The tracer injector,
pressure-temperature recorder and PVC pipe support are shown in Figure
2,20,

2.2.6.3,2 Gravel, Sand and Foam Layers. The gravel, sand and foam
layers are shown in Figure 2.20. (See also Section 2.2.6.1.2.).

2.2.6.3.3 Cement Preparation. The same procedures for preparing the
cement and filling the bailer were followed in borehole UA-CB-3 as in
UA-CB-1 (see Section 2.2.6.1.3).

2,2,6,3.4 Plug Emplacement with Bailer. The filled bailer was lowered
slowly into the borehole using a hand winch. When the bailer came to
rest on the foam layer the stopper cord was pulled. Resistance to
pulling was felt until the stopper suddenly pulled free. The winch was
then used to raise the bailer., Upward force considerably in excess of
the submerged weight of the bailer and winch cable was applied before
the bailer suddenly broke free and began to move upward. Once free, the
bailer was raised very slowly to the surface. It appears that foam may
have become wedged between the outside of the bailer and the borehole
wall so that a vacuum was created when the bailer was pulled upward.
Approximately 18 hours after removing the bailer a pneumatic packer was
inflated just above the curing cement. The packer remained in place for
6 days.

2,2,7 Plug Testing
2.2.7.1 Instrumentation
Testing is accomplished using the plug tester unit shown schematically

in Figure 2.21. The unit is lowered into the borehole so as to be
within 1 em (0.4 in) of the top of the plug. With the gas-operated
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Figure 2.20 Schematic of borehole UA-CB-3 with cement
plug, below-plug instrumentation and support
bracing.
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Figure 2.21 Schematic of plug tester unit.
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valve on the vent line open, the packer is inflated. The zone between
the packer membrane and the top of the plug is the test zone. The test
zone is completely filled with water and is initially at hydrostatic
pressure equal to the depth of the test zone below the water level in
the hole. Next, the gas-operated valve is closed and the flush line is
pressurized using compressed nitrogen gas. The pressurization flushes
water from both the flush and vent lines above the gas-operated valve.
The gas—-operated valve is then opened and the pressure in the test zone
is immediately reduced to approximately that of a column of water of
height equal to the height of the gas-operated valve above the test
zone. At this point, ;he test zone is at a lower pressure than the
surrounding formation. t also is at a pressure lower than tha: in the
borehole below the plug. Water flow is thus induced into the test
zone from both the formation adjacent to the test zone and through the
plug and plug/formation interface. With the gas-operated valve open and
assuming there is negligible compression of water, the inflow volume to
the test zone is simply that which fills the flush and vent lines above
the gas=-operated valve.

2,2.7.2 Test Procedure

The plug tester unit is used to perform three basic tests: tracer
travel time, fluid build-up and pressure build-up tests. These tests
are the same as those used in the Bell Canyon Test conducted by Sandia
National Laboratories (Christensen and Peterson, 1981). The tests, as
applied to University of Arizona plug experiments, are discussed in
South et 810 (1982)'

2.2,742.1 Tracer Travel Time Test. The purpose .t this test is to
determine the time of first arrival of a tracer (released below the
plug) to the test zone. The test is scheduled so that tracer release
(release times are known) and detection occur during a period of fluid
build=-up testing. The test is performed by removing water samples from
the test zone on a regular basis and having them analyzed for the
concentration of the tracers. Samples are obtained when water is
flushed in the fluid build-up test.

242474242 Fluid Build-up Test. The purpose of the fluid build-up test
is to determine the volumetric inflow rate to the test zone under
relatively steady pressure conditions. The test is initiated by closing
the gas-operated valve, flushing the flush and vent lines, opening the
gas-operated valve and monitoring the rise in test zone pressure. The
rise in test zone pressure is directly proportional to the rise of water

*The ambient pressure in the formation at any depth below the water
table is usually, but not always, equal to hydrostatic pressure for that
depth.

**Pressure on the 'ower side of the plug is generally equal to
hydrostatic pressure for the depth of the plug's lower side below the
water table.
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level in the vent and flush lines and hence proportional to the
volumetric inflow to the test zone. After a sufficient rise in test
zone pressure (AP,), the gas-operated valve is again closed, the lines

f lushed, the expe?led water collected and its volume measured. The gas-—
nperated valve is re-opened and the drop in test zone pressure (APU) is
noted. The volume flushed is proportional to AP,. The inflow rate over
the period of rise in test zone pressure (At) may then be estimated
using the volume flushed, 4Pp, &P and At (see Section 2.2.7.3.2). With
the gas-operated valve re-opened, test zone pressure again begins to
rise and the procedure may be repeated.

2.2¢742.3 Pressure Build-up Test. This test is performed as follows:

(1) close the gas-operated valve
(2) flush the flush and vent lines
(3) open the gas-operated valve briefly to reduce test zone pressure

(4) close gas-operated valve and monitor the rise in pressure.

Pressure rise will continue until the ambient pressure for the test zone
depth is reached.

2.2.7.3 Plug Test Results

2,2,7.3.1 Tracer Travel Time Test. Results of the tracer test for the
plug in UA-CB-l were inconclusive. It appears that the injection device
fired or leaked prematurely. It is also possible that contamination of
the outside of the canister, especially the exterior of the solenoid
valve ports, may have occurred during loading of the tracer. Results of
the tracer tests in boreholes UA-CB-4 and UA-CB-~3 have not yet been
fully analyzed.

242474342 Fluid Build=-up Test

Borehole UA-CB-1. Table 2.16 summarizes the results of fluid
build=up testing for the period September 30, 1983 - February 24,
1984, 1In the table, an estimate is made of the average test zone inflow
rate for each time period of pressure rise At between successive
flushings. The inflow occurring between any two successive flushings is
estimated by multiplying the volume of the second flushing by the
pressure rise (APR) between the flushings and dividing by the pressure
drop (APD) which occurred when the gas-operated valve was opened after
the second flushing. The estimated inflow rate is then equal to the
inflow volume divided by the cime period At. Figures 2,22 and 2.23 are

*The rise in pressure should be large enough to allow collection of
an adequate sample for tracer analysis and to allow a convenient time
interval between flushings. 4Py should also be small enough so that the
pressure gradient causing flow into the test zone is relatively
constant.
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Tahle 2.16 Fstimated Average Test Zone Inflow Rate for Borehole UA-CB-1--Continued

V AP
c e f g . .8 PG, A
_— SR S s, gty el e

Date/Time (days) Action”  (days) (units) (kPa) (units) (urits) (ml) (ml) (ml/days)
10-9/0910 8.40 129 29.6

R 993 32 32.5 33
10=10/0900 9.39 161 37.0

D 62 63
10-10/0908 9.40 Q9 22.8

R 2.99 10 5 P 4.0
10=-13/0848 12,38 109 2541

n 16 19
10-13/0852 12.38 93 21.4

R 3.98 19 16.9 4.2
10-17 /0830 16,37 112 eSul

D 18 16
1N=17/0834 16.37 94 21.6

R 3.27 ; 13 1.1 3.4
16=20/1503  19.64% 167 24,6

D 14 12
10-26/1524 19.66 93 21.4

R .71 22 23.7 6.4
10-24/0829 23.37 115 26.4

n 13 14
10=-24 /0836 23.37 102 23.4

/
10-24/1214 23,52

H
10-24/1538 23.67
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Tahle 2.16 Fstimated Average Test Zone Inflow Rate for Borehole UA-CR-1--Continued

Flapsed S aryd Y S -‘-’fi&- - =
Time o e ... VR . . AP, h

Date/Time (days) Action® (days) (units) (kPa) (units) (units) (=) (ml) (ml/days)
12-29/0915 89,40 a9 22.8

R h.97 X, hS5.6 9.4
1-5-B4/NR36 96,37 152 34.9

n 42 52
1-5/0840 96.38 110 25,3

R - - - -
1-5/1013 96 .44

H
i=5/1815 96.78 140 3.2

- N.64 13 2L 0l 35

2 1-6/0937 97,42 153 35.2

n 76 130
1-6/1005 97.43 77 1747

R 6,94 26 52.0 T3
1-13/0835 104.37 103 23.7

n 16 32
1-13/0842 104.38 87 20,0

4 9,98 25 47.5 4.8
1-23/0818 114.36 112 257

n 20 38
1-23/0823 114.36 92 2l

R 7.30 19 32.3 4.4
1-30/1533 121.66 111 25.%5

D 20 34
1-30/1538 121.67 91 20,9

3 7.70 20 37.8 4.9
2-7/0822 129.36 111 & e

n 18 34
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Table 2.16 Estimated Average Test Zone Inflow Rate for Borehole UA-CB-1--Continued

Elapsed Pami® ap,d AP, © v.f vB = b =L
TEST R ¥
Time ac® T R D AP, At
Date/Time (days) Action®  (days) (units) (kPa) (units) (units) (ml) (ml) (ml/days)
2-7/0834 129,37 93 21.4
R 10.07 29 66.3 6.0
2-17/1018 139.44 122 28.0
D 21 48
R 7.39 24 S50.1 6.8
2-24/1943 146 .84 125 28,7
D 23 48
2-24/1951 146,84 1uZ 23.4
2-24/2330 146.99 102 23.4
H
2-24/2335 147 .00
D
2-24/2340 147 .00 74 17.0
R
2-25/2125 147 .91 115 26.4
D
2-25/2129 147.91 70 6.1
2-25/2133 147.91 70 161
P
3-12/0815 163.36 1022 235
DP
3-12/0815 163.36 110 25,3
3-12/0836 163.37 110 25.3
D 33
3-12/0858 163.39 67 15.4
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Table 2.16 Estimated Average Test Zone Inflow Rate for Borehole UA-CB-l--Continued

V_AP
Elapsed e AP AP,© £ o il S e N
Time L T itk ’ ’ ¥ ap, e

Date /Time (days) Action® (days) (units) (kPa) (units) (units) (ml) (ml) (ml/days)
5-25/1355 237.59 107 24,6

D 50 40
5=25/1359 237 .60 57 13:1

R 4.10 95 86.0 21
5-29/1632 241,70 152 34.9

U 84 76
5=2%/1636 241.71 bb 15.6

R 1.87 49 48 .0 26
5-31/1339 243,58 117 26.9

0 51 50
5-31/1343 243,59 b6 | 3P

K 1.89 43 41.0 22
0-2/1104 245.48 109 25:1

D 44 42
6-2/1108 245,48 bS5 14.9

R 2.14 42 37.4 17
6-4/1437 247.62 107 264 .6

L 46 41
6-4/1441 247.63 6l 14.0

R 1.98 40 39.0 20
b-6/1414 249.61 101 232

b 41 40
b-6/1418 249.61 60 13.8

R 1.99 43 48.7 24
6=8/1400 251.60 103 23.7

D 38 43
b-8/1404 251.60 65 14.9

R 2.99 56 56.0 19
b-11/1346 254,59 121 27 .8
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Table 2.16 Estimated Average Test Zone Inflow Rate for Borehole UA-Cs-1--Continued

d f i s N
: c e o 1L o "W
Elapsed b PTEST APR APD VF ' AP Q it
Time BREY | e s s b
Date/Time (days) Action? (days) (units) (kPa) (units) (units) (ml) (ml) (ml/days)
D 48 48
R 2.00 37 39.7 20
6-13/1346 256.59 110 25.3
D 41 44
6-13/1350 256.59 69 15.9
R 2.01 36
6-15/1400 258.60 105 24.1 42
D
6-15/1404  258.60
R
6-16/0935 259.41
H

6-16/1624  259.70

NOTES:

dAction: R = test zone pressure rise; D = test zone pressure drop due to flushing; H = test zone at
hydrostatic pressure equal to its depth below water table (about 360 kPa); P = pressure build-up test
conducted (gas-operated valve closed); DP = pressure drop due to opening gas—-operated valve after pressure
build-up test; P* = inconclusive pressure build-up tests conducted (complications due to power outage and
erratic transducer performance).

Pat: Time period (between flushings) over which pressure rise occurs and over which average inflow
rate is estimated.

CPTEST: Test zone pressure (gage). Pressure expressed in digital readout units and kPa.

dAPR: Pressure rise over period At.
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Table 2.16 Estimated Average Test Zone Inflow Rate for Borehole

eAPD: Pressure drop due to flushing.
fVr: Volume expelled from flush and vent lines during flushing.
fy: Estimated inflow volume for period At.

hQ: Estimated average inflow rate over period At.

UA-CB-1-- Notes — Continued
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Figure 2.22 Test zone pressure vs. elapsed time for plug testing in
borehole UA-CB-1. Date at start of testing: 9-30-83.
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Figure 2.22 (cont.)
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*Pressure build-up tests conducted from 2-25 to 5-20-84
(elapsed time 147 to 222 days) (sce Table 2.16).
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Average Inflow Rate (cm3/day)
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NOTE: At breaks in plot, inflow rate = 0, as test
zone pressure = hydrostatic pressure for depth
of test zone below water table.
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Figure 2.23 Average test zone inflow rate vs. elapsed time for fluid
build-up testing in borehole UA-CB-1. Date at start of
testing: 9-30-83.
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Average Inflow Rate (cm3/day)
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Pressure build-up tests conducted from 2-25 to 5-10-84

1 (elapsed time 147 to 222 days) (see Table 2.16)
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Figure 2.23 (cont.)
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lable 2.18 Results of Further Modified Fluid Build-up Test
for UA-CB-4
&
. )
¥
; x ‘
vate/ L ime Action (ml)
y 3=-22/1338 )
N +87 1.28 18.4
¢ 3-23/1425 c,l 19
3=-23/1429
1144 Y.44 13
1-24/093%3 C.F 108
=24 4‘)),. )
2852 ST  J) O
3-26/0909 \‘,V 62 v
i=26/0913 )
L824 il 1DY
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Table 2.18 Results of Further Modified Fluid Build-up Test

for UA-CB-4--Continued

§
h At' VFf Q - ZF/At

Date /Time Action (min) (ml) (ml/min x 10%) (ml/day)
4=5/0824 0

1429 4.06 58.4
4=6/0813 C,F 58
4-6/0817 0
4-9/0837 C,F -
4-9/0841) 0

1362 8.08 116
4=-10/0723 C,F 110
4=10/0727 0

1429 3.22 46.4
4-11/0716 C,F 46
4-11/0720 0

1558 2.95 42.5
4=12/0918 C,F 46
4-12/0922 0

1430 4,34 62.4
4-13/0912 C,F 62
4-13/0916 0

1445 3.18 45,8
4=14/0921 C,F 46
4-14/0925 0

2872 3.20 46,1
4=16/0917 C,F 92
4-16/0921 0

1407 4.62 6b.5
4=17/0848 C,F 65
4~17/0852 0

1416 3.18 45.8
4-18/0828 C,F 45
4-18/0832 0

1466 3.41 49.1
4=19/0858 C,F 50
4~19/0902 O

1449 5«11 135
4=20/0911 CyoF 74
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Table 2.18 Kesults of Further Modified Fluid Build-up Test

for UA-CB-4--Continued

§

A At' VFY Q Xp/At
bate/Time Action (min) (ml) (ml/min x 10%) (ml/day)
4=20/0915 0

1396 2.01 28.9
4=21/0831 C,F 28
4-21/0835 0

3206 2.74 39.5
4-23/1401 .7 88
4-23/1405 0

1401 5.14 74.0
4=24/1326 C,F 72
4-24/1330 0

1454 3.30 47.5
4=25/1344 C,F 48
4~25/1348 ]

1485 3.50 50.4
4=26/1433 C,F 52
4=26/1437 0

1436 1.81 26,1
4=27/1433 C,F 26
4=27/1437 0

1181 3.90 56.1
4=28/1018 Y 4t
4=28/1022 O

3080 .12 44,9
4=30/1342 c.F 96
4-30/1346 0

1219 4.18 60.2
5-1/1005 C,F 51
5=1/1010 0
5=1/1014 Packer deflated; plug tescer raised;
5=2 Cap placed
5-10/1830 Plug tester positioned above capped plug; packer inflated.
5=10/1944 C,F
5-10/1948 0

9729 576 8.29
5=17/1357 C,F 56
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Table 2.18 Results of Further Modified Fluid Build-up Test
for UA-CB-4~--Continued

§

# t Q" = Vp/at
* At VF -
Date/Time Action (min ) (ml) (ml/min x 17 °) (ml/day)
5=17/1401 )]
5734 872 12.6
5-21/1335 C,F 50
5-21/1339 0

5-21/1356 Packer deflated; plug tester raised.
5=24/1440 Plug tester positioned above capped plug; packer inflated.

5-25/0635 C,F
5=25/0639 0

7196 « 328 7.6V
5-30/0635 CF 38
5~30/0639 0

7190 667 9.61
6-4/0635 C,F 48
6-4/0639 0

7190 472 6 .80
6-9/0635 C.7 34
6~-9/0639 0

7190 417 6.00
6-14/0635 C,F 30
6-14/0639 §]

*Action: 0 - open gas-operated valve; ( - close gas-operated valve;
F = flush water in lines above gas-operated valve.

'At = time interval over which water inflow to test zone occurred.

'VF = volume flushed from lines above gas-operated valve. Flushing
is always performed by injecting nitrogen gas into the flush
line at 120 psi for 4 minutes.

§Q = average rate of water inflow to the test zone over the period
At.
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Table 2.19 Pressure Build-up Test, Borehole UA-CB-1,
2-25-84 to 3-12-84

Elapsed Time Test Zone Pressure

Date/Time (min) (hr) (psig) (kPa) (cm of water)
2-25/2133 0 0 2.333 16.09 164.1
2-26/0733 o6U0 10 4.367 30.11 307.1
2-26/1733 1200 20 5.767 39.76 405.6
2-27/0333 1800 30 b.567 45,28 461.9
2-27/1329 2396 40 7.433 51.25 522.8
2-27/2329 2996 50 8.267 57 .00 58145
2-28/0929 3596 60 9.067 62.51 637.7
2-28/2018 4245 71 9.900 68.26 696.4
2-29/0618 4845 31 10.67 73.54 750.3
2-29/1618 5445 91 11.43 78.83 804 .2
3-1/0231 6058 101 12,17 83.89 855.8
3-1/1231 0658 111 12.80 88.25 90U.3
3-1/2231 7258 121 13.60 93.77 956.6
3-2/0830 7857 131 14,40 99.29 i3
3-2/1831 8458 141 15.10 104.1 1062
3-3/0431 9058 151 15.87 109.4 1116
3-3/1433 9660 161 16,70 115.1 1175
3-4/0033 L0260 171 17.43 120.2 1226
3-4/1033 10860 181 18,27 125.9 1285
3-4/2033 11460 191 19,00 131.0 1336
3-5/0633 12060 201 19.80 136.5 1393
3 5/1633 12660 211 20,67 142.5 1454
3-6/0233 13260 221 21.50 148,2 1512
3-6/1233 138¢0 231 22,40 154 .4 1576
3-6/2433 14460 241 23,27 160.4 1637
3-7/0633 14940 249 23.97 165.2 1686
3-7/1833 15660 261 25.00 172.4 1758
3-8/0433 16260 271 26.03 179.5 1831
3-8/'433 16860 281 26,77 184.6 1853
3-9/0033 17460 291 L7.67 190.8 1946
3-9/1033 18060 301 28.37 195.6 1995



Table 2,19 Pressure Build-up Test, Borehole UA-CB-1,
2-25-84 to 3~12-84~--Continued

Elapsed Time

Test Zone Pressure

Date/Time (min) (hr) (psig) (kPa) (cm of water)
3-9/2033 18660 311 29,07 200.4 2045
3-10/0633 19260 321 30.13 207 .8 2120
3-10/1633 19860 331 31,07 214,.2 2185
3~11/0233 20460 341 31.80 219.3 2237
3=11/1233 21060 351 32.70 225.5 2300
3-11/2233 21660 361 33.33 229.8 2345
3-12/0808 22235 371 34,07 234.,9 2396
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depth. However, the test was terminated at 235 kPa (34.1 psi) so as not
to exceed the limits of the test zone pressure transducer.

2.2.8 Capping of Plugs in UA-CB-3 and UA-CB-4

On May 2, 1984 the plugs in UA-CB-3 and UA-CB-4 were capped by placing
additional cement directly on top of the plugs.

2.2.8.1 Procedure

Cement was prepared for each hole in exactly the same manner and volume
as for the original plug (Section 2.2.6.1.3). The cement was placed
using the dump bailer. After withdrawing the bailer, a plug tester unit
was immediately lowered and positioned in each hole so that its lower
end was 30 em (12 in) above the top of the original plug. The plug
tester packer was inflated very slowly with the gas-operated valve

open. After the packer was inflated, the gas-operated valve was

closed. The plug tester units were left in place for about seven days
as the cement caps cured. On May 9 the plug tester units were removed.

At ground surface both plug tester packers were observed to have
considerable cement residue deposited on horizontal surfaces at the
upper end. Apparently, either in the process of removing the bailer, or
in lowering the plug tester units, or in inflating the plug tester
packers, significant turbulence was created, which caused some of the
cement slurry to rise more than 2 m (7 ft) above the top of the original
plug. The walls of boreholes UA-CB-3 and UA-CB-4 for 2.5 m (8 ft) above
the caps were brushed with a stiff wire brush and the tops of the caps
were scraped to remove soft cement material from the top of the cap.
About 5 em (2 in) of soft cement were scraped from the top of the cap in
UA=CB=3 and 4 c¢m (1.5 in) from the cap top in UA-CB-4. After scraping,
the boreholes were flushed vigorously for at least 25 min to remove
loose cement material. After scraping and flushing, the thickness of
the cap in UA-CB-3 was measured to be 17.8 cm (7.0l in) and the cap in
UA-CB-4 was found to be 19.8 em (7.79 in) thick.

2.2.,8.2 Testing of Capped Plugs

The capped plug in borehole UA-CB-4 has been tested using the further
modified fluid build=up test (Section 2.2.7.3.2). The results are
presented in Table 2.18 (dates after May 10). With cap in place, the
test zone inflow rate has been reduced to about 8 ml/day, which is
comparable to inflow rates for the plug in borehole UA-CB-l.

The modified fluid build-up test has been used to test the capped plug
in UA-CB=3. Results to data are presented in Table 2.17 (dates atter
May 10). Test zone inflow was reduced by the cap. However, the inflow
rate is still three orders of magnitude higher than for the plug in UA-
CB-1 and the capped plug in UA-CB-4.
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2,3 Oracle Ridge Mine

2,3.1 Summary

Constant pressure injection tests have been underway on a cement plug,
12.7 em (5.0 in) in length, in a 10 em (3 15/16 in) diameter borehole at
the Oracle Ridge Mine site since May 1983. Results of injection testing
and some preliminary discustcion of results are presented.

2.3.2 Borehole/plug site description

The Oracle Ridge Mine is located 4 kilometers (2.4 miles) northwest of
Summerhaven, Mt. Lemmon, Arizona. The test borehole connects two mine
drifts and thus is accessible from both end=. The 10 em (3 15/16 in)
diameter hole is 33.24 m (109.1 ft) in length and is inclined 9.3° from
the horizontal. The borehole penetrates a dolomite formation that is
normally unsaturated. The 12.7 cm (5.0 in) plug was placed
approximately 3.4 m (11 ft) from the lower end of the hole in an
interval with low fracture density. A full description of the borehole,
the formation geology and the site selected for locating the plug is
provided in Daemen et al. (1983).

2.303 Plug Testing

Constant pressure injection tests have been pe.formed on the plug since
May 1983, The testing consists of injecting water under constant
pressure on one side of the plug and collecting outflow on the other
side. The injection pressure, injection volume and outflow volume are
monitored.

2.3.3.1 Instrumentation

2,3.3,1.1 Injection Pump and Injection-side Packer. Constant pressure
water injection is achieved using the gas-over-water injection pump
shown schematically in Figure 2.25. Injection may be accomplished using
any one of the different diameter injection vessels, thus permitting
injection over a wide range of flow rates. Flow rate is determined by
timing the fall of the water level in the f1jection vessel being used.
Pressure on the injection side of the plug is equal to the injection
pump gas pressure plus the hydrostatic pressure due to the vertical
height of the water-gas interface in the injection vessel above the plug
[about 4.35 m (14,3 ft) of water, or 43 kPa (6.2 psi)]. A pneumatic
packer (injection=side packer) is inflated in the borehole just above
the plug. Water is delivered from the injection pump through the
injection=side packer creating a pressurized injection zone at the upper
end of the plug. The length of the injection zone has been maintained
at about 62 cm (24.4 in) for most of the testing to date.

243434142 Outflow Collection. The instrumentation used to collect and
measure outflow from below the plug has been changed several times since
testing began. From Jung 2 to August |, 1983, collection was made as
depicted in Figure 2.26, This system, while satisfactory for high
outflow rates and/or long test periods, was inaccurate for short tests,
especially those with low outflow rates. From August 1, 1983 to May 22,
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shown are hose from injection pump and injection-side packer. (Drawing not to
scale)



1984, the collection system shown in Figure 2.27 was used. For this
second svstem, provided that the air pocket at the apex of the
collection zone is insignificantly small, the outflow during a test from
the plug and formation to the collection zone should equal
(approximately) the volume displaced over the test in the graduated
cylinder/pipet. However, should the air pocket be of significant size,
the outflow-diplacement relationship may become complicated by the
following factors:

(1) If the water level in the collection zone is above the intake of the
line to the graduated cylinder/pipet, the volume displaced in the
cylinder/pipet depends not only on the outflow volume but also on the
pressure-volume relationship for air.

(2) If the water level in the collection zone is below the intake, the
volume displaced no longer depends dirextly on the outflow volume, but
rather it directly depends exclusively on the pressure-volume
relationship for air.

(3) If the water level is below the intake and then rises above it, air
bubbles may become trapped in the line to the cylinder/pipet, which may
make flow in the line erratic.

The outflow rates as measured with the second system were somewhat
erratic (Section 2.3.3.4.9). To eliminate the possibility of
complications due to factors (2) and (3) a third collection system
(Figure 2.28) was used from May 22 to June 5, 1984, With this system,
if the apex air pocket is kept small, the outflow during a test to the
collection zone is, again, equal (approximately) to the volume displaced
in the cylinder/pipet over the test. If the air pocket is significant,
the volume displaced depends on the pressure-volume relationship for air
as well as on outflow volume [factor (1)]. By placing the graduated
cylinder/pipet above the collection zone, the possibility of gravity
drainage of the collection zone through line b to the cylinder/pipet is
eliminated. The third system gave significantly higher outflow rates
(Section 2.3.3.4.9) than were expected. These high rates may have been
due to a minute leak in the pneumatic packer on the collection side
causing a very gradual pressure build-up in the collection zone, which,
of course, woulg*cauae the collection zone to empty to the graduated
cylinder/pipet.

'In each of the collection systems described it is assumed that the
loss of water (if any) from the collection zone back into the formation
is negligible compared to the outflow to the collection from the
plug/formation.

'*A packer leak would also cause the second system to give erroneous
outflow volumes. The collection zone pressure build-up due to the leak
would empty the zone above the intake and then empty the outflow tube
into graduated cylinder/pipet.
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@ Valve

Oracle Ridge Mine outflow collection system 5; used from 6-15 to 6-28-84. Prior to
testing, the collection zone is slowly filled to an initial level by connecting line b
to line a with valve 1 cracked open. Valve 1 is then closed and line b is disconnected
from line a. The level of water in the pipet (which is the same as the level in the
collection zone) is recorded and testing is begun. At the conclusion of testing,

valve 1 is cracked open and line a is very slowly drained intc a graduated cylinder
until the water level in the pipet returns to its initial level. The volume of water
Irained to the cvlinder is the volume of outflow over the test.



tests) between the l-hour tests. In the short tests, outflow is usually
collected in a 1 ml or 5 ml pipet; in the long tests, a 250 ml graduated
cylinder is generally used (see Section 2.3.3.1),

2.303.3 Test Results

Table 2.20 presents the results of all constant pressure injection
testing on the plug to date. Figure 2.30 is a plot of injection flow
rate vs. time from June 28, 1983 to June 19, 1984. Figure 2.31 is a
plot of injection rate vs. injection pressure for four series of tests
in May and June 1983. Figure 2.32 is a plot of average outflow
collection rate vs. time for the period July 11, 1983 to April 17, 1984,

2.3.3.4 Discuseion of Results
2.3.3.4.1 Components of Injection Flow. In the constant pressure

injection tests conducted, the injection flow consists of three
components:

(1) Flow to the formation through either the rock matrix which borders
or fractures which intersect the injection zone.

(2) Flow through the plug or the plug/formation interface.

(3) Leakage through the injection-side packer mandrel or along the
interface between the packer membrane and the borehole wall. Also
included are leaks in the injection pump or injection hose.

Component (3) flow is considered negligible compared to components (1)
and (2). “Injection flow" will be taken as the sum of components (1)
and (2).

2,3.3,4.2 High Initial Inject’.n FlowAgptes. As Table 2.20 and Figure
2.30 indicate, at the start of testing, injection flow rates were quite
high. The flow rates were much higher than could have occurred due to
flow from the injection zone into t rock matrix or intersecting
fractures (component 1 flow) alone. In the tests in May, 1983, water
was visually observed flowing out of the plug at the crown on the lower
(collection-side) end. Laboratory tests (Daemen et al., 1983) have
shown that in near-horizontal plugs placed with a dump bailer or under
low pressure a weak and highly permeable z often forms along the
crown. Initially, then, a significant gap or highly permeable zone
existe¢ at the plug/borehole interface along the crown of the plug
permitting the observed high flow rates.

*Tenting started on May 17, 1983, 18 days after placement of the
plug (Daemen et al., 1983).
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Table 2.20 Oracle Ridge Mine Constant Pressure Injection Test Results

10T

Time Collection
Injection Injection Flow in (cn3/in) Span Injection Zone
Zone Zone Injection for Volume of Flow Volume Out f low
Pressure Length Vessel Injection Injecsed Test te Collected te
Date (kPa) (cm) (in) Vessel (cm”) (min) (cm”/hr) (cm”) (cm”/hr)
5/17/83 276 254 25 +804 20.1 | L1200
276 254 50 .804 40.2 1 2400
5/27 181 189 59.0 LBU4 47 .4 73.4 39
286 189 180.0 -804 145 69.6 130
424 189 201.0 B804 b2 S58.4 170
6/1 180 189 20.00 .804 16.1 60.6 1o
284 189 32.00 -804 25.7 6U.3 26
422 189 46 .00 -804 37.0 60,7 37
6/2 284 77 23 .00 B804 18.5 46.4 34
6/21 186 62 8.50 1.55 13,2 6l1.6 13
285 b2 14 .00 1.55 21.7 63.2 21
423 62 21.00 1.55 32.6 61.6 32
6/24 180 62 7.00 1.55 10.9 3.7 10
285 62 11.00 1.55 17.1 63.7 16
423 62 15.00 1.55 23.3 58.3 24
6/28 318 62 8.00 1.55 12.4 65.1 11 21.9 204
6/28-6/29 318 62 12.59 13.3 167 1191 8.4 1y 5.9
6/29 318 62 16.00 1.55 24.8 230.2 6.5
6/29-6/30 319 62 8.65 13.3 115 1151 6.0
6/30 320 62 3.50 1.55 5.43 60.9 5.3
6/30-7/1 318 62 10.06 13.3 134 1598 5.0
7/1 316 62 2.75 1.55 4.26 55.5 4.6
7/1-7/7 316 62 2.34 206 482 8390 3.4
7/1 315 62 2.00 1.55 3.10 62.7 3.0
1/1-7/11 299 62 19.83 13.3 264 5661 2.8
7711 283 62 1.75 1.55 2.71 64.6 2.5
7/11=-7/15 284 62 17,23 13.3 229 5510 2.5 89 97
7/15 285 62 1.75 1.55 2.71 72.3 2.2



Table 2.20 Oracle Ridge Mine Constant Pressure Injection Test Results-—Continued

Z01

Time Collection
Injection Injection Flow in (cm3/in) Span Injection Zone
Zone Zone Injection for Volume of Flow Volume Outt low
Pressure Length Vessel Injection Injected Test Rate Collested te
Date (kPa) (cm) (in) Vessel (cm™) (min) (em”/hr) (cm™) (cm”/hr)
7/15-7/18 285 ¥l 12.68 13.3 169 4435 2.3 86 1.2
7/18 284 62 1.25 1.55 1.94 58.1 2.0
7/18-7/22 284 62 15.07 13.3 200 5650 2.1 99 1.1
7/22 284 62 1.25 1.55 1.94 60.9 1.9 7 6.9
7/22~7/25 285 62 10,91 13.3 145 4299 2.0 6Y .96
7/25 285 62 1.25 1.55 1.94 65.0 1.8
71/25-7/29 285 02 1 ¥ 13.3 175 5399 L9 Yl(+) 1.0(+)
7/29 283 62 0.75 1.55 l.16 43.7 1.6
7/29-8/1 283 62 9.30 13.3 124 4450 1.7 lut 1.4
8/1 283 62 2,00 1.55 3.10 119.6 1.6
8/1-8/4 283 62 9.11 13.3 i21 4039 1.8 107 1.6°
8/4 282 62 0.75 1.55 1.16 47.3 1.5 1.10 1.4
8/4-8/8 280 62 12.53 13.3 167 5694 1.8 148 1.6
8/8 278 62 0.50 1.55 775 32.6 1.4 .74 1.4
8/8-8/12 Injection pump not pressurized - no test.
8/12 284 62 1.75 1.55 2.7} 133.7 1.2 2.17 .97
8/12-8/15 274 62 5.25 13.3 69.8 4120 1.0 86 1.3
8/15 263 62 0.50 1.55 775 52.4 49 .69 79
8/15-8/18 267 62 6.13 13.3 81.5 4260 1.1 84 1.2
8/18 251 0l 1.25 1.55 1.94 111.7 1.0 1.38 .74
8/18-8/22 285 62 10.86 13.3 144 5725 1.5 88 .92
8/22 285 b2 0.88 1.55 1.36 e ¢ 1.4 1.02 lal
8/22-8/30 Injection packer tank dropped to U pressure about 3/25 - no test.
8/30 284 62 1.00 1.55 1.55 51.2 1.8 1.86 2.2
8/30-9/2 284 62 7.03 13.3 93.5 4038 T4 125 1.9
9/2 284 b2 0.75 1.55 l.1o 49.3 | RN .89 1.1
9/2-9/6 284 62 10.44 13.3 139 5958 1.4 83 B4
9/6 283 62 0.75 1.55 1.16 5.1 1.3 .88 .90
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Table 2.20 Oracle Ridge Mine Constant Pressure Injection Test Results-—Continued

Time Collection
Injection Injection Flow in (em3/in) Snan Injection Zone
Zone Zone Injection for Volume of Flow Volume Vuct low
Pressure Length Vessel Injection Injecsed Test Rgte Collegted te
Date (kPa) (cm) (in) Vessel (cm™) (min) (cm”/hr) (cm™) (ecm”/hr)
9/6-9/9 280 b2 6.06 13.3 80.6 3994 1.2 47 1
9/9 277 62 0.75 1.5% 1.16 60.1 1.2 .96 90
9/9-9/12 285 b2 b.50 13.3 86.5 4373 1.2 45 02
9/12 285 62 0.63 1.55 977 3 Y 1.1 .91 1.1
9/12-9/22 285 62 19.83 13.3 204 14407 i.1 133 «35
9/22 283 62 0.75 1.55 1.16 08.7 1.0 .96 .84
9/22-9/29 284 62 12.83 13.3 i71 9957 1.0 93 .56
9/29 284 62 0.63 1.55 977 59.8 .98 = i
9/29-10/6 283 62 12.31 13.3 164 9976 99 133 B0
10/6 283 62 0.50 1.55 775 51.4 .90 .83 .97
10/6-10/14 283 62 13.45 13.3 179 11438 .94 96 «50
10/14 283 62 0.50 1.55 +175 59.4 .78 .84 .85
10/14-10/17 283 62 5.00 13.3 6b.5 4410 .90 34 4o
10/17 286 62 0.50 1.55 » 175 56.4 .82 .76 .51
10/17-10/28 286 62 17.19 13.3 229 15640 .88 125 .48
10/28 285 62 0.50 1.55 «175 58.8 79 79 .81
10/28-11/11 287 62 20.06 13.3 267 20165 19 1b4 .49
11/11 289 62 0.38 1.55 .589 53.9 .66 74 .82
11/11-11/30 289 62 23.34 13.3 310 27235 .68 125 .28
11/30 287 62 0.31 1.55 481 51.6 .56 .58 .67
11/30-12/2 285 62 2:17 13.3 28.9 2758 .63 10 22
12/2 283 62 0.19 1.55 «295 37.0 .48 - -
12/2-12/14 280 62 13.84 13.3 184 17232 .04 Y7 « 34
12/14 276 62 0.31 1.55 .481 52.4 «55 84 .96
12/14=1/5/84 285 b2 22,77 13.3 303 31572 <50 77 15
1/5 285 62 0.31 1.55 .481 60.4 .48 .96 9%
1/5-1/19 285 62 13.89 13.3 185 19973 .50 - -
1/19 285 62 0.25 155 .388 49.9 47 1.08 1.3
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Table 2.20 Oracle Ridge Mine Constant Pressure Injection Test Results=-—Continued

. Time Collection
Injection Injection Flow in (cu’/in) Span Injection Zone
Zone Zone Injection for Volume of Flow Volume Outt low
Pressure Length Vessel Injection InjecSed Test te Collegted kgte
Date (kPa) (cm) (in) Vessel (cm™) {min) (em” hr) (cm™) (cm”/hr)
1/19-2/10 284 62 20,75 13.3 276 31574 .52 70 13
2/106 284 62 0.25 1.55 .388 59.6 «39 .68 .68
2/10-3/9 285 62 28.06 13.3 373 40260 « 96 92 14
3/9 285 62 0.31 1.55 481 58.06 «45 1.01 1.0
3/9-4/3 284 62 25.97 13,3 345 22819 .58 82 .14
4/3 284 62 0.31 1.55 481 45.9 .63 .90 1:2
4/3-4/17 286 62 14.66 13.3 195 19975 59 46 .14
4/17 287 62 0.38 1.55 .589 64.3 53 2.40 2.2%
4/17-4/26 180 62 1.63 13.3 21,7 12803 .10 97 45
4/26 180 62 0.28 1.55 434 84.3 31 2.51 1.8
4/26-5/16 1834 62 4.81 13.3 64.0 28679 .13 39.5 0.83
5/16 1844 62 - 60.0 2.01 2.0¢
5/16=5/22 1854 62 1.19 13.3 15.8 8346 .11 90 .65
5/22 185 62 0.44 - 89.8 2.71 1A
5/22-5/31 185 62 2.19 13.3 29.1 12739 .14 > 220 > 1.0
5/31 183 62 0.34 1.55 «527 65.6 A48 .80 79
5/31 183 62 U.66 1.55 1.02 176.3 +»35 - -
5/31-6/5 182 62 1.50 13.3 20.0 7001 17 224 1.9
6/5 181 62 0.13 1.55 .202 73.4 .17 2.42 2,061
6/5-6/15 178 62 2.81 13.3 37.4 14205 .16 102 43
6/15 177 62 0.19 1.55 «295 09.5 25 - -
6/15-6/19 180 62 1.25 13:3 16.6 5405 .18 - -
/19 181 62 0.19 1.5 «295 80,7 022 ~ ~
4Collection system | used for tests from 6/28 to 8/1/83.
bCollectiou system 2 used for tests from 8/1 to 5/22/64 (Section 2. ).
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Table 2.20 Oracle Ridge Mine Constant Pressure Injection Test Results - Notes--Continued

€Air bled from line to pipet/graduated cylinder prior to this test.

dPtessure estimated by interpolation.
©Collection system 3 used for tests from 5/22 to 6/5/84 (Section 2. ).

fCollection system 2 used for tests from 6/5 to 6/15/84 (Section 2. ) I8



901

Average Injection Rate (cm3/hr)

12,

D
317 kP % 270 kP
10 4 a I 285 kPa * i 285 kPa *
®
8 4
O
64 B
Short Test (about l-hr duration) ¢
. C‘ Long Test (between short tests) )
o *
4 4 Average injection zone pressure for indicated
time period.
&
E o] °
oe
2 . <>‘H)'.
oToeo o o ® o 0 ® o
4 4‘()‘“3
O ' ; . " I . 4 v ]’
July '83 10 20 Aug 10 20 Sep

Figure 2.30

Calendar days

Oracle Ridge Mine average injection rate vs. time for constant pressure injection

testing.

Period:

6-28-83 to 6-19-84.



L01

Average Injection Rate (cm3/hr)

2.0

5
285 kPa
"2
1.5 |
[ Yol |
(o)
1.0q o P o . ’
(o] L
o =
C
54
0 -y v v
10 20 Oct 10 2 Nov 0

Calendar Davs

Figure 2.30

(cont.)



BOT

Average Injection Rate (cm3/hr)

0.8

285 kPa

.7 3

Dec

v

20

Calendar Days

Figure 2.30

(cont.)

Jan

'84

10



[1ady

(*3u02) (f°z @2an3d1y

SAB( aepuaie)

0¢ 01 AR 0z

A A 1 "

o1

qo4

Bdy 687

0

1°0

8°0

(Jq/smo) 23ey uoridaluy a8eiaay

109



(*3u0d) gz @2an3d1y

sAe( iepuaie)

ot

ungp

0z

AeR

0z

3

Bdy 781

+

Bd) S8T A

0

1°0

"0

£°0

e
o]

§°0

9°0

L70

(Aq/gma) ajey uotrioaluy aBeaaay

110



175

150

125
x
s
(28 ]
g

~ 100
[
T
(> 4
c
-
-
o

wy -
L
v
o
o
1
¥
>
.

50

25

0

Figure 2.31 Oracle Ridge Mine average injection rate vs. injection
zone pressure for coustant pressure injection tests in

@ 0o o b

i

5/27
--BJ1

6/21
6/24

0 100

Iniection Zone Pressure (kPa)

May-June, 1983,

200

111

400

500



(A8

e
W

1
NOTE: Outflow rate = 6.9 for short test
on 7-22-83 not shown.
o}
=
g 2.0 A
ME .
o
v
=
o ® o
§ 1.5 +
- = (o} o}
o ®
-
Q ® e
: W ® o) o) o}
= 1.0
- 1 e o ® o ° o o
-
3 " ®
& -
£ s .
< ,
Short Test (about l-hr duration) O
Long Test (between short tests) £
0 - r g x r -
20 Aug '83 10 20 Sep 10
Calendar Days
Figure 2.32 Oracle Ridge Mine average outflow collection rate vs. time for constant pressure

injection testing. Pertod: 7-11-83 to 4-17-84.



¥ 5.

2
1
1

Au:\nsov 938y UOTIIATTO) moTJIng a8eiaay

113

20

10

Hov

20

10

Oct

Calendar Days

(cont.)

o3

2

Figure



-
-

T . ¥
v o Ul o Ul
. . . .

o~ L | —

Auc\mEuV 2318y UOTIDATTO) MOTIINng alelaay

114

Feb

20

10

'84

Jan

20

10

Dec

Calendar Days

(cont.)

Figure 2.32



Apr

Mar

20

2.5 4

v . v

(=) vy o o
. - .

o~ ] —

(3u/ wd) 238y UOTINTTO) MOTIIND aBeaaay

115

Calendar Days

(cont.)

Figure 2.32



2,3.3.4.3 Injection Flow Rate Reduction Due to Interfacial Gap

Closure. Though initial injection rates were gquite high, as testing
continued the injection rate dropped off dramatically (e.g. compare the
flow rates of May 17 with those of June 1, 1983 for about the same
pressure). This reduction, at least in part, was due to the closure of
the interfacial gap. It is certain that the gap closed at least to some
degree. By June 1983 the rate of flow whica could be visually observed
coming through the plug during injection testing was greatly reduced.
The me-hanism causing the gap to close is not certain. At least four
factors may have contributed to the closure:

(1) Radial expansion of the plug as the cement continued to cure.
(2) Chemical interaction between the cement and the dolomite host rocke.

(3) Chemical interaction between the injection water and the
cement /dolomite.

ke

For example, in packer tests prior to plug emplacement, the
highest equivalent hydraulic conductivity (k_) measured for any
subintervgl from 27.27 » to 29.81 m (or for 554 cm above the plug) was
5.1 x 107 cmfgec (Tabi- 3.1 and Figure 3.3, Daemen et al., 1983). For
ke = 5.1 x 10 cm/sec rest zone length (£) = 254 c¢cm, test zone excess
pressure (Ho) = 280 ¥° - 2860 cm of water, borehole radius (ro) =5 cm
and radius of influence (R) = ¢ = 254 cm, a steady-state injection rate
(Q) for radial flow into a homogeneous, radially isotropic porous medium
can be calculated using the follwing expression recommended by Ziegler
(1976):

Q = (2nk 2H, )/ (In(R/r))

Subst&tuting the above values into this expression gives a flow rate Q =
21 em”/hr. May injection flow rates were 5 to perhaps 50 times t1is
figure for comparable pressures.

***The term “"gap"”, though imprecise, is used throughout this
discussion to describe the interfacial crack or area of high
permeability along the crowr of the plug. The exact nature of the gap
or highly permeable area is unknown. It is not unlikely, however, that
the gap is due to a gravity induced settlement, the primary cause of
gaps developing on top of plugs installed in tunnels and mine drifts, a
major concern for all underground horizontal plug or dam installations.

?Some reduction in constant pressure injection with time would be
expected even if the gap were not closing. This reduction would occur
in that part of the injection flow passing into the rock matrix
bordering and fractures intersecting the injection zone (component 1l).
This reduction has been demonstrated theoretically for some flow
situations. For example, Jacob and Lohman (1952) have derived an
expression showing that constant pressure radial injection “"declines
roughly as the inverse of the sum of a constant and the logarithm of the
time.” Their work applies to radiil flow from a well in a saturated,
homogeneous, radially isotropic an. _afinite porous medium.
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(4) Deposition of particulates borne in the injection water.

Based on the expansive character of the Dowell System 1 cement (Daemen
et al., 1985) used for the plug and based on the rapidity of the gap
closure and injection rate reduction, it seems likely that the first
factor was dominant. The fourth factor is not thought to be significant
as the borehole was brushed and flushed prior to plug placement.
Further, the sump wz:er used for injection appears free of any
significant suspended solids and, additionally, the sump water is
filtered prior to use in the injection pump. Further analysis of the
factors will be undertaken.

2.3.3.4.4 Approximately Steady-State Injection Flow Rate. With a
relatively constant injection pressure of about 285 kPa (4*.3 psi), the
injection flow rate declined until an approximately steady rate was
achieved in January 1984, From January | to May 17, 1984, when testing
at 285 kPa was terminated, the injection rate for the long duration
tests averaged 0.56 cm”/hr. The portion of this average "“steady” flow
rate which passed through the plug and/or plug/borehole interface
(component 2 flow) is unknown.

2.3.3.4.5 Significance of Gradual Attainment of Steady-State
Injection. The long time period required for the injection rate to
attain approximate steady state indicates that, particularly in the
later months of testing, component 1 flow (radial flow into rock matrix
and fractures) constituted a significant portion of the overall
injection flow. If flow through tho plug/borehole interface (component
2) greatly exceeded component 1 flow (as may have been the case
initially), then the flow rate should have equilibrated relatively
rapidly since the hydraulic gradient driving component 2 flow is
virtually constant. However, if a significant portion of the injection
flow were component 1 flow, the flow rate would require a much longer
period to approach approximate steady-state (see previous footnote).

2.3.3.4.6 Darcian Flow Through Plug/Borehole Interface. Figure 2.3l is
a plot of injection ratc vs. injection pressure for four series of tests
conducted in May and June, 1983, The flow rates for the May series ars

*In many constant pressure injection situations, the radial portion
(component 1) of the flow from the injection zone theoretically never
becomes steady, but, rather, continues to decrease (see previous
footnote). But because the rate of decrease in the radial component is
itself often decreasing with time, an approximate'y steady radial
injection rate is often eventually achieved. On the other hand, the
portion of the flow through the plug and/or plug/borehole interface
(component 2) should become steady and should achieve steady state
relatively quickly. The reason this portion of the flow should achieve
steady-state ard do so quickly is because the hydraulic gradient across
the plug which drives this component of the flow is established
relatively quickly and does not change with time.
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quite high. The flow rates for the June series are much lower with each
successive series having lower rates than the previous series for the
same pressures. Presumably, the reduction in flow rate with time for a
given injection pressure was due primarily to the closure of the
plug/borehole interfacial gap (2.3.3.4.3).

The curve for the May 27 series is non-linear with decreasing slope.
According to Louis and Maini (1970), and Ziegler (1976), such a curve
indicates that injection flow is turbulent. The plots for the test
series in June, however, are quite linear, indicating that the overall
flow (i.e. sum of componengs | and 2) is in the linear-laminar range and
therefore that Darcy's law is applicable (Ziegler, 1976; Freeze and
Cherry, 1979, pp. 72-74). Tiws, with closure of the plug/borehole
interfacial gap, it appears that the overall flow regime, for the range
of pressyres shown in Figure 2.31, changed from turbulent to linear=
laminare.

Assuming that in the June tests flow was linear-laminar and assuming
that in these tests component 2 flow was dominant, then it seems clear
that in later tests, where the injection rate was even lower, the flow
through the plug and/or plug/borehole interface must also be linear-
laminar. Justification for this conclusion is made based on the
findings of Louis concerning the distinction of linear-laminar flow from
transitional and turbulent {low for fracture flow between parallel

*Darcy's law is an empirical relationship which is foundational to
most analyses of fluid flow in porous media and fractures. In its
simplest form, appiicable to flow in a homogeneous, isotro, < porous
medium, Darcy's law holds that Q = -kiA, where Q is the fluid discharge
through cross-sectional area A, i is the hydraulic gradient in the
direction of flow and k is a proportionality constant (hydraulic
corductivity).

**Thc justification for plotting injection pressure in Figure 2.3l
may be made as follows: If the injection flow were primarily radial
(component i1 flow), then, strictly, the pressure to be plotted is excess
pressure, that is, the injection pressure less the ambient pressure in
the formation. However, since the formation is unsaturated, Ziegler
recommends that the ambient pressure be taken as zero (Ziegler, 1976).
Thus, for injection which is primarily radial in an unsaturated
formation, the injection pressure is assumed to equal the excess
pressure. If, on the other hand, injection flow is predominantly
through the plug and/or plug/borehole interface (component 2 flow), then
the pressure tc be plotted is the injection pressure less the pressure
on the collection side of the plug. The reason this difference in
pressure is plotted is because the hydraulic gradient across the plug
which drives comgonent 2 flow is directly proportional to the pressure
difference across the plug. However, the pressure on the collection
side of the plug is zero (gage) or very nearly so. Thus, for
predominantly component 2 flow, the injection pressure is equal to the
pressure difference across the plug.
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plates (Ziegler, 1976). To use Louis's findings it must be assumed that
the flow through the plug and/or plug/borehole iuterface (component 2
flow) may be considered flow through a parallel plate fracture. This
assumption seems reasonable since most of the flow appears to have
passed through an interfacial gap along the crown of the plug, at least
initially. Also, based on a laboratory estimate of the hydraulic
conductivity of the plug cement, very little of the component 2 flow
would be expected to pass through the plug itself. Louis defined the
Reynold's number for parallel plate fractures as R, = 2dv/V, where v =
flow velocity in the fracture, d = width of aperture between parallel
plates, and V = kinematic viscosity of the fluid Louis found that for
model fissures where the surface roughness index 1is less than or equal
to 0.033, flow is linear-laminar for R, less than about 2300,

Assuming that in the June 1983 tests the injection flow was linear-
laminar (as Figure 2.31 indicates) and assuming that compcnent 2 flow
was dominant (i.e. greatly exceeded the component 1 flow), then the
component 2 flow was probably linear-laminar in these tests. If the
component 2 flow was linear-laminar and the parallel plate assumption
for flow through the interfacial gap is valid, then the following
Poiseuille expression for laminar flow of a fluid between two parallel
plates should be valid (Ziegler, 1976):

v = gd?i/12v

*A laboratory estimate_YS the hydraulic conductivity (k) of Dowell
System | cement is 1.8 x 10 cm/sec (Section 2.4.3). Assuming 1-
dimensional porous media flow across a homogeneous plug, the flow rate
(Q) can be computed as follows:

Q = (k(H, = H)A)/L

where Hi = pressure load on injection side of plug
H_ = pressure head on collection side of plug
= cross—-sectional area of plug
L = plug length.
Fog K = 1.8 x 10710 cn/sgec, Hy = 285 kPa = 2910 cm Hy0, H
em“, and L = 12.7 c¢m,

o 0, A = 78,5

Q = (1.8 x 107192910 - 0)(78.5)412.7 = 3.24 x 107% cm/sec =
0.012 cm®/hr,

which is very small compared to the flow rates measured in the June
tests.

**Surface roughness index (S) = Y/Za vhere Y = mean height of the

asperities on the fissure walls and a = m n fissure aperture (Ziegler,
1976).
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where v = fluid velocity
i = hydraulic gradient in the direction of flow
g = acceleration due to gravity
d and V are as previously defined.

But with the closure of the gap, d would diminish, thus decreasing v
according to the above equation. (The decreasing of d and v is
consistent with the observed decrease in component 2 flow with time.)
But if d and v decrease and V remains unchanged, then the R  for tests
subsequent to the June tests should be less than it was for the June
tests. Thus, the flow through the plug/borehole interface in tests
subsequent to the June tests should be linear-laminar also.

2,3.3.4.7 Response to Reduction in Injection Pressure. On April 17,
1984 injection pressure was reduced from about 285 kPa (41.3 psi) to
about 182 kPa (26.4 psi) (Tabls 2.20). The injectign flow rate dropped
immediately from about 0.56 cm”/hr to about 0.10 e¢m”/hr, but has been
slgwly rising since then (e.g. the injection rate had risen to 0.19
cm”/hr for the test for June 15-19. The slow rise in flow rate after
April 17 is perhaps due to the gradual depressurization of the formation
immediately surrounding the injection zone. As the formation pressure
drops to a new approximate equilibrium (coiresponding to the lower
injection pressure), the hydraulic gradient causing flow into the
formation (component 1 flow) slowly rises untii a new equilibrium is
approximately attained.

2.3.3.4.8 Discrepancy Between Long and Short Injection Test Data. As
shown in Table 2.20 and Figure 2.30, slightly lower injection rates were
obtained from the short tests (approximate.y l=hour duration) than from
either the preceding or following long tests (several days to several
weeks in duration). No explanation for this discrepancy is known.

There is nc significant interruption of or change in injection flow or
pressure between tests. The calibration of the injection vessels of the
injection pump has been checked. Based on their much longer duration
and much greater injection volume, the long :tests are probably the more
accurate.,

2,3.3.4,9 Collection Data. The following inconsistencies are noted in
the outflow collection data presented in Table 2.20 and Figure 2.32,

(1) In geueral, the collection rates for short tests (approximately -
hour duration) are considerably higher than collection rates for either
the preceding or the following long tests (several days to several weeks
‘n duration) for collection system 2 (used from August 1, 1983 to May
22, 1984). (2) In general, collection rates for long tests are higher
when collection system 3 was used than when collection system 2 was
used.

The observed inconsistencies and general variation in the data may be
due to a number of causes, including (a) differences in the collection
systems used, (b) differences in the degree of saturation and hydraulic
head in the rock mass bordering and fractures intersecting the
col.cction zone. Such differences may be due to variation in local
raintall or other factors affecting moisture availability as well as the
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Plaster plug #3 after ialling head test.

Small channels formed by water that flowed
upward through the plug immediately after it
was poured gradually eroded into a large gap
during a falling head test.




that four channels developed. Each channel as a contir
channel already existing in the plaster plug. However, ¢
ement above every channel that existed in
was about one char : 1 the cement per five channel
plaster. The flow of water through the channels in the cement
considerably less than observed in cement plugs poured directly
sand (Daemen et al. 1983). Some cement mixed with water when

*h created a light colored swirl of

cement was release
the upper 6.4 cm (2.5 in). Below the swirl was a 5 cm (2 in) laye
light cement that probably washed off the bailer as it was removed

e wells. Figure 2.34 is a picture of the plug intact.

Three days after the cement plug was poured on top of the plaster, a
rubber stopper in the bottom section of the PVC pipe was removed, thus
equalizing the pressure below the plug with that of 2 atmosphere.

With the well full of water, the top of the pipe was plugged with an

expandable stopper (like those shown in Figure 3.9 of the previo

annual report (Daemen, et al., 1983)). A 25 ml (0.85 fl oz) pipet was
placed inverted in the center hole of the stopper. The well above the
plug and pipet were filled with water. A constant head permeability
test of the plug and plaster was performed by observing the fall of the
water level in the pipet cver time. After the first week of testing,
the stopper began to leak and was eventually replaced with a PVC end

cap. This too developed ak which was repaired.

The water loss over the final 49 days of the test averaged 1.
(0061 cu in/day). The recorded flow rates varied considerably
part to temperature variations. A day-by-day log of water loss

recorded in Table 2.22.

average flow rate, an approximate hydraulic conductivity can be
culated. For a constant head test, Lambe and Whitman (1969) provide
equation

1

where q is the flow rate, L is the sample length, H_is the head, C is

the plug diameter, and kK, 18 the vertical hydraulic :‘umlnx‘tlvi!}.
Based on this equation, an average hydraulic conductivity of 4 x iw_q
cm/sec was calculated. During the last one to two weeks of observation,
some seepage occurred out of two stress cracks. The cracks started to
appear in the acrylic tube, primarily around the solid section of
cement, shortly after the plug was installed. The cracks gradually
increased in number until the tube finally ruptured. The cracks reduce
the reliability of the calculated hydraulic conductivity.

1

Leitol 2 Polyurethane Fo Layer. Another material tested in the
)4 AL o~ - —d N

laboratory for its effectiveness in reducing the upward channeling of
water was polyurethane foam. In the laboratory experiment a thick

cushion of foam disks was used in place of the sand/gravel layers. Th

success of the foam in reducing the upward channeling of water streams




Figure 2.34 Cement plug placed over plaster.
A plaster plug was placed by a bailer cver a sand base,
the top ground off, and a cement plug placed on top
of it. This resulted in fewer channels being formed
in the cement plug.
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Table 2.22 Cement Bailed Over Plaster Plug

Time of in Pipet Water Lnss
Date Day (ml) (ml) Comments
Aug 22 11:25 am 12.0
12:15 pm 6.4 +5.06 added water to pipet
12:15 pm 20 .8 -
2:22 pm 21.2 -4
4:00 pm 21.4 -0.2
23 6:00 pm 18.8 +2.6
24 5:5C pm 19.9 -1l.1
26 9:45 am 13.8 +0.1
29 9:30 a 3.8 +10.0
9:40 am 13.8 - added water
5:30 pm 15.2 =-1.4
30 +15-50 water disappeared below pipet
10:40 am 16.6 o added water
31 9:40 am 15.8 +0.8
Sept 1 9:20 am 14.4 +1.4
2 9:30 am 10.8
6 10:05 am 14.7 +18.6 added 22.5 al to get reading
7 9:25 am 14.3 +20 .4 added 20 ml to get reading
7 5:40 pm 15.0 changed expandable packers -
previous one leaked
8 9:30 am 15.1 +18.5 added 18.6 ml to get reading
10:50 am 7.7 +7.4 water on top of expandable pluy
indicated leak
replaced expandable plug with a 4-in
pve cap
20 5:2C pm 13.9 - added 25.0 ml to get reading
22 4:50 pm 13.2 +0.7
23 10:40 am - found water on top ot pvc cap
24 10:40 am o - tound and sealed leak
27 12:15 pm 21.2 - added water to pipet
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Table 2,22 Cement Bailed uUver Plaster Plug--Continued

Time of in Pipet Water Loss
Date Day (ml) (ml) ? Comments
Sept 28 11:00 am 16.7 +2.5
29 10:00 am 15.0 +3.7
30 12:15 pm 12.5 +2.5
Oct 3 10:05 am 6.8 +5.7 +1.9 al/day ave
3 10:06 am a8 - added water
4 10:00 am 14.6 +2.2
5 10:00 am 13.6 +1.0
6 10:50 am 13.5 +).1
7 11:45 am I11.2 +2.3
10 11:25 am 9.3 +149 +0.62 mi/day ave
12 11:25 am 8.4 U9 +0.45 ml/day ave
13 12:25 pm 6.9 +1.5
14 10:00 am 6.4 +0.5
17 16:30 am 4.3 #2.1 +0.7 ml/day ave
17 10:30 am 2140 - added water
18 10:45 am 19.0 +2.0
19 9:20 am 19.1 -Ual
20 10:00 am 17.9 +1.2
21 9Y:25 am 15.2 +2.7
24 9:05 am 14.1 +1.1 +0.37 ml/day ave
25 9:25 am 14.2 +U.1 room was cold
26 9:25 am i3.1 +1.1 room was cold
27 9:45 am 11.5 +1.6 roou was cold
28 9:20 am 8.7 +2.8 room was warmer
31 9:30 am 6.5 +2.2 +U.73 ml/day ave
Nov 1 9:25 am 5.4 +1.1
2 8:45 am 4.5 De9 Noticed that water had been seeping
out of a stress crack in the acrylic
for days.
3 9:45 am 4.5 V.0



Cement Balled OUver Plaster Plug—-—Continuen

Comments

added water

+0.07 wml/aay

anm

am Found acrylic split open and all

)f the water drained out.




led to its use in the plug emplacements at McNary Dam. However, in the
field emplacements it was decided to retain the sand/gravel layers and
to place a thinner layer of foam disks on top.

The foam disk experiment was conducted in a 10.2 cm (4 in) i.d.
translucent FVC pipe. First, the tracer injection canister (the upper
part of the below-plug instrumentation package; see Section 2.Z.6.1.1)
was lowered in the laboratory well and covered with three 12.7 cm (5 in)
diameter, 5 cm (2 in) thick foam disks. The polyurecbzne foam has a |
mm (0.04 in) pore diameter and a 0.02 gm/cc (7.2 x 10 ° 1b/cu in)
density. The disks were saturated and compressed into a 7.6 cm (3 in)
o.d. pipe and released by pushing them out of the pipe with a 2.5 em (2
in) pipe. Seven more disks were placed on top of the previous three by
the same method.

The plug consisted of five standard batches of cement mixed together.
The mix was poured into a bailer made out of 7.6 cm (3 in) schedule 40
stainless steel pipe. One end of the pipe had a plug in it with a 2.5
em (I in) aiameter hole drilled through the center of it. A rubber
stopper fit in the hole and had a rope attached to it. The other end of
the pipe had a handle. The weight of the bailer alone was about 27 kg
(60 1bs).

The bailer, loaded with cement, was lowered into the well via a hoist.
The foam was compressed by the weight of the bailer. When the stopper
was released, the foam held back the cement. The bailer was gradually
raised with the hoist about 5 cm (2 in) and the cement was released.
The resulting plug was far better than any of the previous plugs poured
underwater. Figures 2.35 and 2.36 show a picture and a diagram of the
plug. The plug was homogeneous for 16.3 cm (6.4 in) except for the top
2.3 em (0.9 in), which had some segregation. The top 13.2 cm (5.2 in)
were not solid and were easily ground off with a drill fashioned out of
PVC.

It must be recognized that all these approaches are poor substitutions
for and alternatives to conventional plugging procedures (e.g. South,
1979), necessitated by the requirement to place instrumentation below
the plug, as well as by cost limitatiors. To some extent the
channeling, and more generally the mixing of water (and some sand) in
the plug might be comparable to frequently observed field cementing
contamination problems by drill cuttings or especially drilling muds.
However, the effects observed here are not or only poorly controlled.
The tests, even if somewhat simulating some field problems, ar: a more
or less random simulation, and certainly not a simulation of “optimum”
plug performance. The severity of the problem was not anticipated, and
time constraints do not allow a major revision of installation
procedures for the present measurement campaign at the McNary damsite.

That channeling is not merely an academic problem or an artificial
problem created by our installation procedures only, is indicated by
Figure 2.37. The channels in this figure (from Sitz, 1981), mapped
along the interface of a concrete plug installed in a 5 m diameter shaft
show considerable similarity to the channeling observed in the
laboratory installations described in more detail in the last annual
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Figure 2,35 Cement plug placed underwater over foam.

The cement was lowered with a bailer into a 10 cm (4 in)
i.d. clear pvc well and gradually released over the foam.
As the bailer was raised, the foam drew in excess water
and cement. This action and the low permeability of the
foam prevented any channeling (piping) from occurring.
Thie plug is by far the most ideal one yet formed
underwater.
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Figure 2,36 Diagram of Figure 2. 35.

A)

B)

C)

D)

E)

a 10 ecm (4 in) thick layer of cement that washed out
of the bailer as it was raised.

a 3 cm (12.2 in) thick spongy layer of cement that had
excess water and probably includes the D47 additive.

a 2.3 cm (0.9 in) thick portion of solid cement that
exhibited some slight segregation.

a 14 em (5.5 in) long solid cement section that was
homogeneous and included no channelling.

compressed polyurethane disks.
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Figure 2.37 Piping (channeling) mapped along the interface between
a concrete plug and the surrounding rock in the plugged
rock salt section of the 5 m diameter Bernsdorf shaft.
Numhers on the channels give channel width. Scale on
tF left shows depth below the surface, in meters.

Reproduc: d with permission from Sitz, 1981 (Freiberger
Research Report A643, P. 11).
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report (Daemen et al., 1983). It appears from the text that some of
these channels also have been enlarged by water wash-out erosion.

2,4,2 Radial Permeameter Test

Two dolomite samples representative of the rock in the vicinity o the
Oracle Ridge Mine borehole have been tested in one of the radial
permeameters developed by South; a complete description of the
permeameter and the test procedure is given by South et al. (1982). The
first sample, ORM2, is 15.1 em (5.94 in) in diameter and 30.0 cm (11.8
in) long. A 9.63 cm (3.79 in) rock bridge was left between two 2.59 cm
(1.02 in) diameter holes drilled 10.3 cm (4.06 in) and 10.1 ¢m (3.98 in)
deep in the center of the top and bottom ends, respectively. The second
sample, ORMl, is 30.6 cm (12.0 in) long and 15.0 cm (5.91 in) in
diameter. A 2.54 cm (1.00 in) diameter hole was drilled 9.70 cm (3.82
in) deep in the top of the sample and a 2.70 cm (1.06 in) diameter hole
was drilled 10.2 cm (4.02) deep in the bottom, leaving a 10.7 (4.21 in)
long rock bridge in place in the middle of the sample. The samples were
stressed axially and radially. Water under pressure was then injected
into the hole in the top of the samples and outflow was collected at the
bottom hole at atmospheric pressure. Tables 2.23 and 2.26 summarize the
results for tests with the rock bridge in place. Following tests with
the rock bridges in place, the bridges were drilled out and replaced by
cement plugs. The cement plugs were made using Dowell System 1 cement
(Daemen et al., 1983). In ORM2, the cement plug was 10.3 cm (4.06 in)
long and 9.5 cm (3.74 i) from the top and 10.2 cm (4.02 in) from the
bottom of the 30.0 em (11.8 in) long sample. In ORMI, the plug was 10.2
cm (4,0 in) long and 10.8 em (4.3 in) from the top and 9.6 cm (3.8 in)
from the bottom of the 30.6 e¢m (12.0 in) long sample. Tables 2.24, 2.25
and 2,27 summarize the results for tests with the cement plug replacing
the rock bridge.

2.,4.3 Cement Plug in Inclined Pipe

In January, 1983, an 18 cm (7 in) cement plug was placed in a 10 em (4
in) i.d. galvanized stcel pipe. The plug was cured so that the
longitudinal axis of the pipe section inclined at 10° from the
horizontal in order to duplicate the orientation of a curing plug at the
Oracle Ridge Mine site. Since February 1983, the plug in the inclined
pipe has been tested by injecting water at constant pressure into one
en! of the plug. The plug, the emplacement procedure and the testing
procedure are described in Daemen et al., 1983, pp. 55-57. Test results
through June 18, 1983 are presented in Table 2.28. From Table 2.28, the
weighted (by time) average 1nject18n rate for the period March 15, 1984
through June 18, 1984 is 2.9 x 107° em”/hr. Assuming one-dimensional
porous media flow through a homogeneous plug (neglecting any plug/pipe
interface effects), the hvdraulic conductivity (k) of the cement plug
(for water flow) can be estimated using the following expression (Lambe
and Whitman, 1969):

134
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Table 2.23 Radial Permeameter Test Results for Sample ORM-2 with Rock Bridge

Flow Rate Flow Rate
Elapsed In Out

Time x 103 x 10 vy Vo
Date (min) (cc/min) (gm/min) (ce) (gm)
6/17-6/18 1596 7.6 6.8 V.t 2.68 2.89 4.27 4.2
6/18-6/19 1411 7.6 6.9 0.4 2.66 2.72 3.76 3.84
6/20 217 7.6 6.9 0.5 3.59 3.23 V.78 0.70
6/20 257 7.6 6.9 D5 2.88 3.27 V.74 V.84
6/21 151 746 6.9 0.4 2.85 3.77 V.43 0.57
6/21 226 7.6 h.9 0.4 3.01 3.01 0.68 0.6b
6/21 121 7.6 6.9 0.4 3.06 2.98 0.37 V.36
6/21-6/22 1049 7.6 6.8 0.4 3.13 3.11 3.28 3.26
6/22 117 7.6 6.9 0.4 2.74 2.99 V.32 0.35
6/22-6/23 1155 7.6 6.7 0.4 3.06 3.04 3.53 3.51
6/23 147 15 6.9 0.4 2.99 2.79 0.44 TR
6/23 120 1.5 6.9 0.4 3.00 3.00 0.36 0.36
6/23 182 7.6 6.9 O.4 3.13 2.86 0.57 0.52
6/23-6/24 1002 7.6 6.8 0.4 3.01 3.00 3.02 3.01
6/24 103 7.5 6.9 O.4 2.91 2.81 0.30 0.29
6/24 145 15 h.9 0.4 2.97 2.90 0.43 0.42
6/24-5/25 1418 7.5 6.7 0.4 3.09 3.00 4.38 4.25
6/25-6/26 1457 75 6.6 0.4 2.96 3.02 4.31 4 .40
6/26-6/27 150 743 6.8 0.4 2.20 2.20 3.29 3.34
6/27 408 7.5 6.9 0.4 2.75 0.245 1.12 0.10
6/27-6/28 1159 255 6.8 0.4 H.44 2.60 7.47 3.02
6/28 239 71:5 6.9 0.4 7 .45 2.97 1.78 V.71
6/28-6/30 2660 745 6.6 0.4 3.03 3.19 8.07 B.49
6/30 176 7.6 6.9 0.4 2.95 2.90 0.52 0.51
6/30-7/1 1147 15 6.8 0.4 3.12 3.16 3.58 3.62
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Table 2.23 Radial Permeameter Test Results tor Sample ORM-2 with Rock Bridge--Continued

Confin- Top Flow Rate Flow Rate
Elapsed Axial ing Pres- in Out
Time Stress Stress sure X 103 X 103 VA VI Vu
Date (min) (MPa) (MPa) (MPa) (cc/min) (gm/min) (ec) (cc) (gm)
7/1-7/2 1490 7.5 6.8 A 7.00 3.50 U.i8 10.37 5.24
7/2-7/3 1391 7.5 6.9 0.4 3.01 3.30 0.12 4.19 4.59
7/3-7/4 1679 7.5 5.4 0.4 2.94 3.09 4.09 4.93 5.19
7/4 227 743 6.9 0.4 2.91 2.95 0.05 0.66 0.67
7/4-17/5 1291 1.5 6.8 0.4 2.82 1.58 0.17 3.64 -2.04
7/5-7/7 2493 78 6.8 0.4 2.86 5.36 .16 7.15 13.306
7/7 361 7.6 6.9 0.45 3.83 3.30 0.00 1.38 1.19
7/7-7/8 1015 7.6 6.9 0.45 3.02 2.80 0,20 3.07 2.87
7/8 352 7.6 6.9 0.4 2.78 21.02 0.00 V.98 7.40
7/8-1/9 1314  #L 6.8 0.4 3.03 3.11 0.26 3.98 4.09
7/9-7/10 1533 7.5 6.8 U.4 2.93 3.09 0.00 4.49 4.74
7/10-7/11 962 45, 6.9 0.4 2.90 2.93 0.09 2.79 2.82
7/11-7/12 1548 7.4 0.8 0.4 2.80 3.00 U.84 4.34 4.65
7/12-7/13 1372 7.4 6.9 0.4 2.85 2.94 .11 3.91 4.03
7/13-7/14 1484 7.5 6.8 Usd 2.77 5.63 0.16 411 8.38
7/14-7/15 1347 7.5 6.8 0.4 2.61 2.90 022 3.52 3.91
7/15=7/17 2922 7.4 6.7 U 2.72 2.86 0.43 7.96 8.37
7/17-7/18 1468 7.4 6.8 0.4 2.63 2.77 0.23 3.86 4,06
7/18-7/19 1388 7.4 6.8 0.4 2.59 2,77 0.16 3.60 3.85
7/19-7/20 1421 7.4 6.9 0.4 2.56 2.73 0.09 3.64 3.88
7/20-7/21 1583 7.4 6.8 0.4 2.51 2.59 U.19 3.97 4.10
7/21-7/22 1321 7.4 6.8 0.4 2.58 2.73 - 341 3.60
7/22-7/23 1435 744 6.8 U4 2.57 2.71 Uel7 3.81 4.03
7/23-7/24 1646 7.4 6.8 0.5 4.54 3.71 D.17 7.47 b.ll
71/24-7/25 1245 7.4 0.8 0.45 3.86 3.70 Uelb 4.80 4.0l
7/25-7/26 1308 7.4 6.8 0.5 4.09 4.01 0.23 5.35 9.25
71/26-7/27 1416 7.4 6.9 0.5 33.69 3.53 Uul3 47.71 5.00
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Table 2.23 Radial Permeameter Test Results for Sample ORM-2 with Rock Bridge-—Continued

Confin- Top Flow Rate Flow Rate

Elapsed Axial ing Pres- In Out
Time Stress Stress sure X 103 X 103 VA VI VO
Date (min) (MPa) (MPa) (MPa) (ce/min) (gm/min) (cc) (cc) (gm)
7/27-1/28 1515 7.4 6.8 0.5 3.06 3.25 V.23 4.63 4.92
7/28-7/29 1385 7.4 6.8 0.5 2,92 j.18 0.19 4.05 4440
7/29-7/30 1596 7.4 6.8 0.5 2.90 3.07 V.22 4.63 3.07
7/30-7/31 1313 7.4 6.8 0.5 1.67 2.66 021 2,19 2.60
8/i-8/2 1573 7.4 6.7 Db 5.87 3.92 0.26 9.23 b.lb
8/2-8/3 1355 7.4 6.8 0.5 10.69 1.48 .30 14.49 14.20
8/3-8/4 1413 7.4 6.8 0.5 3.74 3.80 V.02 5.28 5.37
8/4-8/6 31l 7.4 6.8 0.4 2.90 3:53 0.28 9.03 10.99
8/6-8/7 1648 7.4 6.8 V.4 3.04 3.28 0.28 5.01 5.41
8/7-8/8 995 7.4 6.8 0.4 3.05 3.05 0.30 3.03 3.03
8/8-8/9 1492 e 6.9 0.4 3.00 3.20 0.01 4.47 4.78
8/9-8/10 1328 7.4 6.8 0.6 4.85 5.06 0.53 6.44 0.72
8/10-8/11 1101 7.4 6.8 0.6 6.30 6.45 0.28 6.94 7.10
8/11-8/12 1718 7.4 6.8 0.6 4.71 4.97 D.16 8.10 B.54
8/12-8/13 1306 7.4 6.8 0.6 4.5 44,72 U.31 2.95 b.16

NOTES: Bottom pressure is always zero. VA is the volume of water added to annulus; VI is the volume of
water pumped into top hole; Vy is the weight of water flowing from bottom hole.
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Table 2.24 Radial Permeameter Test Results for Sample OKM-2 with Cement Plug

Confin- Top Flow Rate Flow Rate

Elapsed Axial ing Pres-— In Out
Time Stress Stress sure X 103 » 103 VA VI VO
Date (min) (MPa) (MPa) (MPa) (ce/min) (gm/min) (cc) (ce) {gm)
9/9-9/13 5738 7.5 6.3 0.4 2.51 2.73 1.77 14,39 15.64
9/13-9/14 1453 7.6 6.7 .4 ~ 257 0.48 - 3.74
9/14 396 7.6 6.9 0.4 2.22 2.93 0.l 0.88 l.16
9/14-9/15 1059 7.6 6.8 U 2.59 2.90 040 2.74 3.07
9/15 427 7.6 6.8 0.4 2.51 .72 0.10 1.07 1.16
9/15-9/17 2842 7.6 6.6 0.4 2.48 2.16 0.74 7.04 b.lé
9/17-9/19 2542 7.6 6.7 b 2.31 3.33 0.67 5.86 B.47
9/19-9/20 1306 7.6 6.7 .4 2.24 2.53 V.43 2.92 3.30
9/20 145 7.6 6.9 0.4 2.07 2.34 - .30 0.34
9/20~9/22 2723 7.6 6.8 0.4 1.93 2.32 V.41 95.25 632
9/22-9/23 1347 7.6 T 0.4 2.71 2,96 1.16 3.65 3.99
9/23-9/26 4714 6.4 0.4 2.41 2.76 1.40 11.34 13.0
9/26-9/27 828 /.6 Tt 0.4 2.22 2.54 0.47 1.84 2.10

-

NOTES: Bottom pressure is always zero. V, is the volume of water added to annulus; V. is the volume of
water pumped into top hole; V, is the weight of water flowing from bottom hole.



6€T

Table 2.25 Radial Permeameter Test Results for Sample ORM—-2 with Cement Plug
and Nearly In-situ Confining Conditions

Confin- Top Flow Rate Flow Rate

Elapsed Axial ing Pres- In 3 Uut3
Time Stress Stress sure x 10 x 10 VA vl VU
Date (min) (MPa) (MPa) (MPa) (cc/min) (gm/min) (cc) (cc) (gm)
9/27-9/28 1603 1.83 1.50 0.30 2.79 2.49 0.10 4 .47 3.99
9/28-9/29 1246 1.72 1e52 0.28 2.59 2.64 0.06 3.23 3.29
9/29-9/30 1509 1.74 1.48 0.27 2.37 255 N.14 3.57 3.85
9/30-1C/3 4343 1.76 1.44 0.26 - 2.38 0.20 - 10.35
10/3-10/4 1725 1.78 1.48 0.26 1.40 2.32 0.10 2.42 4.01
10/4-10/5 1455 1.78 1.48 0.32 3.04 3.13 0.14 4.43 4.55
10/5-10/6 1220 1.79 1.48 0.32 2.92 2.90 0.14 3.56 3.54
10/6~10/7 1078 1.80 1.48 0.30 2.68 2+77 0.09 4.50 4.04
10/7=-10/190 4205 1.72 1.42 0.27 2.09 2.17 0.37 8.79 9.13
10/10=-1n/11 1312 1.72 1.48 0.30 3.32 2.82 0.17 4.35 3.70
10/11-10/12 1286 72 1.48 0.30 2.60 1.46 0.09 3.34 1.88
10/12-10/13 1677 1.73 1.48 0.30 2.45 5.63 Uel3 4.11 9.44
10/13-10/14 1581 1.74 1.46 0.28 2.41 2.24 Ual17 3.81 3.54
10/14-10/17 4249 1.74 1.40 0.28 2.65 2.46 0.38 11.28 LU .46

NOTES: Bottom pressure is always zero. VA is the volume of water added to anaulus; VI is the volume of
water pumped into top hole; V, is the weight of water flowing from bottom hole.
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Table 2.26 Radial Permeameter Test Results for Sample ORM-I with Rock Bridge

Flow Rate Flow Rate
Elapsed in Out
Time x 10 x 10O VA VI VU
pDate (min) (cec/min) (gm/mia) (cec) (ce) (gm)
10/20-10/28 2851 15 6.5 0.4 3.42 2.90 1.11 9.74 b.28
10/28-10/31 4645 7.4 5.9 0.4 4.21 3.62 3519 19.54 16.82
10/31-11/1 1235 7.6 6.8 0.5 5.43 4,23 V.30 b.71 322
11/1=-11/2 1314 7«6 6.8 0.5 5.10 3.77 0.18 6.70 4.95
1i/2-11/4 2832 7.6 6.8 0.4 5.0U 2.95 V.34 14.15 B.36
11/4=11/7 4344 7.6 6.8 0.4 4.31 2.01 0 .40 18.74 8.72
11/7-11/8 1432 7.6 6.8 0.4 4.63 2,12 0+25 6.63 3.03
11/8-11/9 1539 7.6 6.9 0.4 4.38 2212 0.12 6.74 3.20
11/9-11/15 8743 7.6 6.7 0.4 4.67 2.59 V.5 40 .86 22.68
1i/15=11/16 1381 7.6 h.9 0.4 5.27* 3.23* - 7.28 L 46
11/16-11/17 1470 7.0 6.8 3.5 47.16* 45.92* Je 14 6Y .32 b7.50
11/17-11/18 1268 7.6 6.9 3.4 45 .86 45.71 7.18 58.15 57 .96
11/18-11/21 4380 75 6.8 U4 4.99 3.33 - 21.84 14.58
11/21-11/22 1685 7.4 het 0.4 4.23 2.73 0.50 X 4 .60
11/22-11/23 1147 7.4 b.Y 0.4 5.68 4.10 V.08 be52 4,70
11/23-11/28 7081 7.6 6.7 0.4 5.24 3.98 0.56 37.08 28.18
11/28-11/28 1330 7.6 - 0.4 W 3.79 - 1.24 9.23
11/29-11/30 1592 7.6 6.8 0.4 552 4.13 0.16 3.79 657

NUTES: Bottom pressure is always zero.

is the volume »f water added to annulus; Vl is the volume of
water punped into top hole; V, is the weight ot water flowing trom bottom hole.

Top pressure increased for two days in an attempt to iwmprove the mass balaace by saturating the
sample.
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Table 2,27 Radial Permeameter Test Results for Sample ORM-1 with Cement Plug

Flow Rate Flow Kate
Elapsed Axial Pres- In 3 (mcS
Time Stress sure x 10 x 10 VA Vl V0
Date (min) (MPa) (MPa) (cc/min) {gm/min) (ce) (cc) (gm)
12/11-12/12 1629 1.5 6.8 3 4.24 3.94 .18 6.91 0.42
12/12-12/13 1122 Te> 6.8 o4 5.36 4.92 «20 6.01 5:52
12/13~12/14 1666 7.5 6.9 oh 5.08 4.64 .16 B.46 783
12/14-12/16 2917 - 6.5 b 4,92 4.36 24 14.34 12.71
12/16~12/19 4199 7.5 6.8 A 5.5 550 «32 23.28 23.08
12/19-12/20 1392 Fad 6.9 o 4.93 4.39 .14 .86 6.1l
12/20-12/21 1449 g, 6.9 A 4,60 3.49 «12 6.67 5.05
12/21-12/22 1653 1.9 15 .3 4.31 1.67 u 7.13 2.76
12/22-1/5/84 no readings
1/5-1/6 1464 L B -3 4.58 2.47 1.05 6.71 3.61
1/6~1/9 4174 1.7 3 4,02 1.66 1.46 16.80 6.93
1/9-1/10 1461 1.5 .3 4,83 2.70 .14 7.U6 3.95
1/10-1/11 1186 1.9 <3 4,04 2.16 05 4.79 2.56
L/11=-1/12 1407 1e9® s 3.82 1.75 - 5.83 2.4%
1/12-1/13 1431 1+9 §i5 3 3.99 1.07 .10 5:.71 1.53
1/13-1/16 4315 1.9 1.5 = 3.65 - .09 15.73 -
1/16-1/17 1442 1.9 1.5 e, 4.20 3.88 05 b.06 5.60
1/17-1/18 1537 ), 1.5 I 4.05 3.85 .05 6.22 5.91
1/18-1/19 1305 1.9 %, P 3.59 3.52 .09 4.68 4,59
1/19-1/20 1563 1.9 1.5 . | 4,20 4,25 03 6.58 6.67
1/20-1/23 4272 1.9 1.5 3 3.97 4,05 vid 16.98 1¥,29
1/23-1/24 1537 2:0 15 -3 2.47 2.54 ) & 3.80 3.90
1/24-1/25 1249 2.0 1eS Ay 2.00 1.9 .05 2.50 2.39
1/25-1/26 1441 2.0 1.5 3 4.27 4.02 .10 6.15 5.79
1/26-1/27 1460 2.0 1.5 o3 3.86 3.78 .03 5.63 5.52
1/27-1/730 4258 2.0 £+95 F 3.47 3.34 .18 14.76 14,22
1/30-1/31 1430 2.0 1S i 3.69 3.41 .09 5.28 4.87
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Table 2.27 Radial Permeameter Test Results for Sample URM-1 with Cemeat Plug-—Cont inusd

Confin— Top Flow Rate Flow Rate
Elapsed Axial ing Pres- In Out
Time Stress Stress sure X 1()j X lO3 VA VI VO

Date (min) (MPa) (MPa) (MPa) (cc/min) (gm/min) (cc) (cc) (gm)
1/31-2/1 1450 2.0 1 »3 3.45 3.31 .06 5.0U 4,80
2/1-2/2 1444 2.0 1.5 o3 s 3.14 02 4.66 4,53
2/2-2/3 1390 2.0 - 3 3.47 3.36 - 4.63 4.67
2/3-2/% 4343 2.0 | P o 3.45 3.38 .16 14.99 14.69
2/6-2/7 1440 2.0 1.5 e 3.44 3.07 .08 4.95 4.42
2/7-2/8 1465 2.1 P o3 3.33 3.21 03 4 .88 4,70
2/8-2/9 1374 2.1 1+3 3 3.24 3:15 07 4,45 4.33
2/9-2/10 1413 2.1 15 o3 3.16 3.01 .0b 4,46 4,26
2/10-2/13 44060 2:1 1.5 3 3.38 3.07 +19 15.06 13.68
2/13-2/14 1282 2,1 P - 3.07 2.84 .05 3.93 3.64
2/14-2/15 1502 2.1 13 v3 2.96 2.77 .05 4,44 4.16
2/15-2/16 1416 2.1 1.6 = 211 2.80 -al! 3.84 3.97
2/16-2/17 1418 2.1 2:3 > 3.42 3.35 U5 4.85 4.75
2/17-2/20 4249 2.1 1.4 oy | 3.28 3.20 .43 13.95 13.60
2/20-2/21 1697 2.1 % -3 3.30 3.386 +11 5.60 5.74
2/21-2/22 1182 2.1 | §R,° s 3.29 3.39 .07 3.89 4.01
2/22-2/23 1426 2.1 15 3 L 4 3.2 A2 4.58 4,44
2/23-2/24 1494 2.1 | I 3 3.14 3.15 .10 4.09 4.70
2/24-2/27 4338 2.1 1.5 3 2.94 o Bl .20 12.76 12.21
2/27-2/28 no data
2/28-2/29 1498 P 1.5 o 10.9 10.1 .05 16.27 15.14
2/29-3/1 1539 242 1.5 ot 10.5 9.75 .09 16.21 15,00
3/1-3/2 1345 2.2 15 7 9.30 7.06 .06 12.51 9.50
3/2=-3/5 4316 2.2 Yo o7 9.96 9.73 32 42.99 41.98
3/5=3/6 1371 2.2 i 3 9.99 10.1 .10 13.69 13.81
3/6-3/8 2874 2.2 1.5 o 10.4 10.4 12 29.82 29,78
3/8-3/9 1381 2.2 19 = 10.2 10.3 09 14,05 14.24
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Table 2.27 Radial Permeameter Test Results for Sample ORt~l with Cement Plug-—Continued

Confin- Top Flow Rate Flow Rate
Elapsed Axial ing Pres— In Out
Time Stress Stress sure X 103 X 103 Va Vi Vo
Date (min) (MPa) (MPa) (MpPa) (cc/min) (gm/min) (cc) (cc) (gm)
3/9-3/12 4265 b 5 1.5 «? 10.9 11.0 .18 46 .34 47 .05
3/12-3/13 1425 23 | B o | 10.4 10.7 .08 14.88 15.20
3/13-3/15 2912 > 39 " 10.5 0.7 o 3071 31.28
3/15-3/16 1767 2.3 1.5 9.12 .07 16.11 0.0l
3/16-4/24 no data
4/24-4/25 1523 2.2 1.3 3 4.8 5:15 « 3 7.306 7.85
4/25-4/27 2885 2.2 1.4 T 506 6.99 0 1.46 20.16
4/27-4/30 4321 2.3 1.2 6 5.91 6.21 0 25.55 26.84
4/30-5/2 2881 2.4 1.0 M 3.13 5.70 2.43 9.01 16.42
5/2-5/4 2764 2.5 l.1 ol 0.3 3.38 223 .09 9,35

NOTES: Bottom pressure is always zero. V, is the volume of water added to annulus; V; is the volume of
water pumped into top hole; VO is the weight of water flowing from bottom hole



Table 2.28 Inclined Pipe Constant Pressure Injection Test Results

Average
Average Displacement Injection
Time Injection in Volume Kate2
Interval Pressure View Tube Injected x 10
Date/Time (min) (MPa) (cm) (ce) (ce/hr)
2-3-83/0915
5750 1.14 74.0 23.4 24
2-7/0905
10150 Lo10 30.2 9.56 5.7
2-14/1015
10005 l.10 43,2 13.7 Be2
2-21/0900
10080 1.10 21.9 6.65 4,0
2-28/0900
10080 l.10 27,3 B.64 5.1
3-7/0900
10090 i.10 35.7 i1.3 6.7
3-14/0910
10270 1.10 20.3 6.42 3.8
3-21/1220
9835 1.07 18.4 5.82 3.6
3-28/0815
10075 1.00 16.5 5.22 3.1
4=4 /0810
10085 1.02 16.8 5.32 3.2
4=11/0815
10125 1.03 15,9 5.03 3.0
4-18/0900
10100 1,03 9.5 3.01 1.8
4-25/0920 .
10180 1.03 16.5 522 3.1
5=2/1100
9980 1.03 74,9 11.6 beb
5=9/0920
10145 1.0l 24.5 7475 46
5=16/1025
10005 1.00 44,2 14.0 .4
5-23/0910
10155 1.00 11.4 3.61 2.1
5~30/1025
10035 1.0 18.4 5.82 3.5
6-6/0940
10260 1,90 16,7 5.13 3.1
6-13/0920
10100 1.00 13,3 4,21 2.9
6~20/0940
10085 1.00 15.6 4.94 2.9
6=27/0945
12995 1.00 6.1 1.93 .89

7-6-1020






Table 2.28 Inclined Pipe Constant Pressure Injection Test Results--

Centinued

Average
Average Displacement Injection
Time Injection in Volume Ratez
Interval Pressure View Tube Injected x 10
Date/Time (min) (MPa) (em) (cc) (cc/hr)
9985 1,00 7.2 2,28 1.4
12-14/0745
10173 1.00 15.7 4.97 2.9
12-21/0918
10091 1.00 3.5 1.11 +6b6
12-28/0929
10076 1.00 16.5 5.22 3.1
1-4~-84/0925
10080 1.00 7.1 2,25 1.3
1-11/0925
10195 1.00 10,7 3.39 2.0
1-18/1120
9960 1.00 13.8 4,37 2.6
1-25/0920
10080 1.00 3.9 1.23 of3
2-1/0920
10140 1,00 7.3 2,31 1.4
2-8/1020
8570 1.00 10.0 3.17 242
2=14/0910
11495 1.00 5.2 1.65 .86
2-22/UB45
10114 1.00 15.9 5.03 3.0
2-29/0919
8701 1.00 4,2 1.33 «92
3-6/1020
12920 1.00 9.5 3.01 l.4
3-15/0940
8605 1,00 12.6 3.99 2.8
3-21/1005
13211 1.00 12,5 3.90 1.8
3-30/1416
10101 1,00 13.5 4,27 2.5
4=6/1437
8289 1.00 13.8 4,37 3.2
4=12/0846
8726 1.00 20.9 6.61 4.5
4-18/1012
9993 1.00 26,1 8.26 5.0
4=25/0845
7373 1.00 14.6 4.62 3.8
4-30/1138
9982 1.00 19.3 o0.11 3.7
5=7/1000

146



Table 2.2% Inclined Pipe Constant Pressure Injection Test Results--

Continued
Average
Average Displacement Injection
Time Injection in Volume Rate
Interval Pressure View Tube Injected X LOZ
Date/Time (min) (MPa) (em) (cc) (cc/hr)
9993 1.00 19.7 6.24 3.7
5-14/0833
10108 1.00 16,7 5.29 3.1
5=21/0901
11544 1.00 12.9 4,08 2,1
5-29/0925
8669 1.00 1u.1 3.20 2.2
6-4/0954
10157 1.00 8.5 2.69 1.6
6-11/1111
10024 1.06 6.8 2415 1.3
6-18/1015

*
Experiment interrupted; displacemen’ estimated.

Weighted average flow rate for 3-15-84 to 6-18-84: 2.9 x 10-2 cc/hr
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where ¢ = flow rate = 2.9 x 102 cm3/hr = 8.1 x 107° cm3/sec; L = plug
length = }8 cm; Hc = hydraulic head difference across the plug = | MPa =
1.02 x 10" c¢m of water; D = hole diameter = 10 cm. Substituting into
the above expression yields K = 1.8 x 107'" cm/sec.

Through June 18, 1984, no visible outflow from the plug could be
detected. However, the flow rate is so small that if well distributed
across the cross-section of the plug it could easily evaporate even
before reaching the outflow end of the plug. This appears to indeed be
the case. At the time of this writing the oucflow end of the pipe has
been capped and filled with water. A pipet is tapped into the cap.
Outflow from the plug causes a displacement of water in the pipet equal
to outflow volume. Only preliminary tests with the outflow pipet have
been made to date. Resu. *s have not been analyzed, but they do indicate
that there is a reasonahle outflow .rom the plug. Test results will be
included in the next quarterly report.
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