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ABSTRACT

This report describes experimental field and laboratory borehole
plugging performance assessment studies that have been performed,
completed, started, or planned during the period June 1, 1983 - May 31,

- 1984.

,Results :are given from field flow tests on three cement plugs installed
in vertical boreholes in basalt and on one nearly horizontal cement-

plug. The horizontal plug seals the borehole very well, as does one of
the vertical plugs. The initial hydraulic conductivity of the other.two
vertical field plugs has been relatively high, and remedial action is
described.

Laboratory simulations have been performed to. study the influence of
dynamic loading on cement plug performance, and no detrimental effects
have been detected. Conversely, drying of cement plugs, especially over
exten'ded periods of time and at elevated temperatures does increase the
hydraulic conductivity of the plugs severely, as well as reducing their
bond strength along the plug-rock interface.

Microscopic inspection, strength and flow tests on.boreholes in basalt
have been used to identify the characteristics of a drilling-induced'

damaged zone in basalt. While such a damaged zone exists, and has
typical features (e.g. fracture density, size, location, orientation)
determined by the drilling method and the rock characteristics, it is
thin and not likely to be a preferential flowpath.

A comprehensive suite of. standard engineering characterization tests has
been performed on seven commercial bentonites, complemented by flow
tests on bentonite plugs, chemical analysis and swelling tests.

Experimental desigr.a are given for the study of size and of thermal
effects on plug performance, and a few preliminary results are
presented.

Results are included from ongoing cement push-out tests and swelling
measurements.

' iii-
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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 perf ormed on the Rock Mass Sealing-:

- Contract,No..NRC-04-78-271~ during the period June 1, 1983'- Pay 31, 1984 -

. .

. by- _theLDepartment of Mining and Geological Engineering, University of
. - Arizon'a, Tucs'on', Arizona, for the,U.S. Nuclear Regulatory Commission, - !

- Division' of Health, Safety, and Waste Management.
-

Theiobjective ;of this' research project is to provide an experimental
performance assessment of~ existing. technology.for sealing boreholes. t

<

'This ass,essment will: provide a factual data basis on the acceptability
~

of using presently available technology to reduce waterflow (and,'

. indirectly, r'adionuclida . 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

~

could ' 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 borehole's. |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-

E - interface " flow :between cement grout behind a shaf t 11ner and the~
surrounding - rock should be very similarL to-interface flow; observed in

'experiments described here, i.e.f should beiveryL minimal if high quality .
cement and | installation procedures' ar'e .used, ' but could'showisignificant

j. piping or channeling .with some installation procedures ?(e.g -Chapter
~

; 2).' J Attem' pts f at explicitly scaling up* have 'h'ad . mixed results, at '

best.- Further work in-this area is planned:and-infprogress,1.but'.it"
,. appears highly probable that testing on a' considerably: larger scale will
! he necessary to permit = a -widely valid . and. reliable determination Lofisize .

- effects.-
4

. - - .. ,

.l. 1 Introduction-

~

The first chapter of thisireport nintroduces the7 work perf ormed_'this - .
- " year. . It-gives a;brief justification'forfthe resear'h t prima rily -.t he -

~ ~

c
lack 'of available,: _ quantic'ative 'expericantal' verification _of ~ borehole

! plug performance. -Such an independently ~ developed. factual (data basis
'

~

i' willLassist NRC in' making findings''about.: sealing procedures proposed in
HLW repository flicense applications.7 :The chapter summarizes . the~ scope ;:;

' as -well as ithe . limitations Lof: work perf ormed Eand planned. Ult. concludes, ,

;with a: list of reports. issued previously:on,this contract,; putting the-

F
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present progress report within the general f ramework of the ongoing
research.

2. Fieli Testing of Borehole Plug Performance

2.1 Introduction

The second charter 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 FEne 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 td installation problems by simulating field installation ]
procedures. darticularly of concern in this context are the frequently
observed chanaeling or piping along the rock plug interface.

2.2 .McNary Dam Site

Twenty em long,10 cm 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 scaled very effectively. Two plugs
.that have not sealed effectively have been capped with an additional 20
cm cement. Af ter 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
equip me nt .

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 testing has been performed in the
intervals selected on 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



2.3 Oracle Ridge Mine Site

A cement plug has been installed in a nearly horizontal barehole
connecting 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 already, with some qualifications,
that effective scaling of horizontal holes appears quite feasible with a
swelling cement.

2.4 Laboratory Testing in Support of Field Tests

The objective of ' this laboratory testing is ' to try to resolve the
frequently observed channeling or piping along the interface between a
cement plug and the surrounding wall (e.g. acrylic tube in many lab
tests) when plugs are installed 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 thet this type of channeling might be less severe for plugs or
groots 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 Drying 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 installed in
granite cylinders. The effect of dynamic loading on the hydraulic
conductivity of the seals has been studied by subjecting the scaled rock
samples to dynamic loading, i.e. controlled shaking on a shaking
table. The influence of cement' drying has been evaluated by comparine
water flow through cement seals that have been maintained saturated
since initial curing through all tests with results obtained on seair,
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 up
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 ef fect on
cement borehole plug performance. Even after such loading the hydraulic
conductivity of the plug remains at or below that 'of the (low

i permeability) granite in which it has been installed, i.e. no
preferential flowpath develops along or through the plug.

3
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It can be . stated equally conclusively that drying of the cement tested
here shows severe detrimental ef fects. 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 9), 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 interf ace 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 be sufficient to allow a significant by 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 tests of thic type.) In
the microscopic f racture studies a detailed study has been made of
fractures, their density, orientation, size, etc., around boreholes both
by petrographic and by electron microscopy.. Three types of Sasalt have
been used for the experimental work,

i
The main conclusions reached f rom this investigation can be summarized
as follows:

; - the damaged zone induced by drilling is very unlikely to be a <

significant flowpath. 1

- a damaged zone can be induced by drilling. Its thickness, in the

samples tested (hole ' diameters ranging f rom 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. f racture density, distribution, orientation

-and size).
,
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- the damaged zone depends on rock characteristics (e.g. grain
size, grain orientation) as well as drilling parameters (e.g. bit
size, energy input, weight on hit, rotational speed).

Probably the main remaining uncet tainty in this area is whether the
conclusions can he ext rapolated to much larger diameters. In orde r to
resolve this uncertainty, it is recommended that tests be performed on
samples with borehole diameters from about 225 mm (9") up to 600 mm
(24").

5. F.xperimental Assessment of Bentonite Borehole Sealing

This chapter is the executive summary of a topical report to be issued
shortly. 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 dif ferent,
particularly with regard to impurities. This suggests the need for
bentonite scaling specifications to include limits on acceptable
impurity content, and for experimental vertficatton of the influence, if
any, of the imparities on sealing performance.

Conventional (soil mechanics) engineering properties have bee n
determined for the bentonites. This includes shrinkage limit, plastic
limit, liquid Ititt, specific gravity of solids and moisture-density.
Serious difficulties and large differences in experimental results have
been encountered during this testing.

Permeability testing of bentonites has confirmed the low permeability of
all products. Some particle migration (piping) has been observed.
Saturation 18 dif ficult to obtain and to assure. The permeability
results depend strongly on a large number of parameters (e.g. pressure
gradient across the sample, lateral boundary conditions, compacting
ozthods and energy, water ehemistry, volume changes during testing,
etc.).

Direct sher.r tests have been performed for bentonite on bentonite and
for bentonite on hasalt contacts, in both cases for saturated and for
unsaturated conditions. The basalt-bentonite interface always has been
weaker than a bentonite-bentonite contact. A complex multiple plane
allp zone develops in the benonite tests.

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

Bentonite is a highly complex ruterial. Although there are very strong
arguments in its favor as a rep 9sitory sealing material, it also is
certain that considerably more experimental work is needed in order to
provide reasonable assurance about the predictability of virtually all
detailed aspects of its behavior.

5



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 actual waste (distance determined by waste age,

configuration, etc.) where steam generation is unlikely, as stean is
likely to induce significant complicating effects. Results are

presented from scouting experiments on one dried-out ceme nt sample and
two saturated plugs.

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

The preliminary experiments reported on are primarily debugging
experiments for equipment and instrumentation, and it would be premature
to draw conclusions f rom these initial results.

7. Size Effects on Cement Borehole Plug Performance

Post of the scaling 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 scaling naterials (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 f rom 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 cm
diameter, 20 cm long swelling cement plug has -been poured in a Pomona
basalt block. 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 f racture
running almost parallel to the hole axis opened up to an aperture
sufficiently wide to allow the crack to become a dominant flowpath.

Additional tests described include instrument tests.

H. Cement Swelling Experiments

Cement swelling is desirable in order to minimize the development of
interface flowpaths (e.g. hetween 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.
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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 detailed
experimental results.

Experiments on cement plugs that have been allowed to dry out and then
have been resaturated confirm 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 deterioration, but, even so, significant strength
(i.e. sufficient to maintain an even short repository plug in place
under expected loading) is maintained by the plugs.

An interesting, but not entirely explained, observation is that during
resaturation of the. cement plugs, four basalt cylinde rs f ractured,

clearly displaying a diametrical tension crack as would be expected from
an internal stress (e.g. swelling pressure).
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CHAPTER ONE

INTRODUCTION

1.1 Obj ect i ves

_The fundamenta1' objective of this " Rock Mass Sealing" research project+

is-to assess'expe'rimentally 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 migrations. by suf ficiently reducing _the

~
~

, hydraulic conductivity of the plu'gged-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 perforraance. Although some types of
b'orehole sealing have been performed for many years, relatively little

.

. testing and scaling verification has been done.

Concern about boreholes and their potential influence on-the isolation
performance of the rock mass surrounding repositories has been expressed
in a number of " basic reviews on underground HLM disposal (e.g. Kocher et
al., .1983, p. 54; Bredehoef t et al. , -1978, p. 8; U.S. Department of--

.

| Energy, 1982, p. 29; U.S. Department of Energy, 1983, p. 25; Barbrea'u et
al., 1980, _ p. ' 528; Committee on Radioactive Waste Panagement, '1978, pp.

'

. 5,10; Atomic Energy of Canada Limited,1978, p. 72; lleineman-et al,
1978, p. 4;: U.S. Department of Energy, .- 1979, p. 3.1.328; 0 ECD,- 1980,
Foreword;-Burkholder, 1980, p.15; Irish, 1980,-p. 42; Arnett et;al.,

.

..

1980, p. -139; Pedersen und Lindstrou-Jensen, 1980. p. .195 ; Dej u , 1983,
p. 4).

.

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, and1certainly-
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,Lp. 43; ;1ntera Environmental Consultants,.
Inc.,.1981). . Thesciauthors 'do ' recognize that ' horehole seals will

: provide . ": . . . . an. important _ redundant . barrier | . . . ' " Jorc" ... will~ satisfy
the concept of. multiple barriers ... ".

General guidelines for.the. separation of, radioactive waste from the~
physica11 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,11983). The research _ performed as part of: this fongoing

-9?
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contract addresses specifically some of the remaining uncertainties
associated with the . sealing requirements specified in 10 CFR 60,
2 includi ng 560. 51, (a ) ,4 ; $ 60.102, b ( 2 ) , e ( 1 ) , ( 2 ) ; 560.113; 560.133,(h),

, ~

!
560.142,(c) but particularly $60.134, Design of seals for shafts and

. boreholes.

l.2 Scope and~ Limitations,' i

The. scope of the work' perforned 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

,

include 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 (confinin'g and axial stresses up toL3,000 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 samplesLprovides a more realistic simulation of at-depth in . ,

situ conditions,' allows a higher dif ferential pressure to be applied
across the plug without risking rock fracture,' and allows a severe

[ performance test, ' particularly- for the rock plug interf ace, upon
reduction of , the confinement.+

.

Testing is performed at temperatures ranging f rom room temperatures up
to .95'C.~ This semperature range is selected in or' der to represent~

'

Iconditions atElikely repository depths and1at some ' distance f rom actual,>

waste.- . ,

'
;

tbst ' laboratory- testing is performed on relatively small boreholes (l"
.to 4"). :Because both rock and coment have size-dependent properties,

~

t

i: 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 assessnent of size influence 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 f are existing and Lreadily available ' products that -have a -
highLpotential for'being used as actual sealing materials. - . i

>

t

-Laboratory water flow testing typically is performed under stress;
gradients that. are considerably higher than ~ gradients likely to' be

"encount'ered 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
~

those likely to be encountered -in situ'. 'It is unknown _whether the
;
' pressure _ gradient has an ef fect on-- the cement plugs (but generally ' j

10
, .
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i, _ accepted' conventional assumptions do not consider this to be the case),
_

_ . hile.they certainly1haveLa significant1effect on bentonite plugw

' behavio r. : Field testing is performed at relatively low pressure,

n gradients, possiblyJmore representative for short plugs at typical
-repository depths.

Testing, offnecessity, is limited to time lengths that are short
relative to those for permanent sealing requirements, .Evenaso,, testing~

isicontinued forL timeilengths that . exceed considerably gliose of most
laboratoryttesting. . ' Moreover, - tests are- repeated on plugs installed

li earlier, and such- rep ~etition of- tests is planned to ' be continued in the
''

future.
,

Most.' experiments' are ' performed on ~ saturated rock plug samples. Usually-1

experiments are started [after a.relatively short curing period (7-8,

days)'at' atmospheric pressure. . Further ' curing proceeds under whatever,

pressure-is applied (to one end of) the plug for the particular experi-
ment: unde rJ consideration.. Some experiments have' been performed on

! ,

cement _ plugs allowed; to dry ~ out in a laboratory- environment,'. or forced '

I to dry out inian oven, as well as on samples that have been resaturated
; after-drying.
J

!

All ~ axial strength testing to date has been performed on plugs 'in uncon-
) fined rockLsamples. .This~should provide a lower bound.of the.-plug-rock

interf ace asiany: confinement beyond ' that supplied-by the presently used
i -rock' cylinders'would increasesthe. normal stress across the interface,

and hence the frictional strength.
>

'

Dynamic ' testing of plugged borehole samples is performed on- 6" diameterD.

samples with !" Ediameter coaxial- hole.- :The earthquake simulation loads
are increased in a series .of sequentially more severe. experiments until4

{, the maximum shaking ' table capacity is reached. -
4

Drilling damage studies fare 1 conducted on ' holes ranging f rom 1"' to 4"
diameter. All drilling' is performed on unconfined unloaded ' samples.;-

c'

Considering 1the very high strength;of the; basalts tested, it . isi believed
| -that thclin situ stre'sses -would| have to be, cxtremely' high;before= the i

dif ferential betweenistress concentration around' the hole and in-hole
4

L -fluid' pressure would cause significantly different.effectstfrom1those'-
observed.:: Conversely, significant' dif ferences ;in drilling' energy-

. induced ~ to the rock are ymore likely to7 induce dif ferent. intensities of L
,

' drilling damage. -

In sum,; a considerable experimental . data ' basis, covering a wide ' ange 'of fr
scaling performancefaspects .is being = developed. - lit is! believed ' that a '

! -very good Lreference basis!is being established to : define an upper, bound :
! 'on- the- performance qoflexisting. products and methods;for sealing

boreholes, f i.e. 7 performance under laboratory conditions.! This-includes'-

' evidence on ;the plug material? performance,u on the plug-rock; interface,tt

: and - on thef rock f surroun' ding : the : plug. - - Qualitative and : quantiative(; l evidence also is-being gatheredton some potentially detrimental-
| influences son / borehole plug' performance, fin particular' drying,1 field .

.

L- installation'andistress frelaxation in the; rockTmass.* 7 ork on: scaling tyrW
experiments, reuultsL and conclusions ;to larger: sizes has teen initiated.

. .

L c
.
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1.3 Organization

Each chapter of ' this report deals with a distinct aspect of the ongoing
A ' brief . summary of each chapter is given inrock mass sealing _ studies. _

- the Executive Summary,-which follows directly, chapter by chapter, the
outline'of'the-report itself.
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1.5 - Rock Mass Scaling Contract No. - NRL- 04-78-271 - Reports issued

This Annual Report describing-research performed during the period
June 1, 1983 - thy - 31, 1984, is the latest in a series of reports issued
for the subject contract. A complete list of reports issued (to be
issued for South and Daemen, 1985) is 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 Jef frey .(1980) gives a comprehensive theoretical
(analytical) discussion of transverse plug-rock interaction, based on
clastic 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 reported. in the future.

All annuall 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.

-1.. South,,D.L., R.G'. - Jef f rey,- L.W. Klej buk, -and J.J.K. Daemen, 1979,
" Rock:)hss Scaling"- Annual Report, 0ctober 1, 1978 - September
-30,.1979," prepared for~ the U.S. Nuclear Regulatory Commission,

.

~

. SAFER Division, for Contract NRC-04-78-271,. by the Department of
Mining and Geological Engineering, University of Arizona,
Tucson..,

2. Dae mo n, . J .J .K. , 1979, " Rock Mass ' Sealing (Research in Europe)," 48
.pp., Foreign Travel Trip Report 1to'the U.S. Nuclear. Regulatory
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CHAPTER TWO.
L

: FIELD iTESTING OF BOREHOLE : PLUG PERFORMANCE '

f [- 2.1 iIntroduction ~

? .

h( r.This.chapterfdescribes procedures and-results 'of field testing at thex

[. {HcNary Dam and Oracle Ridge Mine sites. Also: presented are results of
.

'

Llaboratory; tests performed -in support of field testing.>

.

,

i,f .

M2.2' McNary Dam Site'4 -

:

.2.2.1- Summary.p

A_ cement.-plug,|about 20'em (8.in) long, was|placed in each of'the-
.

following boreholes'onathe indicated dates: ; borehole'no. UA-CB-1 on
9/22/83, - no."UA- CB-4 on 2/15/84, andino. UA-CB-3 on 2/22/84. -)

,

Pressure - butld-up and extensive - fluid build up tests'have been performed-

on the ' plug in . UA-CB-1. Fluid build-up inflow rates ' for: UA-CB-1:
.

,+ averaged _6 ml/ day for the p'eriod.0ctober, 19_83 through February,:1984. t

Initial. fluid? build-up tests on the' plugs.in'UA-CB-4-andLUA-CB-3. yielded
'

-

much higher inflow-rates, indicating that.the;! plugs.were not sealing
!: effectively.- On Nay.-2,,1984,:a; cement cap 18-201cmz(7-8 in) long was--

I placed.directly on top of'the-plugs in holes UA-CB-4 and UA-CB-3.t

.; m Preliminary ? fluid-' build-up testing ; indicates = thatnthe plug and' cap; in
|' UA-CB-4' are |sealin'g as effectively as' the- plug _in'UA-CB-1. lin UA-CB-3' '

i_ the cap has1 improved sealing;- however, fluid ' build-u'p inflow rates - are2

0 still three orders ~of magnitude greater than ~in'.UA-CB -l. - ~

-

;
. -

.
_

)~ 2.2.2 Site; Description
:

The site consists of six' experimental.boreholes in. basalt._ Thefholes,;
O - which were drilled in the isummer 'of :1982, are vertical,10; ca '(4 41n) in

'

~

; diameter'and range in depth;from_46.6 m (153)ft))to 71.0 m'(233 ft).:.
; The water table in the arealis.about 3 m (9 ft)''below ground'. surface.- A-

~

4 full? description _of the siteican be found in theE'82 '83 Annual' Report
_

_

, 3(Daemenjet al.,'1983) '
. -

,

2.2.3 iEquipmenti
1 , m , ,
* L2.2.3.1 Ins 6rumentationz . ' ,
C - ' < s 1

: ' - 2. 2. 3 .1. l' : IPacker-Testingd The: primary items of(instrumentation:fori
packer pressurec testing areiaTatraddle packer < assembly and .a | water-,. >

F~?E
~

_

(injection: pump. LA microcomputer-isfused forfdatairecording[andJ
# | analysis.7 Thelstraddle packer | assembly:utilizesetwo-pneumaticipackersf,

; phavingfa-deflatedidiameter of 7.6 cm (3.0.in);andJa gland. length of~150;
cm 1(59 .- in ) . >s - Electronic Lpressure transducers monitor. the, pressure Jin- the >;. ,'

/ test zone between[thefpackers.bs:welliaslaboveland!below-the packers..
; Digital" pressure.;: indicators provideca' continuous rea'dingiproportional to-,

.
- ' - -

- '; , . ,,

{
-

!.17f , ' ''
>> .-,

_ .

, . . ;

% u - =- -

~ , . , ,,, . . - , , _ - -. . ., ., < .
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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-
s 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
fexpanded easily to 150 cm-(59 in) or 302'em (9 ft 11 in). .The gas-over-

.

2 .

water injection pump delivers water to the packer test : zone over a wide
range 'of ~ pressures and L flow : rates. .lt also permits a precise flow rate

' measurement. - Thei microcomputer is an Apple 11+ with two disk drives, a
monitor and a printer.

2.2.3.1.2 ' Plug Testing.-- _ Instrumentation developed for testing of-

: boreholef 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 inject'or has been developed to
release two different tracer. volumes at staggered times beneath a
borehole plug. The-liquid tracers are. contained:in_two spring powered

i ; 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 daysLafter activation.- The tracer volume per piston injector is
| -approximat'ely'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 300 days. The_ instrument. consists of a temperature'

sensor and a strain-gauge pressure transducer which' are connected to a
i- non-volatile semiconductor memory! circuit. 7The: recorder is enclosed in.

a stainless. steel' container and is_ positioned immediately_below the
tracer injector.

1 . .

The - plug tester, positioned. above c a borehole plug,- is
|

' Plug tester.:
. .

'

F used to create a hydraulic gradient across the-plug and.to. perform'
hydraulic tests'of plug' performance. The plug't' ester,is. described in
detail in Section 2.2.7.1.

|
'

2.2.3.2 Other'Equipnent ~ 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 itfting-derrick on' site (Figures-
!- 2.lfand 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 ior;

4 x 7 f t).
I

'

D 2.2.4 Preliminary; Surveys' )
i n

!. Preliminary . surv'eys,1. consisting of ? core logging; a,nd borehole -
. photography,fwere conducted to ' determine ~ the mosy : favorable sites for
placing plugs... _ Core was. obtained for = nearly :the full . length of all - six*

.boreholesJat the' site (. Core 110gs.and-above ground color photographs of;
~

all core have been - made. : : Also,E thel Corps of Engineers, ' Walla Walla

^18
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Figure 2.1 McNary Dam site: equipment trailer and portable storage
building. Microcomputer and pressure monitoring
equipment are housed in trailer.
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Figure 2.2 McNary Dam site: lifting derrick. Derrick features an
electric winch and a hand-operated winch for raising /
lowering borehole instruments.
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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 between 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
f ractures, and (3) adequate depth below water table for hydraalic
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

j 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,2.1-2.3, 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 f rom the packer test
results using the steady-state flow rate and the following steady-state
expression for equivalent hydraulic conductivity (Ziegler, 1976):

[ In(R/r)]k =

e g 0

where k, = equivalent hydraulic conductivity [L/T],
L = length of test zone [L],

110 = excess pressure head [L],
Q = steady-state injection flow rate [L /T],

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

r0 = 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.

21
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Table;2.^1"'. Constant Pressure Injection Test Results. Boretiole'UA-CB-1; test started 9-4-a3;. '

depth'to top of' test zone:: 39.592 m; length of' test zone: 60.b cm; ^ aaotent test
~ , ,

. zone pressure: 355 kPa.(51.5 psig).
_

. -(
'

.t. Elapsed time P (at)~
.V(at ) -

. g Q IAE) "A-----------
-- at .( y ty.

DarE/ Time- (min) (hours)- - (min) .- '(psig) (kPa) (cm ) x 103 (cra /sec)
'

,

3 ~

9-4/0943: 10- ., 0 , .-

264 30.5 210 19.53 -1.?11407 :264 4.40
:199 29.8 20o 14.03 1.181726- 463[ 7.72:
~265 30.0 207 20.14'- 1.27-2151 -728 .12.1
513 30.2~ 20u 33.56 1.06-7 |9-5/0629 L12461 20.8

.213 30.2 2On 10.96 .659'1002 1459 :24.3
25Z. 30.2 206- 10.371414 '1711 28.5 .bbb

w139 30.0 207 7.931633 1850- 30.8' .931 ;
'

30b -29.s 206 19.53 1.ub. 2139. 2156' 35.9
704 30.0 . 'zu7 41.49 .962,L9-6/0923 .2860' 47.7'

. 204' 30.0 207 7.93 .o54
*

- 1245: 3062 51'.0 -.

|- 149 30.2 406 4.65 .6311454 3191 53.2
36 29.6 400 1.33- .6461530 3227- 53.8

_ _-_ .------.-
__

-

__

_ _ _ _ __
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Table 2.1 constant Pressure Injection Test Resuits - NOTt.S

P (At).= average pressure (in excess of ambient pressure) in the test zone between the packers over the ticie
E

period At.

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

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

$
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Table 2.2, Constant Pressure Injection Test Results.- Burenole '. UA-Ch-1 ; i test / started 9-y-s3;. * >

zone: 139.929 m;'. length of--test' zone: 60.6'cm;|4mbient; test- ~ ~

depth.'to. top of'' test
i zone , pressure:- 345 kPa (50.5 ' psig) .

~ '

,

.

Q (At) =,!V(At).'' t,. Elapsed time- .P (At). V(At) A t

g,

3 (ca /sec)3 ! d' '

Date/ Time ~(min)-f(hours)' . (min)' (psig) -(kPa) (cm )' x IU

' 9-9/1050: ': 0 ' 0' ,

237 30.2. 208 . 21.36' l.50
. 1447'- 237 3.95:

96 ~ 30.2 -208 7.93 1.35
1625- 335 5.58-

_
_.

,11.3..
343 29.7 205: 18.92 .919

;2208: 678-
559 30.3 209 25.63 .764

'

j ' 9-10/0727. ;1237- 20.6
.

.30.3 209 14.64 .561

-

435 -
1442'- Il672. :27.9 -

390 30.2 20o 11.59- .486-

. 2118 2068 ~ '34.5
..

567 29.8 400 17.70 . .3zu -

. 9-11/0645 2635' J43.9-
.414 30.7 211 9.76 .393

i . 1339' ~- 3049 - -50.8- ,

. .

_

4

P ( At) = average pressure (in. excess.of ambient pressure) in the test zone- between the packers over the timeE
. period-At. ;

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

,

- Qg(At) = average; injection; flow: rate during the period At.
L

9 4

4

i
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Table 2.3 Constant' Pressure injection Test Resuits, sorenole ua-Un-1; test' started 9-14-03;

depth to top:of test zone: 40.437 m; Length of test zone: 60.6 cia; ambient test-

': zone pressure: ',332 kPa (46.2 psig). i

kOU

'".(ou)EI
A

t P. lapsed tirae P (At)- 'V(ac) A -

tat)b- ~ - , at-------------

LDate/ Time f(min) (nours) (min) (psid5~~~(KPa) (cm )' x 103 (cm# sec).3~~

/<

~9-12/1509 'O O
94 30.0 207 26.65 4.76~.,

1643'' 94 1.57
323 30.0 201 64.07- 3.31

**

--2206 .417 6.95
b18 30.2 Zud 66.04 .' 2.3 2

9-13/0824 1035 17.3 .
4

211 '30.3 209 20.14' -1.59-
1155 1246 :20.8- w

- "' 401 30.2 :208 36 01 i.52

1836 1047 27.5 -t-

q,

.I

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

:V(At) = volume.ofLwater injected into.the test' zone'during the time period'At. - i

'

Qf( At) =: average injection flow rate'during'the period At..

i.

9-

t

t

-, . . . - - _ _ _ - - _ _ . _



F- - -- -

3

,+ y a :

~ '' --

,

, .,

,

"

,/

< Table,2.41 Constant iPressure, Injection Test Results for Borehole UA-CB-4; . Depth'to
Top of Test: Zone:: ' 37.586 m -(123.31 f t); : Length ~

60.3 em (1.96 ft);

iAmbient; Test. Zone Pressure:.. 600 kPa (87.0 psig)gf Test Zone:.
,

.

. Q (At)L=: ~ V(At): 3

.t,. Elapsed. time' P (At). W AtI A

3 (cm( 0)(At)
"

E
'

.At 3- - - - - - /sec)
i .Date/ Time. (min ) '- (hours)' (min)- (p sig ) :. (kPa) (cm )- :x 10

1

12-29/0838 0 0
.209. 34.8 '1.24' n

.

< . .-

469 30.3

12-29/1627 1469' '7.82
-

- 1301 30.8 .213 83.6, 1.07 -.
s

i -12-30/1408 1770 |29.50
.356 30.7 .211 17.7 .828

~

12-30/2004- ~2126 .35.43
.864 30.0; 207 44.5- .859

5., 12-31/1028- 2990' .49.83
_

12-31/2'014.' 3576'| .' 59.60 f _

. -

1-01/1436 -4678 77.97

zone pressurelis believed'due to minute gas leak from packer into the tight-rock test*high ambient test

zone'of this interval:(see-Section 2.2.5).

P ( At) . =. average. pressure -(in .' excess - of ambient pressure) -in the test zone between the packers _ over the time
~

E
period At..

' V( At) =, volume of water' injectedL into the! test. zone during the time period At.

_(Q (At) = average inj5ction' flow rate diaring the period At.A

_. m _ . . _
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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 gf Test Zone: 60.3 cm-(1.98 ft);

-

, Ambient Test Zone Pressure: 581!kPa (84.3.psig)

Og(A t ) '= V(A t )
. . y,F apsed t,im P (At)- V(At)E* E 60)(A t ) .-At,, _ -

3 3
.Date/ Time '(min)'-(hours)' '(min) (psigT [k'Pa) (cm ) x :10 -(em /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/I'247- 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 ,

- U 12-26/1053 2590 43.17 ;

426 '30.0 207 23.8 0.931
12-26/1759 .3016 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 believed due to minute gas leak from packer into the tight-rock test
zone'of this interval-(see Section 2.2.2.2).

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

period At.

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

- O (At) '= average injection flow rate during the period At. '

A .

i

i

i

,

p

. _ _ _ _ _ _ _ _ _ . _



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 ft);
Ambient Test Zone Pressure: -1090 kPa (158 psig)

t

- t ,_{1apsed time
t ____ E -- 6 a), , , ,,

Date/ Time (min) (hours) (min) :(psig) (kPa) -(em ) x 103 (em /sec)3

1-31/0826 0 0
414 30.8 213 7.32' O.295

1-31/1520 :414 6.90
413 31.3 216 6.10 0.246

1-31/2213 -827 13.78
596 31.3 216 0.610 0.0171

2-1/0809 1423 23.72

U 2-1/1400~ 1774 29.57
419 31.3 216 1.83- 0.0728

2-1/2059 2193 36.55
673 31.2 215 1.83 0.0453

2-2/0812 .2866 47.77
398 31.2 215 .l.22 0.0511-

2-2/1450 3264 54.40
356 31.2 215 1.83 0.0857

2-2/2046 3620 60.33
699 30.8 213 1.83 0.0436

2-3/0825 4319 71.98
440 30.8 213 0.915 0.0347

2-3/1545 4759- 79.32
391 31.0 214 0.915 0.0390

2-3/2216 5150 85.83
743 30.8 213 1.83 0.0411

2-4/1039 5893 98.22
520 31.5 217 1.22 0.0391



--

Table - 2. 6 Constant' Pressure Injection Test Results for Rorehole UA-CB-4. Depth to Top
of Test Zone: 38.602 m (126.65 ft); Length of Tgst Zone: 60.3 cm (1.98 ft);
Ambient Test Zone Pressure: 1090 kPa (158_psig) --Continued '

O (At)' = V(A t )ht.Elapsej,g[me-
t

,,
P (At). V(At)- A

E (60)(At)
Date/ Time (min) (hours) (min) [p'sih5''(kPa) (cm ) x 10 (cm /sec)

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 0.0257

2-5/1351 7525 125.42

*High 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).N

P (At) = average pressure (in excess of ambient pressure) in the -test zone between the packers over the timeE
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.A

-

- , - - . - - - . _ -
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Table 2. 7 Constant: Pressure Injection Test Results ' for Borehole UA-CD-4. Depth"to' Top :
'

of Test Zone: -39.110 m (128.31 ft);sLength|of.Tgst Zone: 60.3 cm (1.98 ft);
Ambient Test Zone Pressure: .I160 kPa'..(169 peig)

.
-

d

i

Q IAE} " (AE.t,-Elapsed time: P (At) . . Wa t ) A
At- E

3~(em /sec)3(60)(At)
- - - - - - - - - - - - - -

3-Date/ Time (min) (hours)~ (min) (psig) (kPa) (em ). 'x 10

1-24/1250 0 0 ;.c ;,

-142 31.0 214 4.88. 0.573 ,

l'
,

71-24/1512 142 2.37 -

'

375- 31.0 214 5.49 0.244 ;,
.

517 8.62l-24/2127
635 30.7 211 4.27 0.I12

l-25/0802' -1152 19.20.'

299 30.3 209 1.83 0.102 !
1 i 1-25/1301 '.I'451 -24.18 '

462 31.0 214 3;66 0.132
:1-25/2043. 1913 -31.88r_

P 715 31.2 215 2.44 0.0569
;. 1-26/0838. 2628 43.80 ,

1-26/1409^
~ 331 31.3 '216 1.43- 0.0922-

2959, 49.32
_

'

356 31.5 217 1.53 0.0714
1-26/2'05 3315 55.250

.

*High ambient tes't ' zone pressure is believed . due .to minute gas leak from packer into the tight-rock test
* ~

zone of this ' interval (see Sectton - 2.2.2.2).
>t

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

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

Q IAE) " average in.lection| flow rate during the period At. '
A -

.

';.

,



- . . . - . _. . . . _ _ . _. . - . . .. - _ _ _ - . _ - _ _ _ . .. . - . - - . . . - . _ - . . _ .,-

y:

.

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); Lengt's of Test Zone:| 60.3 cm (1.98 ft);
Ambient Test-Zone Pressure: 350 kPa (50.8 psig)

'

-

Q (At)'= . V(At)At, El,apsed time P (At) V(At)~-

3 (cm (sec)()
60 At)E

_

~' 3
Date/ Time '(min)- (hours) (min) [p's~ig $ (kPa) (cm ) 'x 10 /

1-9/2054- 0 0 |
671 28.8 199 1680 -41.7

_1-10/0805 671 11.18
,

410 27.2 187 .885 '36.0
I

1-10/1455 1081 18.02
324' 29.3 202- 777 40.0 ,

1-10/2019 1405 -23.42
'

S-. 1-11/0826 '2132 35.53'

,

P (At) = sverage pressure Un excess of amMent pressute) in the test zone Mtwen the packers over the time
E

pectod 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.
A

|

f

F

- . _ _ _ _ _ . * e, . y,
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Table 2.9 Constant Pressure Injectton Test 'Results for : Borehole UA-CR-3.: - Depth to Top
-of Test Zone: :32.099 m (105.31 ft); Iength of Test Zone: ' 60.0 ca_(1.97,ft);
Ambient Test Zone Pressure: 296 kPa (43.0 psig)

'

tgEl,a,psed. time 'P (at)_ V(at)~E

x 10 .gc,3(sec))'
6 at)

3Date/ Time '(min)' (hours) ,(min): -[psig)'"(kPa)-' ~(cm3)
''''

/

*

2-13/1404. 0 '- -0
270 30.3 209 -81.8 5.05

2-13/1834: :270 4.50
820 30.2 208- 212 4.30

2-14/0814- 1090- :18.17'
666 30.2 208 151 3.79

'2-14/1920- 1756 29.27
206 30.0 207 45.2 3.65

d- 2-14/2246- 1962 R.70
Injection pump reset dO_ ring this interval

2-14/2249. 1962- 32.70.
. .

599- 30.8 213 126 3.50
2-15/0848- -2561 '42.68

899' 30.7 211 '171 3.18
2-15/2347 :3460 -57.67

:636 30.5 210 104 2.73
:2-16/I'023 .4096 68.27. .

724- .30.2 208 112 2.57-
2-16/2227. :4820 -80.33-

'5'83 '30.0 207 79.3 2.27
2-17/0810 '5403 .90.'05-

Injection _ pump reset during this interval

2-17/0825' 15403' -90.05
555 -30.7 211 59.8 1.80

|2-17/1740 5958' 99.30
-187 30.5 210 20.7 1.85
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Table 2.9 Constant Pressure Injection-Test Results for 3orehole UA-CB-3. Depth to Top

of Test Zone: -32.099 m (105.31 ft); Length of Test Zone: 60.0 cm (1.97 ft);

Ambient Test Zone Pressure: 296 kPa (43.0. psig)--Continued

O (At) = V(A t )A
t, Elapsed time P (At) V(At)

3 (cm (sec)()
60 At)g E

3
Date/ Time (min)- (hours) (min) [ps~igT '(kPa) (cm ) x 10 /

2-17/2047 6145 102.42
770 30.3 209 95.1 2.06

2-18/0937 6915 115.25
752 30.3 209 83.6 1.85

2-18/2209- '7667 127.78
557 30.0 207 52.5 1.57

2-19/0726 8224 137.07
825 30.0 207 79.3 1.60

5 2-19/2111 9049 '150.82
786 29.8 206 65.9 1.40

.2-20/1017 9835' 163.92
1326 30.0 207 124 1.56

2-21/0823 11,161 186.02

P (At) = average pressure (in excess of. ambient pressure) in the test zone between the packers over the tima
E

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.

A

_ _ _ _ _ _ _ . . _ _



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 ft);

Ambient Test Zone Pressure: 373 kPa (54.2 psig)

0 (A t ) = V(A t ) 'At,, {1,a,pse,d time P (At) V(At)E
3 (cm 7,,c).3(60)(At) '.

'

, , , ,,

-Date/ Time (min) (hours) (min) (psig5~~~(kPa) (cm3) x 10
~'~'

.10-26/0839 0 0
259 30.5 210 20.7 1.34

.10-26/1258- 259 4.32
348 30.3 209 25.6 1.23

10-26/1846' 607 10.12
797 29.7 205 54.9 1.15

.10-27/0803 1404 23.40
292 30.5 210 17.7 1.01

0 10-27/1255- 1696 .28.27
199 30.2 .208 12.8 1.07

10-27/1614 1895 31.58
274 29.8 206 17.1 1.04

10-27/2048 2169 36.15
677 29.8 206 42.7 1.05

10-28/0805 2846 47.43,

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

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

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

, _ . -
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Table 2.11 Constant Pressure Injection Test.Results for. Borehole UA-CB-3. Depth to Top

of. Test-Zone: 32.709 m-(107.31 ft); Length.of Test Zone:. 60.3 cm (1.98 ft);
Ambient Test Zone Pressure: ~ 345 kPa (50.0.psig)

'

O (at) = V(at)Ataf;1apsedtime- P (at) :V(at)-E

Date/ Time (min) '(hours) (min) -(psig) (kPa) (cm ) x 103 (c ,3/see)
,

3''''

10-5/0838' 0' 0
115 30.3 209 4.88 .707L

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

SI 10-5/2217 .819 13.65:
593 29.7 -205 15.3 429

10-6/0810 1412 23.53

-P (at) = average pressure,(in excess of ambient pressure) in_the test zone between the packers'over the timeE
_ period at.

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

O (aC = average injection flow rate during the period at.g

___m_.__. . ,
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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 cm (1.98:ft);-
Ambient Test Zone Pressure: 379 kPa-(55.0 psig)

9 (At) = t)At,-Elapsed time P (At) V(At)E

3'(cm 7,,c)3
- Date/ Time (min) '(hours). (min) (psig) (kPa) (cm ) x '10

- 11-4/1358 O 0|t

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 -

;d 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

P (At) = average pressure (in excess 'of ambient pressure) in the test zone between the packers over the timeE
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.A

-

- - , _
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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
Average excess pressure: 208 kPa

4.0
Date at start of test: 9-9-83
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Figure 2.8' Flow rate vs.. time from constant-pressure-

. injection test.

Hole: UA-CB-1
Depth to top of test zone: 40.437 m

' 4. 0 - Length of' test zone: 60.6 cm
Average excess pressure: 208 kPa

-Q- Date at start of test: 9-12-83
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Figure'2.1.0' Flow rate vs. time from constant pressure' injection
test. <

._

Hole: UA-CB-4.
Depth to top of test. zone: '38.094 m.*

Length of test-zone: 60.3 cm
-2.0 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-
-

injection test.
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Figure 2.14 Flow rate vs. time for constant pressure injection test..
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Figure 2.15 Flow rate vs. time' from constant pressure. injection
-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
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injection test.
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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 -Borehole 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 dunp bailer. Finally, a pneunatic 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 10 (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 cm .(2 in) was placed above the gravel
and sand layers. The foan 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.

2.2.6.1.3' Cement Preparation. _Dowell System-l' cement (Cobb et al.,
' 1981) was used for.the plug.,.The cecent was prepared in four separate

~

batches, each batch : consisting of the following:

**R, radius of' influence, is not usually.known precisely. However,.
Ziegler recommends use of a length between 1/2 and 1. -Since k . depends-

~ e
f on log R, even large errors in~ R will- not'significantly affect the

computed value of k .e
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Table 2.13 . Calculation of Equivalent Hydraulic Conductivity.a Borehole UA-CB-1..

g t -(x.10 )~ Interval .t Average Excess Pressure (Hn)**' Q*jx'10). 9b * 3
: e

-Topf(m) . Bottom'(m) . (hours)-' (kPa)- (cm of water)' -(cm /sec) (cm/sec)

139J592. '40.I98' 24' 207 2111: .884 2.7

39.929 40.536 :24- 208 '2121 .485 1. ')

40'.437 '.41.043[ ' 24' . 206 '2121- -1.52 4.7'

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

L. bMeasured " f rom top . of : borehole casing.

. , Time af ter which it 'is assuned injection L rate is' steady.
v
w: ** Average.' pressure above ambient for elapsed time >;ts'

,
~

# verage ' f1cw rate f for elapsed time > 'tA s*
4

..

In(R/r }' (h), where R = f, = 60.6 cm and rg = 5.0 cm.
OI

'

; Equivalent hydraulic conductivity = ( g]
0

4

4-

.

.t

'.

.

'

- - - w-.-_______,i__________.______.
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.; Table .2.14 J Calculation of- Equivalent Hydraulic Conductivity." Boreho'le UA-CM-4. .~

'
4 <

. . .

* 9b. LK (x.10 )'^ '

Intervat .t Average Excess Pressure !Q ;(g 10 )-g
Top'(A)- Botton (m). (hours)1 '(kPa) (H , em of water) '(cm /sec) (cm/sec)-g

'
a

4' 37.586 38.189 30. 206.9' -2110 .801 2.5

^
'

.930' 2.938.094- :38.697.' '30- '206.8- .2110 -

38.602' .'39.2051 .65 '215.1- 2190 .0387 .0.12
,

;39.I10 .39.713 35 215.9- 2200 .'0708 0.21

:39.618 40.221 15' 202.7- 2070 38.4. 120~

aAssuming honoheneous, isotropic porous medium and steady,.' laminar flow.

T Micasured from" top. of borehole casing. '

r
1

_
ITime'after'which|it is assumed ' injection : rate is steady.
*

;. - ~ Average ' pressure above ambient ' for elapsed time > tg.

# verage flow rate ' for, elapsed time > . tA ..g

'

IN(R/r }
Eqdivalent hydraulic' condrictivity =. '( 0)( ) , where R = t= 60.3 cm and r0 = 5.0 cm.T

2d ,

0
.

-1

4
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. Table 2.15' Calculation of Egiivalent- Hydraulic Conductivity.a . Borehdle - UA'-CB-3. '

"
b 3 9IntervaI t Average Excess Pressure *' Q (g 10 ) e(cm(x 10 )'

g
g

Too (m) Bottom-(m)' (hours) (kPa) (lin, em of water) (em /sec) /sec)~

32.0 9 '32.699- 130 '206.8 '2110 -l.53 4.81
y

'32.582' '33.185 25 206.9 2110' l.05 3.3'-

y.

I32'.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.

hfeasured/from top-of. borehole casing.
.w'. =.

..
. .

is assumed injection rate.is' steady.

'

u
. -Time after whichiit .

' * Average pressure"above. ambient. for elapsed time > t
. s* -

#. Average' flow rate:for elapsed time > t,.

In(R/r
Equivalent' hydraulic conductivity = '[ 2wt 0)( )', where R'= 1 = 60.3. m and r0 = 5.0 cm.

I
.

O

IBased on R = 1.:='60.0 cm..

.

L

5

'i . }. '

+

i
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Figure 2.18 Schematic of borehole UA-CB-1 with cement plug,
below-plug instrument.ation and support bracing.
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(1) _ 555 gm (1.22'lbs) of System 1 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 wera mixed in accord with established

laboratory procedures for System I 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) 1.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 cm (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. Af ter 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 liand 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
baller was pulled and the bailer then very slowly raised to the
su rf a'ce . Finally, about four hours af ter the cement was placed, a
packer with open mandrel was inflated just above tha 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 gravel, 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 surf ace, the
cord attached to the stopper at the base of the baller 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 ft) and each was found to

.

'contain-significant cement residue. cit was decided to flush-the hole to
;

: remove as much cement asfpossible. The hole was pumped' vigorously for '

about 1, hour _on; February-14. 'It was pumped again for 1 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.
'i

'2.2.6.2.15 Below plug Inst'rumentation 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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2.2.3.1.2. The tracer injector is capable of discharging two tracer
sampics at staggered times. The first tracer, heptaflurobutyric acid
(HFBA), was set for discharge at 4:00 am on February 24 (256 hours after

| arming) and the second, pentafluorobenzoic acid (PFB), at 8:00 pm on
! March 5 (512 hours af ter arming).

The tracer injector used in UA-CB-4 (and also the unit csed in UA-CB-3)
had several improvements over the injector used in UA-CB-1, which
apparently fired or leaked prematurely (Section 2.2.7.3.1). The

improvements were as follows: (1) A check valve requiring 69 kPa (10
psi) to open (in direction of tracer flow) was added outside each
solenoid valve. The check valve should reduce the likelihood that
tracer leaking through a closed solenoid valve will contact the water
environment. (2) Separate battery packs to operate each of the solenoid
valves and the timer were utilized. In UA-CB-1, a single battery pack
operated both valves and the timer. (3) Several improvements in the
procedure used to load the tracers were also made which should reduce
the likelihood for accidental contamination of the exterior of the
injection device during loading. A gravel-and-sand retaining collar was
attached to the upper end of the tracer injector canister. Figure 2.19
shows the tracer injector with its PVC pipe support.

2.2.6.2.2 Gravel, Sand and Foam Layers. A total thickness of about 21
cm (8.3 in) of pea gravel and sand were placed above the tracer injector
canister and gravel-sand retaining collar. During plug placement it is
likely that some sand and gravel were lost due to the flushing of the
borehole and to slippage past the gravel-sand retainer. A layer of foam
rubber with a compressed thickness of about 5 cm (2 in) was placed above
the sand and gravel layers. Af ter the borehole was flushed and before
the second cement placement was made, an additional 5 cm (2 in) of foam
was placed. Figure 2.19 shows the gravel, sand and foam layers after
the second placement of cement.-

2.2.6.2.3 Cement Preparation. The same procedure for cement
preparation and filling of the baller as used in borehole UA-CB-1
(Section 2.2.6.1.3) was followed in both attempts to place the plug in

UA-CB-4.

2.2.6.2.4 Plug Emplacement with Bailer. Using an electric-winch, the
filled hailer was lowered slowly into the borehole until it rested upon
the foam layer. On the first attempt, when the stopper cord was pulled
there was little or no resistance, suggesting strongly that the stopper
had pulled free prematurely. On the second attempt, resistance was felt
before the stopper suddenly pulled f ree. After pulling the stopper the
bailer was raised very slowly to the surf ace. Approximately 20 hours
after the second cement placement, a packer with open mandrel was
inflated just above the plug. The packer' remained in place for 7 days.

2.2.6.3 Borehole UA-CB-3
Pla cement of the plug occurred on February 20-22, 1984. Ins t rumentat ion
placed beneath the plug consisted of a remote pressure-temperature
recorder as well as a tracer injector. On February 20, the timer of the*

pressure-temperature recorder was set and the canister enclosing the
recorder sealed. On February 21, the tracer injector timer was )
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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 inject.or,
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 cement
proceeded smoothly until withdrawal of _ the bailer . Considerable upward
force using a hand winch was required bef ore the bailer could be moved
f rom the foam bedding surf ace. 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 thrch 2, 256 hours af ter
arming) and pentafluoropropionic acid (to be released at 9:26 am on
thrch 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 baller 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 f ree and began to move upward. Once free, the
baller 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 af ter 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
i ' in Figure 2.21. The unit is lowered into the borehole so as to be

within 1.cm (0.4 in) of the top of the plug.. With the gas-ope rated-

i-
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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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! . 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

k 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.

i. ' 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 twater of;

_

' height equal to the height of the gas operated'. valve above the test
* zone. At this point,-ghe' test zone.islat a lower pressure than the.

surrounding 1 formation. ,jt=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 testizone 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
j the gas-operated: valve.

2.2.7.2 Test Procedure

|- The plug 1 tester unit is used to- perform three . basic tests: tracer

| travel time, fluid Luild-up and pressure build-up tests. These tests
are the same as those used in the Bell Canyon Test conducted by Sandia
LNationalfLaboratories~(Christensen and Peterson,;1981). .The tests, as

i applied to University of. Arizona plug experiments, are discussed'in
i South et al. (1982).-
|

2.2.7.2.1 Tracer' TravelLTime Test.. The purpose of this testfis to
.

. determine the time of first arrival of a tracer, (rele'ased below the
~

{ ' plug) to'the test zone.- The test is scheduled so that tracer release
_

1 (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 watercisL 'p

.

flushed in the fluid build-up test..
?-

,

| 2.2.7.2.2 -Fluid' Build-up Test.- The purpose ofLthe' 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'iflushi ng; the . flush :and.. vent lines,-' opening the-,

| ; gas-operated valveT and monitoring the rise :in test zone pressure. . The
rise'in test 4 zone' pressure .isidtrectlyf proportional 1to -the. rise ..of1 water -;

'

!
,

'

*The ambient . pressure:in the formation: at :any -depth below the water .
-

. .
. . .

.
.

E ' table -is usually, but .notL always,; equalt to hydrostatic pressure .for _ that-
2 depth.

-

**Pressure on :the- .'ower side of the pl'ug is generally Lequallto -

. hydrostatic pressure t orithe depth of ithe plug's . lower . side below the
t water table.

-

~
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level in the vent and flush lines and hence proportiona{ 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 linesg,

flushed, the expetled water, collected and its volume measured. The gas-'

operated valvet isore-opened and the drop in test zone pressure (AP ) isD
noted.' The volume flushed-is proportional to AP . The inflow rate overD
the' period of: rise in test . zone pressure (At) may then be estimated
using the; volume flushed, AP ,.APD and At (see Section 2.2.7.3.2). With

R
. the gas-operated: valve re-opened,- test zone pressure again begins to,

. rise and. the . procedure = may. be repeated.,

! 2.2.7.2.3 Pressure Build-up Test.. This: test is performed as follows:

4

| (1) . close'the ga's-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,
~

j Pressure. rise will continue until the ambient pressure for the test zone

[ depth is reached. -

i

2.2.7.3 Plug' Test Results
7

2.2.7.3.1": Tracer Travel' Time Test. Results of the tracer test -for the
'

plug in UA-CB-1 were inconclusive. It appears that'the injection device
fired .or leaked ' prematurely. .lt is also possible that contamination of

3
i 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.-

2.2.7.3.2 Fluid' Build-up Test
,

!- Borehole UA-CB-1. Table 2.16 summarizes the results of fluid
build-up -testing for the period September 30,f l983 '- February 24,, -

i 1984. In 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 risa- ( AP ): between the flushings'and dividing by ~the pressure
'

'

e
R

drop;(AP ) which occurred when'.the: gas-operated valve was opened af terD
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

4

' *The : rise 'in ; pressure should ' be large ~ enough to allow collection of .
~

-

.

!. an adequate sample for~ tracer analysis.andEto allow a convenient time
interval between- flushings. AP should also be small enough so that theR

J pressure gradient ' causing flow into' the . test; zone. is .relatively
.

constant.
t ,

-
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Table 2.16 ' Estimated Average Test Zone . Inflow Rate for Borehole IUA-CB-l'

VgP .

' Elapsed P C d f, h, ~

TEST AP AP e Y ;Y '"
R D F p-Time At D

Dat'e/ Time (davs)' Actiona . (days). (units) (kPa)- (iini t s ) - (units)- (ml) (ml) (ml/ days)

- 9-30/2339- -O 75 17.2-
*' '

R: .43- 10- 10.7: 25-'

10-1/1000 '. 4 3 -
..

85- 19.51
-D 15 16

10-1/1005 .43 70. 16.1
R 1.30 11 11.0 .8.5

10-2/1723 ' t .74'- 81 '18.6
0 10 10

10-2/1723: 1.75- 71 16.3
R1 1.19 13 18.2 15

10-3/2200' >2.93 84 19.3
D 5- 7

_$ - 10-3/2210, .2.9 3 - 79. 18.2
R. 1.48 13 14.9 10 |

. 10-5/0934 4.41- 92 21.I
D' 7 8

10-5/0940. 4.42- 85 19.5
R 3.93 29 30.9 7.9 i

' 10-9/0805 8.35 114. 26.2 i

.D 15 16
10-9/0810 8.36 '99 22.8

'/
-10-9/0840. 8.38

li
10-9/0910 8.40

,

9

- - r - -
-

i i
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Table 2.16 ; Estimated Average Test Zone Inflow Rate. forJ Borehole UA-CB-1--Continued

f h ,L.-.
Elapsed P AP .AP Y Y8" g

TEST R D F P
.D

- .. Ti me . At ----------

Da t e /Ti me '- (days) ' Action" (days) (units)~ (kPa) (units)- (units) (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 99- 22.8 ;

R 2.99 10 11.9 4.0
10-13/0848 12.38 109 2 5.1 --

D -16 19.
10-13/0852. 12.38 '93 21.4-

19- 16.9 4.2R~ 3.98
.

10-17/0830 '16.37' 112 25.7 ,
D 18 16

$ .. 10-17/0834 16J17 .94 21.6
R .3.27 'g 13 11.1 3.4

'10-20/1503 .19.64 107' 24.6
D 14 12

10-20/1524 19.66 93 21.4.
R- 3.71 22 23.7 6.4

,10-24/0829 23.37' 115. 26.4
D. 13 14-

10-24/0836 23.37: 102 23.4
/

10-24/1214 23.52--
11

10-24/1538 '23.67

,

- - - - - - -
, ,
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Table 2.16 Estimated Average Test Zone Inflow Rate for Borehole - Uh-CB-1--Continued

d' f~ h.- Elapsed - P AP AP Y 5YM T" gTEST R D F PTi e;
. at ______________ n

Dare/ Time ~ (days)' Action -. (days ) (units) (kPa) (units)- (units)- - (ml): (ml) (ml/ days)-
' a

10-24/1538' L23.67- 88 20.2-
R 3.72 22 18.2 4.9

,.10-28/0859: 27.39 110 25.3
.D. '

'

'29 '24
-10-28/0907 ,27.39 '81 .I8.6

. .R .6.98 -29 24.2- 3.5
'11-4/0836- 34.37. 110 25.3

D- 24 20
11-4/0842 34.'38. 86 19.8

R '4.01 19 16.6 4.1S 11-8/0903'. :38.39. 105 24.1-
D 16 14

.Il-8/0913' 38.40 89 20.5
'

R 5.95 22 ' 18.9 - 3.2
.Il-14/0757 ,44.35 111 25.5

D 21' 18.
:11-14/08067 44.35 90- - 20. 7. -I

R 1.04 2 1.75 1.7
11-15/0907 :;45.39 92 21.I

D 8 7
11-15/0910 45.40 84- '19.3-

, /
11-15/1022 45.45~

11

11-15/1856 ' 4 5. 80 ,.

.

_
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; Table '2.l 6 ' f Est imated Average? Test : ZoneEInflow Ra'te 'for Borchole NA-CB-1--Continu'ed
~

. ..

O

'aP APfC V VM=' F R h , [_d I q' TElapsed P -

; p-TEST
D-Time-' At. ------ -

Date/ Time 1 f(days) ~ Action" fdays) (units) (kPa)~ (unfth) (units) (ml)- (ml)' -(ml/ days)-.

11-15/18561 L45.80 -88 20.2
R1 6.61 21 17.8' 2.7'

11-22/0938 '52.421 109 25.1
~D 26 22

. . . .

' < ' ', 11-22/0944 52.42: 83 19.1.
R 6.95 25- 22.5 3.2

Lil-29/0835 '59.37| 108 24.8
0 20 18

'11-29/0839- 59.38- 88 20.2'

.R 8.00 23 22.0 2.7

{$ 12-7/0844: .L 67.38 L 111 25.5
n 22 21 ;

'

12-7/0851, .67.38; ~89 20.5

| R| 7.01 21 21.0 .3.0
' '12-14/0907 :74.39 110 25.3

D: 21 21

12-14/09132 .74.401.- -- 89 20.5-
,

.R '4.98 25 22.5 -4.5

12-19/0849 79.38- 114 26.2
0

* 20 18

|- -12-19/0855 179.391 .

94 21.6
R '4.99- 26 20.8 4.2

12-24/0847' 84.38. 120 27.6
D- 20 16

^12-24/0857 '84.39 100 23.0-
R '5.01 25- 25.0 5.0

'12-29/0909 89.40 125 28.7
D' 26 26

- _.
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| Table 2.16. Estimated Average Test 7mne Inflow Rate for, Borehole'UA-CB'-1--Continued ,

g ' ,'hd fElapsed PTEST AP - AP Y yg 7,
R D F

. Time, A t .. . .
D

Date/ Time -(days) Action (days) (units) - (k Pa ) (6nith) (units) (ml)' (ml) -(ml/ days)

~12-29/09151 '89.40 99 22.8
R 6.97- 53 65.6 9.4

'1-5-84/0836- 96.37- 152 34.9.

D 42 '52' '

1-5/0840 96.38 !!0 25.3
:. R - - - - -

'l-5/1013. '96;44

' ~
11

i-5/1815; 96.78- 140 32.2.
~R 0.64 13 22.2 35

$- 1-6/0937f- .97.42- 153 35.2
0 76 130

1-6/1005 '97.43 77 17.7'

R 6.94 26 52.0- 7.5
1-13/0835' 104.37.' 103- 23.7

'D 16' 32
;l-13/0842 ;104.38 ,.87 20.0.

R' 9.98 25' 47.5 4.8
1-23/0818 114.36 .!!2 .: 25.7

D 20 .38
1--23/0823 :.114.36 92 21.1

~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

.R- 7.70 20 37.8 4.9
:2-7/0822- 129.36 11I .25.5

D 18' 34-

_ _ _ . _ _ _ _ _ _ _ - - _ _ _ _ _ _
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: Table'2.16': Estimated ~ Average Test Zone Inflow Rate for_. Borehole UA-CB-1---Continued
_

Ela'psed P 'AP AP * ' ?V .V8!.
R h,d f'

Q ;

: Time; ht .
TEST . R p p

D-
Date/ Time (days)' Action (days) .(units) '(kPa) -(units) (units) -(ml) .(ml) -(al/ days).

a

?2-7/0834.: -129.37- 93- 21.4,
'

66.3- 6.b^

R- 10.07 29 -

:2-17/1018 -139.'44! J122 26.0
D' 21 48- .

.

.2-17/1023 (139.45 .

101 23.2 j
' |R 7.39 24. 50.1 6.8

.
_ _

12-24/1943: 146.84 125 28.7-
-D 23 48

-2-24/1951 146.84 102 23.4

'2-24/2330~ 146.99- 102~ 23.4
"

11 -

1L 2-24/2335 147.00~ .

D -: s

.2-24/2340 147.00. 74- -17.0.

R

2-25/2125 147.91- 115 -26.4'
>D

2-25/2129 ' 1 <+ 7 . 91. ' 70 - 16.1

:-2-25/2133 147.91- 70 -16.1
P-

.3--12/0815 Ll63.36 L1022 235
~

DP

3-12/d815' '163.36 11 25.3'-"

;.-

3-12'0836' .il63.37 .I10- 25.3/ .,

D 33
13-12/0858L 163.39 67 .15.4

i

E

l

- - - _ _ -
, . . -



i:
.. . .3

. , _ - _ _ -

>

' . Table.2.16 Estimated Average Test Zone Inflow Rate for , Borehole UA-Ch-1--Continued

f .
. 'V AP

F R'

d' AP e ' Yh ' Yg '' h.:. Elapsed 'P AP .;q .,:

TEST g D ATime? .At ' ---------- D
a(days)- Action (days) (units)' (kPa) -(units) 5(units)' '(ml) (ml)- (erl/ days)'Date/ Time i

.P*-
'5-10/1737; 222.75 -

:D
5-10/1741 222.75- 44- 10.1

R - 1. 70 . 48 35.7 21
5-12/1021 1224.45 .92 21.1

D
~

43' 32
5-12/1025' 224.45- 49 -11.3

R 2.14' 51 38.0- 18'

5-14/1342 226.59 100 23.0
'

3 . .. . ..

226.59 ,49' 11.3
' -5-14/1346' . .. ..

D 51 38

,
. .

.R- 1.99 48 38.8 19
5-16/1327 228.58 97 22.3

'

D 47 38>

5-16/1331- 228.58- 50 11.5
R -2.02 54 57.2 28

--5-18/1358! .230.60 '104 23.9
D. 51 54

5-18/1402- 230.60- 53 12.2
R- 3.01 70- 60.6 20

5-21/1419 '233.61' 123 '28.3
.

D- _ 67 58
5-21/1423 233.'61.. ..56 . .12.9

R 2'02- 52 44.0' 22.

5-23/1451- 235.63'
. :108 24.8-

.- D 52 44
5-23/1455 235.64 56' 12.9

R- 1.95 .51 40.8 21
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' Table 2.16 Estimated'' Average Test Zone Inflow Rate for. Borehole UA-CB-1--Continued
.

3p 'd ' AP e; y .yg., F R h,1fc:. Elapsed P
__ _ _ _ , , l R. D F :APTEbh DTime .:.

~

'At

Date/ Time- ^ (day s )' ' ' Action ,-(days) (units) - (k Pa ) - '(units)a
'(u'its)' (ml) -(ml) (ml/ days)-n

15-25/1355' L237.59' 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
D 84~ 764

.5-29/1636- 241.71 68 15.6'
R 1.87 49 48.0 26

'5-31/1339 .243.58- 117 26.9..

~

0- 51 50
66 15.2J' .5--31/l343 ,,24 3. 59 ~

.

, 1.89 >43 41.0 22
~

R-
.. .

6-2/1104' 245.48' 109. '25.1
'D 44 '42

6-2/1108L 245.48-
.

' 65' 14.9
R '2.14 42 37.4 17'

'6-4/1437L c247.62 107 -24.6
'D 46 41

6-4/1441' 247.63' : 61. 14.0
R- 'I.98 40. 39.0 20

:6-6/1414 -249.61 10l= 23.2.
' D. 41 40

( 6-6/1418 ;249.bl 60! 13.8-
R' 1.99 43- 48.7 24

.6-8/1400 251.60- 103~ ; 23. 7 :.

'

D 38 43
- 6-8/1404. -251.60' 65: 14.9

. .

Rl 2.99- 56 56.0 19

26-11/1346 254.59' 121 27.8-
m

.

_._.____.-___J
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. Table J 2.16' ; Estimatied Average Test Zone inflow Rate . for . Borehole UA-C8-1--Continued

d f R
- Elapsed- P AP .AP Y yg. |- qh. -

'

TEST R D F p
. Time . .

D

1Date/ Time ~ (days) . Action" .
At - +------- - -

-(days) -(units) -(kPa) (units)- ~(units) (ml) (al) (ml/ days)
>

:D 48 48'
6'11/1350 .254.59 '73 16.8-

-

R 2.00' 37 39.7- 20
'6-13/1346: 3256.59 110 .25.3'

. D -- 41 '44
t6-13/1350 256.59;. 69 15.9

R- 2.01' ~36

J6-15/1400 258.60 .105 24.1 .42'

.D

6-15/1404' 258.60-
~

R

6-16/0935 .259.41y
* H

6-16/1624! -259.70<

.

[ NOTES:

.. aAction :: ' R ;.= . test. zone pressure : rise; D = test' zone pressure drop due to flushing; H = test zone at-

'

s

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 af ter- pressure
build-up test; ;P* '= | inconclusive pressure build up tests conducted (complications due to power -outage and

..

erratic.transduceriperformance).-
;b '

Time-period '(between flushings))over which pressure rise occurs and over which average inflowPAt-
. rate.is' estimated.

CPTEST3 : Test a zone . pressure :(gage). . . Pressure expressed ~ in . digital readout units and kPa.
d3p Pressure. rise-over perio'.At..

R .
d

.

-

. .-_ e < - p. , w
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' Table:2;16.'. Estimated: Average' Test Zone. Inflow-Rate for|BoreholeL UA-CB-1- Notes' '- Continued .,

- . .> ;
.,.. .

' < - -Ee P : , Pressure drop ':due to flu'shing. ;
- ..

-
.

3 A . :
D . . .

g . -Volume | expelled f rom flush andi vent linesiduring flushing..V:,

p
fgV:i Estinsted inflowlvolume.'for.. period At.t ~

,

, ,
<'

'hQ:; , Estimated average ! inflow' rate. over.. period At...
' 4 > <

; .

.k e J (
P

4 .. . E * s

m.

4-
'

v

e

9

..

.y .
.

3

%
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-

~

'

s
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E

a 10 . ' NOTE: At breaks in plot, test zone pressure = hydrostatic pressure for depthi

of test zone below water table (plug tester packer was deflated at ploty

- m

H break points).

.0 ,

0 10 20 30: 40 50 60 70
. Elapsed. Time (days)

4

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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* Pressure build-up tests conducted.from 2-25 to 5-20-84
(elapsed time 147.to 222. days) (see Table 2.16).
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Figure 2.22 (cont.)'
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,

L

140' t-

. 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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f,
E 20 _
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E 10 ' .
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. _ . l
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0 10 20' '30 40 50 60 70

, Elapsed Time (days)

Figure 2.23 ' Average test' zone inflow rate vs. elapsed time for fluid
build-up testing in borehole UA-CB-l. Date at start of
testing: 9-30-83.

_ _ _ - - _ .



k

0
5.

1

_0
4 _.

1 _
_

_

_

0
3
1

. I

-

0
- 2
1

_.
.

.

- )

-
0 s
1 y
1 a )

d .

( t_ n
e o
m c
i (
T
d 3

0 e 2
0 s-

1 p 2
a
l e. E r

u
g
i
F

_
.

0-

9

,

-

0
8

I

0-

7

0
6

. . . .

0 0 0 0' O
4 3 2 1

^i=2"a3 oug > e5 oc$oE

ue

]



. , _ . . . . _ ._ , . ,-

-

h

i.

O

X

40
.1

.

A

%.

4

2 30
4- -

7 --

'E
3 ~

f
-* *

-

.f' .20: f~

I
g .g- -

:. g
'a

~~ - *
a Pressure build-up tests. conducted from 2-25 to 5-10-84

{. (elapsed time.147 to_222 days) (see Table 2.16)
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based on Table 2.16. Figure 2.22 is a plot of test zone pressure vs.

time. AP , APD and At are shown for a typical fluid build up test 1R
repetition. Figure 2.23 shows average test zone inflow rate vs. time. |
Inflow rates averaged 6 ml/ day f rom September 30, 1983 to February 24, |

1984. Higher inflow rates for Fby-June 1984 are believed to be due to
leakage in the hoses or fittings of the plug tester. Repair of any )
leaks will be made promptly. I

Boreholes UA-CB-4 and UA-CB-3. Initial test zone inflow rates for
these two boreholes were significantly higher than for UA-CB-1. Because
of the high flow rates a modified fluid build-up test was used. The
. procedure for the modified test is as follows:

(1) close gas-operated valve;

(2) flush lines thoroughly;
(3) open gas-operated valve for about 10 minutes; close valve;
(4) flush lines thoroughly, collecting the flushed sample.

For the modified test an average inflow rate is obtained by dividing the
sample volume f rom the second flushing by the time period that the gas-
operated valve was kept open (about 10 min ) . Results of the modified
fluid build up test are presented in Table 2.17. For UA-CB-3, the
inflow rate remained relatively constant at an average of 85 ml/ min from
February 29 through April 30. This rate is about four orders of
magnitude higher than the rate for UA-CB-1. For UA-CB-4, a marked
decrease in inflow rate occurred on or about March 2. From March 2
through March 21, the inflow rate was relatively stable at about 6
ml/ min. On or about March 22, the inflow rate in UA-CB-4 decreased
again. The fluid build up test was further modified to accommodate the
lower flows in UA-CB-4. The procedure for the further modified fluid
build-up test is as follows:

(1) Close gas operated valve.
(2) Flush lines thoroughly.
(3) Open gas-operated valve for about 24 hours or longer.
(4) Close gas operated valve.

(5) Flush lines thoroughly, collecting the flushed sample.
(6) Repeat steps 3 through 5 to make additional tests.

Results of the further modified fluid build-up test for UA-CB-4 are
presented in Table 2.18. The inflow rate in UA-CB-4 from March 22
through May 1 averaged 58 ml/ day, which is about 1 order of magnitude
greater than the inflow rate in UA-CB-1.

2.2.7.3.3 Pressure Build-up Test for UA-CB-1. A pressure build-up test
was conducted in borehole UA-CB-1 during the period February 25 - March
12. Test results are shown in Table 2.19 and Figure 2.24. If allowed
to continue, test zone pressure would rise and finally level off at
ambient pressure (approximately 363 kPa (52.6 psi) for the test zone

81
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Table 2.17 Results of Modified Fluid Build up Test

~(1) (2) (3) (4)
mf/At,Y AE 9"

~

Date/ Time mf m

Borehole of Test (ml) (min) (ml/ min)

UA-CB-4 2-28/1534- 890 10 89
=3-1/1550 '8921 10 89
3-2/0837 13 10 1.3
3-3/0854 6 -10 0.6

-3-10/0819 68 10 6.8
3-12/0832 110 10 11

3-13/0849 38 10 3.8
3-14/0836 40 ~10 4.0
.3-15/0938 -32 10 3.2
3-16/0909. 42 10 4.2
3-19/0841- 97 10 9.7
3-20/1027 70 10 7.0
3-21/1419 112 10 ~11.2-

3-22/1325 0 10 0

UA-CB-3 2-29/2012 836- 15 56
'3-1/0833 840 12 70
-3-5/0849 826 10 83
3-7/0848 842 10 84
3-8/0848 838 10 84
3-9/0913 844 10 84
3-12/0831 848 10 85
3-13/0844 860 10 '86
3-14/0835 844 10 84
3-15/0934 842 10 84
3-16/0900 854 10 85
3-19/0840 856 10 86
3-20/1030 856 10 c86

3-21/1424 866 10 87
3-22/1321 ? 10
3-23/1433 858 i. 10 86
3-24/0931 868 10 87

'3-26/0919 858 10 86-
3-27/0857 -856 10 86-
3-28/0830 862 10 86
3-29/0846 865 10 87

-3-30/0836 876 10 88
3-31/0913- 914 10 91
4-2/0849 860' 10 86
4-3/0829 868 10 87z.

4-4/0805 844 10 84
4-5/0819 863- -10 86-

- 4-6/0754 860 -10 86
4-9/0835 864~ 10 86
4-10/0721 864 10 86
4-11/0715 862- 10 86

82
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Table 2.17 Results of Modified Fluid Build-up Test--Continued

|

(1) (2). (3) (4)

Date/ Time mf At, Q = V,f/At,Y

Borehole of Test (ml) (min) (ml/ min)

4-12/0916 870 10 87 1

4-13/0940 866 10 87

4-14/0918 862 -10 86-
4-16/0915 860 10 86

4-18/0827 857 10 86
4-19/0857, 860 10 86

4-20/0909 840 10 84

4-21/0829 872 10 87

4-23/1400' 856 10 ' 86-
4-24/1324 860 10 86

4-25/1339 862 10 80

4-26/1432 860 10- 86

4-27/1431 665 10 87
4-28/1016 860 10 86

'4-30/1338 866 10 87

5-1/0950 710 5 140
5-1/1014 packer deflated; plug tester raised
5-2 cap placed

5-10/1630 . plug tester positioned above ' capped plug;
packer inflatedq

5-30/0634 52 10 5.2s

6-4/0634 73 10 '7.3
;6-9/0634 90 10 9.0

6-14/0634 114 10 ~ 11.4

(1) Time that gas-operated valve was opened to allow inflow.

(2) Volume flushed af ter period At,.
(3) TimeLperiod that-gas-operated valve was kept open to allow inflow.

.

(4)~ Average test zone inflow rate during period At,.

,

l
l

.

5
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Table 2.18
"

Results of Further Modified Fluid Build up Test
for UA-CB-4

5
# t Q = V /At.y p

*
' Date/ Time ' Action (min) ( 1) (mi/ min x 10') (ml/ day)

3-22/1338 0
1487. -1.28 18.4

3-23/1425' -C,F 19

3-23/1429- O
1144 9.44 136

3-24/0933 C,F - 108

3-24/0937 0
2852 2.17 31.3

.3-26/0909 ,: C,F 62-
.

'3-26/0913 0
i 1424 11.0' 159.

?3-27/0857 '.C,F' 157

3-27/0901 0
1410 3.40 49.0

| 3-28/0831 C,F 48
|

3-28/0835 0
1452 '2.07 29.8

3-29/0847 C,F 30'

3-29/0851- 'O-
1421 3.66 52.7

3-30/0832 C,F 52

3-30/0836- O s

1477- 5.08 73.1 '

3-31/0913 C,F 75' <

3-31/0917 0
2853 2.70 38.9

4-2/0850 C,F 77

4-2/0854 0
1416 6.07 87.5

4-3/0830 C,F. 86 '-

.4-3/0834 0-
1412 3.40 49.0

'4-4/0806- C,F. - -48

4-4/0810 -0
1450 -2.55 36.7

.4-5/0820_ C,F 37

84



, . . . . . -- _

. .- .-.

.

'

i.

t

Table 2.18. Results of Further Modified ' Fluid Build-up Test,

-for.UA-CB-4--Continued
,

# i N' " Y /AtFAt V

! '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- -
' O

_ _

4-9/0837) C,F -

^

4-9/0841: :0-

. _ . ..
1362 8.08 -116

'

-

4-10/0723 C,F. 110t-

; 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
i

'4-12/0922 0

| --
.4-13/0912 C,F 62-

_ .

1430 4.34. 62.4
2

4--13/0916 0
,

i'
. _

1445 3.18 45.8
4-14/0921 C,F 46

4-14/0925 0
.2872 3.20 '46.1

.4-16/0'917 C,F~ 92

4-16/0921- 0
i' 1407 4.62 '66.5

4- 17/0848 C , F. 65

L - . .

,4-17/0852 0
1416- 3'.18 ' 45.8'

.4-18/0828 C,F 45-
'

4-18/0832 0e

' '

.1466 3.41 49.l''

.4-19/0858 .C,F 50-

4-19/0902- -0

1449 5.11 73.5J
-4-20/0911 .C,Fl -74

'

' 85
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Table 2'.18 - Results of Further Modified Fluid Build' up Test -
for UA-CB-4-Continued

/At# I 9 F
"

*
. yAt

- Date/ Time'- Action (min) ( L) (ml/ min x 10') (ml/ day)

14-20/0915' [0
- 1396 2.01 28.9

4-21/0831 C , F- 28

E4-21/d835 O. -

3206 2.74 39.5-
~

4-23/1401' C,F_ 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
:4-25/1344i C,F 48

'4-25/1348- 0
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 C,F 46

' 4-28/1022 10'
3080 3.12| 44.9-

'4-30/1342 C , F_ 96

'4-30/1346' 0-
1219' : 4.18 60.2

5-1/1005 C ,' F - 51- -

!S-1/1010' 20

5-1/1014 ' Packer deflated; plug tester . raised;- .

. 0,/1830 P ug t s e positioned'above capped plug; packer inflated.

-5-10/1944 iC,F

L5-10/1948- 0
'

9729 .576 8.29-
45-17/1357, C,F. 56

i ,

~86- -
~
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; -Table 2.18 Results of Further Modified Fluid Build up Test
for UA-CB-4-Continued

/At# I 9 F
*

-At V
*

Date/ Time Action (min) ( 1) (ml/ min x If ) (ml/ day)-

5-17/1401: 0
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.-

J5-25/0635'- 'C,F,

5-25/0639. -0
~

7196 .528 7.60<-

5-30/0635 C,F 38

. 5-30/0639 -0
2 7190 .667 9.61
- 6-4/0635 C.F 48

6-4/0639 0
7190 .472 b.80

6-9/0635-- . C, F. 34

;_ 6-9/0639 0
7196 .417' b.00

6-14/0635 -C,F -30

; 6-14/0639~ 0

* Action: 0 - open' gas-operatedivalve;.C - close gas-operated valve;-~

F .- flush water in lines above gas-operated valve.

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

|.
~

Vp = volume flushed from-lines above^ gas-operated valve. Flushing
i is always: performed by injecting ' nitrogen ' gas 'into the flush

line 'ati 120" psi for 4 minutes. -

$Q = average rate of water inflow to the test- zone over the period4

-At.

N

87'
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1 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) (br) (psig) (kPa) (cm of water)

2-25/2133 -0 0 2.333 16.09 164.1

'2-26/0733 600 10 4.367 30.11 307.1

~2-26/1733 1200- 20. 5.767 39.76 405.6

2-27/0333 '1800 30 6.567 45.28 461.9

2-27/1329 2396- 40 7.433 51.25 522.8

2-27/2329 2996 50 8.267 57.00 581.5

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 81 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 6658 111 12.80 88.25 900.3

13-1/2231 7258 ~121 13.60 93.77 956.6

3-2/0830- .7d57 131 I4.40 99.29' 1013

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 10260 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 138t0 231- .22.40 154.4 1576

3-6/2233' 14460 -241 :23.27 160.4 1637'

3-7/0633- 14940 '249 23.97 165.2 1686
,

3-7/18331 - 15660 261 25.00 172.4 1758

3-8/0433- 16260 271 26.03 179.5 1831

3-8/1433 16860 281 26.77- 184.6 1883-

3-9/0033- 17460 291 27.67 190.8 1946

3-9/1033 18060~ 301 28.37 ~195.6 1995

_ .88
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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' '

3-11/02331 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

_

f
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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

Jon thy' 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. Af ter withdrawing the bailer, a plug tester unit
was immediately lowered and positioned in each hole so that its lower
end was 30 cm.(12 in) above the top of the original plug. The plug
tester packer was inflated very slowly with the gas-operated valve
open. Af ter the packer was inflated, the gas-operated valve"was
closed. 'The plug tester units were lef t 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 residuc deposited on horizontal surfaces at the
upper end. Apparently, either in the process of removing the baller, 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 f t) 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 stif f wire brush -and the tops of the caps

,

i were scraped to remove soft cement material from the top of'the cap.
About 5~cm (2 in) of soft cement were scraped f rom the top of the cap in
UA-CB-3 and 4 cm (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 (7.01' in) and the cap in
UA-CB-4 was found to be-19.8 cm (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 af ter 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-1.

Th'e modified fluid build-up test has been used to test the capped plug1

L in UA-CB-3. Results to data are presented in Table 2.17 (dates after
| Fuy 10). Test' zone inflow was reduced by the cap.. However, the inflow

1

! rate is still. three- orders -of magnitude higher than for the plug in UA-
I

I CB-1 and the capped plug in UA-CB-4.

91
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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 cm (5.0 in) in length, in a 10 cm (3 15/16 in) diameter borehole at
the Oracle Ridge Mine site since Iby 1983. Results of injection testing
and some preliminary discusElon 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
drif ts and thus is accessible f rom both ends. The 10 cm (3 15/16 in)
diameter hole is 33.24 m (109.1 f t) in length and is inclined 9.3* f rom

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 f t) f rom 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).

2.3.3 Plug Testing

Constant pressure injection tests have been pceformed on the plug since
Fby 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 dif ferent 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 11jection 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 f t) 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.

2.3.3.1.2 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 1, 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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Figure 2.25 Oracle Ridge Mine Injection System
. Clear PVC pipe injection vessels are filled with water
pumped into them from the sump. The volume of water
injected is monitored as a drop in water level within
the selected vessel.
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Figure 2.26 Oracle Ridge M ne outflow collection system 1; used from 6-2 to 8-1-83. Also
shown are hose from injection pump and injection-side packer. (Drawing not to

scale)-
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!!984, the. coll'ection system shown in' Figure'2.27 was used.- For this
'

second system, 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 >

- ifollowing 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 /pipetidepends not only on the outflow' volume but also on the
'

pressure-volume relationship for air.-
j ..

(2) -If| the water level-in the collection zone is below the intake, the;

{ volume displaced no. longer dapends directly.on the outflow volume, but-
.

rather it directly depends exclusively-on the pressure-volume
_

relationship for air...
. t

(3) If the water !1evel is below the intake and then rises 'above-it, air

' bubbles may become trapped in the line tofthe 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 of4

} 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 re.lationship for air
I as well as on outflow volume ;[ factors (1)]. By placing the graduated ,

cylinder / pipet above the. collection zone,'the possibility of gravity-
~

i ~ drainage. of 'the'. collection zone through line b to the cylinder / pipet is
_

j~ eliminated. The third system gave significantly higher outflow: rates
(Section :2.3.3.4.9) than were expected. These high rates may..have been'

j due to a minute leak in.the pneumatic packer on the. collection side
i causing a very gradual pressure build up in the collection zone, which,

of : course, woulf cause -the collection zone to empty to 'the graduated'*

cylinder / pipet.

l'
J

*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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Water reservoir.
' /

250 ml graduated
cylinder

.uCement plug 1 or.5 ml pipet

Intake
- ,/

,

|
, N ,

! , ,'-
_

Sealed bulkhead 18-23 cm

'-%'D : r ..

Collection

j y {zone -

Collection-side
packer

, e Valve
Borehole

g_ (Drawing not to scale)

|
Figure 2.27 Oracle Ridge Mine outflow collection system 2; used from 8-1-83 to 5-22-84. Prior to

' testing, the collection. zone'is filled with water (except for perhaps a small air
pocket) and the line to the' graduated cylinder / pipet is bled of air by opening valve 1
an4 valve.2 (if the grv.uated cylinder is to be used) or valve 3 (if the pipet is to
be used). Valve 1 is than closed. Using valve 4, the height in the cylinder or
pipet is adjusted to an in!tial level. Outflow measurement may then begin. If the
collection zone ~ air pocket fs small enough, outflow during the test to the collection
zone-from the plug / formation equals the volume displaced over the test in the-

cylindde or pipet,

|
|
|
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250 ml k'a ter
graduated / reservoir

1 or 5.

cylinder N / ml
pipet-- -

,, .._ . i

8-10 cm-
c ,

.. _

Intake 3 4- 5
, ' , , - Sealed bulkhead
*%'

Cement Line d g
plug Col ection Line b

1
zone Collection-

side Npacker
Line c 2 - "* *

g
e Valve

(Drawing not to scale)

Figure 2.28 ,0racle Ridge Mine outflow collection system 3; used from 5-22 to 6-5-84. Prior to Itesting the collection zone is filled with water (except for perhaps a small air
Ipocket) and line c is-bled of air-bubbles by opening valve 2 and connecting line a

line d with valve 1 open (line b is disconnected from valve 1). ito
Valves 2 and 1 '

are then closed and.line a is disconnected from line d. Line b is then bled bydraining water through the line from the graduated cylinder. Line b is thenconnected to line d and valve 1 is opened. To use the graduated cylinder (pipet)
to measure outflow, valve 3 (4) and valve 5 are opened and an initial water level in
the cylinder (pipet) is set. Valve 5 is then closed and testing may begin. If thecollection zone air pocket.is small enough, outflow during the test from the plug /formation to the test zone equals the volume displaced over the test in the cylinder /pipet.
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From June 5 to June 15, 1984, a fourth system was used (system not
illustrated). This system was identical to the second system except
that the graduated cylinder / pipet was kept elevated above the collection
zone (at the same height above the collection zone as for the third
system).

A fif th collection (Figure 2.29) system was tried from June 15 to June
28, 1984. In this system the collection zone was much smaller than in
the previous systems. The small collection zone was made possible by
the use of a mechanical expandable plug which could almost butt up
against the face of the cement plug. An advantage of the small
collection zone is that the percentage of the total outflow coming to ,

the collection zone through the cement plug and plug / formation interface
(as opposed to coming from the formation) should be much higher. With
this system, the outflow to the collection zone forms a pool. The vent
tube keeps the pressure above the pool constantly at atmospheric

i
pressure. The level of water in the pipet is the level of the pool in

| the collection zone. At the start of a test the water level in the
I pipet is noted. At the conclusion of the test, valve 1 (Figure 2.29) is
|

opened and water is slowly drained into a graduated cylinder until the
water level in the pipet is at the same position as at the start of the
test. The outflow to the collection zone during the test is the volume
drained into the graduated cylinder. The system should eliminate
complications due to factors (1), (2) and (3). Also, since the
expandable plug is not pneumatic, there can be no gas leak. In order to

provide adequate resolution the collection zone must be kept quite small
and tests .should be of longer duration. The fifth system has not been
successful. In tests using it the pool level has declined very slightly
over the course of the test. This indicates that water loss (either
past the expandable plug or back into the formation) exceeds the outflow
rate to the collection zone. It should be noted, however, that since
the system allows much less outflow f rom the formation to enter the
collection zone, the total outflow rate to the collection zone may be
much smaller for this than for the other systems.

A sixth system is planned. It will be similar to the third system, but
it will have a smaller collection zone and an improvised pneumatic plug
which will not leak gas and will eliminate any leakage of collected
water past the pneumatic plug.

2.3.3.2 Test Procedure

Constant pressure injection testing has been underway since May, 1983.
Inicially, injection pressures were varie3 from 180 to 424 kPa (26.1 to
61.5 psi). From June 28 to July 7, 1983, pressure was held at about 318
kPa (461 psi). From July 7, 1983 o April 17, 1984, pressure was
maintained at about 285 kPa (41.3 psi). Since April 17, pressure has
been kept at about 183 kPa (26.5 pai).

Tests of about 1-hour duration using the 0.88 cm (.348 in) I.D. vessel
(Figure 2.25) have been conducted every several days to several weeks.
Between these 1-hour tests, injection testing has been continued using
the 2.6 cm (1.02 in) I.D. tube. Average injection rates are computed
based on both'the 1-hour tests (short tests) and the longer tests (long

98
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#

Mechanical expandable plug ,

Pipet
Collection zone

_ ^

Cement ping Vent to
~

'

atmosphere
Port of line to

pipet

< >l \
Line bLine a "

_

Graduated cylinder to measure!

(Drawing not-to' scale) outflow

e Valve

Figure 2.29 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 into a graduated cylinder
until the water level in the pipet returns to its initial level. The volume of water
drained to the cylinder is the volume of outflow over the test.
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tests) between the 1-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).

2.3.3.3 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 Flow Rates. 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 tgg rock matrix or-intersecting
fractures (component 1 flow) alone. In the tests in May,1983, water i

was visually observed flowing out of the plug at the crown on the lower l

(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 zggg often forms along the

a crown. Initially, then, a significant gap or highly permeable zone

existed at the plug / borehole interface along the crown of the plug.
permitting the observed high flow' rates.

* Testing started on May -17,1983, 18 days after-placement of the
plug (Daemen-et al., 1983).

100
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Table . 2.20 Oracle Ridge Mine Constant Pressure Injection Test . ResultsV-
,

,

Time- Collection
3

! Injection : Injection Flow in. (cm /in)-
.

.- Spa n Injection
.. Outflow

.

Zone->< >

Zone- -Zone Injection for. Volume of Flow Volume'
Pressure - Length ~ Vessel' Injection Injecged, 'Testl . Rate Collected ' Rgte -3Date (kPa)1 (cm) (in) ' Vessel (cm )' '(min) (cm /hr) (cm#) (cm /hr)'

5/17/83 276-- L254: 25 .804 20.1 1 '1200
;q

.

276 254 50- .804 40.2 1 2400
-5/27- 181' '189 ~ 59.0 . .804 -47.4. 73.4. 39

~ 286 - 1891 .180.0 .804- 145 69.6 130
424' 189 201.0 .804- 102' : 58.4 ' 170

6/1- 180~ 189 20.00 .804 16.1- 60.6 lb-

284. 1189 32.00 .804 25.7 60.3 26
422 .189 .46.00. .804- .37.0 60.7- .37'

6/2 284 77 23.00 .804 18.5 46.4- 34 .
6/21

~

186 62- 8.50' l.55 13.2 61.6 13
w 285 ~ 02 14.00 ~1.55 21.7- 63.2 21

S. 423 62. '21.00 1.55 32.6 61.6 .32-
6/24, '180 - 62- 7.00 1.55 10.9 63.7 10

285' 62- -11.00 l'.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 20a
6/28-6/29 318" ' 62 '- 12.59 13.3 167 1191 8.4 lib 5.9

6/29 .318- 62 16.00 1.55 24.8 230.2 6.5
f6/29-6/30 .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/l' 318 62- 10.06- 13.3 134 1598 5.0

7/l_. . 316. 62 2.75 'l.55. 4.26 55.5 4.6
|7/l-7/7' 316' '62 2.34 206- 482 8390 3.4

:7// 315L 62 2.00 1.55 '3.10 62.7 3.0
7/7-7/11 299 . 62 19.83 13.3 264 5661 2.8

_ 7/11 283 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

*

i7/15 285- :62 - l'.7 5 - 1.55 2.71 72.3 2.2.

.. ,

, - . , - . _ , - - . ,
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Table 2.20' Oracle Ridge. Mine Constant Pressure Injection Test Results--Continued -

Time Collection
3

Injection' . Injection Flow-in- (cm /in) Span Injection Zone
Zone Zone ~ Injection for Volume of Flow- Volume Outtiow

Injec5")d "3'* C ' 'S')*d "3'*'**'Pressure Length Vessel. Injection.
(cm (min) (em /hr) (cm (em /hr)(kPa) (cm) (in)' VesselDate i

+ 7/15-7/18 .285 62 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 69 .9b
'7/25 285 62 1.25 1.55 1.94 65.0 1.8

7/25-7/29 285 62 13.lt 13.3 175 5399 1.9. 91(+) 1.0(+)
7/29 283 62 0.75 1.55' 1.16 43.7 1.6

7/29-8/1 283- 62 9.36. 13.3 124 4450 1.7 101 1.4-
13 8/1 283 62 2.00 1.55 3.10 119.6 1.6'

b8/1-8/4 283 62 9.11 13.3 121 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 2.71 133.7 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 .89 .69 .79
8/15-8/18 267 62, 6.13 13.3 -81.5 4260 1.1 84 1.2

.8/18 251 62 1.25 1.55 1.94 111.7 1.0 1.38 .74
J8/18-8/22 285 62- 10.86 13.3. 144 5725 1.5 88 .92

8/22- 285 62
.

0.88
.

1.55 1.36 57.4 1.4 1.02 1.1
8/22-8/30 Injection packer tank dropped to O pressure about 8/25 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 '4 125- 1.9-

| 9/2- 284 62 0.75 1.55 1. 16 49.3 1.s .89 1.1
9/2-9/6- 284' 62 10.44 13.3 139 5958 1.4 83 .84

9/6 283 62 0.75 1.55 1.16 55.1 1.3 .88 .90

-
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Table 2'.20 Oracle Ridge Mine Constant Pressure Injection Test Result s-Cont inued

Time Collection

Injection ' Injection Flow in -(cm /in) Soan Injection Zone
Zone Zone Injection for Volume of Flow . Volume Outflow

Pressure Length Vessel Injection Injecged ' Test Rate Collegted gte
Dat'e- (kPa) (cm). (in) Vessel (cm ) (min) (cm#/hr) -(cm ) (cm /hr)

9/6-9/9 280' 62 b.06 ' 13.3 80.b 3994 1.2 47 .71

9/9 277 62 0.75 1.55 1.16 60.~ 1 1.2 .96 .96
9/9-9/12 285 b2 '6.50 13.3 86.5 4373 1.2 45 .02

9/12- 285 '621 0.63 1.55 .977 51.7 1.1 .91 1.1

9/12-9/22 285 62 19.83 13.3 204 14407 1.1 133 .55-
9/22 283 62 0.75 1.55 1.16 68.7 1.0 .96 .84

9/22-9/29 284 .62 12.83 13'.3 171 9957 1.0 93 .56
9/29 284 ~62 0.63 1.55 .977 59.8 .98 .75 .75

9/29-10/6 283 62 12.31 13.3 164 9976 .99 133 .80r.

8 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' O.50 1.55 .775 59.4 .78 .84 .85
10/14-10/17, 283 62 5.00 13.3 66.5 4410 .90 34 .46

10/17 286 62 0.50 1.55 .775 56.4 .82 .76 .81
10/17-10/28 286 -62 17.19 _13.3 229 15640 .88 125 .48'

10/28 285 62 0.50 1.55 .775 58.8 .79 .79 .81
10/28-11/11 287 62 20.06 13.3 267 20166 .79 164 .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 .b8 125 .26

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 'l.55 .295 37.0 .48 - -

12/2-12/14 280 '62 13.84 13.3 184 17232 .64 97 .34
12/14 '276 '62 0.31 1.55- .481 52.4 .55 .ii4 .96

'12/14-1/5/84 285 62 22.77 13.3 303 31572 .56 77 .15
.1/5 285 62 0.31 .l.55. .481 60.4 .48 .96 .95

'1/5-1/19 285L 62 13.89 13.3. 185 19973 .56 - -

1/19 285 62 0.25 1.55 .388 49.9 .47 1.08 1.3

_ __ __.
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_ Table 2.20 Oracle Ridge Mine Constant Pressure Injection Test Result s--Continued

Time- Collection3Injection Injection- Flow in ,(cm /in) Span Injection Zone
Zone Zone Injection for Volume of Flow' Volume Outflow

Pressure Length Vessel Injection Injecjed -Test
~

'Rgte Collected Rate
Date (kPa) (cm) (in) Vessel (cm ) (min) (cm lhr) (cm ) (cm /hr)d 3

11/19-2/10 284 62 20.75 13.3 276 31574 .52 70 .13
2/10 284- 62 0.25 1.55 .388 59.6 .39 .68 .68'2/10-3/9 285 62 28.06 13.3 373 40266 .56 92 . 143/9 285 62 0.31. 1.55 .481 58.6 .49 1.01 1.03/9-4/3 284: 62 25.97 13.3. 345 S;819 .58 82 .144/3- 284' 62' O.31 1.55 .481 45.9 .63 .90 1.24/3-4/17 286 62 14.66 13.3 195 19975 .59 46 .14
4/17- 287. 62 0.38. 1.55 .589 64.3 .55 2.40 2.2c4/17-4/26 180 62 1.63 13.3- 21.7 12803 .10 97 .45~

'S 4/26f '180 62 0.28 1.55 .434. 84.3 .31 2.51 1.8d4/26-5/16 183 62 4.81 13.3 64.0 28b79 .13 39.5 0.835/16 184d 62
d

- 60.0 2.01 2.0C5/16-5/22 185 '62 1.19. 13.3 15.8 -8346 .11 90 .655/22 185 . 62 'O.44 - 89.8 2.71 1.865/22-5/31 185 62 2.19 13.3 29 .~ 1 12739' .14 > 220 > 1.0
5/31- 183 ' 62 0.34 1.55 .527 65.6- .48 .bo .79
5/31 -183- 02 0.66 1.55 1.02 176.3 .35 - -

5/31-6/5 182 62 1.50 13.3 20.0 7001 .17 224 1.96/5 181' 62: .0.13 1.55 .202 73.4 .17 2.42 2.0c,f
6/5-b/15 178. 62, .2.81 13.3 37.4 14205 .16 102 .436/15 ~ 177 62 0.19 1.55 .295 09.5 .25 - -

6/15-6/19 180 62 1.25 13;3 16.6 5405 .18 - -
''

b/19 181' 62- 0.19 1.5 .295 80.7 .22 - -

acollection system I used for tests from 6/28 to 8/1/83.
;bCollection system 2 used for tests from 8/l to 5/22/84 (Section 2. ).

_ _ _ _ _ - - _
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Pressure. Injection Test: Results - Notes--Continued
. . ..

Table ,.2.20 . . oracle.. Ridge Mine Constant:

.
-

cAir bled from.'line_to pipet / graduated cylinder. prior to this test. ;,

'd ~

Press'ure'.| estimated by interpolation.
. 8 t.Co11ectionfsystem 3 used:for tests'from-5/22 to 6/5/84',(Section 2. ') . :

fCollection system 2'used for' tests from 6/5.tof6/15/84.(Section 2. .).
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2.3.3.4.3 Injection Flow Rate Reduction Due to Interfacial Cap
Closure. Though initial injection rates were quite high, as testing
continued the injection rate dropped off dramatically (e.g. compare the

inpart,93forabout
1, 19 the sameflow rates of May 17 with those of June

was due to the closure ofpressure). This reduction, at least
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 mechanism 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 rock.
(3) Chemical interaction between the injection water and the

cement / dolomite .

**For example, in packer tests prior to plug emplacement, the
highest equivalent hydraulic conductivity (k ) measured for any

subintervg1from27.27mto29.81m(orfor354cmabovetheplug)was
5.1 x 10- cm/ gee (Tabir 3.1 and Figure 3.3, Daemen et al., 1983). For

- cm/sec. test zone length (E) = 254 cm, test zone excessk = 5.1 x 10e
pressure (H ) = 280 k" 2860 cm of water, borehole radius (r ) = 5 cma

g g
and radius of influence (R) = t = 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 tH )/(In(R/r ))e g g

SubstgtutingtheabovevaluesintothisexpressiongivesaflowrateQ=
21 cm /hr. May injection flow rates were 5 to perhaps 50 times t11s
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 crown 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.

T
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 f ractures intersecting the injection zone (component 1).
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 raditl flow from a well in a saturated,
homogeneous, radially isotropic and infinite 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
L et al., 1983) used for the plug and based on the rapidity of the gap

closure and injection. rate reduction, it seems likely that the first
factor wss dominant. The fourth factor is not thought to be significant
as the borehole was brushed and flushed prior to plug placement.
Further, the~ sump we: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
injection flow rate declined until an approximately steady}.3 psi), therate was
achieved in January 1984. From January I to May 17, 1984, when testing
at285kPawasterminaged,theinjectionrateforthelongduration
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 I flow (radial flow into rock matrix
and fractures) constituted a significant portion of the overall
injection flow._If flow through the plug / borehole interface (component
2) greatly exceeded component I 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 i 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 2.31 is
a plot of injection rate vs. injection pressure for four series of tests
conducted in May and June, 1983. The flow rates for the May series are

*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 ra' dial component is
itself "of ten decreasing with - time, an approximately 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 achievej
. steady-state and 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 interf acial -gap (2.3.3.4.3).
.

The curve for the May 27 series is non-linear with decreasing slope.-
According to Louis and Maint (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 1 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). Thus, with closure.of the plug / borehole'

i interfacial gap,.it-appears that the overall flow regime, for the range
of pressyges shown:in Figure 2.31, changed.from turbulent to. linear-,
laminar.

!
: 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 flow for fracture flow between parallel

i

*-
Darcy's law is an empirical relationship which'is. foundational to

| most analyses of fluid flow in porous media and f ractures. In its

| simplest form, applicable to flow in a homogeneous, isotro..e porous
medium,1 Darcy's law holds that Q = -kiA,,where Q is the fluid discharge +

;

through cross-sectional area A,1 -is the hydraulic ' gradient in the
direction of flow and k is a proportionality constant (hydraulic.f:

conductivity).

I **ThcEjustification for plotting injection pressure in Figure 2.31
| may be made .as follows: If the injection flow were primarily radial
i- -(component I flow),Jthen, Tstrictly, 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, fl976).

,

i 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

i through the plug and/or plug /boreholef nterface (component 2 flow), theni

I
' 1the pressure to 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 component 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,1 the injection pressure is equal to the

.

pressure-difference.across the: plug.
-
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plates (Ziegler,11976). To use Louis's. findings it must be assumed that
the flow through the plug 'and/or plug / borehole interf ace (component 2

i- 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,iat least
- initially. _ Also, based on a laboratory estimate |of the hydraulic#

:would be, expected to pass through the plug _itself.g component 2 flow
conductivity-of|thelplug; cement, very little of th,

Louis defined'the
,

|:Reynold'sjnumber foriparallel plate fractures as R, = 2dv/V, where,
~

v=
,

F flow velocity inithe fracture, d = width ~of aperture between_ parallel~

Louis found that for; plates,'and.V =, kinematic viscosity of the_fluidg
model fissuresiwhe'reJthe. surface roughness index is'less than or equal ;

[ tof0.033,iflow is'line'ar-laminar for R,-less than about 2300;
_

" Assuming that'. in th' LJunej l983. tests ' the injection flow was linear-e
i laminar |(as Figure 2.31: indicates) and assuming that compcnent 2 flow :

j 1was' dominant (i.e. greatly exceeded the component 1 flow), then the'

~ component.2 flow was probably linear-laminar in'these tests. If the4

| .componentE2 flow was linear-laminar and the parallel plate' assumption-
~

~

for = flow- through the 'interf acial| gap is valid, then the following;

; -Poiseuille expression for laminar flow of a fluid,between two parallel
~

]_ plates'should be valid (Ziegler, ~1976):
2v = gd 1/12V

i
;.

I-

,

1

*A laboratory estimate
~,

System 1' cement'.-is-1.8;x 10~g the hydraulic conductivity (k) of Dowell
j

' cm/sec-(Section 2.4.3).;' Assuming 1-~J

dimensi' nal porous media . flow across a homogeneous plug,: the1 flow rateo;;
(Q) can be computed:as'follows:

~

|
i

,
'

'

Q = (k(H - H )A)/L'
.

g c
i^

where- Hg_=' pressure | load on injection side.of plug 1

'H |.= pressure head on collection side. of plug
3

i k=crosss~ectionalarea'of. plug-- i

L = plug length.
,

Fo K.=;1.8 x 10-10)cm/sec, H _=.'285 kPa-=-2910 cm H 0, He',= 0, A = 78.5
~

' " em{, '|and L; = 12.7 .cm,''
'g 2_

,

'

=.Q=(l.8)x[10-10)(2910-0)(7_8.5)f12.7f=3.24x'10-6|c,3/sec =- !
~

~

'0.012"cm /hr,'

j' zwhich 'is very, small compared to the flow rates measured in the June
U tests.

- t

** Surface roughness ihdex (S) =_ Y/2a, where Y:= mean height of'the
EasperitiesJon the. fissure. walls and'a = rr 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 y
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 f r testse
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 f rom about 285 kPa (41.3 psi) to

182 kPa (26.4 psi) (Tablg 2.20). The injectign flow rate droppedabout
immediately from about 0.56 cm /hr to about 0.10 cm /hr, but has been

ly rising since then (e.g. the injection rate had risen to 0.19
sigw/hrforthe. testcm 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 (corresponding to the lower
injection pressure), the hydraulic gradient causing flow into the
formation (component 1 flow) slowly. rises until 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 (approximately 1-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 no 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 general, the collection rates for short tests (approximately 1-
hour duration) are considerably higher than collection rates for either

.

the preceding or ' the following -long tests (several days ' to' several weeks
in duration) for ' collection system 2 (used :f rom August 1, '1983 to May
22,.1984). .(2) In general, collection rates for long tests are higher

.when' collection. system 3 was useit 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.
colitction zone. Such dif ferences may be due to variation in local
rainfall or.other factors affecting moisture availability as well as the

i
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effects of sustained injection, and (c) dif f erences resulting fromdifferences in procedure. For example, with collection system 3, in

-short tests where the line to the graduated cylinder / pipet was bled of
air just before the test, collection rates were much higher than similar

____

'"=E
tests where the line was not bled.

-'"
-

-MFurther analysis of collection data is Wing made. A more reliable
'

collection system / procedure is being developed. agg
;;;;

2.3.3.4.10 Fucure Work. An improved outflow collection system is in
_=

ghdevelopment. A tracer test to determine t ra vel time for flow across the
plug is in progress at the time of writing this re po rt . Numerical m.si

modeling to aid in analysis of plug / formation flow is planned. e--

gfE|2.4 Laborat ory Testint in Support of Field Tests
f$$

2.4.1 Bailer Placed Plugs A_
*d"

SCenent plugs placed at the hkNary Dam site were placed under submerged _

conditious using a dump bailer (Section 2.2.6.1.4). Prior to field
;[|

emplacement a numbe r of cement plugs were placed in the laboratory in """9
-II!

transparent acrylic and translucent PVC tube sections under similar
$$$conditions to those anticipated in the field in order to evaluate the

effectiveness of the method of installation. The initial laboratory -33'
'1E

testing was reported in the previous Annual Report (Daemen et al.,
;hh$1983).
- g-_

2 .4.1.1 Minute Upward Channeling Water St reams -sse

in Curing Cement Plug
In placing a cement plug in the field, it was S

considered necessary to
provide some type of highly permeable buf fer material between the be low-

m

;gg=g
plug instrumentation and the cement plug. The buffer material would I!!!

-- 9

help protect the downhole instrumentation when the borehole plug isfinally drilled out and re co ve re d . The buffer would also provide a _jjj
suitable surface on which to place the ce me n t . A layer of clean sand jg||
and gravel was selected for use as the bu f f e r. However, in laboratory ]!!!

4EE

tests, when plugs were placed underwater on a sand / gravel bed, a problem
l;occurred in virtually every plug placed. Presumably due to its lighter

hhhhdensity, water, in the form of minute streams, channeled upward through
the heavier cement slurry within a few minutes after placement. As the engg
water flowed upward, it separated the cement leaving a black and gjj
apparently more dense material in the channels. In some cases, when

===]=this action ceased, the jh|channels appeared to partially or completelyseal. In other cases, JR23transparent crystals formed in the channels orthe channels remained opened. E!!!
g2.4.1.2 Reduction / Prevention of Channels mm

a""In order to prevent
or reduce the extent of channeling, it was thought 4

that a material several orde rs of magnitude higher in permeability than jjjj
the ce me n t , yet capable of reducing the rate of up''rd water flow, could 1n
be used either instead of the sand / gravel or placed on top of it. }|||
Ma te ria ls considered included porous stone, sint e red metal, sponge, foam . _ =
rubber, a cement mix with high water content and plaster of paris. Of EEma

.

these ma t e ria ls , plaster of paris and polyurethane foam were teeted.
_
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2.4.1.2.1 Plaster of Paris Layer. In order to simulate the working

the McNary Dam site, a 9.1 m (30 f t) well was constructedconditions at
inside one of the campus buildings. The well consisted of 7.3 m (24 ft)
of 10.2 cm (4-in) schedule 40 PVC pipe and 1.8 m (6 ft) of 11.4 cm (4.5
in) o.d. acrylic tubing with a 0.318 cm (0.125 in) wall thickness. The
bottom of the PVC pipe was capped. The acrylic tube was spliced into
the pipe 0.9 m (3 ft) from the bottom with Dressler couplings.

Four plaster plugs were placed underwater in the clear acrylic tubing
section of the laboratory well. For each plug, 1600 g (3.53 lb) of
plaster of paris were mixed for 5 minutes with 2000 g (4.41 lb) of 14*C
(57'F) water. The plaster was lowered in the well with a bailer made
from 6.4 cm (2.5 in) schedule 40 PVC pipe and released 1.3 cm (.5 in)
above the sand. After initial set-up of the plaster, the acrylic
section was removed and replaced with another section for the next
plaster plug.

Water channeling occurred in each of the four plaster plugs placed. A
falling head hydraulic conductivity test was performed on the first
plug. The test was performed by filling the acrylic tube in which the
plug was poured with water. The bese of the plug was taken as the
reference datum for the head measurement. The hydraulic conductivity is
calculated from (Cedergren, 1977, pp. 49-51):

In(S).aK=
1

A and a are the same area and cancel. The plug length L is taken as 23
cm (9 in). The elapsed time between measurements is dt. The initial

head is h0 and the final head is h . The results are presented in Table _ _ _ _

g

2.21.

Attempts to perform falling head tests on the second and third plugs
failed. In both instances, the acrylic tube containing the plug was
left in the laboratory well so that the full head of water of the well
was available for the test. Ilowever, with the second plug, the tuic

shattered as a hole was being drilled in the acrylic to reduce the
pressure below the plug to atmospheric. With the third plug, the water
channels gradually eroded until the entire 8.5 m (28 ft) of water in the
well gushed past the plug. Figure 2.33 shows the plug after being
washed out. The erosion took place along the most heavily channeled
portion of the plug.

The fourth plaster plug was also left in the laboratory well and was
allowed to cure for three days. Then the top of the plug was ground
down untti 11.4 cm (4.5 in) of solid plaster remained. The loose

plaster was flushed out of the well with water.

A cement plug was then placed over the plaster. The cement plug was
made out of five standard batches (South et al., 1982) of Systen I
cement which were individually prepared and then mixed together. The
cement was lowered into the well in the bailer and released. This
formed a 15 cm (6 in) section of the plug that was fairly uniform except

122
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Table 2.21 Hydraulic Conduct ivit y of Plaster Plug "I
3

K
3Time of day Time Head x 10

Date (br: min) ( rai n ) (in) (cm/sec)
..

8/3/83 12:30 16.50
2:05 95 12.50 1.120

2:15 23.50 L~.
2:34 19 22.31 1.048 ')
2:46 12 21.50 1.174

' ~

3:22 36 19.25 1.170 . -

4:32 70 15.88 1.047
5:31 69 13.44 0,921

8/5/83 3:40 21.50 i Nr, .

k h'$i.[ij4:40 60 17.67 1.174
6:37 117 12.62 1.133 f

..':y :\
8/11/83 12:40 26.75 |- . ' . - '.

1:10 30 24.75 0.987 . -^ -
* '

1:5^ 40 22.75 0.803
yi.(# 'h. '? .c .

3:30 100 17.62 0.974 :
.

e5 ki-
4:35 65 15.12 0.897 |#
5 20 45 13.62 0.885 ~~ ,

%[6:05 45 12.12 0.988 . ~b
''

. _ . :| .)-. ;

8/19/83 11:45 25.88 p.. .-
12:25 40 23.50 0.919

?g^- M ' ;. : .' C2:20 115 17.37 1.001 7
? 45 25 16.50 0.783 f .V " 9

g .: . -

e
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Figure 2.33 Plaster plug #3 af ter falling head test.
Small channels formed by water that flowed
upward through the plug immediately after it
was poured gradually eroded into a large gape
during a falling head test.
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a
L that four channels developed. Each channel was a continuation of a
- channel already existing in the plaster plug. However, channels did not
EF form in the cement above every channel that existed in the plaster. The

ratio was about one channel in the cement per five channels in they
plaster. The flow of water through the channels in the cement was

- considerably less than observed in cement plugs poured directly over-
- sand (Daemen et al., 1983). Some cement mixed with water when the

- cement was released, which created a light colored swirl of cement for
the upper 6.4 cm (2.5 in). Below the swirl was a 5 cm (2 in) layer of

_
light cement that probably washed off the baller as it was removed f rom

{ the well. Figure 2.34 is a picture of the plug intact.

k

f 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 the atmosphere.

( Hith the well full of water, the top of the pipe was plugged with an
j expandable stopper (like those shown in Figure 3.9 of the previous
( annual report (Daemen, et al., 1983)). A 25 ml (0.85 fl oz) pipet was
y 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 over time. After the first week of testing,
the stopper began to leak and was eventually replaced with a PVC end"

} cap. This too developed a leak which was repaired.

f The water loss over the final 49 days of the test averaged 1.0 cc/ day
(0.061 cu in/ day). The recorded flow rates varied considerably, due ing

'-
part to temperature variations. A day-by-day log of water loss is

h recorded in Table 2.22.
r

; From the average flow rate, an approximate hydraulic conductivity can be
-

calculated. For a constant head test, Lambe and Whitman (1969) provide
E the equation

9k =
*

H nC
r

E where q is the flow rate, L is the sample length, H is the head, C is
> ethe plug diameter, and k is the vertical hydraulic conductivity.y

-9Based on this equation, an average hydraulic conductivity of 4 x 10
| cm/sec was calculated. During the last one to two weeks of observation,
{ some scepage occurred out of two stress cracks. The cracks started to

-
appear in the acrylic tube, primarily around the solid section ofr

cement, shortly after the plug was installed. The cracks gradually
F increased in number until the tube finally ruptured. The cracks reduce: the reliability of the calculated hydraulic conductivity.
'

2.4.1.2.2 Polyurethane Foam Layer. Another material tested in the

_- 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. The
, success of the foam in reducing the upward channeling of water streams
:

E
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Figure 2.34 Cement plug placed over plaster.
A plaster plug was placed by a bailer over 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 Loss-

Date'- Day (ml) (ml). Comments

iAug 22' ll:25:am 12.04 -

12:15.pm- 6.4 +5.6 added water to pipeti'

12:15 pm 20.8 -

- 2:22..pm' - 21.2 ' -0.4

.'4:00 pm' 21.4 -0.2

23 :6:00'pm 18.8 +2.6

24- :5:50 pm; 19.9 -1.1

26 .9:45 am 13.8 +b.1
29 9:30 cm '3.8 +10.0

9:40 am 13.8 - added water

e' - '5:30 pm 15.2 -I.4

. t$ 30 '-
~16.6 - - added water

+15-50 water disappeared below-pipet-

10:40 am'
31- 9:40 am 15.8- +0.8

Sept .- 1 9:20 am 14.4- +1.4'
2- ;9:30 am. 10.8

14.7 +18.6 added 22.5 m1 to get reading6' :10:05 am- .

7 :9:25 am |14.3 +20.4 added 20 m1 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 m1 to get reading
-10:50 am. 7.7 +7.4 water on top of expandable plug

indicated leak
replaced expandable plug with a 4-in
pve cap.

20- 5:20 pm' 13.9 - added 25.0 m1 to get reading
22 4:50 pm 13.2 +0.7
23' 10:40 am - - found water on top of pve cap
24 .10:40.am - - found and sealed leak

27 12:15 pm 21.2
'

added water to pipet-

,
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Table 2.22 Cement Bailed over Plaster Plug--Continued'.

. Time of.' in Pipet- ' Water 1.oss
Date- Day -(ml) - (ml) *

Cominen ts -

. Sept 28 11:00 am 18.7 +2.5
29i 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 ial/ day' ave -
3 10:06.au . . i. 8 - added water
4 10:00 am' 14.6 +2'.2

.5 10:00 am -- 13.6 +1.0
6 :10:50 am .13.5 '+0.1'

-

J7. 11:45 am. '11.2 +2.3
.10 11:25.am 9.3 +1.9 +0.62 ml/ day ave

r 12- |11:25 am 8.4 0.9 +0.45 ml/ day ave
$- ~13 12:25 pm 6.9 +1.5

.14 ~ 10:00 ain '6.4' +0.5
17 10:30 am .-4.3' +2.1 +0.7 ml/ day ave
17 10:30 am 21.0 - .added water
18 10:45 am 19.0 +2.0
19 9:20.am 19.1 -0.1
20 10:00'am 17.9 ~+1.2

'21 ~9:25:am 15.2 -. +2.7-

-24 9:05 am 14.1 +1.1 +0.37 ml/ day ave
'25 9:25 am .14.2 +0.1 rooin was cold
26 : 9:25 am 13.1 +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 +0.73 ml/ day ave
Nov- '1 9:25'am 5.4 +1.1

.2- 8:45 am 4.5' O.9 Noticed that water Itad been seeping
out of.a stress crack in the acrylic
for days.

3 9:45 am 4.5 0.0

- - - _ - _ _ _ _ _ _
- - -
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. Table 2.22 Cement Bailed Over Plaster Plug--Continued
,

'

Time off in Pipet- . Water Loss
, Dat'e - iDay. (al) (al)- Cominents

')Nov 4' , 8:35 am 2.4 +2.1
-4- 8:35'am 22.4 1added water.-

7 .8:40'am- 19.6 _ 2.6 +0.67 inl/ cay ave .+
48 ' 10:00 am~ ,18.1 ~+1.7
79 8:45'am- 19.3 -1.2
10 8:45 cm 19.1 +0.2
11 19:35 am , -

- Found acrylic split open and all-
'

- of the water drained out.
e-

..

,, N'

$-

4

~
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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) 1.d.
translucent TVC pipe. First, the tracer injection canister (the upper
part of the below plug instrumentation package; see Section 2.2.6.1.1)
was lowered in the laboratory well and covered with three 12.7 cm (5 in)
diameter, 5 cm (2 in) thick foam disks. The polyurethgne foam has a 1
mm (0.04 in) pore diameter and a 0.02 gm/cc (7.2 x 10- lb/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 cm (2
in) pipe. Seven more disks were placed on top of the previous three by
the same nethod.

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
cm (1 in) dianeter 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 lbs).

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
unde rwat e r. 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 cm (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 limitations. 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, are 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
procedurcs 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 it.dicated 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)
1.d. clear pve 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.

i
This plug is by far the most ideal one yet fotmed

!
underwater. |
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Figure 2,36 ' Diagram of Figure 2. 35.
A) a 10 cm (4-in) thick layer'of cement that washed out

,

of the bailer as it was raised.

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

c) a 2.3 cm (0.9 in) thick portion of' solid cement that
.

exhibited some slight. segregation.
D) a.14 cm (5.5 in) long solid cement section that'.was

: homogeneous'and included no channelling.

.E). compressed polyurethane disks.
,
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Numbers'on_.the channels give> channel width. Scale on.:
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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 LRadial Permeameter Test

1heo 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, ORh2,' is 15.1..cm (5.94 in) in diameter and 30.0 cm (11.8
'in).long._ A 9.63'em-(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' em (3.98 in)'

' deep in the center of the top and bottom ends, respectively. The.second
sample, ORM1,'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 ORh2, 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 cm (11.8 in) long sample.- In ORM1, the' plug was~10.2
cm (4.0 in) long and 10.8 cm (4.3 in) from th'e1 top and 9.6 cm (3.8 in).-

;
from the bottom of the 30.6 cm (12.0 in) long sample. Tables 2.24,-2.25+

[ and 2.27 summarize the results for- tests with'the cement plug replacing
~

1..

the rock bridge.
~

2.4.3 E Cement -Plug in Inclined Pipe

l~ .

! In January, 1983, an'18.cm (7 in) cement plug was placed'in a-10 cm (4
|. in) 1.d. galvanized steel pipe. The plug.was cured so that the

.

|: longitudinal axis' of'the pipe-section: inclined at 10' from the
~ horizontal inLorder to duplicate the' orientation of a curing plug.at the

Oracle ~ Ridge Mine site. Since February 1983, the' plug in:the inclined4

. pipe has been tested L by . injecting ~ water .at constant.; pressure into 'one.

end of the' plug. .The; plug, the emplacement procedure 'and the testing
procedure are described in Daemen; et al., .1983,L pp.- 55-57. - Test.results~

~

through : June 18,' 1983 -are presented in1 Table: 2.28.' From Table-2.28, the.

: weighted ;(by; time)iaverage finjectign rgtei for L the period - March 15, 1984~
cthrough= June.-18, 1984'is 2.9Lx: 10- 'em /hr. ' Assuming one-dimensional

^

porous media; flow'through'aihomogeneous plugl(neglectingiany plug / pipe.
'

,

rinterface: effects),;the hydraulic' conductivity (k) of the cement' plug-!

; 1(for water flow) Lean be estimated' using' the' following expression ^ (Lambe
; and Whitman,31969)j '

g ,'4qL'
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Table 2.23 Radial Permeameter Test Results for Sample ORM-2 with Rock. Bridge

Confin-- Top Flow Rate Flow Rate
Elapsed Axial ing , Pres- In Out

3 3_ y y y
-Time- Stress -Stress sure x 10 x 10>

Date- (min) (MPa) (MPa) (MPa) (cc/ min) (gm/ min) (cb (c ) (gm)

'6/17-6/18 '1596 7.6 6.8 0.4 2.68 -2.89 0.39 4.27 4.62
6/18-6/19 1411 7.6 6.9 0.4 2.66 2.72 0.27 3.76 3.84
6/19-6/20 1282 7.6 6.9 0.4 2.57 2.57 ~ 0.21 3.30 3.30

6/20 217 7.6 - 6.9 0.5 3.59 3.23 0 0.78 0.70
6/20 257 '7.6' 6.9 0.5 2.88 3.27' O.09 0.74 0.84

6/20-6/21 716 7.6 6.9 0.45 3.16 2.97 0.46 2.26 2.13
6/21 151 7.6 6.9 0.4 2.85 3.77 0.16 0.43 0.57-

6/21. 226 7.6 6.9 0.4 3.01 3.01 0.05 0.68 0.66

- 6/21 . 121 7.6 6.9 0.4 3.06 2.98 0.12 0.37 0.36
!?, 6/21-6/22 1049 7.6 6.8 0.4 3.13 3.11 0.35 -3.28 3.26

6/22 117 7.6 6.9 0.4 2.74 2.99 0.06 0.32 0.35
6/22-6/23 1155 7.6 6.7 0.4 .3.06 3.04 0.47 3.53 3.51

6/23 _147 7.5 6.9 0.4 2.99 2.79 0.10 0.44 0.41
6/23 120 -7.5 6.9 0.4- 3.00 3.00 0.04 0.36 0.36

6/23 182 ~7.6 6.9 0.4 3.13 2.86 0.02 0.57 0.52
6/23-6/24 1002 7.6 6.8 0.4 3.01 3.00 0.38 3.02 3.01

6/24- 103 7.5 6.9 0.4 2.91 2.81 0.10 0.30 0.29
-6/24 145 7.5 6.9 0.4 2.97 2.90 0.03 0.43 0.42

6/24-5/25 1418 7.5 6.7 0.4 3.09 3.00 0.67 4.38 4.25
6/25-6/26- '1457 7.5 6.6 0.4 2.96 3.02- 0.76 4.31 4.40

6/26-6/27 :150 '7.5 .6.8 0.4 2.20 2.20 0.28 3.29 3.34
6/27 408 . 7.5 6.9 0.4 2.75 0.245 0.10 1.12 0.10

6/27-6/28 1159 7.5 6.8 0.4 6.44 2.60 0.38 7.47 3.02
6/28 '239 7.5 6.9 0.4 7.45 2.97 0.09 1.78 0.71

.

6/28-6/30 2660 7.5 6.6 0.4 3.03 3.19 0.93 8.07 8.49
6/30' 176 7.6 6.9 0.4- 2.95. 2.90 0.11 0.52 0.51.

6/30-7/1- 1147 7.5 6.8 0.4 3.12 3.16 0.27 3.58 3.62

_ _ _ - - _ _ _ _ _ _ _ _ _ _
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Table.-2.23 Radial Permeameter Test Results for Sample ORM-2'with Rock Bridge--Continued

Confin - Top Flow Rate Flow RateElapsed . . Axia l ing Pres- In. Out' Time. Stress Stress sure x-10 x 10 y y y
~ 3 3

Date (min) (MPa)' (MPa)' '(MPa) ' (cc/ min). (gm/ min) (c ) (cc): (ge)
7/1-7/2 -1490 7.5 6.8 0.4 7.00 '3.50- 0.18' 10.37- 5.247/2-7/3 1391 7.5 6.9 .0.4 3.01 3.30 .0.12 4.19 4.597/3-7/4 1679- 7.5 5.4 0. 4' 2.94 3.09 4.09 .4.93 5.197/4 227 7.5 6.9 0.4 ' 2.91 2.95 0.05~ 0.66 0.677/4-7/5 1291- 7.5 6.8 .0. 4 ;- 2.82 1.58 0.17 3.64- -2.047/5-7/7 -2493 7.5 6.8 0.4 2.86' 5.36 0.16' 7.15- 13.36'7/7 361 7.6 -6.9 0.45 3.83 3.30 0.00| 1.38 1.197/7-7/8- 1015 .7.6 ' 6.9 0.45 3.02- 2.80 0.20 3.07 '2.877/8 .352 7.6 6.9 0.4 2.78 21.02 0.00 0.98 7.40

--

$ 7/8-7/9 1314 7.5 6.8 0.4 3.03, 3.11 0.26 3.98 4.097/9-7/10 1533 7.5 6.8 0.4 2.93 3.09. 0.00 4.49 4.747/10-7/11 962- 7.5 6.9 0.4 2.90 2.93 0.09 2.79 2.82,7/11-7/12 1548 7.4 6.8 0.4 2.80 3.00 0.84 4.34 4.657/12-7/13 1372 7.4 6.9 0.4 2.85 2.94 0.11 3.91 4.03
'

7/13-7/14 1484 7.5 6.8' O.4 2.77 5.63 0.16 4.1l 8.387/14-7/15' 1347 7.5 6.8 0.4 2.61 2.90 0.22 3.52 3.917/15-7/17' 2922 7.4 .6.7 0.4 2.72 2.86 0.43 7.96 8.377/17-7/18- 1468 7.4 6.8 - 0.4 2.63 2.77 0.23 3.86 4.067/18-7/19 1388 7.4 6.8 0.4 2.59 2.77 0.l6 3.60 3.857/19-7/20. 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 0.19 3.97 4.10
.

7/21-7/22 1321 7.4 6.8 0.4 2.58 2.73'7/22-7/23 1485 7.4 6.8 0.4 2.57 2.71 0.17 3.81 4.03

3.41 3.60-

7/23-7/24 1646 '7.4 -6.8 0.5 4.54 3.71 0.17 7.47 6.I17/24-7/25 1245 7.4' 6.8 0.45 3.86 3.70 0.16 4.80 4.617/25-7/26 1308 7.4 6.8 0.5 4.09 4.01 0.23 5.35 5.257/26-7/27 1416 7.4 6.9 0.5 33.69 3.53 0.13 47.71 5.00

_ _ _ _ - _ _



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
3 3Time-' Stress Stress 'sure x 10 x 10 y y y

Date ~(min) (MPa) (MPa) (MPa) (cc/ min) (g:n/ min) (ch_) (ch) (g )

7/27-7/28- 1515- 7.4 6.8 0.5 3.06 3.25 0.23 4.63. 4.92
.7/28-7/29- 1385 7.4 6.8 0.5 2.92 3.18 0.19 .4.05 4.40-
7/29-7/30 1596 7.4 6.8 0.5 2.90- 3.07 0.22 4.63 3.07
7/30-7/31 1313 7.4 6.8 0.5 1.67 2.66 'O.21 2.19 2.6o
8/1-8/2 1573. 7.4 6.7 0.4 5.87- 3.92 0.26 9.23 b.16
8/2-8/3 1355.. 7.4. 6.8 0.5 10.69 10.48 0.30 14.49 14.20

~8/3-8/4 1413 7.4 6.8 0.5 3.74 3.80 0.02. 5.28 5.37
8/4-8/6 3111' 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 0.4 3.04 3.28 0.28 5.01. 5.41--

d 3/7-8/8 .995 7.4 6.8' O.4 3.05 3.05' O.30 3.03 3.03
8/8-8/9 1492- 7.4 6.9 0.4 J.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 6.72

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 0.16 8.10' 8.54
8/12-8/13 1306 7.4 6.8 0.6 4.56 4.72L 0.31 5.95 6.16

'

NOTES: Bottom pressure is always'zero. V is the volume of water added to annulus; V is the volume of
-

4 7
water pumped into top hole; V is the weight of water flowing from bottom hole.O

I
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Table 2.24 . Radial Permeameter Test Results for Sample UKM-2 with Cement Plug

:Confin- .' Top Flow Rate Flow Rate
Elapsed Axial ing Pres- In Out

3 3
Time Stress Stress sure x 10 x 10 .y y y

-Date- '(min)' (MPa) (MPa) (MPa) (cc/ min) (gm/ min) -(c ) _(c ) (g )

9/8-9/9 1065 7.5 6.3 0.4 3,15 2.57 1.72 '3.35 2.74

9/9-9/13 5738 7.5 6.3 0.4 2.51 2.73 :1.77 14 39 15.644
3.749/13-9/14- '1453 7.6 6.7 0.4 - 2.57 0.48 -

9/14 396- ' 7.6 6.9 0.4 ~ 2.22 2.93 0.11 'O.88 1.16

9/14-9/15 1059 7.6 6.8 . O.4 2.59 2.90 0.40 2.74 3.07

9/15 427 7.6 6.8 0.4 2.51 2.72 0.10' l.07 1.16

9/15-9/17 2842 7.6 6.6 0.4 2.48 2.16 0.74 7.04 0.14

9/17-9/19 .2542'. 7.6 6.7 0.4 2.31 3.33 0.67 5.86 8.47

9/19-9/20 1306 7.6 6.7 0.4 2.24 2.53 0.43 2.92 3.30w
$ 9/20 '145 -7.6 6.9 0.4 2.07 2.34 - 0.30 0.34

-9/20-9/22 2723 7.6, 6.8 0.4 1.93 .2.32 U.41 5.25 6.32

9/22-9/23 1347 7.6 7.5 0.4 2.71 2.96 1.16 3.65 3.99

9/23-9/26 .4714 7.5 6.4 0.4 2.41 2.76 1.40 11.34 13.0

9/26-9/27 828 ?.6 .7.7 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 ofA 7
water pumped into: top hole; V is-the: weight of water flowing from bottom hole.O

*

P
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' Table 2.25 Radial Permeameter Test Results for- Sample 'ORM-2 with Cement Plug -1

and Nearly In-situ Confining Conditions

..

Confin- Top Flow Rate Flow Rate.
. Elapsed -Axial .ing Pres- In Out

3 3Time- Stress -Stress sure. x 10 .x 10 .y y y ,

Date .(min) (MPa) (MPa) (MPa) (cc/ min)- -(gm/ min) '(c )- (c ) (ga)

9/27-9/28. 1603. ' 'l.83 ,1.50 0.30 .2.79 2.49 'O.10. 4.47 3.99
.9/28-9/29- 1246' l.72 :1.52 0.28 2.59 2.64 0.06 3.23- 3.29
~9/29-9/30- 1509 1.74 11.48 0.27 2.37 -2.55 0.14- 3.57 3.85
:9/30-10/3.~ 4343 1.76. 1.44 0.26 - 2.38 'O.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
'' w -10/6-10/7 1678 1.80 1.48 0.30- 2.68 2.77 0.09 4.50 4.64

U .10/7-10/10' 4205 1.72 .l.42 0.27 2.09 2.17 0.37 8.79 9.13
10/10-10/11 1312- ' l '. 7 2 1.48. 0.30 3.32 2.82 0.17 4.35 3. 70;.

~10/11-10/12- 1286. 1.72 1.48 0.30 :2.60 1.46 0.09 3.34 1.88!

10/12-10/13 11677 1.73 1.48- 0.30 2.45- 5.63 0.13 4.11 9.44
10/13-10/14- 1581 -1.74 1.46 0.28 2.41 '2.24 0.17 3.81 '3.54
10/14-10/17. '4249 _ .l.74 1.40 0.28 2.65 2.46 0.38 11.28 10.46

NOTES: Bottom pressure is always zero.- V is the volume of water added to annulus;.V is the volume ofA 7
waterLpumped into' top hole; V is the weight of water flowing from bottom hole.OL

|

'
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Table ~2.26 Radial Permeameter Test Results for Sample UKM-1 with Rock Bridge

Confin- Top' Flow Rate Flow Rate

Elapsed Axial ~ .ing . Pres- In Out
3

Time . Stress Stress sure- x 10 x 10 y y y

Date (min) (MPa) (MPa): (MPa) (cc/inin) (gm/tain) (ch). (cf,). (gN)

10/26-10/28 2851 '7.5- .6.5 0.4 3.42 2.90 1.11 9.74 6.28

10/28-10/31 4645 '7.4. 5.9 0.4 4.21 '3.62 3.19' 19.54 16.82

L10/31-II/l 1235 7.6 6.8- 0.5 5.43 4.23 0.30 0.71: 5.22-

11/1-11/2 1314 7.6 6.8.. 0.5 5.10 3.77 0.18 .6.70 4.95

11/2-11/4 2832 7.6 6.8 0.4 5.00 2.95 0.34 14.15- 6.36

.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 2.12 0.12 6.74 3.2b

1I/9- I1/15 87.43: -7.6- 6.7- 0.4 .4.67 2.59 0.54 '40.86- 22.68
r 7.28 4'.46$ 11/l'5-11/16' 1381 7.6 6.9 - 0.4 5.27 3.23 -

11/16-11/17 1470 7.o 6.8 3.5 47.16* 45.92* 0.14 69.32 67.50

11/17-11/18 1268 7.6 6.9. 3.4 45.86* 45.71* 0.18 58.15 57.96

11/18-11/21 4380 7.5 6.8 0.4 4.99 3.33 - 21.84 14.58

11/21-11/22 1685- 7.4 6.7 0.4- 4.23 2.73 0.50 7.12 4.60

11/22-11/23 1147 7.4 .6.9 .0.4 5.68 4.10 0.08 0.52 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 1380 7.6 - 0.4 5.25 3.79 - 7.24 5.23

-11/29-11/30 1592 ' 7 .6 - . 6.8 0.4 5.52 4.13 0.16 3.79 6.57

is the volume'ofNOTES:~ -Bottom pressure is always zero. V ~is the volume 7)f water added to annulus; V74
. is the weight' of water ' flowing trota bottom hole.e ~ water puuped-into top hole;..VO

Top pressure increased for two. days in an attempt to fiaprove the mass balance by saturating the*

sample. .

-
. ,z

_ _ _ . _ . _ _ _ _
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Table 2.27. Radial Permeameter Test'Results for. Sample ORM-1.with Cement. Plug-
,

e ' d,'
iConfin- Top. Flow Ratei . Flow kat.e ,

" Elapsed ' Axial. .ing. Pres- In;3 : Ou t
. 3Time" -Stress Stress = .- sure ' x 10 x 10 V V V

Date .(min). -(MPa) (MPa) ,(MPa) (cc/ min) .(gm/ min)~ (c )- (c ) (g ).'

.

-

.

12/11-12/12- y1629' '7.5 6.8 .3 14.24
'3.94 .18 '6.91 6.42.-

-12/12-12/13 1122 7 . 51 6.8 .4 5.36 .4.92 .20 6.01 ' ' 5 . 5 2 .-
-

:-12/13-12/14 - .1666- 7.5 6.9 .4 5.08 4. 64 '' .16- 8.'46
.12.71

7.73.
12/14-12/16 2917 7.5- 6.8 .4 4.92 4.36 .24 '14.34

:12/16-12/19 4199 :7.5 ,6.8 .4 5.54' 5.50 .32 .23.28 23.08;

12/19-12/20 ;1392 7.5 -6.9 .4 4.93 4.39 .14. 6.86; 6.11
,

12/20-12/21 1449 7.5 6.9 .4 -4.60 3.49 .12 6~. 6 7 ' 5.05
12/21-12/22. -1653 1.9 1.5 .3 '4.31 1.67 0 7.13 ; 2.76s

12/22-1/5/84- no' readings'
. , _

s
y- -1/5-1/61 1464'. | 1'. 7 1.3 .3 . 4.58 2.47 1.05 6.71 3.61

1/6-1/9 .4174 1.7. 1.2 .3 4.02 1.66 1.'46 '16.80 6.93
1/9-1/10- -1461 l '. 8 l '. 5 .3 4.83

,

# 1/10-1/11 .1186' l.9 1.5 .3 4.04
'

2.70 .14 -7.06- '3.95
2.16' .05 4.79 2.56L

1/11-1/12 1407 Ll.9- - .3 3.82 1.75. -- -5.83 2.46
'

1/12-1/13' .1431 -1.9 1.5 .3 3.99 . 1.07 .10 5.71 1.53
11/13-1/16 4315 1.9 .. l . 5 - .3 3.651 - - .09 15.73 -

1/16-1/17 .1442 1.9 1.5 .3 4.20 3.88 .05 6.06 5.60s

'l/17-1/18 1537 l.9 1.5 .3 ' ' 4.05 3.85 .05 6.22 :5.91
7 -1/18-1/19| 1305 1.9 1.5 .3 '3.59' 3.52 .09 4.68 4.59 !

- 1/19-1/20 1568- 1.9. 1.5 .3 4.20 4.25 .03 '6.58 6.67
!/20-1/23 f4272- - 1.9 .1.5 :. 3 ' 3.97 4.05 .23 16.98 17.29
1/23-1/24' 1537 2.0 .1.5 .3 2.47 2.54 .15 3.80 3.90
1/24-1/25. 1249 ' 2.0 1.5 .3 2.00 1.91 .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 .3. 3.86 3.78 .03 5.63 5.52
1/27-1/30 ^4258: 2.0 1.5 .3 3.47 3.34 .18 14.76 14.42
1/30-1/31 1430 '2.0 =1.5 .3 3.69 3.41 .09 5.28 4.87

v
- .

9 h
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Table 2.27 Radial Permeameter Test Results for Sample. ORh-l with Cement Plug--Continusd
^

Confin- Top- Flow Rate - Flow Rate
' Elapsed Axial ing Pres- In Out'

3 3
Time Stress Stress sure x 10 x 10 V V V

Date (min)- (MPa) (hPa) (epa) (cc/ min)' (gm/ min) -(ch) (c ) (g )

1/31-2/l' .1450 2.0 1.5 .3- 3.45 -3.31 .06 "5.00 4.80-.

2/1-2/2 1444 2.0 1.5 .3 3.23 3.14 .02 4.66. 4.53
4.63 ~4.672/2-2/3 1390 2.0 - .3 3.47 . 3.36' -

2/3-2/6 4343 2.0 1.5 .3 3.45 3.38 .16 14.99 14.69

2/6-2/7 1440 2.0 1.5 -.3 -3.44 3.07 .08 ~ 4.95 4.42

2/7-2/8 1465 2.1 1.5 .3 3.33 3.21 .03 4.88 4.70

~2/8-2/9 1374 '2.1. 1.5 .3' 3.24 3.15 .07 4.45 4.33

2/9-2/10 1413 2.1 1.5' .3 3.16 3.01 .06 4.46 4.26

J- -2/10-2/13 4460 2.1- 1.5 .3 3.38 3.07 .19 15.06 13.68

f; '2/13-2/14- 1282 2.1 1.5 .3 3.07 2.84 .05 3.93 3.64. ,

2/14-2/15 1502 2.1 1.5 .3 2.96 2.77 .05 4.44 4.16

2/15-2/16 1416 2.1 1.6 .3 2.71 2.80 .11 3.84~ ~3 '.' 9 7

-2/16-2/17 1418 2.1 1.5 .3 3.42 3.35 .05 4.85 4.75

2/17-2/20 4249 2.1 1.4 .3 - 3.28 3.20 .43 13.93 13.60

2/20-2/21 1697- -2.1 1.5 .3 3.30 3.38 .11 5.60 5.74

2/21-2/22 1182 2.1 1.5 .3 3.29 3.39 .07 3.89 4.01

2/22-2/23 1426 .2.1 1.5 .3 3.21 3.11 .12 4.58 4.44

2/23-2/24- .1494 =' 2.1. 1.5 .3 3.14 3.15- .10 4.69 4.70

2/24-2/27 4338 2.1 1.5 .3 2.94 2.81 .20 12.76 12.21

-2/27-2/28 no data
'

2/28-2/29 1498 2.2 1.5 .7 10.9 10.1 .05 16.27 15.14

.2/29-3/1 1539 2.2 1.5 .7 10.5 9.75 .09 16.21 15.00

3/1-3/2 1345 2.2- 1.5 .7 9.30 7.06 .06 12.51 9.50

3/2-3/5 4316 2.2 1.3 .7 9.96 9.73 .12 42.99 41.98

3/5-3/6 1371- 2.2 1.5 .5 9.99 10.1 .10 13.69 13.81

3/6-3/8 -2874 2.2' 1.5 .7 10.4 10.4 .12 29.82 29.76

c3/8-3/9 1381 2.2 1.5 .7 10.2 10.3 .09 14.05 14.24

___ - . - - . - - - _ - - - - - - - _
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Table 2.27 Radial Permeameter Test Results for Sample URtr-1 with Cement ' Plug--Continued

Confin ' . Top Flow Rate Flow' Rate
Elapsed Axial ing ' Pres- .In out

3 3.
Time Stress Stress sure x 10 x 10 y .y y

Date- (min) (MPa) (MPa) (NPa) (cc/ min) (gm/ min) (ch)' (cf) :(gm)

3/9-3/12 42b5 2.2 1.5 .7 10.9 11.0 .18 46.34 47.05

3/12-3/13 1425 2.3 1.5 .7 10.4 10.7 .08 14.88 15.20
m
$ -3/13-3/15 2912 2. 3 .. 1.5 .7 10.5 10.7 .12 30.71 31.28

3/15-3/16 1767 2.3 1.5 .7 9.12 .07 16.11 0.01
'

3/16-4/24 'no' data
..

1.3 .5 4.83 5.15 .31 7.36 7.854/24-4/25 1523 2.2
4/25-4/27 2885 .2.2- 1.4- .7 .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 '.7 3.13 5.70 2.43 9.01 16.42

c5/2-5/4 -2764 '2.5 1. I' .7 U.3 3.38 2.23 .09 9.35

is the volume of' NOTES: Bottom pressure is.always zero. V is' the volume of water added to annulus; V7A
water pun. ped.into' top hole; VO.is the. weight of water flowing from bottom hole

- _ _ - _ _ _ _ _ -_ _ _ _ _
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" Table 12.28 : jInclined, Pipe Constant Pressure Injection Test Results

. .

Average
. _.

Displacement InjectionAverage-
Time. : Injection .in Volume kate

2
..

-Interval: Pressure View Tube Injected 2x 10
- 1Date/ Time- -(min). (epa) (cm) (cc) (cc/hr)

f 2-3-8'3/0915 =
5750 1.14 74.0 23.4 24

-2-7/0905:. _

30.2 9.56 5.7
i

10150' l.10

E2-14/10151
.

-10005 1.10 -43.2 13.7 8.2

2-21/0900
:10080'- 1.10 21.0 6.65 4.0'

10080 1.10 27.3' 8.64 5.1'

; 3.-7 /0900.;
10090- 'l.10 35.7 11.3 6.7

~3-14/0910
10270' '1.10 20.3 6.42 3.8

3-21/122'O- .

1.07 18.4 5.82 ~3.69835
_

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* 5.22- 3.1 '

5-2/1100 -

'9980~ 1.03 24.9 11.0- '6.6

5-9/0920-
,

-10145 1.01 '24.5 7.75 - 4.6
5-16/1025-

~

-1.00 44.2 14.0 8.4~-l0005
5-23/0910-
.

:10155- 1.00 -11.4 3.61 2.l

n5-30/1025-
~10035: :1.00 - 18.4- -5.82- 3.5-:

16-6/0940- '

10960 . I'.00 16'. ? 5.I3' ~3.I'

s.
' :10100 '1.001 13.3 4.21' 2.5 ~ l-

'
.. 3

-6-20/0940

.. ,

r ;10085- ~1.00. 15.6 - 4 =. 9 4 :- 2.9J

12995 _ l.00' ~6.I' 1.93~ . 89
-7-6-1020;m

.

1445
,

i 2 -- 11. '
_ . _
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Table 2.28 Inclined Pipe Constant.. Pressure Injection Test bsults--
. Continued-

_

i

Average
Average Displacement Injection

' Time Injection in Volume Pate
2Interval Pressure- View Tube , Injected x 10

LDate/ Time -(min) (hPa) (cm)~ (cc)- (cc/hr)
_

10040- .1.00 3.2- 1.01 .60
--7-13/0940'

10100 1.00 6.4- 2.03 1.2
-7-20/1000

10152 1.00 24.8 7.85 4.6
'7-27/1112

-l1'468 1.00 21.4 6.77 3.5'
8-4/1020

10065 '1.00 21.9 6.93 4.1
8-11/1005

10060 1.00 16.2 5.13 3.1
8-18/0945-

10085- 1.00 15.2 ~4.81 2.9
- 8-25/0950

10045 1.00 11.9 3.77 '2.3
9-1/0915

10085 1.00 11.9 3.77 2.2
9-8/0920

, 9-15/0940_
10100 1.00 12.2 3.86 2.3

10120. 1.00 16.2 5.76 3.4
9-22/1020-

10060__ l.00 20.5 6.49 3.9
9-29/1000

10050 1.00- 15.1 4.78 2.9
10-6/0930-

10255 1.00 26.2 8.29 4.9
10-13/1225

9915 1.00 24.4 7.72 4.7
10-20/0940

10065 1.00 19.8 6.27 3.7-
10-27/0925

10115 1.00 16.0 5.06 3.0
11-3/1000

-10025 1.00 ;18.2 5.76 3.4
11-10/0905

10005 1.00 27.3 8.64 -5.2
11-17/0835-

8665 1.00_ - 22.6 7.15 5.0
11-23/0900-

10105 1.00_ 13.0 ' 4.11.' 2.4 |
11-30/0925

'10075 1.00 10.5- .3.32 2.0

-145.
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' Table-2.28: Inclined Pipe Constant Pressure Injection Test Results--
. Continued

Average
Average . Displacement- Injection

Time Injection in. Volume Rate
2

' Interval Pressure ' View Tube Injected -x 10

.

2Date/ Time 1(min) (MPa) (cm) (cc) (cc/hr)

9985 1.00- 7.2- 2.28 1.4

12-14/0745
10173 .l.00 15.7 4.97. 2.9'

_12-21/0918
10091 1.00 3.5 1.11 .66

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 l'O . 7 3.39 2.0

l-18/1120;

9960 1.00 13.8 4.37 2.6
1 1-25/0920
| 10080 1.00 3.9 1.23 .73

2-1/0920,

10140 1.00 7.3 2.31- 1.4
2-8/1020

8570 1.00 10.0 3.17- 2.2'

2-14/0910'
11495 1.00 5.2 1.65 .86

I .2-22/0845
10114' l.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 1.4'

| 3-15/0940
86'o5 1.00 12.6 3.99 2.8

3-21/1005 .

13211 -1.00 12.5 3.96 1.8
3-30/1416,

10101 'l.00 13.5. '4.27 - 2.5'
'

- 4-6/1437
8289 1.00 13.8 4.37. 3.2- )

4-12/084'6 ]_

;-
_

8726 :1.00 20.9 6.61 4.5 <

4-18/1012
9993 1.00 26.1 8.26 5.0

'

4-25/0845
! 4.6' 4.62- 3.8'7373- 1.iOO 1

4-30/1138- .

'19.3' b.11 3.79982 'l.00.
5-7/1000.-

" '
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Table 2.2B Inclined Pipe Constant Pressure Injection Test Results--
. Continued

L<

Ave rage
Average Displacement Injection

Time. Injection. in Volume . Rate>

2
'Inte rval - Pressure View Tube Injected x '.0

'

Date/ Time = -(min) (MPa)' .(cm) (cc) (cc/hr)

9993 1.00 19.7 6.24 3.7
5-14/0833

10108: 1.00 16.7 5.29 3.1
iS 21/0901

11544 1.00 12.9 4.08 2.1
5-29/0925

8669 1.00 10. '1 3.20 2.2
.6-4/0954

- 10157 1.00 8.5 2.69 1.6
.6-11/1111 .

10024 1.00 -6.8 2.15 1.3
; 6-18/1015

_

'

.+ Experiment interrupted; displacement estimated.,

-2Weighted' average flow rate for 3-15-84 to 6-18-84: 2.9 x 10 cc/hr,

1

|

?

!

!

I

l

4

'

,

1

|

!4

|

I

.
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where q = flow rate - 2.9 x 10-2 c ,3/hr = 8.1 x 10-6 c,3/sec; L = plug
length =j8cm;H = hydraulic head difference across the plug = 1 MPa =c
1.02 x 10 cm of water; D = hole diameter = 10 cm. Substituting into

-10
-the above expression yields K = 1.8 x 10 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 outflow 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 reasonahte outflow from the plug. Test results will be
included in the next quarterly report.
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a . CHAPTER THREE-

EXPERIMENTAL ASSESSMENT OF THE EFFECT OF . DYNAMIC LOADING
- ON BOREHOLE- SEAL PERFORMANCE,

'

I .'l ilntroduction- =

.

~

,This: chapter summarizes an upcoming topical report- (Adisoma- and Daemen,~

1984).
''

]_" -

[ Flow testing hasibeen t conducted to ' measure 1the-hydraulic conductivity of
.

cenentiborehole seals' in granite. The effect .of dynamic loading on the
performance of these . seals has been assessed experimentally, using a-
shaking table. .; Dynamic;1oads-have-heen applied to the samples in<

. between the ' flow = tests ' to- determine the' change in hydraulic conductivity
oof the plug, rock s. ystem that might-~ be induced by dynamic loads.1

- .

i -

In determining.-the effect of dynamic-loading, this study' deals with two
;

; types.of icement seals. The first ones are saturated cement seals, i.e.
.

those always kept saturated under water.. The second type are: cementL

[ - seals thatihave : been. allowed - to- dry af ter. the n'ormal curing period.
,

3.2 Steady-State Flow-Testing and-Dynamic Testing on Saturated'and
- on-Dried-Cement Plugs in Cranite-,

'

.
.

'

3.2.l' Introduction
1.

i
L Effective-long-term isolation ofshigh-level' nuclear wastes:in deep.
|; underground repositories relies on the natural barrier (i.e~%the' rock.

itself)'a'nd engineered barriers (waste' canister,' packing,nbackfill,.
sealing | mate rials ). Hydrogeologici ransport is~the most important.t

mechanism; for potential transfer of radionuclides' t'o the biosphere
(Boul't6n,11978; ONWI, 1980; J Moody, 1982; Jetc.). ' The presenceJof - manmade-4

penetrations, suchf as an openL borehole,: intersecting ~ airepository rock
n' ass compromises thefintegrity of-the surrounding / rock in slowingfdown-.s

I the : radionuclide-contaminated 'wate r ; migration 1(Kocher et 'a1. , 21983;
^

1

:Bredehoeft?et al., /1978; Barbreau let .al., 1980; Heineman'et?al.,'1978;:
'

;and i many Lothers). ~ Theref ore,; a115penet rations Jin ' the vicin'ity |of c deep 1 1,
~

be ' ealed : re'liably.Lunderground repositories nust s o

'

Of . interest in the : study of Lthese sea 1s is the ef fect dynamiccioading
' Tmight have'on their: performance fsuchias in the ev. of earthquake or-

i
~ }1arge-scale-(especially subsurfacei blasting: nearby. Thel Nuclear;,

Regulatory Commission has n'oti yet ' established a design response criteria
,

- forinuclear: waste stora' 'e' facilities - (Vortman, L 1982).!-> g

?A~ review 3of the:past} performance.of underground openingsiduring'
: . earthquakes iindicates .thatfiinderground ' structures in general tare'less
L ;severelyfaffect'ed than, surface! structures _at the same: location-(Owen and'
; , Scho11,11981) .-- PAnotheriapproach is "to use 'numericalimodeling_ techniq'ues .

,
-

s

i J ; 150~
|- , .

t+ ~

g ,
,

, , . . . . . . . -.. - - - .



'

'to predict damage due to ground motion (Yanev and Owen, 1978; Wahi et
al., 1980).- In general, ' these numerica1' techniques are used to evaluate-

the stability of' underground' openings during an earthquake. Although
-this will be of interest during the operational rhase of an underground
nuclear' waste repository, greater interest in tre -long term will be in
seismic. damage that causes cracks-which.mayLincrease the permeability of-
:the plug-rock system.

. The objective of this study is to assess the performance of cement
borehole seals under simulated laboratory. dynamic loading conditions.

,

3.2.2 Experimental Procedures-
<

The -basic approach used in this study is to establish a steady-state
' flow through the cement. borehole' seal . in a rock specimen, then subject
the plugged specimen to dynamic loads using a shaking table, and finally
assess the influence on seal performance by comparing flow rates before

~

and'after the dynamic loading,

Cylindrical Charcoal' granite spccimens, approximately 150 om (6 in) in
diameter- and 300 mm- (12 in) long, had a 25 mm (1 in) diameter coaxial
hole drilled from both ends. .In the center of the hole either a rock
bridge is left or a cement plug is installed. Details of rock type and
origin, cement composition, and mixing procedures, are given in the
previous ~ annual report (Daemen'et al., 1983). Uater. injected'at a
constant pressure into the topf hole, using high pressure nitrogen-driven
pressure intensifiers or hydraulic accumulators, flows through the

!- specimen to the bottom hole' (Figure 3.1). Steady-state flow rates are
-measured.

During the flow testing nf three rock specimens, liquid' concentrate dye
marker has been injected with the water in the top hole.. The dye
injection testing has been performed to allow observation of the flow.
paths in saturated and in dried-out cement seals.,

For the dynamic loading-tests, the rock specimen is securely placed on
top of a shaking table using a~ set of clamps and tensioned cables. To
measure the acceleration |along the horizontal axis ' generated by :the
shaking table motion, a sinusoid g-meter is used. Details of the
equipment used and testing procedures are described in the last annual

report (Daemen et al. , 1983) and - in the upcoming ' topical , report (Adisoma
and Daemen, 1984). f Figure 3.2 'shows the laboratory arrangement for the
steady state flow testing;and' dynamic testing of borehole plugs.

I' The' dynamic testing is performed while the specimen'is under a steady--

state-flowicondition.' Therefore, the - flow rate prior to and af ter a
! ' dynamic ' load is applied can be compared directly. The test is repeated

t -at various injection pressures and with increasingly severe dynamic
| loads, .i.e. _ longer, durations and higher ' accelerations.
!-

i
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I, Nitrogen gas tank.
2. Pressure regulator.
3. Low pressure (gas) cylinder of pressure intensifier.
4. High pressure (water) cylinder of pressure intensifier
5. Water injection pressure gauge.
6. Rotometer (flowmeter).
7. Rock sample.
8.. Borehole plug.
9. Measuring pipettes for outflow collection.

10. Dial gauge for piston displacement measurement.

Figure 3.1 Steady-state flow testing layout. The outflow collection
.

system collects separately the one-dimensional flow through
the plug and the plug-rock interf ace in the right (R)

i pipette, and peripheral flow through the rock around the
plug in the 'lef t (L) pipette. Broken arrows in rock sample
are qualitative indications of possible flow paths.
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Figure 3.2 Laboratory arrangement for steady-state flow testing and
dynamic loading of borehole plugs. Two pressure
intensifiers, bottom left, and three hydraulic accumulators,
top, provide the constant injection pressures for five
specimens simultaneously. One of the speciciens is mounted
on the shaking table, bottom left. A positive-displacement
hand pump, bottom right , is shown during refilling of one of
the testing stations with water.
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3.2.3 Experimental Results

Five granite samples with saturated and with dried-out cement seals and
with rock bridges have been flow-tested previously and have been
reported on in the last annual report. Flow testing and dynamic loading
has been continued on four of these samples during the period reported
on here. Four additional samples have been tested, including one with a
saturated cement seal which, after flow-and-dynamic testing were
completed, was allowed to dry out in the heating oven and was flow-
tested again. In three of these samples dye has been injected after the
dynamic testing has been completed, and two have been sawed in half
lengthwise to allow inspection of flow paths, interface, plug and rock.

Visual inspection of the sawed half of the specimens shows that the dye
uniformly penetrates the body of the saturated cement seal. On the
other hand, for the dried-out cement seal the interface clearly acts as
the preferential flow path, as evident from the dye traces in the
interf acial area and f rom their absence in the plug body.

The results of the steady-state flow testing are plotted by giving the
outflow as a function of time, to obtain the flow rate for each

fit for the datainjection pressure. Linearregressionggvesthebest
with the coefficient of determination, r , equal to or close to unity.
Figures 3.3 and 3.4 give the flow vs. time plot of the outflow through
the saturated cement plug and through the plug-rock interface of a
dried out cement plug, respectively.

The flow rate has been plotted as a function of elapsed time since the
beginning of the flow testing. The permeability, k, has been calculated
using Darcy's law and assuming one-dimensional flow through the
'aturated cement plug or through the rock bridge. For the dried-outs
plugs,'where a preferential flow path exists along the plug-rock
interf ace, a flow through a fissure law is used, analyzed by the
equivalent parallel plate flow concept. The fissure permeability, k ,
is then computed after the equivalent parallel plate aperture, e,had
been found.

The flow through Charcoal granite is shown in Figure 3.5, the
permeability in Figure 3.6, in which are plotted the 1-D flow through
the rock bridge and its permeability, respectively, as a function of

elapsed time. The permeability, calculaged using Darcy's Law for one-dimensional flow, is in the order of 10~ darcy for Charcoal granite.
The permeability seems to be fairly constant with time for the specimen
used (sample CG5309-04).

Figure 3.7 is a typical example of the flow rate through a saturated
cement plug as a function of time (this plot is for sample CG5309-06).
Distinct flow rates can be recognized for dif ferent injection pressures,
the higher the injection pressure the higher the flow rate. These

values have been converted to permeability and plotted as a functiog of
elapsed time (Figure 3.8). The permeability is in the order of 10-
darcy from the beginning of the flow testing to day 220, the last 40
days of which correspond to the dye injection test. This is an order of
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Figure 3.3 Linear regression plot of outflow as a function of time for,

! a saturated cement plug. The equation V = a + bT is used to

| obtain flow rater , where V is the volume of the flow, T is
; the time, and a and b are the regression coefficients. For
| the injectionwas1.99x10gresgureusedherg=(4HPa),the1-Dflowratecm / min, with r 0.99. R-flow is the 1-D

flow through cement and L-flow is the peripheral flow
through the rock around the cement plug. A 95% confidence
band is shown around each regression line.
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magnitude lower than the permeability of granite. Dynamic loading at an
acceleration of 1 g (and 2 g for sample CG5309-08) and for a duration of
up to five minutes does not significantly affect the permeability.

Figure 3.9 shows the 1-D flow rate through a cement plug dried out for
seven months prior to testing, as a function of elapsed time since the
beginning of the flow test. This sample (CG5309-01) had been undergoing
continuous flow testing for more than eight months, including 39 days of
dye injection during the last stage of the test. The sharp decline of
flow rate during the first 60 days of resaturation indicates a re-
expansion of the cement plug that tightens the plug-rock interface (a
preferential flow path, as confirmed by the dye injection test). The
flow rate continued to drop afterwards but at a lower rate.

The fissure permeability has been calculated f rom the flow rate and
plotted ys a function _yf elapsed time (Figure 3.10). It has decreased
from 10 darcy to 10 darcy in eight months; however, it is very
unlikely that it will regain the permeability which existed prioc to
drying, which is eight orders of magnitude lower. This degradation in
performance seems to be related to the length of drying-out period. A
sample with a cement plug which was allowed to dry for three months
prior to resaturation (sample CG5309-28) has a similar perpeability-time
curve. It has a lower initial fissure permeability of 10 darcy that

rapidlydecreasedduringthefirst60daysofrgsaturationand
thereaf ter becomes more or less constant at 10 darcy.

Dynamic loading tests performed on these samples still did not cause an
adverse effect on plug performance. At an acceleration of 2 g for
sample CG5309-01, and duration up to five minutes, the dynamic loads did
not increase the permeability in a significant way (see Figure 3.10).
The same held true for sample CG5309-28, which was dynamically loaded at
an acceleration of 1 g and for increasing durations up to five
minutes. The applied dynamic loads are much more severe, though in a
more simplistic way, than what might be experienced during an actual
earthquake or other likely types of in-situ dynamic loading.

3.2.4 Conclusions
s

Cement plugged granite specimens have been tested to assess the borehole
seal performance when subjected to dynamic loads. Steady-state flow
testing to collect re f e rence flow data prior to the dynamic testing
showed that the permeability of saturated cement seals is an order of
magnitude lower than that of granite. This indicatea that saturated
cement seals could perform as good or better than intact low-
permeability granite in preventing flow.

Seal performance degrades severely when the cement is dried out. This
might be the case for a seal located above the groundwater table, in
locations near the waste emplacement where the heat generated drives
water away during the initial period of storage, or in locations where
repository drainage (during construction) results in temporary
desaturation. When cement plugs are allowed to dry, they shrink and the
subsequent separation along the plug-rock interface is a preferential
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flow path. The fissure permeability decreases rapidly during the first
two months of resaturation and Icvels off thereafter, indicating an

improvement in seal performance. Howe ve r, it still is several orders of

magnitude higher than the permeability of saturated cement prior to
drying; hence, the seal performance could not be fully recovered.

The extent of seal perfornance degradation seems related to the length
of drying time prior to resaturation; the longer the cement is allowed
to dry, the more severe is the extent of performance degradation. This
is due in part to cracking in the cement body itself, which acts as an
additional preferential flow path. The presence of a preferential flow
path in a dried-out cement seal, as well as the absence the reof in a
saturated cement seal, are confirmed by the dye injection testing.

Dynamic loading performed on specimens with saturated and dried cement
seals does not cause any adverse effect on seal performance. Performed
at accelerations up to 2 g and durations up to five minutes, the tests
resulted in no noticeable change in the permeability of the plug-rock
system.

3.2.5 Reconmendations

in terms of duration and peak acceleration, the dynamic loading test
performed nn the cement plugged granite specimens were much more severe
than what may be realistically experienced. However, size may have an
effect on seal performance'of a nuclear waste repository during an
actual earthquake. In a centrifugu test using models with linear
scaling 1/n, an acceleration scaling factor of n times that in the field
is commonly used (Schofield, 1981; Craig, 1982). For example, an
acceleration of 2g in a model seal 1 inch in diameter (as ured in these
tests) results in identical st resses with an acceleration of 0.02 g in a
prototype seat in the field 100 times in diameter (about 8.3 ft).
Another factor to be considered in dynamic loading simulations is the

.
duration of the appited load. For models having a linear scaling of

l 1/n, time scaling for dynamic displacement which eventually results in
increased flow is also 1/n. Ontheogherhand, for diffusion processes
or fluid flow the scale factor is 1/n . Dif ficulties may arise f rom the
possthle conflicts in determining those scaling factors, and more
detailed study along these lines is required.

At the very extremo case, dynamic loading can be considred to be impact
or t ransient loading, such as when blasting is carried out adjacent to i

the plug-rock system. The tensile stresses that might be induced in the
seal-rock interface can be simulated by a hammer blow to the siden of a
rock specimen containing a borehole seal. This type of experiment is
inexpensive and relatively easy to perform, and might be worth pursuing.

Every effort should be made to keep cement seals saturated at all
times. Allowing cement seals to dry out will cause cement shrinkage
that creates preferential flow paths due to the separation of the plug-
rock interface nad the subsequent cracking in the cement body.
Minimizing seal shrinkare by mixing the cenent with sand, aggregates or

other materials, or by using techniques such ag carbonization, is
nnother area in need of further investigation.
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To better understand the time-dependent behavior of cement seals in
,

terms of their permeability, long-term flow testing would be j
necessary. It is important not only for saturated cement seals, but
also for dried-out cement seals to see to what extent the improvement in
ceal performance will continue with continuous resaturation.

Lastly, the cement and interface behavior under dif ferent moisture
conditions are still not fully understood. A more comprehensive test
could be devised to measure the expansive stress and stress relief of
cement seals at different stages from pouring, during curing and
hardening, at saturated condition, during drying out and finally
resaturation. It would be desirable to perform such tests at several
temperatures, covering the temperature ranges likely to be encountered
in the repository environment.
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CilAPTER FOUR

EXPERIPENTAL ASSESSMENT OF BORE 110LE DRILLING DAMAGE

4.1 Introduction

The objective of this work is to assess experimentally the risk that
waterflow might bypass a plug through a damaged zone induced by drilling
in basaltic rocks. This chapter contains two sections. The first one
summarizes a topical report to be issued shortly on the experimental
assessment of borehole drilling damage. The second section describes
ongoing work not covered in the topical report.

4.2 Experimental Assessment of Borehole Drilling Damage

4.2.1 Introduction

This section is the executive summary of a topical report to be issued
shortly (Fuennajorn and Daemen, 1984b).

Disposal in geological media has the potential for isolating radioactive
waste from the biosphere. To provide maximum containment, it is
necessary to identify and seal all penetrations within and near the
repository site. When a hole is drilled in rock, some fracturing may
occur in the sidewall as a result of the bit action, stress relief, and
circulation of fluid under high pressure-velocity in the hole. If

significant cracking is induced in the borehole woll, leakage patterns
may develop around a plug (Lingle et al., 1982).

To evaluate the potential for leakage, the physical characteristics of
cracks around the walls of boreholes drilled in basaltic rocks are being
investigated. This effort includes ring tension tests, permeability
tests, and microscopic f racture studies (ththis and Daemen, 1982,
describe similar work on granitic rocks). The investigation is aimed
att (1) determining the density and orientation of the cracks induced
in the borehole wall by drilling (diamond coring, rotary, and
percussion); (2) determining the influence of the hole size; and (3)
detern;ining the influence of the damaged zone on the flow path around
the plug. The rock samples tested are Grande basaltic andesite, Pomona
basalt, and Wanapum basalt (South et al., 1982, and'Daemen et al., 1983,
give a description of the rocks, their mechanical proporties, the
drilling specifications, and the locations from which they were
obtained).

4.2.2 Ring Tension Tests

The ring tension test study (e.g. Daumen et al., 1983, p. 181) includes
an extensive laboratory investigation and an analytical examination of
the tensile strength and tensile stiffnes of the rock within the damaged
zone around the hole. This includes determination of the damaged mone
tensile strength, determination of size and shape effects of the ring
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test specimen, measurement of the damaged zone tensile strains, and
investigation of the stress strain distribution in the specimen using
finite element analysis.

4.2.2.1 Results of Ring Tension Tests

The complete ring test and Brazilian test results are shown in Figure
4.1. The sample preparation, testing procedures, and tensile strength
calculations are described in detail by Daemen et al., 1983. The
results imply some significa,nt conclusions: (a) For each size,

dif ferent drilling techniques induce dif ferent degrees of damage, as
indicated by the difference in the tensile strengths. (b) The tensile
strength decreases as the specimen size increases for each drilling
method. This probably is caused by size effects (Davidenkov et al.,
1947; Bieniawski, 1968; Hodgson and Cook, 1970), shape effects [Addinall
and Hackett (1964), Hobbs (1964), and Jaeger and Hoskins (1966) conclude
that ring tensile strengths decrease as the relative hole radius, r,
increases], and characteristics of the damage zone (a larger drill bit
might induce more damage than a smaller one). (c) Laboratory drilled
diamond holes show less damage (higher strength) than diamond holes
drilled in the field. This might be due to the fact that field drills
are more powerful, apply more force and input more energy into the
rock. (d) The dif ference in ring tensile strengths between the two rock
types is larger than the dif ference in Brazilian tensile strengths for
the same disk diameters. This suggests that more damage is induced
around the hole in the weaker rock than in the stronger one, as can atro
be observed in the petrographic studies discussed later. (e) Damage
induced by diamond drilling tends to decrease as the hole size increases
while the damage intensity induced by percussion and rotary drilling
tends to increase as the hole size increases. (f) Extrapolation of the
results to larger holes is questionable due to the complexity of the
drilling mechanism and the variation of drilling parameters.

4.2.2.2 Size and Shape Effects

in order to compare the damage induced by different sizes of drill bits
in terms of tensile strength, climinating both shape and size effects
from the ring test results is attempted as follows:

(a) Shape Effect Elimination: Ring tests are performed on 229 mm rock
disks with 25, 57, 108, 133, and 159 mm laboratory drilled diamond holes

.

'

in Pomona basalt and Grande basaltic andesite. The results obtained
indicate _that the tensile strength decreases as the relative hole
radius, r, increases (Table 4.1).

A power equation is introduced to represent a mathematical relationship
between the strength and relative hole radiust

,

= C(r) 0 (4.1)
~

og
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Table 4.1 Results of Ring Tension Tests on 229 mm Diameter Disks

Ring Test Tensile Strength, OR
Hole Relative Hole MPa;(psi)

Diameter Radius; e Grande Pomona
mm;(inches) Basaltic Andesite Basalt

25;(1.00) 0.111 32.9 i 5.6 35.1 1 1.4
(4,770 t 840) (5,090 t 200)

57;(2.25) 0.250 28.6 i 3.1 28.3 1 3.9
(4,160 t 460) (4,100 t 570)

108;(4.25) 0.472 24.3 1 5.6 25.2 1 3.5
(3,530 t 810) (3,660 t 520)

127;(5.00) 0.555 22.9 1 1.3 22.9 i 2.0
(3,330 t 180) (3,330 t 300)

159;(6.25) 0.694 21.2 t 2.1 22.0 t 0.6
(3,080 t 300) (3,190 t 90)
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where O is the ring test tensile strength, r is the relative holeR
radius (0 < r < 1), and C and B represent the coefficients of strength
and size, respectively. These coef ficients are assumed to be constants
for a given rock type. By using least square fitting, the tensile
strength can be presented as a function of relative hole radius, as
shown in Table 4.2 and Figures 4.2 and 4.3. The mathematical
relationship obtained provides a method for isolating ring test results
from the effect of specimen shape. The approach is to adjust
mathematically each tensile strength to a new value which corresponds to
a new value of r. Equation (4.1) can be rewritten as:

#
R r -3

[ ] (4.2a)=
#
R r

2 2

or

r -0
"

R(adjusted) R(initial) - ) (4.2b)o "#

r

Thereferencerelativeholeradius,r([eferenhe)m,inimumholesizethatis assigned to equale
the critical relative hole radius, _ e.g. trg
has an effect on the ring test tensile strength). This is done because
at the critical relative hole radius the ring test tensile strengths can
be correlated with Brazilian test tensile strengths. The calculated
results are shown in Tables 4.3 and 4.4.

(b) Size Effect Elimination: This includes determination of a
mathematical relationship between the ring tensile strength and disk
diameter and isolation of the strength results from the effect of
specimen size. Evans (1961) proposes a power equation to represent the
relationship between Brazilian tensile strength and specimen diameter.
Since at the critical relative hole radius the ring test tensile
strength equals six times the Brazilian test tensile strength, Evans'
power equation can be modified as:

O = N(D) (4.3)R

where O is the ring tensile strength, O is the disk diamet'er, and NR
and A are coefficients of strength and size, re spective ly. By using
least square fitting, the tensile strength of both rock types can be
presented as a function of disk diameter as shown in Table 4.5 and
Figure 4.4.

;

| The size ef *ect of the ring test specimen can be eliminated from the

| strength results obtained from Section 4.2.2.2(a) by rewriting the above
equation (Eq. 4.3) as:
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Table 4.3 ' Shape Effect ' for Grande Basaltic Andesite .
~

-

<

Initial' Reference'-

~ Relative . Initial Ring Relative . Adjusted.
Hole Radius' Tensile Strength Hole Radius | Ring.

' Hole -r(initial)' 'R(initial)- (reference) Shape . Tensile
Coefficient Strength *Diameter : Hole;

'(mm) ' Type" (MPa )' S (MPa)
, ~

0.236- 53.6E38' ' Diamond 0.250 29.2 0.019

138 Diamond 0.250 30.6 0.019' O.236 55.1
(lab. drilled)

.

38 : Percussion 0.250 ~ 34.7- 0.019 0.236 63.7'

h 102- Diamond 'O.360 24.6 0.019 0.236 49.3

102 Rotary f0.360 21.3 0.019- 0.236 42.6

76 Diamond 'O.332 25.3 -0.019 0.236 49.7

76 Percussion '0.332 24.8 0.019 0.236 48.7

- 76 . Rotary 0.332 33.1 0.019 0.236 65.0 -

~0- (reference)*o ~#;

R(adjusted). R(initial) .r(initial)
-

,
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&

T
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' Table 4.4L Shape Effect for Pomona Basalt t-

.
Initial-

. ._ .

Reference.
Relative- Initial Ring- . Relative Adjusted -

7
, Hole. Radius - Tensile Strength Hole Radius Ring-

. Hole. . r(initial) U Shape Tensile
- R(inittal) (re'fe rence)

- Coefficient Strength *~Diameter. Hole
(mm)- - Type (MPa) S '(MPa)

'

'' : 38 - ' Diamond 0.250 ~33.2 0.025'- 0.252- 59.3'

~

38 ' Diamond 0.250 37.0 0.025 0.252 66.1
(lab. drilled)

.

38 -Percussion. 0.250 41.0 0.'025 0.252 73.2

h 76 -Percussion 0.332' 26.9 0.025' O.252 51.6

76- Rotary 0.332 32.0 0.025 0.252 61.4

~0~(reference)_,O
R(adjusted) , ,R(initial) ' --

rgg,g gg)

-

e
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Table 4.5- Results of Size Effect Calculations

(Proposed-equation: o ~R-

' Grande-basa'ltic andesite: OR'" *

^

Pomona basalt: O ~ *
R

where -oR " ring test tensile-strength in MPa,
D = disk diameter 'in mmi

N = strength' coefficient
*

A = size coefficient.

i

. * Tensile . strength of solid disk determined by using o
~ 2PK

=

R wDt4

4

4

.

%

.

;

,

J

.177
. 1

' "

}-. - . , .

. . .
.



~. _

.

e
a
a
u
W
W

Q
>
b
G

=c
e

O m

1
' ~m '

=

e'A
C O 8 "

N -

e **
O d
T. 5, o.o E- -g

j 'g O N Y
vm -

C A O %
o a 9 o x

a e m a-O _= a w a N g
3 -

'- E* -= g .e o b O ~ --

~2 Em M o 3OOmo g x,j -g c_o .

$ g2 g, O N
o m p ae

.E E8 2 w e
- ow b o 3
E. AO - Ef g .3
0 00

~

;
_ g =

" " 3.g 3
a
m
'J
"O

e 3
/ f

eo o, , . . .. ,

8 o o o o o O .

- o @ W T N u,<
vi-

M vm
.(OdM) S M19N381S 3 ilSN31 wa

uw
Dw

U N
N
rd M
'A O.

~t.
%7

'%
W
3
CC
w

| E&s

|

178

-



._ - . .

M

#
R D -8

(D) (4.4a)=
y
R 2

2

or
D -A

) (4.4b)O "#
R(adjusted) R(initial) D(initial)'

, is assigned to be 229 mm. The
The.referencediameter,D(rek$benc$)4.7.

a

results are shown in Tables an
1

(c) Calculated-Results: The strength results, adjusted for size and
shape e.ffects are plotted as a function of hole diameter.in Figure
4.5. Analytically, these are the ring test tensile strengths of 229 mm,

(9 in) diameter dichs with 4.35 mm and 5.73' mm center holes (at r =c
0.019 and 0.025) for Grande basaltic andesite and Pomona. basalt,
respectively. The relative differences of the tensile strengths
indicate,that larger percussion and rotary drill bits tend to induce
more damage than do smaller ones. ~ 0n the other hand, a larger diamond

'

core bit induces slightly less damage than does the smaller one.
Generally, the results agree with the microscopic observations discussed
later in'this chapter.

4.2.2.3 Strain-Gaged Ring Tests

The purpose of this investigation is to monitor the tangential tensile
_

strain along the loaded diameter as the load increases until failure.
Electrical strain gages.are installed along the. loaded rock disk.
diameter. : Each gage is oriented normal .to the loading line in order to
obtain the tangential strain. The strains are read at each 2,200
newtons load increment, until failure. The last strains measured prior
to failure are plotted as a function'of distance from the. hole in Figure
4.6. The maximum tangential tensile strains always occur at.the hole'
boundary. At the boundary of 38 mm center holes, percussion specimens
show higher strain'(lower tensile stiffness)'than do diamond
specimens.1 For 76 mm center holes, the strains obtained from each hole
type tend: to be -similar. This. supports the previous conclusion that as
the hole size increases, the effects on rock damage of'the three

'
' drilling techniques are not significantly different.

4.2.2.4 Finite 1 Element Analysis

The purpose of this. investigation is to[ determine.the' stress-strain
distribution along the loading diameter of the ring test specimen. .The

.

program DESABEL (Desai and Abel, ~1972) is used'in ' this investigation.
-The: analysis is performed in plane stress. The mesh consists of 196
elements covering an area of;42 cm2.(1,9.cm inner radius, 7.6 cm outer
radius). The . Young's mogulus and Poisson's ratio of the. intact rock are

, assigned to be 86.0 x110 : MPa and 0.24, respectively (determined~

experimentally by Daemen et al., 1983)./ The .Youn'g's modulus of ghe 1-~

mm-thick ' damaged zone around the . hole is assumed to be 22.5 x 10 MPa.
(one fourth of tis-value for intact rock).1

~
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Table 4.6 . Size Effect ' for Grande Basaltic Andesite.
i .

.

Initial Reference
' Disk Initial Ring Disk Adjusted
Diameter -Tensile' Strength Diameter Ring

Hole: D(initial)Diame ter . Drilling. R(initial) D(reference) Size- Tensile.O

Coefficient- Strength *
(mm)' 'Pkthod (mm) (MPa ) (un) 8 (MPa)

.

-38- Diamond 152. 53.6- 229. 0.340 46.6
1

38 Diamond 152 55.1 229 0.340 48.0
(lab.. drilled)

.38' Percussion 152 '63.7 229 0.340 - 55.4

102 Diamond 283 49.3 229 0.340 53.0

102 Rotary 283 42.6 229 0.340 45.8 -

76 Diamond 229' 49.7 229 0.340 49.7

;76 Percussion 229 48.7 229 0.340 48.7,

:76 Rotary 229 65.0 229 0.340 65.0

, . D(reference))A
-

,

(adjusted) (initial) (initial)k

1

- - - - - - _ _ _ _
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- ' Table 4.7 Size.Effect for' Pomona Basalt'

3 -

.e-

' Initial. Reference.4

Disk Initial -Ring '. Disk | _ Adj usted .
' Diameter Tensile Strength - Diameter Ring

Hole D(in'itial) R(initial) D(re ference ) : Size Tensile.O

Coefficient Strength *Diameter: Drilling
(mm) Hethod (mm) '(MPa) '(mm) 8 (MPa)

'38 Diamond, 152 59.3- 229 0.408- 50.2

38 Diamond- 152 -66.1 229; 0.408 55.9-
(lab. ~ drille'd ) '-

:38 ' Percussion' .152 . 73.2 ' 229 0.408 .61.9

i ~ 76'' Percussion 229 51.6 229 0.408 51.6

76 Rotary ~229' 61.4 '229 0.408 61.4

'

t

(reference)
' *O "#

~ R(adjusted) _ R(initial)' D(initial)
-

. .

;

'

<

N

.

a

}
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Figure 4.5. Ring test tensile strengths, adjusted for size and. shape effects, are plotted as a function ofi
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The stress-strain distribution along the loaded diameter, obtained from
finite element analysis, is plotted as a function of distance from the
hole in Figures 4.7 and 4.8. By comparing the stress-strain
distribution between undamaged specimens and damaged specimens (1 mm
thick damaged zone around the center hole) it is found that:

(a) If a damaged zone exists around the hole the maximum tangential
tensile stress will not occur at the hole boundary.

(b) The location of the maximum tensile stress is governed by the
thickness of the damaged zone.

(c) The maximum tangential tensile strain always occurs at the hole
boundary. liigher maximum strain is an indicator of lower damaged zone
stiffness (Young's modulus, E), or of a wider damaged zone.

4.2.3 Permeability Tests

The purpose of this work is to determine the influence of the damaged
zone on the flow path around a borehole plug in Pomona basalt.
Laboratory set up, sample preparation, and testing procedures are
described in the last annual report (Daemen et al., 1983).

Nine specimens with different sizes (e.g. 152, 229 and 283 mm cylinders
with 38, 76 and 102 mm centered holes, respectively) have been tested.
Their dimensions and flow test parameters are shown in Tables 4.8 and
4.9. The inflow has been measured by monitoring the movement of a
piston in a constant diameter water pump and with a lhtheson
flowme t e r. The longitudinal outflow (flow through cement plug, cement-
rock interface, and damaged zone) is collected and read in a high-
precision' pipette. The radial outflow through the rock cylinder has not
been recorded.

For 152 mm cylinders with 38 mn center hole, a large variation of inflow
rates has been observed among the specimens. .No inflow has been seen
until the injection pressure reaches 3.15 MPa and 3.50 MPa for the field
drilled diamond hole and for the percussion hole, respectively (Tables
4.10 and 4.11). For both samples, no outflow has been obtained
throughout the experiment even though the water pressure has been
increased up to 3.78 NPa (550 psi), the limit of the pressure
intensifier. Inflow and outflow for the laboratory drilled diamond hole
specimen were obtained immediately af ter the pressure reached 0.74
MPa. The flow rates increase as the injection pressure increases (Table
4.12).

For 229 mm cylinders with 76 mm center hole and 283 mm cylinders with
102 mm center hole, high inflow rates have been measured at injection
pressures ranging f rom 0.014 to 0.16 NPa (Tables 4.13 through 4.17).
Ilowever, no longitudinal outflow is obtained from any sample. This is
because the water lesks from the center hole through pre-existing cracks
in the rock cylinders instead of flowing through the borehole plug,
interface, and/or damaged zone. The crack orientations appear to be
random. The crack frequency is approximately 1-2 per 30 cm.
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Table 4.8 Dimensions of Specimens Used in Permeability Test

;: A ;-

- +1 D6 W

|
1F o

| D, = cylinder diameterg
,

{ Dg = hole diameter
'

_| Lp = cylinder length
| b*

h = top hole length
.L = cement plug lengthc

I
i
t

A i
t<

:

Dimensions-(cm)
Sample No. D, D t b= b

f r h e.

BDLPm 6-4 15.2 3.8 30.8 10.2. 10.2
BDLPm 6-15 15 2 3.8 30.3 9.8 9.9g

BDFPm 6-11 15.2 3.8 30.4 9.9 9.9
l- BDFPm 6-12. 15.2 3.8 30.3- 10.3 10.1
i

BDFPm'6-13 15.2 3.8 L30.2 10.0 9.9
r

BDFPm 9-1 22.9 7.6 42.5' 12.0 13.9
BRFPm 9-1 22.9 7.6 45.6' . 14.6 . 15.0-

BRFPm 9-2 22.9 -7.6 47.4 13.2 - 17.3
J

BDFPm-12-1 28.3' - 10. 2 - 52.2 19.3- 21.5
BRFPm 12-1. 28.3 10.2 50.0 18.5' 20.0

187~
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. Table 4.9 Flow Test Parameters
,

: -

152 mm 229 mm and 283 mm
- Cylinders Cylinders

.

. Cement. Type ' S stem 1* System 1*

Cement Curing Period- 9 days' 90 days

- Saturating Period of Specimen 4 '+ ' days 2 days

Room Temperature 21 1 2*C ~ 21 i 2*C
: - Room Humidity 42 i 1% 42i 2%;

t.

! : Roon Pressure 101 1 3 kPa 99 1 4 kPa

*A description of Cement System #1 is given in the last annual report
~

(Daemen et'al., 1983).
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LTable ' 4.10;. Flow Testing Results for 38 mm Diamond Hole
(Sample no. BDFPm 6-12).

.

*
.

?.

., . ,- Rate _of- -Longitudinal';

' Injection- .Inflo Outflow Testing NumberL(x.10~g (x'10~D' Period of-' Pressure:

{ (Wa)'- cc/ min) cc/ min) ~- (hrs) Readings <

-{ 0_.64 10' O 72 25

| L1.50 0: 0. 76' 30 - !'1

:2.28 0 0 '72 - 16
~

'2.80 0 0' '72 12

3.'15' O - 200 -0 72 32
'

.

'

-3.50- .225 0 96 21

'3.78 - 250 0 '72- 17,

.

1

!

!
-

Table'4.11 Flow Testing.Results for 38 me. Percussion Hole-

j -(Sample.no. BPFPm'6-13)
' .

;

3

~

.
Rate of Longitudinal

-

. - Injection Inflo Outflo ' Testing Number(x:10-g~ '(x -- 10-g
-

4 - Pressure' - Period- 'of
(MPa)- ~ cc/ min): cc/ min)' (hrs) Readings

0.64 ~ 0 0- 72 252

'l.50 'O 0- 776 30
12.28 - 0 0- 72 '16
2.80 ' O- ~0 - 721 -12_

] 3.15.- 0
~

0. -72 - ' 32 :-
' 3;50- 0 - 200. 'O' 96 21-,

3.78- 10 - 200.- 0- 41 ?2:
'

i ,

a

h'
,

'

~

, . -

4 M

E < 1 v n f ' =v enn e ~
. M =' ' " -+'e"s
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Table 4.12 Flow Testing Results for 38 nun Laboratory
,

Drilled Diamond Hole (Sample no. BDLPm 6-4)

Rate of Longitudinal
'

Injection Inflo
(x10"g Outflog Testing NumberPressure (= 10- Period of

(MPa) cc/ min) cc/ min) (hrs) : leadings

0.74 200 72 70 11

1.50 225 150 96 10
.2.20 400 260 72 14-
2.28 415 360 72 16
2.30 455 392 72 10,

2.80 675 495 72 16

:
:

i

i

P

I

|.

I

!

|
;

o

i
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Table 4.13 Flow Testing Results for 76 mm Diameter Rotary llole
(Sample no. BRFPm 9-1)

Rate of Longitudinal
Injection Inflow Outflog Testing tiumber;

Pressure (x-10-D (x 10- Period of

(MPa) cc/ min) cc/ min) (min) Readings

14 0.12 0 15 4

31 0.36 0 10 4

35 0.46 0 20 5

39 .0.55 0 15 4
'

43 0.76 0 15 4,

,

47 0.78 0 20 5 -

i 53 'U.90 0 10 4

2 96 1.65 0 22 3
4

I

.

Table 4.14 Flow Testing Results for 76 mm Diameter Percussion Hole
(Sample no. BPFPm 9-1)

.

Rate of Longitudinal
Injection Inflog Outfl,og Testing Number
Pressure (x 10 (x 10 Period of

| (MPa) cc/ min) cc/ min) (min) Readings

20 0- 0 30 6'

29 0 0 10 4,

35 0 0 10 4
, ..

-45 0 - 0.002 0 10 4<

-55 0 - 0.002- 0 30 6

-90 0.005 0 20 4
'

i

| -96 0.002 0 30 6

117 .0.007 0 120 7

138 0.010 0 30 4
'

-158 0.02 0 30 4-

191
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Table 4.15 Flow Testing Results for 76 nun Diameter Rotary Hole'

(Sample no. BRFPm 9-2)
,

|
'

Rate of. Longitudinal

Pressure (x 10-6
~ Outflow Testing NumberInjection Inflow-

-6(x 39 Period of

-(MPa) cc/ min) cc/ min) (min) Readings'
,

; 21.- 1.b 0 15 7

31 ~3.5 0 15 6

?

62 20.0 0 5 4

75 ~ 50.0 0 5 5
e

i
*

;.
!-

I-
,-

j Table 4.16 Flow Testing Results for 102 nun Diameter Rotary Hole
; (Sample no..BRFPm 12-1)

k
Rate of I,ongitudinal

outiflog Testing Number-
; Injection Inflow

-D ~

Pressure (x.10 ~ (x. '10 Period of'

( MPa) ' cc/ min) cc/ min) (min)- Readirigs
i

29 1.0 0 15~ 8

35 1.0 0 15 6'

39 2.0 -. 0 10 4

43 '7.5: 0 10 .4-

55- 7.5 0- 10 4
.

90 30.2 0 10 4

.117 .~ 70.0' 0 :S 4'

7

$ -

192
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Table'4.17. Flow Testing Results . for- 102 nun Diameter Diamond Hole
(Sample no. BDFPm 12-1)'

Rat e ~. of longitudinal
'

4 Outf1_og Testing NumberInjection-

. (x 10 (x 10 Period of

Inf1

Pressure
'(MPa) cc/ min) cc/ min)- (min) Readings'

i

21 1.0 0 15 8

{. .' 34 30.0 0 15 6
*

.55 '35.5 0 15 8

90 150'- 0 5 2-
*

1

100 > 200 0 2 2*

|

)'
'

'

,

8

:

'

.

.

I

,

1

Y

l

!

l

|

|
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The results imply that the effect of the damaged zone on the flow path
around the borehole plug might not be a significant factor compared with
the high variation of the rock permeability. This high variation might
be caused by the presence of cracks and flow layers, and by nonuniform
distribution of the vesicles in basalt samples. Generally, the
conclusions from these results agree reasonably well with the
experimental results performed by Lingle et al. (1982) on anhydrite,
granite, basalt and tuf f and by Mathis and Daemen (1982) on granitic
rocks.

4.2.4 Microscopic Fracture Studies

4.2.4.1 Petrographic Fucroscopy

Sample preparation and method of investigation are described in detail
by Fuenkajorn and Daemen (1984b). Damage induced by drilling can be
described by using the following criteria: roughness of the borehole,

j wall (average dif ference in " elevation" of tne borehole wall), cracks
'

within grains - cleavage fractures, intergranular cracks, missing
i particles (presented as [(area of missing grain / total area around the

' hole) x 100], and damaged zone thickness. Results of the investigation
of Pomona basalt are shown in Table 4.18.

Damage characteristics are controlled by the drilling mechanism,
drilling parameters, grain size of particles around the hole, and
orientation of the particles. The thickness of the damaged zone is
usually not larger than 1.5 mm. The largest damaged zone (1.7.mm thick)
is seen around 76 mm percussion holes while the smallest damaged zone
(0-0.3 mm thick) appears around 38 mm laboratory drilled diamond
holes. These results agree with the experimental results obtained by
Burns et al. (1982), and by_ Lingle et al. (1982).

Cracks within grains or cleavage fractures are more likely to appear in
coarse grained rock (e.g. Pomona basalt; larger than 0.5 mm grain size),
while intergranular cracks are predominant in fine grained rock (e.g.
Grande basaltic andesite; smaller than 0.01 mm grain size).

No partial cleavage fractures appear in a grain; if a grain is damaged,
the damage appears throughout the grain. This phenomenon has also been
observed by Mathis and Daemen (1982) in granitic rocks.

Generally, for all drilling methods, as the hole size increases, the
damage intensity tends to increase.

Based on the information obtained from petrographical investigation,
typical damaged zone characteristics induced by each drilling technique
in coarse grained rocks are proposed. Figure 4.9, left, shows typical
damage induced by diamond drilling. The borehole wall is relatively
smooth. The damaged zone is uniform. Every damaged grain shows the

; same degree of damage. Only a few particles are missing. A high degree
i of roughness is typical for percussion drilled holes (Figure 4.9,

middle); sharp edges, missing particles, and loose edge grains always
; appear along the entire hole wall. The damage intensity within a grain
| is uniform. Grains near the hole show more damage than grains away from
|
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Table 4.18 Summary of Petrographic Microscope Observations
on Pomona Basalt

Roughness Numbe r
Hole. Damage Zone Missing of of

Drilling. Diameter Thickness . Particles the Wall Samples-

Technique (mm) (mm) (%) (mm) Studied

. Diamond 38 0 - 0.6 10 - 20 0.1 - 0.3 .12

, - Lab Drilled. 38 .O - 0.3 0-5 0 - 0.1 12
Diamond

i Percussion ~38 0 - 1.7 60 - 90 0.5 - 1.5 12

I : Percussion 76 1.0 - 1.5 70 - 90 0.5 - 1.5 8
i

Rotary 76 0 - 0.3 10 - 20 0.1 - 1.3 8

Rotary 102 0 - 0.8 25 - 30 0.1 - 0.4 -8
.

Diamond 102 0 - 0.6 25 30 0.1 - 0.4- 8

!
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ROCK SAMPLE ROCK SAMPLE ROCK SAMPLE

,
-groin with

- cfoovoge
grain without fracture ,

'
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fracture P { p
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h
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'
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domoged zone-

j DI AMOND HOLE PERCUSSION HOLE ROTARY HOLE
!

!

Figure 4.9 Typical drilling damage characteristics:

Diamond hole: smooth wall, uniform damaged zone, few missing particles, uniform
f racture density uithin damaged grains.

Percussion hole: rough wall, irregular damaged zone, nu:aerous nissing particles,
uniform fracture density within damaged grains.

Rotary hole: relatively smcoth wall, irregular damaged zone, higher fracture
intensity closer to the hole within damaged grains.

l
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the hole. The borehole wall produced by rotary drilling is smooth
(Figure 4.9, right). A few traces of missing particles occur. No sharp
edge surf aces have been observed. The intensity of cracking in a
damaged grain is not uniform; higher fracture density always occurs at
the side closer to the hole. The shape of the damaged zone is
irregular.

The typical characteristics proposed here might be applicable to other
rocks wih similar petrographical properties (mineral composition, grain
size, and hardness).

4.2.4.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (e.g. Black, 1974) is performed to obtain
three-dimensional images of microscopic fractures induced around the
borehole wall. This investigation concentrates on determination of the
characteristics of an individual crack (orientation, length, width, and
relative displacement). Sample preparation and investigating procedures
are described by fuenkajorn and Daemen (1984b). Diamond and percussion
specimens of Grande basaltic andesite are investigated by using as
criteria: roughness of the borehole wall, intergranular cracks,
cleavage f ractures, depth of the damaged zone, and intensity of the
cracks. The results are summarized in Table 4.19.

4.2.5 Factors Controlling Damage Zone

Based on the results obtained f rom the ring tension tests and
microscopic fracture studies, two categories of factors controlling the
damaged zone around the borehole can be proposed: petrographical
factors an' drilling factors. The petrographical factors include some
of the physical properties of the rock drilled. The significant
properties are grain size, grain orientation, breakage mechanism of the
grain, and interaction between the grains. The drilling factors include
drilling method, bit size, rotational speed, and weight on the drill
bit.

Extrapolation of this concept to larger holes (beyond the studied range,
38-102 mm diameter) is uncertain due to the complexity of the drilling
mechanism and the variation of the drilling parameters.

4.2.6 Conclusions

A damaged zone induced by drilling around the borehole does exist. The
thickness of the zone ranges from 0.0 to 1.7 mm (or on the scale of

grain size dimensions). A larger drill bit induces more wall damage
than a smaller one. Different drilling techniques show different damage
characteristics (intensity and distribution). The damage
characteristics are governed not only by drilling parameters (bit size,
weight on bit, rotational speed, and energy), but also by physical
properties of the rock (grain size, grain orientation, breakage

,

mechanism, and interaction between the grains). The weaker rock tends'

to show more intense damage than does the stronger one. Cleavage
f ractures are more likely to appear in coarse grained rock, e.g. Pomona
basalt, while intergranular cracks are more likely to appear in fine
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Table = 4.19 - ' Characteristics of . Cracking Near Borehole Walls Observed by I

-Scanning Electron FRcroscopy

Width langth

(u) (u) Frequency Orientation

Cleava'ge 0.5 - 2 1 - 50 1 per p Controlled by

-fractures ~(for percussion) orientation
of.the-

'

2 - 10 per 100p grain

(for diamond)

,

-10 - 100 10 - 600 1 per 2 mm Random
. .. .

Inter-
granular-

'
' cracks

.

1

l'

t

e

t

|
- |

|
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grained rock, e.g. Grande basaltic andesite. The damaged zones play no
significant role in the flow path around the borehole plug. The 1

preferred migration path of water near a borehole appears to be through
pre-existing fractures.

4.3 Ongoing Work

Permeability tests are being performed on two 152 mm cylinders with 38
mm diamond and percussion center holes to monitor the flowrates over a
long term period. The tests were started on fuy 20, 1984. The
injection water pressure has been maintained at 1 FPa (145 psi). For
both sanples, the inflow rates observed have been less than 0.002

cc/ min. No longitudinal outflow (flow through cement plug, interface,
and damaged zone) has been observed. The samples are not submerged in
the water-tight chamber. No attempt has been made to measure the radial
outflows.

Finite element analysis is being performed to determine the stress-
strain distribution in the permeability tests specimen. The result may
lead to an understanding of flow behavior within the specimen. The
finite element mesh and boundary conditions are shown in Figure 4.10.
The program SAP IV (Bathe et al., 1974) used in this investigation

providesanaxisymmetricagalysis. The mesh consists of 582 elements
covering an area of 193 cm (inner radius = 19 mm, outer radius = 76 mm,
and the cylinder length = 3.0 cm). The smallest elements located in the
damaged zone region have an area of 0.50 mm x 0.50 mm. The results are
expected to be presented in the next quarterly report.
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CHAPTER FIVE

RKPERIMENTAL ASSESSMENT OF BRKTONITE BOREHOLE
SRALIhG PERFORMANCE

5.1- Introduction

This chapter is the executive summary of a topical report (Sawyer and
~Daemen, 1985, to be issued shortly), in which sealing aspects of seven
commercially available bentonites have been studied.

Bentonite, and more broadly earthen materials, have been proposed
frequently as one of the prime candidate sealing materials for HLW
repositories, as well as for various backfill and engineered barrier
structures (e.g. Giuffre et al., 1979; Koplik et al., 1979; Smith et

; al., 1980; Ellison et al., 1981), although severe reservations about
their use have been expressed also (e.g. Claiborne,1982, Abstract).
Bentonite and earthen materials have been investigated for sealing and
backfill purposes (e.g. Martin,1975; Fernandez et al. ,1976; Pusch et

, al., 1982, pp. 2-24; Singh, 1982; Pusch, 1983; Meyer, 1983), but there
! remains considerable uncertainty *about their performance (e.g. Fyfe et

al., 1984; Koplik et al., 1979, p. 2-24).
,

5.2 Bentonites Used in Laboratory Experiments

Bentonites being considered as a possible sealing material for
-boreholes or shafts are composed of montmorillonite, a clay mineral of
the smectite group that is composed of an aluminum octahedral sheet
sandwiched between two silica tetrahedral sheets. Isomorphous
substitution within the octahedral sheet-structure results in a net'

negative electric charge on the montmorillonite clay particle.
Cations are absorbed at sites between successive montmorillonite unit
cells and are held.in electrostatic attraction. These cations are
exchangeable with other cations of similar or different valence. The
cation exchange reaction'is generally reversible and obeys
stoichiometric and mass action laws. A diffuse double layer develops
between the negatively charged clay particles and hydrated adsorbed
cations. The diffuse double layer thickness or extent is directly
proportional to the fluid's dielectric constant and temperature and
inversely-proportional to the electrolyte concentration and valence.

.Both the cation exchange reaction and diffuse double layer development
will affect the engineering behavior of a bentonite plug or seal
(Mitchell, 1976).

~

The suppliers and bentonite products tested here are listed
_

alphabetically in Table 5.1. According to the suppliers, all seven
bentonites are the Na-rich,' Wyoming variety and are " pure bentonites"

| that have no chemical additives.
|

Copper State Analytical Labs, _Inc. , of Tucson, Arizona, performed
"whole-rock" chemical analyses of the bentonites. The results are
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Table 5.1 Bentonite Products Tested and Their Suppliers

Supplier Product

American Colloid Corp. C/S Cranular

*

Dresser Minerals Arrow Head

*

Federal Bentonite Akwa Seal
.

*

Georgia Kaolin Hi-Jell #1

International Minerals & Rainbow Seal
Cherical Corp.

**
Slope Indicator 1/2 Inch Tablets

***
Whitaker, Clark & Daniels 149 Bentonite 325 Mesh

*
Arrow Head is a registered trademark of Dresser Minerals; Akwa

Seal is a trademark of Federal Bentontie; Hi-Jell #1 is a-

trademark of Georgia Kaolin; Rainbow Seal is a trademark of
International Minerals and Chemical Corp.

**Obtained by slope Indicator from a bentonite supplier in Seattle,
Washington.

1

***
.

Obtained from an unnamed producer.

.

)

I
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reported in Table 5.2 and have been compared to published analyses of |
various bentonites. The chemical composition of "bentonites" varies |
significantly from source to source. Some of the variation may be,

attributed to gangue minerals and analysis errors; however, it is
~

,

'

clear that the term bentonite (and even montmorillonite) encompasses a i

number of minerals and compositions. !
,

Because of the wide range in reported chemical analyses- it was,

decided - to test the chemical variation within a particular product.
American Colloid Corp. had supplied three 50 lb. samples from June to
November, 1983. Samples were cut from the second and third batches
and sent'to Copper State Labs. The results are reported in Table
5.3. The SiO values range from 60 to 62%; Al 0 values were

2 23
approximately 20%.

From the results reported in Tables 5.2 through 5.3, it appears that
gangue. minerals (including "unreacted-parent" rock and impurities) are
present in all commercial bentonites. These impurities may affect the

; engineering behavior and should be identified prior to seal
j construction and installation. X-ray diffraction could prove useful
'

in identifying the mineral constituents of bentonites. It is
recognized that x-ray diffraction has limited value in quantitative,

determination of the mineral constituents (Mitchell, 1976),
nevertheless, this technique is able to qualitatively identify mineral4

; components that are present in small percentages.
'

5.3 Reference Testing

Reference testing is performed to determine fundamental conventional
engineering properties of the seven bentonite products. The4

engineering properties of repository sealing materials are important,

t not only for-their in-situ sealing performance, but also for the seal
installation. For instance, sealing materials could be emplaced,

pneumatically or in a slurry form, in which case.the' water content
necessary to form bentonite slurry must be determined'as well as the.

expected sealing efficiency. This " slurry water content"!would be the !,

liquid limit as a minimum.
|
'

. The following engineering properties have been determined:
!

| 1) Shrinkage Limit

i 2) Plastic Limit

3) Liquid Limit

4) Specific Gravity of-Solids

5) Noisture-Density

These tests revealed serious difficulties in testing bentonite.
Results varied within a test, between technicians and between
independent laboratories. Comparison of experimental results to
published'results' proved inconsistent due (in'part) to the variability
of' bentonite and montmorillonite composition.
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Table 5.2 [Whole-rock Chemical Analysis of'Bentonites Used in This Research

% % .% % % -%. % % .% %

0 M0 0Sample SiO ' Al O Cao Mgo K
2 23 2 *2 *2 3' 2 2 25

Federal 67.8 19.17 .24 4.05 0.53 4.02 3.17 0.2 0.13 0.27
,

Bentonite

Slope 68.9 16.40 .20 4.61 0.56 3.61 2.86 0.3 0.15 0.555
Indicator

'American 69.2 16.63 .25 1.99 0.94 3.52 '3.20 0.4 0.22 0.078
Colloid Co.

E$
*

Int. Minerals 65.9 19.17 .28 6.64 0.51 2.48 2.66 0.2 0.15 0.033
& Chemical

.

Dresser 73.9 14.78 .28 2.49 0.52 3.56 3.32 0.2 0.17 0.040
Minerals

.

Whitaker, 70.4 19.40 .24 2.16- 0.54 3.61 3.02 0.5 0.15 0.033
Clark & Daniels,

Georgia 72.4 16.47 .31 '1.99 0.58 3.11 2.63 0.4 0.11 0.035
Kaolin - ;

4

1



__---_
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Table 5.3 Whole-Rock Chemical Analysis of American Colloid C/S Granular

% %. .% % % % '% % %- %

O Fe O HO MO 0SiO A1 0 a0 -40 K *2 23 2 2 252 23 2
,

Batch #2 61.6 20.4 3.4 3.56 1.42 3.40 5.00- 0.3 0.16 0.10.

Batch #3 59.8" 20.1 4.9 3.78 >1.72 3.32 5.43 0.4 0.17 0.09

.

~

~ I

i

_ _
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5.4 ~ Permeability Testing

5. 4. l' -Introduction
,

The primary purposes of the seals are to exclude or delay ground-water
contact with the waste form,'to retard the release of radionuclides

4

and of ground water if contact is made, and to prevent communication*

' between aquifers (Gureghlan,-et al., 1983, and U.S. Department of
Energy, 1982). It is evident, therefore, that the relative ease with'

which fluids (including gases as well as groundwaters) can be
transmitted through a seal is of extreme importance.

- Two types of flow testing have been performed. Falling head
permeability testing has been used to determine the permeabilities of

i
the seven bentonites. Radial permeameter testing allows a' direct
comparison of the permeability of a specific bentonite to that of
intact rock,~and provides actual borehole sealing performance data on
bentonite installed in rock.

The hydraulic conductivities determined from falling head tests, in
the.10 cm/sec order of magnitude, are in the higher range of values

.

reported in the literature, which vary from 10~ to 10 cm/sec,

i depending on the testing procedures and conditions.
^

;

compacted bentonite plugs tested in the radial permeameters under
constant head water injection exhibit hydraulic conductivities in the

,

-0
10 - 10 em/sec order of magnitude. The plug compacted in the~

hole shows. lower flow rates than the plug that has been compacted,
extruded. and trinuned to fit the rock cylinder. Analysis of flow rates
vs. injection pressure reveals apparent. deviations' from Darcy's Law.
The deviations have been attributed to particle migration and unequal

;

pore size.

Flow rates through C/S Granular compacted bentonite plugs are two
;

orders of magnitude higher than flow rates through Sentinel Gap>

basalts (at similar stress and water injection pressures).

The following are recommendations for future permeability tests:

(1) A " synthetic" or site-specific water should be used for the
|- permeant. Physio-chemical interactions (particularly the double layer

phenomenon) are important in testing bentonites. Distilled or'

de-lonized water will yleid hydraulic ' conductivities that are conser-
vative when compared to results obtained using permeants containing
mono- and di-valent cations.

(2) The pressure gradient expected in the repository environment
should be used for constant head permeability tests. The water
injection pressure tends to consolidate clay plugs, thus decreasing
the hydraulic' conductivity. If the water injection pressure produces
a hydraulic gradient that is higher or lower than " field" conditions,
the flow rates and hydraulic conductivities determined from laboratory-
measurements will be anomalous.
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(3) Different methods of compacting bentonite plugs should be
attempted. Mitchell (1976, p. 247) indicates that the hydraulic-

i conductivity is a function of compactive effort and method.
j .Therefore, future tests might compare impact, static and kneading
i compactive efforts in an attempt to optimize the hydraulic

conductivity.

i (4) The' volume of compacted bentonite plugs should be held constant
-

during permeability tests. If plugs are allowed to expand during.

_ testing, the void closure induced.by swelling pressures is minimized,

and the hydraulic conductivity will=be greater than plugs that have a
constant volume. If possible, measurements should be made of the pore
pressure in the plug; then these measurements can be related to the
total stress and swelling pressure generated by the volumetrically

; confined plug.

t
'

- 5. 5- Strenzth Testing

5.5.1 Introduction
i

Strength testing is intended to assess the probability that bentonite
seals might fail, either by slip along the seal-rock interface, or by
failure of the bentonite seal itself. Any testing of plugs or seals
must take into consideration the probable field conditions that-the
plus will experience. The predicted field conditions should be,

reproduced by the testing procedure. Two limiting field conditions
are envisioned. The first is immediately after construction of the'

; shaft or borehole seal before groundwaters have inflitrated'and
'

saturated the sealing materials. .In this condition the sealing
material has pore volumes that contain a gas as well as a liquid phase

and is in an unsaturated condition (this assumes that installation,

will not be at saturation). The second limiting condition is at some-|
time after construction where groundwaters have completely infiltrated

,

the sealing materials. In this condition the pore volumes contain a+

liquid phase only, the saturated condition. A situation corresponding
to the first condition results if the heat generated by the emplaced

i waste drives water away from the repository area, and causes drying,
resulting again in unsaturated conditions.

For engineering purposes " soil strength" is adequately described by.
the Mohr-Coulomb Failure Theory (e.g. Mitchell, 1976):

t = c + otan4- (5.1)

where the shear stress at failure (t) is a function of both a cohesion
intercept (c), the normal stress'(a) on the failure plane and an
internal friction angle ($). Theoretical and experimental arguments
show that the strength of a soil (c and +) is generally not an
inherent soil characteristic, but depends on a number of factors
(Lambe, 1969), e.g. composition, drainage conditions, stress loading
path, stress history of the soil, and strain rate (Mitchell, 1976), i
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orientation of the planes of maximum shear stress, loading rate,'

| specimen size, test type and apparatus (Parry and Wroth, 1981).

For strength testing purposes the bentonite has been considered to be
a " soil". The testing provides data on the strength of both the
bentonite plug and the plug-rock interface. Strength testing includes
direct shear testing and swelling pressure testing.

.

5.5.2 Direct Shear Testing

The University of Arizona's Large-Scale Direct Shear machine'

(Wykeham-Farrance) is used to shear samples and the HP 7035B records
horizontal load and displacements. The vertical loads (load normal to
the shear failure surface) are applied using both the hydraulic

4

loading frame, which supplies a minimum vertical load of approximately
;

1000 lbs, and " free weights" wich supply approximately 127 lbs, 211'

lbs, and 338 lbs. A rate of 0.048 in/ min is used in all testing.

American Colloid C/S Granular bentonite and distilled water has been
used in all Direct Shear testing. Shear molds (to hold the samples
while shearing) are made of quick-setting rock bolt cement (F-181 Bolt
Anchor Sulfasete produced by Randustrial# Corporation).

Direct shear testing includes four phases: 1) clay / clay unsaturated,
1

2) clay / basalt unsaturated, 3) clay / clay saturated, and 4) clay / basalt
saturated. The clay / clay tests determine the shear strength of thej bentonite clay, while the clay / basalt tests determine the shear!

I strength of the bentonite clay in contact with a piece of Columbia
Plateau basalt. The. unsaturated tests refer to samples with pore
volumes that contain both liquid and gas phases while the saturated
tests refer to tests in which the pore volumes contain only a liquid
phase.

Tables 5.4 and 5.5 contain summaries of peak and residual shear
strength results.

The coefficient of variation, R , is an indicator of how well the data
is approximated by the equation. An R value near unity indicates a

~

,

very good fit between the data and the equation. Tables 5.4 and 5.5'

report R values of 0.78 for clay / clay saturated to 0.99 for
[

clay / basalt saturated. Overall, the coefficients of variation
indicate a good linear approximation of the experimental data.'

Table 5.4, Summary of Peak Shear Strengths, reveals that the clay / clay!

l

| strength is greater than the clay / basalt strength for both saturated
and unsaturated conditions. This implies that the clay / basalt
interface would fail in shear before the clay plug itself. The
unsaturated conditions produce greater friction angles than saturated
conditions for both clay / clay and clay / basalt tests. This means that
as water content and saturation level increase in a plug, the stress
normal to a failure surface is less critical to the overall plus

j strength than in " drier" conditions. As saturation increases, the'

clay / basalt interface develops more adhesion while the clay / clay
cohesion remains essentially unchanged.
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Table 5.4 Peak Shear Strengths
{

|
Test Unsaturated Saturated I

e $ c +
R* (psi) (degrees) R (psi) (degrees)

Clay / clay 0.89 13.7 24 0.78 13.5 24

Clay / basalt 0.94 0.4 18 0.92 7.9 6

4

Table 5.5 Residual Shear Strengths ,

Test Unsaturated Saturated
c + c +

R (psi) (degrees) R (psi) (degrees)

Clay / clay 0.97 1.8 30 0.82 4.4 15

Clay / basalt 0.93 0.6 19 0.99 3.3 10

NOTE: In Tables 5.5 and 5.6, the clay is American Colloid C/S
Granular bentonite, and the basalt is from either the Grande Basalts
or Frechman Springs of the Wanapom Basalts Hanford, Washington.

|
|

I.
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A comparison between peak (Table 5.4) and residual (Table 5.5) results
'yields several general trends. First, upon shear failure, the

cohesion (or adhesion) decreases in all cases except for the
clay / basalt unsaturated where the adhesion remains essentially
unchanged. The decrease would be expected as particle bonds
(cementation, electrostatic, and primary valence) are stretched and
ruptured (Mitchell, 1976, p. 319). This is important in plug strength
considerations because plug " displacement" due to driving mechanisms
will decrease the cohesion within the clay and the adhesion between
the wall rock and plug. Second, the residual angles of friction
increase 1 to 6 over the peak values. This may be due to
experimental error introduced by lack of instrument' sensitivity.
However, if the clay saturations were less than 100%, the increase in
friction angle may be explained by dissipation of pore air pressure
and the effective stress concept.

Two interesting observations made during the direct shear testing:

(1) For unsaturated clay / clay testing, the shearing force compacts the
plug until the peak shear strength is exceeded, at which point a
planar failure surface develops. This failure mode resembles a
" progressive" failure with portions of the plus shearing until a
critical shear stress is reached and then the entire plug fails in

shear.

(2) For saturated clay / clay testing, the plug does not produce a
failure surface normal to the applied vertical load. The relative
movement within the failed plug is approximately parallel to the
applied vertical load. One slip plane corresponds closely to a layer
produced by the compaction method. This failure mode is observed on
all~six. saturated clay / clay plugs and indicates a complex shearing
mechanism.

Five limits are recognized to the Direct Shear Testing:

(1) The direct shear machine does not put a " pure shear". force on the
test samples. This conclusion is based on the observation that the
top shear box tends to rotate or dip in the direction of shearing. |

The rotation or dipping indicates a vertical component to the shearing l
force, or a " shearing" component to the normal force. |

l

(2) The clay / basalt tests use basalt surfaces cut with a diamond saw
blade, producing a very smooth surface. Field borehole and shaft
conditions may be different depending upon how the penetrations are
produced. Therefore, the actual clay / basalt interface friction angle
for a field installation may be higher than the one observed ini

laboratory testing.

(3) The " saturated" tests (both clay / clay and clay / basalt) produce

saturations ranging from 88 to 124%. Saturations greater than 100%
are theoretically impossible so the errors must be in-laboratory
measurements - possibly misreading a scale weight or variabililty in
product properties (i.e. opecific gravity). Saturations less than
100% tend to generate pore air pressures and negative pore water
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pressures. -The effect is that the " normal stress" may be increased
,

greatly - particularly with negative pore water pressures. It is4

quite possible that "true".or actual saturations of 100% are-

impossible. to attain,-because as the saturating pressure (often 300
psi or more) is released, pore air which-is dissolved in the pore
fluid comes out of solution and lowers the-saturation. To overcome ,

I the pore. air dissolution phenomenom would require shearing the sample
under the saturating pressure, which is not possible with the testing
machine used here.

(4) The shear strength is a function of strain rate (Mitchell, 1976,

p p. 292).. The faster the test, the higher the soil strength. A strain
rate of 0.048 in/ min is used. A slower rate would allow the )>

Ldissipation of excess pore water pressures, but calculations reveal i

that a 4-inch diameter bentonite plus with a hydraulle conductivity,

k, equal to'1 x 10' cm/sec would require roughly 50 days to reach 50%1

I consolidation under a given stress increment. This indicates that a
very slow strain rate would be required to insure that all excess pore
pressures are dissipated.

(5) The direct shear tests give only " relative" strengths between the

; clay and basalt and not design quality parameters. Because the
clay / basalt interface appears to have the lowest strength, additional

'

strength tests should focus on " push-out" tests-(Stormont and Deemen,4

{ 1983). Bentonite plugs could be compacted in drilled holes and pushed
j out While measuring displacements and forces. Additional study should
; also focus on the stress distribution in a vertically-loaded,

j laterally-confined plug; of particular interest is the stress normal
: to the plus wall interface.

}
5.5.3 Swelling Pressure Testing'

Swelling pressure testing determines the swelling pressures generated
by hydratir.g compacted bentonite clay plugs.

,

;

The swellits pressures generated by bentonites may prove a useful;

i characterielle as air voids, rock fractures, and waste canister cracks
; could be f!11ed in by the expanding bentonites (Pusch et al. ,1982).

Conversely, if the swelling pressure is too high, fractures and joints.

: may propagate (e.g. Chapter 7, Chapter 9, Figure 9.3), which may have
i a deleterious effect on waste isolation and even on the stability of ;

.the waste' rtpository. Montmorillonite (the predominant mineral in,

bentonites) has an unbalanced electronic'chargs in its crystal |
:
t structure (Mitchell, 1976). The unbalanced charge can be' satisfied by |

cations, hydrated cations and polar fluids (e.g. water). As water is
adsorbed between successive " sheets" of montmorillonite crystals, the

crystal lattices are separated from one another with a resulting
expansion or swelling. This swelling (or_ dispersion) can be best
explained by the diffuse double layer theory. The thickness of the
double layer is directly proportional to the square root of both
increasing dielectric constant and temperature, but inversely
proportional to the square root of increasing cation concentration and
cation valence. If water'is the electrolyte, an increase in

temperature results in a decrease in dielectric constant such that the i

I
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! double layer thickness is not greatly influenced. . Other factors held
constant, the cation concentration and valence control the double
layer thickness. It is possible to reverse the swelling process and
cause flocculation of clay particles by increasing cation valence

i' and/or the pore water cation concentration.
. 1 .

The swelling pressure tests have been performed using the Soil Test,' FHA Volume Change meter. This device is essentially a frame with a
displacement-reading dial gage attached to a proving cir.3 A

i

| bentonite sample is compacted in' a' circular, aluminum ring and loaded
into the swell meter. Porous stones are placed on the top and bottom
of the compacted bentonite. The proving ring (1000 lbs capacity) is
placed in contact with the bentonite (through an aluminum seat) and'

i adjusted. Distilied water is poured into a plastic container
surrounding the bentonite / aluminum ring. Water is absorbed into the
bentonite through holes in the aluminum ring and the porous stones.

! Ciuffre et al. (1981)' indicate that the swelling pressure is a
f function of dry unit density, while Meyer and Howard (1983, p. 58)

state that the swelling pressure of compacted shale materials shows
j! little relation to initial density. Dry density is a function of

" soil'? type, compactive energy, and initial water content. American'

j Colloid C/S Cranular Bentonite'has been used in all swelling pressure
j tests. An ..apact energy effort is used to compact the bentonite in

the swell meter and to vary the dry density. The initial water
content varies between 19 and 41%, which is 8-30% wetter than Harvard

I Miniature Mold results at Standard Proctor energy effort. The mix and

I pore water is either distilled water or 5000 ppm Nacl solution.
!

{
For fourteen tests, distilled water has been used to both mix the
bentonite prior to compaction and to saturate the compacted bentonite'

j during the test. For four tests the 5000 ppm Nacl solution has been
| used to both mix and to saturate the bentonite samples. For three

tests distilled water has been used to mix the' bentonite and the'5000
| ppm Nacl solution to saturate the compacted bentonite'during testing.
i

: The bentonites mixed and saturated with the salt solution exhibit the
~

highest swelling pressures. The bentonites' mixed with distilled water
and saturated with the salt solution exhibit the lowest swelling

pressures, while the bentonites mixed and saturated with onlyi

I, distilled water exhibited'slightly higher swelling pressures. This
! indicates that mixing the bentonite with an electrolyte solution will

|
generate a higher swellir.g pressure.

| The following recommendations are suggested for future swelling
; pressure testing:

I 1) Swelling pressure is a function of volumetric strain. The swelling
meter used in the testing summarized here allows a 4% volumetric

,

| strain at a swelling pressure of 250 psi. According to the

! investigations by Kassif et al.'(1969) on disturbed clays,~at zero
percent volumetric strain (i.e. no swelling) and 20% initial moisture
content . swelling pressures could be 100% greater than: swellingi

! pressures generated at 4% volumetric strains. Meyer and Howard (1983,
I
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p. 58) state that "as little as 1% axial strain in compacted

{pulverized shale model plugs (optimum water content) reduces the '

swelling pressure by about 50%." This suggests that bentonite plugs
or seals that are completely constrained laterally and vertically may '

generate significantly higher swelling pressures than reported here.

2) Mitchell (1976, p. 240) indicates that swelling pressure is related
to soil structure or fabric. Soils compacted dry of optimum generate1

more swelling potential than those compacted wet of optimum at the
same dry density. This difference is attributed to differences in
soil structure. Future tests should consider compacting dry of
optimum to determine if any additional swelling pressure may be
generated. Also, the effect of compactive effort (i.e. static, impact
and dynamic) on swelling pressure should be investigated.

3) An interesting phenomenon was noticed when compaction was done near
the swelling meter. A Standard Proctor Compaction sample was being
prepared on a counter top near the swelling meter; as compaction
proceeded, the lab technician noticed that the swelling pressure
decreased. Subsequent investigation showed that the swelling pressure
had decreased almost 7% from its peak value. The swelling test was
allowed to continue, but the sample never re-swelled to its former

f peak pressure. The compactive effort probably produced vibrations
that caused realignment of the clay particles such that settlement
took place. This observed decrease in swelling pressure indicates
that swelling pressures might prove sensitive to dynamic loading such
as induced by earthquakes, blasting or heavy construction equipment.
Future tests should investigate this phenomenon because a loss of
swelling could jeopardize repository sealing integrity.

5.6 Summary conclusions

The following points summarize the results of both experimental
research on seven bentonite samples and a literature search:

1) Commercial bentonites exhibit a wide range of chemical compositions.

2) The following reference data have been determined:

a) Shrinkage Limit

b) Plastic Limit

c) Liquid Limit

d) Specific Gravity of Solids
f

e) Moisture Density Relations

|

| Experimental results vary widely between the seven bentonites tested
(Table 5.6). Experimental and published results vary significantly
depending upon the adsorbed cation, mix water, curing time,
temperature of testing, and test technician.

3) Falling head permeability tests have been performed on seven
bentonites. The bentonites were compacted to a point slighly wet of
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Table 5.6 Summary of Results of Reference Tests on Bentonite Samples
i

Standard
Shrinking.~ Plastic Spectfic Proctor Harvard

Limit Limit Liquid Gravity Compaction Compaction

Company Average -Average' Limit- ' Average Ibs/ft _ lbs/ft

Product (Stan. Dev.) (Stan. Dev.) Average (Stan. Dev.) (Opt. Moist.) (Opt. Moist.)

American 26.04 33 392 2.72 95.20 86.75

Colloid C/S (3.01) (7.18) (0.04) (4.62%) (11.21%)
,

Granular

Dresser 31.74 55 596 2.66 73.34 66.77

. Minerals (3.66). (5.71) (0.06) (13.32%) (7.87%)
,

Arrowhead

Federa1 ^ 19.14 41 693 2.22 73.55 72.13
h Bentonite (11.03) (0.49) (0.11) (29.30%) (8.42%)

Akwa-Scal

Georgia Kaolin 15.68 37 '340 2.66 79.27 75.62

Hi Jell #1 (0.69) (2.02) (0.03) (24.14%) (25.68%)

Intl. Minerals 20.65 54 -263 2.73 74.42 72.95

& Chem. (2.76) (3.95) (0.12) (29.03%) (10.08%)

Rainbow Seal

Slope Indica- 38.46 50 454 2.64 93.24 91.73

tor 1/2" (3.92) (3.16) (0.02) (11.0%) (9.34%)

Tablets

Whitaker, 25.45 48 541 2.75 71.31 68.94

Clark &' (17.25) (2.54) (0.04) (32.95%) (8.94%)

Daniels 149 Bentonite 325 Mesh
NOTE: Stan. . Dev. =. Standard Deviation; Opt. Moist. = Optitaum Moisture

,
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optimum moisture _ content for the Standard Proctor Compaction test. |
Difficulty in saturating the bentonite was encountered. Hydraulic 1

conductivities, K, were in the order of magnitude of 10~ cm/sec.

'
4) Radial permeameter testing was performed on a volcanic tuff and
basalt.

5) Radial permeameter tests proved that bentonite plugs compacted in
the basalt cores are more permeable to water flow than the intact

basalt. The hydraulic conductivity of the plugs varied from 10' to

10- em/sec, depending upon the water injection pressure.

:

7) Direct shear testing was performed on compacted bentonite plugs and
compacted bentonite juxtaposed with basalt. The compacted bentonite
plugs yielded the highest peak and residual shear strength values
(cohesion and angle of internal friction) under both saturated and
unsaturated conditions.

8) Swelling pressures in excess of 250 psi were measured with a
displacement reading swell meter; if the bentonite is confined to
zero-volumetric strain, much higher swelling pressures are expected.

Bentonite is a material that deserves further examination as a
possible construction material in a multi-component engineered
barrier. The permeability of compacted bentonite approaches that of a,

| very low permeability intact rock. In the actual repository
environment where the in-situ rock contains naturally occurring

; joints, fissures, faults, bedding planes, etc., compacted bentonite
seals may prove more efficient in limiting groundwater ingress and

| egress than the host rock. The shear strength of compacted bentonite
is low compared to that of the majority of rocks. Therefore,
bentonite seals should be used in conjunction with a stronger, stiffer,

bulkhead such as concrete or with sufficient " overburden" in the form
of backfills, waste rock, etc., to prevent seal displacement initiated
by high hydraulle heads. The swelling pressure generated by confined,
compacted bentonite is sufficient to close cracks and air voids in a

seal and if allowed to " free-swell" (i.e. no load on the free
surface), bentonite could expand and fill cracks in waste canisters
and also fractures and joints in the host rock. Careful study is
necessary to insure that the swelling pressure generated by a
volumetrically confined bentonite seal will not have a deleterious
effect on waste isolation and the repository stability.

Suggestions for further research are:'

1) Further laboratory tests need to be performed on bentonites using a
water that is site-specific or at least representative of groundwater
expected in a repository environment. Reference, permeability and

( strength testing that uses a water containing representative cations
'

and anions will yield more realistic predictions of how a bentonite

| seal will function in the repository groundwater environment.

2) The temperature effects on bentonite proporties need to be
identified. Reference, permeability and strength testing should be
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performed at the temperature extremes expected in the repository
environment.

3) The permembt11ty should be measured as a function of both dry
density and compactive effort. Static, impact and dynamic compaction
methods should be considered.

4) Flow rate tests should be performed on dry bentonite plugs to
determine the time period necessary for bentonite to swell and seal
the plug / wall rock interface and any cracks in the plug.

5) Swelling pressure measurements should be peformed for
volumetrically confined, compacted plugs.

6) Swelling pressure may be an anistropic property and experiments
should be made to determine the swelling pressure normal and
perpendicular to compaction layers.

7) The relationship between swelling pressure and pore pressure is
complex. A permeability test that measures swelling pressure and pore
water pressure could provide insight into this problem.

8) Finally, quality control of bentonite is necessary due to the wide
variance in chemical =and ' engineering properties. Chemical analysis
and x-ray diffraction of bentonite samples should be investigated as a
possible tool for quality control.
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CHAPTER SIX
4

EFFECT OF TEMPERATURE ON CEMENT PLUG SEALING PERFORPANCE

! -

Introduction:- 6.1

,
. Testing -the influence. of; temperatures above room temperature (up to

' 95'C)^ has been'' initiated. - For the present series of experiments the
7- temperature range has been selected to simulate temperatures up to a
! - distance from the actual waste (distance determined by waste age,

i configuration, etc.) where steam generation is unlikely, as steam is
.

- likely to. induce significant additional effects. : Results are presented
from scouting experiments on one dried-out cement sample and on two

' .sa urated~ plugs.t

6.2' Apparatus--

i~ The laboratory set-up for the flow rate testing of cement plugs consists
; of 1) a nitrogen" tank, 2) a gas-over-water pressure intensifier, 3) a

! flowmeter,' 4) a cement permeameter, 5) the water collecting unit, = 6) the
j heating unit, 7) temperature sensors, 8) a pressure ' gage, and 9) valves
| - and connecting tubing (stainless steel'304, 1/8" 0.D.). This

j arrangement. is illustrated in Figure 6.1.

This set-up has been expanded into two. independent systems by replacing
the pressure intensifier with two accumulators and the addition of--4

another cement permeameter. This has facilitated the study of two4

$ cement plugs at ambient temperature (22 i 2*C) and -at elevated .
~

i temperatures (above room temperature and less than 100*C (212*F)).
Figures 6.2 and 6.3, respectively, show these get ups. Different '

i- components of these systems are~as follows:
4

6.2.1 Water Pressure Intensifier

I Figure 6.4' illustrates the gas-over-water pressure intensifier. This
apparatus provides a constant water line pressure to the system. It has

! a capacity Lof about 500 cc,' and a pressure ratio of 4 to '1. Maximum
~

) output -pressure is approximately 6900 kPa -(1,000 psi).

. 6. 2. 2. Flowmeter

The'Cilmont flowmeter.is| marketed by' Cole-Parmer Co., OakiPark,
' Illinois.' ;The principle of the flowmeter is based on Stokes' Law. The

'

I. . device 'can withstand a maximum pressure of 4.14 NFa (600 psi),cand its
! flowrate' is 'between 0.001 1.0 cc/ min.for water.. (It'can also be used -

.to measure air flow.) This. flowmeter: has "been used successfully for the
; ' inflow measurements of dried plugs. Fresh plugs, i.e. plugs that are

maintained wet throughout the pouring,. curing and' testing period,
exhibit such : low permeabilities 1that -the : flowmeter has not been able to
measure flows.- A cutaway section of this apparatus is'shown in Figure

i- -6.5.
[
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Schematic of System for Cement Permeometer
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1. Nitrogen tank
2. Intensifier (gas / water)
2a. Dial gauge
3. Inlet valve
4. Flowmeter
5. Cement permeameter
6. Heating mantle
7. Wires .
8. Hand-held thermometer

. 9. Temperature controller
IO. Outlet
i1. Pressure gauge
12. Read-out burette
13. Evaporation / reference burette (closed)
14. Tygon hose

|.
'

Figure 6.1 Laboratory set up for flow t.esting of cement plugs using a
! pressure intestfier.
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! 1. Bladder accumulator 9. Reference pipet

| 2. Intake port (quick connect fitting) 10. Electrical outlet
' 3. Cilmont flowmeter 11. Valves

12. Stainless steel tubing4. Cement permeameter
5. Heating mantle 13. Thermocouple wires

6. Temperature controller 14. Wire
15. Cage7. Digital thermometer

8. Water collecting pipet

Figure 6.2 Laboratory set-up for flowrate testing of cement at elevated
tempe ra cures.
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Figure 6.3 Laboratory set-up for flowrate testing of cement at ambient
temperatures.
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1

225

. . _ _ . _ . _ . _ - - _ . _ ..- -.-.--.- _ .. .-.._



_

; ; p inseri
n

|!| [gBushing
''|# '

je Bushing 0 ring

| -||k -Stop O-ring
d Ik/i

$ -

5 Upper stop
r / ? | /

/ :. /

)- ! Flowmeter tube'
| <

/ /.

< ,,

$ N'

i As
$ Protection tube4

/ /

/ /
/ /

/ / Flowmeter ball/ "
.;

/ //'

:

/
t //

/ /

'
_ -Lower stop

?l -Stop O-ring1

Ai
!. -Bushing 0-ring\1

','

'

i'' n Bushing
L d
' I

! '% nsertl

,

Figure 6.5 Cutaway section of a typical C11mont flowmoter (Cole-
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6.2.3 Ce ment Pe rmeamete r

A cement permeameter is shown in Figures 6.6, 6.7 and 6.8. It has been
built at the Instrument Shop at the University of Arizona. The
permenmeter is built from stainless steel (ss. 304), except for the
cement pipe, which is either a mild steel or a stainless steel
(interchangeable).

This cement permeameter consists of 1) the upper and lower plates, 2)
three tightening rods, 3) six nuts, 4) the upper and lower 0-rings, 5)
four thermocouple fittings, 6) a stainless steel or mild steel cement
pipe (chamber), 7) the water injecting port, 8) the water collecting
port, and 9) nain and auxiliary shut-of f valves.

Tightening the rods (Figures 6.6 and 6.8) seals the top and bottom by
means of the 0-ring. Water is injected at the top and collected at the
bottom (Figure 6.9). One can study the effect of gravity forces on flow
by turning the permeameter upside down and injecting the water f rom the
bottom.

The main and auxiliary valves facilitate filling and deacrating of the
water in the collecting port. Thermocouple fittings are used for 1/16"
thermocouple probes.

6.2.4 llcating Unit

The heating unit consists of a heating mantle, a temperature controller,
and a digital thermometer. The heating mantle (Figure 6.10) is a hollow
double-walled cylinder designed to hold a sample up to about 16 cn (6
in) in diameter and 30 cm (12 in) long. Ileating elements and insulation
are placed between the inner and outer walls of the unit. Af ter the
cement permoameter is loaded, the water injecting tube and outflow hoses
are connected through the holes in the top cap and in the base,
respectively. The heating mantle is monitored directly by the
temperature controller.

The temperature controller consists of a solid state relay, a
temperature setting knob, a channet knob to switch channels, a dial-type
thermometer, and twenty channels for thermocouple connections (Figure
6.11). The digital thermometer (Figure 6.12) is connected to the
temperature controller and can read the temperature of various
thermocouples in tenths of a degree ('C or 'F).

6.2.5 Water Collecting Units

A pipet is used to measure the outflow through the plug. The bottom
reservoir (co11ceting port) of the ecmont permenmeter is initially
filled with water and connected to the measuring pipet by a tygon
tube. In order to eliminate any water head that might result from the
water rise, the collecting pipets have been installed horizontally.
Figure 6.13111untrates the original set-up (with vertical pipot) for
the outflow end of the cement permenmeter. An identical pipet is used

i

,

to evaluate the rate of evaporation in the laboratory.
|
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!

| 6.2.6 Temperature Sensors
,

Iron /constantan (type J) thermocouple. probes, manufactured by Omega
Engineering Co., are.used. They are protected by a stainless steel
sheath against wear and corrosion. The tips of.the probes must be in '

contact with the points whose temperatures are to be measured. Four
,

thermocouple probes are usually installed to measure the temperature at
the top and bottom of the-plugs.

Thermocouple wires connect the probes to the temperature controller.
The compatibility of thermocouple probes and wires 'is essential (both'

i

are type J).

i
6.2.7 Accumulator

!

; Figure 6.14 is a cutaway diagram of the bladder accumulator. A bladder,
'

which is located inside the accumulator, is precharged with nitrogen gas
through the charging valve. The accumulator is then filled with water
through the hydraulic port. The bladder accumulators being used are
" Kwik-Kap" type, manufactured by EMG Accumulators. These accumulators

; can hold up.to 473 cc (1 pint) of water. The maximum pressure
' recommended is 20 NPa (3000 psi) at 93*C (200'F). Bladder accumulators

have performed satisfactorily. They have the following advantages over
the pressure intensifier:

:

a) highly mobile

b) better availability

c) no need for' continuous usage of nitrogen tank

d) no stick-slip, frequently observed in pressure intensifiers
,

e) very economical.

| The drawbacks of these devices are:

a) rapid discharge when experiencing high flowrates ;

b) no direct measurement of water volume discharged.

!
.6.3 Experimental Procedure'

The procedure to load the cement permeamter .is as follows:;

(1) open all nuts at the upper plate of the permeameter.

i (2) Remove the upper plate (watch for upper 0-ring).
(3) Remove the cement pipe (stainless steel jacket).-

(4) Cure the cement in the'chanber.
,

(- (5) Place the pipe back in its place.

(6) Pass the tightening bars through the holes.

(7) Fasten'the nuts on top.,

!

|

I

| 236

- . ,_ ,. --, _ - - _ -. -- - . . ._-._. -- .._



!

I
_ 8-

9_ \T Citc 'T
Ny .

'

v -3x m p
N h M w,

Nk(/ s N
,

Ns -

|

\ \

\ \ /'
c

.

s s -

N :s c

g - N
bN *

NN's C Js s

["w h T

10
|

'
*

!

#N -

Figure 6.14 Cutaway view of the hydraulic acct.mulator.

1 - Housing assembly
2 - Cap
3 - Lockring set

|

4 - Bladder assembly ;

5 - Crom:r.st
6 - 0-ring
7 - Back-up
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(8) Pass the thermocouple probes through their fittings.

(9) Tighten the fittings..

The procedure to fill the lower reservoir of the cement permeameter with
water- is (either valve at the lower part of the permeameter can be usedc-

as the main valve):-
;

(1) connect the main valve to a measuring pipet by a hose
(transparent, e.g. Tygon).i

.

(2) connect the ' vacuum line to the other side of the pipet.
i

| (3) Open both main and auxiliary valves.
(4) Connect the Ruska manual injection pump to the auxiliary valve;

and open it.

(5) Pump water through the auxiliary valve into the lower
reservoir.

(6) When pipet is half-way full and there are no air bubbles
i

j throughout the Tygon hose or burrette, disconnect the vacuum
' hose from the top of the burette.

(7) Pump more water into the lower reservoir with the Ruska pump.

(8) Shut off the-auxiliary valve.
4

(9) Remove enough water from the pipet to calibrate.
.

(10) Connect the permeameter to the rest of the system (Figure 6.2).

Af ter the cement permeameter is assembled into the system, the
intensifier is filled with water.

|

Once the cement permeameter is loaded and assembled. into the system, the
test can be started. Figure 6.15'is a general schenstic of the(

| system. The heating unit is used only in studies involving temperature
applications.

i
; 6.4 Permeameter Tests
|

| Cement System 1, provided by Dowell, is used' for the plug material.

_

This system is composed of Ideal Type A Portland Cement '(from Tijeras
i Canyon, New Mexico), 50% ' distilled water, 10% D53 (an expansive agent),
( and 1% D65 (a dispersant).. All percentages are weight percent with
( respect to cement. Mixing is performed according to American Petroleum

~

I Institute Specifications, API Standard No. RP-10B (American Petroleum
-Institute, 1977).

Two types of plug curing have been followed: 1) dry (SC-1), and 2).
underwater'(saturated or fresh). Fresh plugs have been kept underwater
and'are thought to be saturated. Both types of plugs are cured in steel
pipes (chamber) of the cement .permeameters for at least 8 -days at
ambient temperatures (22 i 2'C or 72 i 6*F) (Figure 6.16).
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6.4.1 Sample SG-1

Cement was cured dry for 8 days at ambient temperatures. The plug was
2.54 cm (1 in) in diameter and 10.97 cm (4.3 in) long. The spongy zone
on the top was about 2 mm thick and was not ground away. The experiment
was performed in two phases: 1) at ambient temperatures and 2) at
temperatures of 40-55'C (104-131*F). The first phase took 9 days. The
second phase had to be stopped af ter a day because of complications,
such'as excessive temperature gradients at the top and bottom of the
plug-(over 10*C or 18'F) and leakage in the water collecting unit.

6.4.2 Sample SC-2

This sample had been cured underwater for 8 days at ambient temperatures
before testing started. The plug is 2.54 cm (1 in) in diameter and
10.67 cm (4.2 in) long. Laitance has not been ground of f. This plug
has been studied since November 15, 1983. It has first undergone
flowrate testing at ambient temperatures and then at elevated
temperatures.(less than 100*C or 212*F). Table 6.1 illustrates the
tests this plug has undergone to date.

6.4.3 Sample SC-3

Sample SC-3 was set on February 16, 1984. The curing period'took 9 days
unde rwater. The plug is 2.54 cm (1 in) in diameter and 9.94 cm (3.9 in)
long. So far, all the tests have been conducted at room temperature.
Table 6.2 illustrates the tests conducted. The laitance has not been
removed. This plug is the first one on which injected water flows
against the gravitational forces (water is being injected from the
bottom and collected at the top).

6.5 Results

Two types of curve fitting have been conducted: 1) linear regression
for the best fit-line, and 2) linear regression forcing the fit-line to
pass through'the origin. All figures with plots of outflow volume vs.
time are of the first kind. This type of modeling may not work near the
origin. The meaning of such a line is that at the time zero, there is
an outflow volume equal to B cc (V = Qt + B, .where V = outflow volume, Q
= flowrate, t = time, and B = constant / 0). Theoretically and
physically this is not possible.

The hydraulic conductivity is calculated as follows (Davis and Dewiest,.

1966, Ch. 6):

K = AAH A(AH)t
=

where K = cement hydraulic conductivity (cm ' min)
Q = flowrate through the plug _(cc/ min)
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Table 6.1 Summary of Flowrate Testing on Plug SC-2

Injecting Test
Temperature Pressure Duration

Test No. 'C (*F) MPa (psi) (hrs)

1 22 1 2 (72 i 3.6) 0.41 - 0.55 (60 - 80) 265

'

2 22 i 2 (72 i 3.6) 0.66 - 0.69 (95 - 100) 320
,

3 49 - 55 (120 - 131) 0.75 (108) 388

4 40 - 43 (104 - 109) 1.15 (167) 171

5 40 - 43 (104 - 109) -3.35 (486) 293

6 49 - 50 (120 - 122) 2.0 (290) 716

7 57 -'58.5-(134 - 137) 2.0 (290) 842

8 71.4 * 0.5 (160 - 0.9) 2.0 (290) 136

9 .83 - 84.5-(181 - 184) 2.0 (290) 130.

f

|

,

I
| e

I

,
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i

;

'
,

Table 6.2 Sunmary of Flowrate Testing on Plug SC-3

,

Injecting Test
Temperature Pressure. Duration

-Test No. *C (*F) Na (psi) (hrs)~

1 22 1 2 (72 i 3.6) 2.0 (290) 716

2* 22 1 2 (72 i 3.6) 2.0 (290) 288
,

.

4

* Test with water flow again'st the force of gravity.

|

! ,

!
n

<

l

,

4

%

-
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AH = head difference between the top and bottom of the plug
(cm water)

A = cross-sectional area of the plug (cm )
V = volume of water in the collecting pipet at time t (cc)

'

t = time elapsed for V to be collected (min).

Once the hydraulic conductivity is calculated, one can calculate the
intrinsic permeability which is representative of the hydraulic behavior
of the medium itself, excluding fluid properties. The following
equation has been used to obtain the instrinsic permeability of the
cement plug:

k=K 1
p

2where k = intrinsic permeability (cm )
3Y = specific weight of the fluid (N/cm )

2y = viscosity of the fluid (N.sec/cm ),
6.5.1 Hydraulic Behavior of Plug SC-1

Sample SC-1, cured dry, exhibited larger hydraulic conductivities
(compared to fresh plugs at ambient temperatures). A healing process
started as soon as water flowed through the plug. The flow rate
decreases with time. Water is thought to bypass the plug through a
steel / plug interface channel. Water injection helps the plug regain
some of the water it had lost during drying. Resaturation and
reswelling closes the interface gap (at least partially).

Figures 6.17 through 6.19 illustrate. the outflow volume vs. time for
SC-1 at ambient temperatures (Tables b M through 6.5). .The flow
continued to decrease despite the increase in injecting pressure.
high flowrate made this test more accurate &n similar measurements for

The
plugs never dried out. Figure 6.20 is the plot of outflow volume vs.
time for the same plug at 40-55'C (104-131*F) and .55 MPa (80 psi)injecting pressure. Higher temperature increases the flowrate throughthe plug. The differential expansion of the sample and steel wall
probably is the major reason for this increase. Moreover, the viscosity
of water decreases with the increase in temperature which, in turn, j

induce a higher flow. can i-A problem encountered is the excessive
temperature difference between top and bottom of the sample (as high as10*C or 18'F). The effect of differential heating is not known. Lack)
of good insulation in the heating mantle was the major reason for thedifference. This problem has been substantially resolved by placing

.

additional insulating materials on the top and bottom of the cementj permeameter (inside the heating inantle).
!

The linear regression model (through the origin) seems to be sufficienti

!

for the experiments performed on this plug. The coefficients of
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Figure 6.17 Water outflow vs. time for sample SC-1 at ambient
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Figure 6.20 Water outflow vs. time for sample SC-1 at ambient
temperature and .55 MPa (80 psi) injecting pressure.
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Table 6.3 Data obtained from'SC-1 at ambient temperature'(22 i 2*C or

9.7842.KN/m,p=.0.9578x10-}N*sec/m,L=10.97cm)71't4*F)agd .52 MPa (75 psi injectiggpressure. (Y "

Volume Cumulative Injecting |

Outfgow ' time ' Pressure>

(cm ) (min) MPa (psi)

;

0.20 13 .52 (75)
-0.30 21 "

0.55 45- "

I 0.75 60 "

; .0.825 67 "

1.15 95 "

!' 10.50 1090 "

10.73' 1115 "
;

,

j- 11.20 1160 "

'

11.60' 1248 "

.

4

I

i

*

b
i-

I

|

|
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Table 6.4 Data obtained from SC-1 at ambient temperature (22 i 2*C or
71i4*F)agd .55 MPa (80 psi injectiggpressure. (y =
9.7842KN/m,s=0.9578x10-}N*sec/m,L=10.97cm)

Volume Cumulative Injecting

Outfgow time Pressure
(cm ) (min) MPa (psi)

11.95 1285 .552 (80)
12.58 1345 "

13.45 1425 "

14.40 1525 "

18.50 2420 "

19.05 .2545 "

19.50 2585 "

20.50 2770 "

21.40 2820 "

22.00 2890 "

22.15 2920 "

28.95 3840 "

29.50 3910 "

29.65 3933 "

- 31.35 4145 "

l-

( 32.95 4348 -

; -

|

|
,

|
|

|.
|
i
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Table 6.5 Data obtained from SC-1 at ambient temperature (22 i 2*C or
71i4'F)agd .57 NPa (82 psi (Y =p=0.9578x10-}injectiggpressure.9.7842 KN/m., N*sec/m , L = 10.97 cm)

Volume Cumulative Injecting

Outfgow time Pressure
(em ) (min) MPa (psi)

50.75 8183 .565 (82) ,

50.83 8303 "

52.50 8453 "

52.70 8520 "

52.85 8548 "

~59.50 9483 "

61.00 9693 "

62.00 9896 "

63.20 10,025 "

69.30 10,957 "

,

4

.

f

i

l
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Table 6.6 DataObtainedfromSampleSC-1at40-55'C(104-131*F)ang
Injecting Pre S5 MPa (80 psi). (y = 9.689 KN/m , p
=0.547x10~gsureof yN*sec/m , L = 10.97 cm)

Cumulative Cumulative Temperature
Volume Time ('C) Pressure

(cc) (min) TC1 TC2 MPa (psi)

i 1.4 55 44.8 56.8 .55 (80)
.3.0 210 41.2 50.3 "

14.1 1170 39.1 53.4 "

15.0 1260 45.9 54.6 "

15.5 1305 45.5 55.0 -

16.5 1410 46.1 55.9 "

17.0 1470 46.6 55.8 "

| 18.2 1590 45.6 55.2 "

i.

i

<

1

1

1

I

.>.

g
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t

2.determin'ation (R ) for various tests conducted on SC-1 are all above
|

99%. Tables 6.7 and.6.8 contain the computed values for linear
_

regression lines forced through the origin and linear regression with

best. fit lines. Thereisno.majordifferengeinthetwotables.cc/minto6.247x10{ low- -

I 'through.the plug decreases from 9.548 x 10 .

cc/ min.with time. Afterthegugisheatedto40-55'c(104-131*F),the
'

I-flowrate jumps to 11.729 x 10 cc/ min, which exceeds the initial
,

values..

Figure 6.21. illustrates the-intrinsic permeabilities and hydraulic
conductivities vs. cumulative time. The hydraulic conductivity0 ''

~ decreases with time. However, it exceeds its initial value once the
,

. plug is being heated. .Ontheotherhand,theintrinsicpermeaglit{vs..

staysfwell gder its' initial value during heating (420.9 x 10 cm
-

cm ). According to Figure 6.21, the increase in intrinsic' 634.6 x 10
permeability of the plug,' by itself, could not cause the flowrate to
exceed its initial;value. The fluid (here water) has a major role in
the. flow rise when the plug heated. Figure 6.22 illustrates:the<

viscosity decrease vs. temperature. The increase in flowrate, when the
plug was heated,.was partially caused by the plug changes,.and partially

} by a reduction of resistance to flow of the fluid (due to the viscosity
_

decrease).
:

I 6.5.2 Hydraulic Behavior of Plug SC-2
4

The flow through the plug at ambient temperatures is about 3 orders of
,
; magnitude smaller than for the SC-1 (dry plug). Figures 6.23'and 6.24
j. (Tables 6.9 and 6.10) show~the data obtained, respectively, at 0.41-0.55
i MPa (60-80 psi) and 0.66-0.69 (95-100 psi),.both at ambient
; - temperatures.

i Studying'the flow through the fresh plug SC-2 introduced problems that

i - were negligible or absent during testing of SC-1. Flowrates are
extremely low. Dealing with such small flows makes the results less

,

certain, and once flow gets very small, the application of Darcy's 1.aw
~

4

becomes highly questionable (Freeze and Cherry,1979, p. 72)..

Atmospheric pressure' variations and evaporation rate 'in the laboratory;

i are two environmental factors that are thought to influence the flow
' through SC-2 ' (or any f resh plug at a'abient temperatures). ' Atmospheric
j pressure variation is thought to be _ responsible for the occurrence of

the " negative flow". .Ne'gative flow stands for the travel of water from.*
.

the water collecting unit (pipet) to the bottom reservoir of the cement
permeameter -(Figure 6.25). This phenomenon usually occurs when

i . -atmospheric pressure in the laboratory rises (during nights, when room
'

pressure builds up because the door remains closed). The atmospheric-
. pressure rise is thought-to push down the water column in the pipet.
!. Figure'6.26 shows typical' data obtained (for SC-2 at 49-55'C and .75 MPa

' injecting pressure). The-decrease in the water level in the pipet,

|-
causes a cyclic trend for-the' data. This. phenomenon.may be explained by

| some type of driving mechanism, such as capillary action due to
incomplete saturation of the; plug (especially, bottom of plug), or due
to room pressure variations.

253
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Table 6.7 Results for : Sample SC-1 at Ambient and Elevated Temperatures
(Linear Regression Forced through the Origin)

Tenperature Injecting Hydraulic- 95% Confidence Instrinsic
of Cement Pressure- Flowrate Conductivity Interval Pergeability

; 'C (*F) NPa (psi) cc/ min R cm/ min ec/ min cm (Darcy)

22 1 2 0.52 9.548 x 10-3 .999 3.889 x 10-6 -9.385 x 10-3 - 634.6 x 10-15(71 i 3.8) (75) 9.711 x 10-3 (64.29 x 10-6) ,

22 1 2 0.55 7.655 x 10-3 .997 3.118 x 10-6 7.422 x 10-3 - 508.8 x 10-15
,

(71 i;3.8) 80) 7.888 x 10-3 (51.55 x 10-6)(

h! 22 i 2 0.57 6.247 x 10-3 .999 2.322.x 10-6 6.201 x 10-3 378.8 x 10-15
'

(71 1 3.8) (82) 6.294 x 10-3 (38.38 x 10-6)
40 - 55 0.55 11.72 x 10-3- .999 4.47 x 10-0 11.449 x 10-3 420.9 x 10-15

(104 - 131) (80) 12.000 x 10-3 (42.64 x 10-6)
,

,

!

i

|

I

:

l

:
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Table 6.8 Results for Sample SC-1 at Ambient and Elevated Temperatures
(Best Fit Line)

-

Temperature Injecting _ Hydraulic Instrinsic

of Cement Pressure Flowrate Conductivity Perpability
'C (*F)- Na (psi) cc/ min cm/ min cm (Darcy)

22-i 2 0.52 9.318 x 10-3 3.817 x 10-6 - 622.7 x 10-15 -
(63.09 x 10-6)(71 1.3.8) (75)

22 1 2 0.55 7.000 x 10-3 - 2.688 x 10-6 438.6 x 10-15-
(44.44 x 10-6)(71 * 3.8) (80)

h 22 i 2 0.57 5.527 x 10-3 2.122 x 10-6 346.3 x 10-15
(35.09 x 10-6)(71 i 3.8) (82)

'

40 - 55 0.55 11.36 x 10-3 4.32 x 10-6 407.7 x 10-15
(41.3 x 10-6)(104 - 131) (80)

. -
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Figure 6.21
Hydraulic conductivity (K) and intrinsic permeability (k) of cement plug SC-1 as a function oftime.
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Figure 6.23 Water outflow vs. time for sample SC-2 at ambient
temperature and 0.41 - 0.55 IFa (60 - 80 psi) injecting
pressure.

+: volume of water at'given time
-(measurements)

| : best-fit straight line

-------: 95% confidence interval
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IFigure 6.24 Water outflow vs. time for sample SC-2 at ambient
temperature and 0.66 - 0.69 HPa (95 - 100 psi) injecting
pressure.

+: volume of water at given time

------- : best fitted line-
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Table 6.9 Data obtained from SC-2 at ambient temperature (22 1 2*C or
71 i 3.6*F) and .41 .55 Nga (60 - 80 psi) injecting
pressure. (y = 9.7842 KN/m , p = 0.9578 x.10~ N*sec/m , L =*

10.67 cm)

F Volume Cumulative Injecting

time- PressureOutfgow..

(em ) (min) MPa (psi)

0.015 1645 70
-

"0.220 7105
"

0 230 7255

0.240 7345 "

0 250 7462 "

0.279 8845 "

0.280 8905 80

0.288 9025 70

0.265 10,105 "

0.290 10,225 "

| 0.300 10,285 60

0.330 11,549 -105

0.340 11,605 90

0.355 11,670 60

0.365 11,750 "

0.370 11,790 "

0.390 12,850 "

0.390 12,925 "

'O.395 12,985 "

0.400 13,105
' '

.0.405 13,230- "

O.410 13,285 '"

10.335 15,760 "

0.325 15,865 "

0.335' 15,925 55.

l

i

i.
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Table.6.10 Data obtained from SC-2 at ambient temperature (22 i 2*C or
71'i 3.6*F) and .62 .69 ga (95 - 100 psi) igjecting 2pressure. (y = 9.7842 KN/m , p = 0.9578 x 10- N*sec/m , t
=.10.67 cm)

Volume Cumulative Injecting

Outfgow time Pressure
(cm ) (min) MPa (psi)

'

O.340 6,045 951

0.345 16,105 97
,

0.345 16,165 98

0.347 16,265 99

0.335 17,245 99'

O.340 17,365 99

'O.350 17,485 100

0.370 17,545 "

0.375 17,605 "

0.379 18,715 "

0.379 18,805- "

0.398 18,925 "

-0.410 18,995 "

0.412 19,045 "

0.414 19,185- "

0.425 20,065 "-

0.427 20,125 "

0.430 20,185- "

0.437 20,245 "
,

0.440 20,305 "

0.440 20,330 "

0.445 - 20,365 "

0.455 20,440 "

0.475 20,680 "

0.485 21,595 "

0.410 -21,805 "

0.419 21,865 "
t

| 0.490 23,125 "

[ 0.530 23,185 " *

261
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Table 6.10 Data obtained from SC-1 at ambient temperature (22 1 2*C or
71 i 3.6*F) and .66 .69 Mga (95 - 100 psi) igjecting
pressure. (Y = 9.7842 KN/m , p = 0.9578 x 10- N*sec/m , L
= 10.67 cm)--Continued

Volume Cumulative Injecting ;

Outfgow time Pressure
(cm ) (min) MPa (psi)

0.580 26,125 !
"

,.

0.618 26,175 "

0.635 26,335 "

0.745 27,625 "

0.760 27,685 "

0.785 27,850 "

1.085 33,503 "

'1.090 33,563 "

1.090 33,625 "

1.145 34,905 "

1.147 34,970 "~

1.150 35,035 "

'
1.150 35,095 "

i

|

i
i
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Figure 6.26
Cyclic trend of plot of outflow volume Q vs. time with negative flow dominant.
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i-

The rise-and-drop trend of the water level in the outflow collecting
; pipet is very similar to the cyclic trend of the atmospheric pressure in
the laboratory (Figure 6;27 - compare to Figure 6.26). A sensitive;

pressure transducer recorded the variations of water level in an
identical water collecting pipet. An autoniatic data acquisition system
recorded the voltage of the transducer (which is linearly proportional
to the water level in the pipet) every 30 minutes (Figure 6.28). The.

variations in the voltage (e.g. water level) for a typical day are
~

illustrated in Figure 6.29. This figure is similar to the variation in
the atacspheric pressure; e.g. the decrease in the water level coincided
with the increase in the atmospheric pressure. Since the water had no
place to go, it is thought that it might have been pushed down.

The second environmental factor, considered is the evaporation of water
from the' measuring pipet. The evaporation' rate is found to be of the
same order of magnitude a the flow through fresh plugs at ambient
temperatures (8.057x10-gcc/ min). Figure 6.30 shows_a plot of'the

,

.i _

evaporation measurements (Table 6.10). Values computed for the outflow'

volu'me of fresh plugs were all corrected for the evaporation.

J- The application of heat has' increased the flow through the plug.SC-2.
Experiments conducted on the plug SC-2'at 40-_43*C and 1.15 MPa injecting
pressure and at 49-55'c and .75. Na injecting pressure are the only twoi

exceptions. observed. The reason can be related to negative flow
occurring during these tests. Figures 6.'31 and 6.32 show the plots
obtained for these two (Tables 6.11.and.6.12). Note the scatter in the
data. Generally, tests on this| plug (at' elevated temperatures) have
shown that' one can minimize the' negative flow by maintaining the<

' injecting pressure above 2.0, Na (290-psi). This might not be true for
flow testing at ambient temperature'(usually higher injection pressure

i is then required). Figures 6.33 through 6.37' illustrate plots for the
data obtained from SC-2 at elevated temperatures (Tables 6.13 through

~

6.17). Tables 6.18 and 6.19 contain the calculated values related to ,

hydraulic behavior of this plug.

| The direct conclusion that can be reached by the study of these tables
i

is that the hydraulic conductivities and intrinsic, permeabilities4

' increase with temperature. ' Figures 6.38 and 6.39,- respectively, show
the hydraulic conductivities and intrinsic-permeabilities vs.-

' '

temperature.

6.5.3 Hydraulic' Behavior.of Plug SC-3 |

This sample is the fir' t ,of -its . kind for which flow is against - gravity,s
.

i.e. water is injected at.the bottom and flows upward. Flowrates

| .obtained for this sample are smaller than for the SC-2' plug. Negative
!

'*Although these figures might'suggest.a minimum at about 40*C, data
'

obtained subsequent to completion of this report suggest that values
given at 22*C''are_too high.i

'
|
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! Figure 6.28 Schematic of system used to record the decrease in water
level as atmospheric temperature is increased.
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Figure 6.30 Water evaporation in the laboratory.

| A: volume of water evaporated from the

| reference pipet (measurements)

: best-fit straight line

-------: 95% confidence interval
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Figure 6.31 Water. outflow vs. time for sample SC-2 at 40 - 43*C.and
1.15 HPa (167 psi) injecting pressure.

+: volume of water at given time
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! : best-fit straight line

-------: 95% confidence interval
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Figure-6.32 Water outflow vs. time for sample SC-2 at 49 - 55'C and
0.75 MPa (109 psi) injecting pressure.

+ : volume of water at given time
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: - best-fit straight line
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Table 6.11 Data obtained from sample SC-2 at 40-43*C (104-109'F) and

KN/m , p = 0.6318 x 10-3injegting pressure of 1 15 HPa (j67 psi).
(y = 9.7218

N*sec/m , L = 10.67 cm)

Cumulative Cumulative 'C at Thermocouples Injection

Volume Time Bottom Top Pressure
(cc) (min) TC1 TC2 TC3 & TC4 (MPa)

0.0 0 39.9 39.5 42.2 1.15

0.005 195 40.1 39.6 42.4 "

0.02 315 40.1 39.7 42.4 "

-0.021 375 40.2 39.8 43.4 "

0.023 435 40.? 39.8 42.4 "

0.026 518 40.4 40.0 42.6 "

-0.03 1455 39.9 39.5 42.3 "

-0.01: 1515 40.1 39.6 42.4 "

'0.02 1575 40.1 39.7 42.4 "

0.012 1635 40.2 39.8 42.4 "

0.032 1755 40.3 -39.9 42.5 "

0.042 1875 40.4 40.0 42.6 "

0.048 1995 40.4 40.0 42.6 "

0.048 2880 40.1 39.7 42.3 "

0.059 3105 40.3 39.8 42.5 "

0.069 3165 40.4 39.9 42.5 "

0.080 3345 40.6 40.2 42.7 "

0.030 4375 40.1 39.7 42.4 "

0.030 4505- 40.2 39.8 42.4 "

0.050 4770 40.3 39.9 42.5 "

0.051 4855 40.3 39.9 42.5 "

0.040 7255 39.7 39.3 42.1 "
.

0.041 7375 39.9 39.4 42.3 "

0.045 7435 39.9 39.5 42.3 "

0.060 7525 40.0 39.5 42.3 "

0.069 7615 40.1 39.6 42.3 "

0.072 7735 40.2 39.7 42.4 "

0.070 7795 40.2 39.7 42.4- "

0.045 8665 39.9 39.5 42.2 "

0.051 ~ 8895 40.0 39.6 42.3 "
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Table-6.11 Data obtained from sample SC-2 at 40-43*C (104-109'F) and

KN/m , p = 0.6318 x 10~3injegting pressure of 1 15 MPa ({67 psi).
(Y = 9.7213

N*sec/m , L = 10.67 cm)--Continued

Cumulative Cumulative 'C at Thermocouples Injection
-Volume Time Bottom Top Pressure

(cc) (min) TC1 TC2 TC3 & TC4 (MPa)

0.060 8935 40.1 39.6 42.3 1.15

0.072 .9075 40.3 39.8 42.5 "

0.081 9295 "
- - -

0.071 9535 40.4 39.9 42.5 "

0.075 9655 40.4 40.0 42.6 "

0.087 9775 40.6 40.2 42.7 "

0.089 9895 40.2 40.2 42.8 "

0.085 10135 40.3 39.9 42.5 "

i 0.087 10255 40.3 39.9 42.5 "

J

t

4

1

I

'
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Table 6.12~ Data obtained from sample SC-2 at 49-55*c (120-131*F) and
' 75 NF8 (1 9 Psi). (y = 9.6796 KN/m ,

injectingpressuS*N'sec/m,2p = 0.5308 x 10' L = 10.67 cm)

Cumulative Cumulative *C at Thermocouples
Volume Time Bottom Top

(cc) (min) TC1 TC2 TC3 & TC4

0.000 49.8 49.5 54.6
0.025 180 50.0 49.7 54.7
0.026 263 50.1 49.8 54.8
0.028 295 50.1 49.8 54.8
0.025 1750 50.1 49.8 54.9
0.020 1783 50.1 49.8 54.9

, negative flow-

0.012 1937 49.6 49.3 54.5
0.017 323d 49.2 48.9 54.2
0.020 3282 49.3 49.0 54.3
0.034 3397 49.5 49.3 54.5
0.053 3477 49.7 49.4 54.6
0.055 3537 49.7 49.5 54.6
0.060 3612 49.8 49.5 54.6
0.060 3657 49.8 49.5 54.6
0.071 5307 49.4 49.1 54.4
0.065 6117 49.0 48.7 54.1
0.069 6177 49.2 48.9 54.3
0.090 6297 49.4 49.1 54.4
0.100 7557 49.4 49.1 54.4
0.110 7677 49.6 49.3 54.5

~

0.135 7767 49.8 49.6 54.6
0.145 7812 49.9 49.6 54.7
0.160 7964 50.1 49.8 54.9.,

0.142 8957 49.6 49.3 54.54

0.147 8997 49.7 49.4 54.5
0.150 9057 49.8 49.5 54.6

i 0.156 9117 49.9 49.7 54.8
0.164 9177 50.1 49.0 54.8,

0.165 9237 50.2 49.9 54.9
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Table 6.12 Data obtained from sample SC-2 at 49-55'c (120-131*F) and
injecting pressuge of .75 Fra (109 psi). (y = 9.6796 KN/m ,
u = 0.5308 x 10- N*sec/m , L = 10.67 cm)--Continued

Cumulative Cumulative *C at Thermocouples
Volume Time Bottom Top

(cc) (min) TC1 TC2 TC3 & TC4

0.173 9297 50.2- 50.0 55.0

0.198 9462 50.4 50.1 55.1

0.199 9507 - - -

0.164 10,429 49.9 .49.6 54.7

0.197 10,662 50.1 49.9 54.9

0.200 10,726 50.2 50.0 54.9

0.211 10,827 50.3 50.0 54.9

0.210 10,902 50.3 50.0 54.9

l 0.209 10,962 50.3 50.0 55.0

0.200 12,282 49.9 49.6 54.6,

0.174 13,305 49.4 49.1 54.3

0.175 13,395 49.5 49.5 54.5

0.206 13,584- 49.9 49.6 54.7

0.215 13,654 50.0 49.7 54.8

0.220 13,711 50.1 49.8 54.9

0.222 13,755 50.1 49.9 54.9

0.225 13,788 50.2 49.9 54.9

0.184 14,790 49.6 49.3 54.5

0.180 14,910 49.7 49.4 54.6

0.183 14,961 49.7 49.4 54.6

0.189 15,015 49.6 49.4 54.6

0.190 15,060 49.7 49.4 54.6

0.195 15,109 49.7 49.4 54.5

0.200 15,165 49.8 49.5 54.6

0.209 16,225 49.2 49.0 54.2

0.231 16,399 49.6 49.3 54.5
,

0.232 16,455 49.6 49.3 54.4

0.240 16,485 49.7 49.6 54.6

| 0.244 16,501 49.7 49.5 54.6

0.260 16,590 - - -
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Table 6.12 Data obtained from sample SC-2 at 49-55'c (120-131*F) and
3

injecting pressuge of .75 NFa (109 psi). (y = 9.6796 KN/m ,
- N*sec/m , L = 10.67 cm)--Continuedp = 0.5308 x 10

Cumulative Cumulative *C at Thermocouples
Volume Time Bottom Top

(cc) (min) TC1 TC2 TC3 & TC4

0.209 17,625 49.3 49.0 54.2

0.208 17,661 49.3 49.0 54.2
0.224 17,854 49.6 49.3 54.5

0.231 17,894 49.6 49.4 54.5
0.232 17,933 49.7 49.4 54.5
0.251 17,993 49.7 49.5 54.6;

0.252 18,073 49.8 49.6 54.6
0.256 18,149 49.9 49.7 54.7

.

0.269 19,122 49.6 49.6 54.6
0.270 19,212 49.6 49.6 54.6,

0.282 19,302 50.0 49.7 54.7
0.290 19,332 50.0 49.8 54.8
0.300 19,431 50.1 49.9 54.8
0.305 19,486 50.2 49.9 54.9
0.306 19,576 50.3 50.1 55.0
0.305 19,601 50.3 50.0 54.9
0.234 20,501 49.2 48.9 54.1
0.235 20,551 49.3 49.0 54.2
0.236 20,501 49.4 49.1 54.3
0.249 20,665 49.6 49.3 54.4
0.280 20,806 49.8 49.6 54.6
0.305 20,975 50.0 49.8 54.8
0.310 21,070 50.1 49.9 54.8
0.298 22,330 50.0 49.8 54.8

'

O.293 22,522 50.3 50.0 55.0
'

0.299 22,579 50.3 50.1 55.0
0.300 22,629 50.3 50.1 55.0

| 0.301 22,689 50.3 50.0 55.0'
( 0.300 22,749 50.3 50.1 55.0
i
!
'

l
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Table 6.12 ~ Data obtained from sample SC-2 at 49-55'c (120-131*F) and
3

injecting pressuge of .75 NPa (109 psi). (y = 9.6796 KN/m , '

u = 0.5308 x 10- N*sec/m , L = 10.67 cm)-Continued
b

Cumulative Cumulative- 'C at Thermocouples
Volume- Time Bottom Top

(cc) (min)- TC1 TC2 ' TC3 & TC4

0.300 ' 22,794 50.3 50.1 55.0

'0.222 -23,229 49.4 49.1 54.3
.,

-0.225 .23,289 49.5 49.3 54.4

:

|

,

4

I

i .

,

|'
!

,

'

277
I

.:. ,_ - ...m -- _ y _. . . - - - _ ,



. _ __ ..
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Figure 6.33 Water outflow vs. time for sample SC-2 at 40 - 43*C and

3.35 MPa (486 psi) injecting pressure.

+: volume of water at.given time
(measurements)

: best-fit straight line

-------: 95% confidence interval
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Figure 6.34 Water outflow vs. time for sample SC-2 at 49 - 50*C and 2.0
j MPa (290 psi) injecting pressure.
1

+: volume of water at given time
(measurements)

: best-fit straight line-

-------: 95% confidence interval

1
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SC-2 RT 57-58.5 C TEMP.
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l Figure 6.35 Water outflow vs. time for sample SC-2 at 57 - 58.5'c and
2.0 MPa (290 psi) injecting pressure.

+: volume of water at given time
(measurements)-

: best-fit straight line

-------: 95% confidence interval
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Figure 6.36 Water outflow vs. time for sample SC-2 at 70.9 - 71.9'c and
2.0 HPa (290 psi) injecting pressure.

+: volume of water at given time
(measurements)

: best-fit straight line

( -------: 95% confidence interval
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SC-2 AT 83-84.5 C TEMP.
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Figure 6.37 -Water outflow vs. time for sample SC-2 at 83 - 84'C and 2.0
HPa (290 psi) injecting pressure.

,

+2 volume of water at given time

(measurements) |

best-fit straight line

95% confidence interval-------
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Table 6.13. Data obtained from sample SC-2 at 40-43*C (104-109'F) abd
injegting pressure of 3 35 MPa (g86 psi). (y = 9.7218

3KN/m , p = 0.6318 x 10 N*sec/m , L = 10.67 cm)

>

Cumulative Cumulative 'C at Thermocouples Injection
Volume Time Bottom Top Pressure

(ce) (min) TC1 TC2 TC3 & TC4 (MPa)

0.105 10555 40.1 40.1 42.6 3.35

0.130 11575 40.9 40.1 42.8 "

0.168 11815 41.5 41.1 43.2 "

0.186 12085 41.5 41.2 43.3 "

0.252 13255 41.9 41.6 43.7 "

0.280 13375 42.2 41.8 43.9 "

0.285 13555 42.1 41.8 43.9 "

| 0.350 16045 41.7 41.3 43.6 "

i 0.380 17335 41.5 41.1 43.5 "

0.390 17470 41.6 41.2 43.5 "

0.398 17515 41.6 41.2 43.5 -

0.430 17755 41.8 41.4 43.7 "

0.450 18775 41.8 41.4 43.6 "

'

0.500 19300 42.1 41.8 43.9 "

I 0.510 20185 41.9 41.5 43.7 "

0.534 20500 42.0 41.7 43.9 "

0.540 20590 42.1 41.7 43.9 "

0.560 21553 42.0 41.7 43.9 "

0.560 21643 42.0 41.6 43.8 "

i

0.575 21823 42.1 41.7 43.8 "

0.590 21883 42.1 41.8 43.9 "

0.620 22243 42.3 42.0 44.1 "

0.660 23113 42.8 41.9 43.9 "

0.690 23383 42.4 42.1 44.2 "

0.775 25963 41.7 41.3 43.6 "

i 0.830 26443 42.1 41.7 43.8 "

0.863 27403 42.0 41.7 43.7 "

0.875 27583 42.1 41.8 43.9 "

0.898 27853 42.3 41.9 44.0 "
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Table 6.14 -Data obtained from sample SC-2 at 49-50*C (120-122*F) and
3

Injecting Press (y = 9.629 KN/m ,
p=0.547x10-greof2.gMPa(290 psi).N*sec/m , L = 10.67)

i

Volume
Through Cumulative. Temperature (*C) at Thermocouples

the Cement Time Bottom Top

(ce) (min) TC1 TC2 TC3 TC4

0 0 49.4 49.6 49.8 49.8

0.01 100 49.4 49.6 49.8 49.9

0.083 1294 49.4 49.6 49.8 49.9

0.082 1388 49.4 49.6 49.8 49.8

0.099 1682 49.4 49.7 50.0 50.1

0.123 3004 49.4 49.6 49.8 49.9
;

0.170 3109 49.4 49.6 49.9 49.9
;

0.223 4080 49.3 49.5 49.7 49.7

0.220 4224 49.3 49.5 49.7 49.8

0.473 8400 49.4 49.6 49.7 49.8

0.466 8884 49.4 49.6 49.8 49.9

0.514 9822 49.4 49.6 49.7 49.8

0.535 10,176 49.4 49.6 49.8 49.8

0.535 10,254 49.4 49.6 49.8 49.8"

0.592 11,257 49.3 49.5 49.6 49.7

0.616 11,778 49.4 49.6 49.8 49.8

0.674 12,704 49.4 49.5 49.6 49.7

0.672 12,944 49.5 49.6 49.8 49.8

0.675 13,074 49.5 49.6 49.8 49.8

O.765 14,629 49.5 49.7 49.9 49.9'

0.960 18,504 49.4 49.5 49.7 49.7

0.970 18,974 49.5 49.7 49.8 49.8

1.02 19,884 49.4 49.5 49.6 49.6

1.036 20,334 49.4 49.7 49.8 49.9 ;

\
1.089 21,319 49.4 49.6 49.7 49.7 |

1.112 21,839 49.5 49.8 49.8 49.8

1.155 22,782 49.3 49.4 49.7 49.7

1.156 22,926 49.4 49.7 49.8 49.8

1.489 29,109 49.5 49.6 49.8 49.8

1.472 29,874 49.3 49.5 49.7 49.7
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. ' Table 6.14 Data obtained from sample SC-2 at 49-50*C (120-122*F) and'
Injecting Press
p = 0.547 x 10'gre of 2.g MPa (290 psi). (y = 9.629 KN/m ,

N*sec/m , L = 10.67)-Continued

Volume
Through . Cumulative Temperature (*C) at Thermocouples

the Cement Time Botton Top
i (cc) (min) TC1 TC2 TC3 TC4

1.625 -33,249 49.4 49.6 49.7 49.8
1.715 -34,764 '49.4 49.6 49.7 49.8
1.875 40,464 49.4 49.5 49.7 49.7,

2.041 41,489 49.3 49.5 49.6 49.7
2.114 42,954 49.4 49.5 49.7 49.7

f

k

i

L
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Table 6.15 DataobtainedfromsampleSC-2at57-58.5'C(135-137'F)ang
'InjectingPressu5e f 2.0 MPa (290 psi). (y = 9.6514 KN/m ,

2p = 0.4822 x 10- N*sec/m , L = 10.67)"

Outflow Cumulative. Temperature (*C) at Thermocouples Ambient
Top Temp.Volume ~ Time Bottom

_ TC3 TC4 (*C)(cc) (min) TC1 TC2
,

0 57.7 57.9 58.1 58.1 21.9

-0.023 223 57.6 57.8 58.0 58.0 22.5'

0.352 4457 57;5 '57.7 57.9 57.9 22.2
- 0.425 5867 57.7 58.1 58.2 58.2 22.0

0.513 7257 57.5 58.0 58.0 58.0 21.6

0.614 8563 57.4 57.8 57.6 57.8 -

1

-0.700 10,008 57.5 58.8 57.9 57.9 -

I 20.926 15,811- 57.5 57.8 57.8 57.9 22.4

0.983 17,347 57.6 57.9 58.0 58.0 22.4
'

1.057 18,619 57.6 58.6 58.0 58.0 -22.0

1.174 20,333 57.6 59.6 58.0 58.0 22.8
'

1.453 24,400 57.5 60.1 57.9 57.9 21.4
- 1.523 25,857 57.6 57.8 58.0 58.0 23.0

2.111 34,504 57.7 57.9 58.1 58.1 22.9,

I 2.256 37,397 57.8 58.0 .58.2 58.2 23.2

| 2.303 38,829 57.6 58.0 58.2 58.2 23.5

2.328 39,252 57.8 58.0 58.2 58.2 24.0,.

; 2.399 40,267 57.9 57.9 58.1 58.2- 23.2

3.067 50,510- 57.6 57.8 58.0 58.1 22.4

i
i

t
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!
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j. Table 6.16 Data obtained from sample SC-2 at 70.9-71.9'c (160-161'F)

KN/m , p = 0.404 x 10~3and jnjecting Pressure of 2.0 ya (290 psi).
(y = 9.589

N*sec/m , L = 10.67).

i

Outflow Cumulative Temperature (*C) at Thermocouples Ambient
Volume Time Bottom Top Temp.4

'

(cc) (min) TC1 TC2 TC3 TC4 (*C)
,

i

0 70.9 71.2 71.6 71.6 -22.4

0.141 945 70.9 71.2 71.5 71.6 22.3

0.170 1130- 70.9 71.2 - 71.5 71.6 22.9

0.201 1307 71.0 71.3 71.5 71.7 23.4

j 0.294 2400 71.0 71.3 71.6 71.7 23.2
'

O.456 3822 71.0 71.3 71.6 71.7 23.2

0.517 4150 71.1 71.4 71.7 71.8 23.7

j 0.548 4320 71.1 71.5 71.8 71.9 23.6

! 0.838 8156 71.0 71.4 71.6 71.6 23.1

;
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Table.6.17 DataobtainedfromsampleSC-2at83-84.5*C(181-184*F)anj
Injecting Pressu f22NFa (290 psi). (y = 9.5044 KN/m ,
p=0.3384x10-5eN*sec/m , L = 10.67)

'

-Outflow Cumulative Temperature (*C) at Thermocouples Ambient
Volume Time Botton Top Temp.

,

(cc) (min) TCl TC2 TC3 TC4 (*C) i

0 0 83.2 83.5 83.9 84.0 23

| 0.041 90 83.2 83.6 84.0 84,1 23.2

0.180 228 83.3 83.6 84.1 84.1 23.5

0.200 344 83.3 83.7 84.1 84.2 23.8

0.265 510 83.5 83.9 84.3 84.4 23.7

| 0.457 1460 83.3 83.7 84.1 84.1 23.8

0.601 1800 83.4 83.8 84.2 84.3 24.1

.
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Table 6.18 Results for Sample SC-2 at Ambient and Elevated Temperatures
(Linear Regression Forced through the Origin)

Temperature Injecting Hydraulic 95% Confidence Instrinsic

of Cement Pressure Flowrate Conductivity Interval Perpability2*C (*F) Ifa (psi) cc/ min R cm/ min ec/ min cm (Darcy)

22 1 2 0.41 - 0.55 28.123 x 10-6 .978 12.07 x 10-9 26.356 x 10-6 1969 x 10-18-

(71 1 3.8) (60 - 80) 29.891 x 10-6 (199.5 x 10-9)

22 1 2 0.66 - 0.69 26.019 x 10-6 .961 8.001 x 10-9 24.357 x 10-6 - 1305 x 10-18
(71 i 3.8) (95 - 100) 27.68 x 10-6 (132.3 x 10-9)

40 - 43 1.15 8.162 x 10-6 .870 1.453 x 10-9' 7.127 x 10-6 157.4 x 10-18-

(104 - 109) (167) 9.196 x 10-6 (15.94 x 10-9)

$ 40 - 43 3.35 26.731 x 10-6 .971 1.634 x 10-9 24.955 x 10-6 - 176.9 x 10-18
(104 - 109) (486) 28.507 x 10-6 (17.93 x 10-9)

(120 - 122) (290) 50.373 x 10-6 -
477.7 x 10-1849 - 50 2.0 49.764 x 10-6 .998 5.077 x 10-9 49.156 x 10-6
(48.40 x 10-9)

49 - 55 0.75 13.80 x 10-6 .977 3.75 x 10-9 13.558 x 10-6 342.8 x 10-18-

(120 - 131) (109) 14.245 x 10-6 (34.73 x 10-9)

.57 - 58.5 2.0 59.977 x 10-6 .999 6.095 x 10-9 58.956 x 10-6 - 507.5 x 10-18
(135 - 137) (290) 60.00 x 10-6 (51.42 x 10-9)

70.9 - 71.9 2.0 113.573 x 10-6 .988 11.47 x 10-9~ 103.393 x 10-6 - 805.2 x 10-18
(160 - 161) (290) 123.753 x 10-6 (81.58 x 10-9)

83 - 84.5 2.0 343.831 x 10-6 .962 34.41 x 10-9 275.125 x 10-6 - 2042 x 10-18
(181 - 184) (290) 412.547 x 10-6 (206.9 x 10-9)
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Table 6.19 Results for Sample SC-2 at Ambient and Elevated Temperatures
(Best Fit Line)

Temperature Injecting . Hydraulic Instrinsic

of Cement Pressure Flowrate Conductivity Perpability
'C (*F) Na (psi) cc/ min cm/ min- cm (Darcy)

22 1 2' O.41 - 0.55 32.6 x 10-6- 13.99 x 10-9 2283 x 10-18
(71 i'3.8) (60 - 80) (231.3 x 10-9)

' -9 1296 x 10-18.22.1 2 0.66 - 0.69 25.9 x 10-6 ,7.941 x 10

(71 i 3.8) (95 - 100) (131.3 x 10-9)
,

40 - 43 1.15 6.498 x 10-6 1.157 x 10-9 125.3 x 10-18
(104 - 109) (167) (12.69 x 10-9)

40 - 43 3.35 43.79 x 10-6 2.676 x 10-9 289.8 x 10-18$
(104.- 109) (486) (29.37 x 10-9)

49 - 55 0.75 12.31 x 10-6 3.346 x 10-9 305.8 x 10-18
(120 - 131) (109) (30.98 x 10-9)

49 - 50- 2.0. 48.46 x 10-6 4.944'x 10-9 465.2 x 10-18
(120 - 122) (290) (47.13 x 10-9)

57 - 58 2.0 58.77 x 10-6 5.972 x 10-9 497.3 x 10-18
(135 - 137) (290) (50.38 x 10-9)

70.9 - 71.9 2.0 102.8 x 10-6 10.38 x 10-9 728.8 x 10-18
'

(160 - 161) (290) (73.84 x 10-9)

83 - 84.5 2.0 297.4.x 10-6 29.76 x 10-9 1766 x 10-18
(181 - 184) (290) (178.9 x 10-9)

_ _ _ _ _ _ _ _ _ _ _
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Figure 6.38 Hydraulic conductivity vs. temperature for sample SC-2.
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flow, however, is dominant throughout all tests. Hydraulic conductivity
computedfogthissample,withflowindirectionofgravityforces,is
2.309 x 10 cm/ min, which is lower than the values obtained for the
plug SC-2 at ambient temperature. This could be due to time-dependency
of the plug itself. Flow test the gravity forces exhibited
an ev'n lower flow (9.49 x 10 gg againstcm/ min). More tests are needed to
verify this fact. Figures 6.40 and 6.41 illustrates the plot of outflow
volume vs. cumulative time for this plug (Tables 6.20 through 6.23).

6.6 Discussion

Studying the flow through cement plugs is very complex because of the
time-dependency of cement itself (during saturation). Negative flow and
low flowrates complicate the study of performance of fresh plugs at
ambient temperatures. However, temperature seems to increase the
permeabilities of both dry and fresh plugs; this increases the accuracy
of the testing.

Dry cement plugs exhibit higher flows than the fresh plugs. Cement
shrinkage and cracks due to dehydration of the cement may be major
factors for the high flows. It is thought drying and consequent
shrinkage provide the injected water with a low resistance pathway along
the steel / plug interface. Improvement in the water flow (with time) has
been noted in this research and by others (Daemen et al., 1983, p.
147). During push-out tests of cement plugs in rock boreholes the
shrinkage of dry plugs in rock boreholes also has been reported. Many
dry plugs can be easily pushed out by the pressure of a finger (Daemen
et al., 1983, pp. 223-224). Conclusions drawn from this study are
compatible with these observations.

Fresh plugs have verf low permeability at ambient temperatures (22 1 2*C
or 71 i 3.8'F). The low flows can easily be affected by environmental
factors such as evaporation rate in the laboratory or variations of '

atmospheric pressure. Evaporation can be accounted for in calculations
involved in flow studies. Negative flow induced by variations of
atmospheric pressure is a dominant factor in the decrease in accuracy of
experiments conducted at ambient temperatures and injecting pressure of
less than 2.0 MPa (300 psi). The problem of negative flow can be
alleviated by increasing the injecting pressure. However, the increase
in the pressure has its own disadvantage: Injected water with pressures
higher than the strength of individual grains-(a bonding strength) of
cement can cause displacements and permanent opening of pores, which in
turn, induces higher permeabilities.

ThehydraulicconductivityobtainedbySouth(198g,cm/ min.
pp. 71-73) for

cement plug system I is in the order of 6.0 x 10- He tested a
cement cylinder with 3.80 cm in diameter and 3.35 cm in length in a
Ruska liquid permeameter (at I atm. and ambient temperatu

AdisomaandDaemen(1985)reportvaluesof1x10-geof21ito 7 x 10-9i

2*C).

|
darcy for the intrinsic permeabilities.

Theresults_obtainedbyghisstudyconfgtmvaluesobtained_byothers
(all in the order of 10_ cc/ min or 10 darcy for fresh plugs). Long-

|
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Figure 6.41 Water outflow vs. time for sample SC-3 at ambient
temperature and 2.0 MPa (290 psi) injecting pressure.
" Flow is against the gravity force."

+ volume of water at given time

(measurements)
! : best-fit straight line

------ : 95% confidence interval

295

.. _. .. _ . ..



. . _ _ _

Table 6.20 Data obtained from Sample SC-3 at Ambient Temperature (22 1

2*Cor7113.8'F)andjnjectingPressuregf2.0HPg(L=290
psi). (y = 9.7842 KN/m , p = 0.9578 x 10~ N*sec/m ,
9.94)

Outflow Cumulative Temperature (*C) at Thermocouples Ambient
Volume Time Bottom Top Temp.
(cc) (min) TC1 TC2 TC3 TC4 (*C)

0. 0 22.7 22.7 22.7 23.4 23.8

0.01 95 23.1 23.1 23.0 23.3 23.3

0.048 1288 22.6 22.6 22.5 22.9 22.7,

l
0.049 1383 22.8 22.8 22.7 23.0 22.9 ,

0.06 1680 23.0 23.0 22.8 22.8 22.7

0.108 3000 22.9 22.8 22.9 22.9 22.9

0.106 3117 23.0 23.0 23.0 23.2 23.1

0.128 4080 22.0 22.0 21.9 22.3 22.5

0.120 4220 22.3 22.3 22.3 22.6 22.5
0.270 8394 22.2 22.2 22.1 22.4 22.3

0.264 8882 23.2 23.1 23.1 23.4 23.4
,

0.279 9822 23.3 22.2 22.2 22.7 22.8
0.299 -10,175 23.0 23.0 23.0 23.1 23.2
0.299 10,250 23.1 23.1 23.1 23.3 23.2
0.325 11,25S 22.2- 22.2 22.2 22.6 22.8
0.340' 11,773 22.8 22.8 22.7 22.8 22.4

i

0.364 12,702 22.7 22.7 22.7- 23.2 23.1
0.374 12,942 23.6 23.6 23.6 23.8 23.7
0.377 13,070 23.7 23.7 23.7- 24.1 24.1
0.430 14,628 23.5 23.5 23.5 23.4 23.0

~ 0.523 18,500 23.0 23.0 23.0 23.6 23.5
0.511 18,971 23.3 23.3 23.3 '23.5 23.0
0.53 119,883 22.7 22.6 22.7 23.3 23.1

.0.533 20,330 22.8 22.8 22.8 22.9 22.4,

0.548 21,317 21.7 21.7 21.6 21.9 21.6

,

0.565 21,857 22.8 22.8 22.7 22.9 22.6
,

0.570 22,780 21.9 21.9 21.9 - 21.9 22.8
0.573 22,922 22.4 22.4 22.3 22.6 22.2

'

O.726 29,105 22.5 22.5 22.5 22.6 22.2

|
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Table 6.20 Data Obtained from Sample SC-3 at Ambient Temperature (22 i

2*Cor71i.3.8'F)andjnjectingPressuregf2.0 mpg (L=290
psi). (y = 9.7842 KN/m , p = 0.9578 x 10- N*sec/m .
9.94)--Continued

|

Outflow Cumulative Temperature (*C) at ' Thermocouples Ambient
Volume Time Bottom Top Temp.
(cc) (min) TC1 TC2 TC3 TC4 (*C)

0.683 29,870 21.8 21.8 21.7 21.9 21.5
0.763 33,245 22.4 22.4 22.4 22.6 22.1

0.756 34,825 22.5 22.5 22.4 22.7 22.4
0.907 41,495 21.7 21.7 21.6 21.5 21.6

,

0.881 42,950 21.7 21.7 21.6 22.1 21.7

,

Y

4

:

4

4

\
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Table 6.21 Daca Obtained from Sample SC-3 at Ambient Temperature (221
2*Cor71*3.8'F)andjnjectingPressuregf2.0 mpg (290psi). .(y = 9.7842 KN/m , p = 0.9578 x 10~ N*sec/m , L =
9.94)

Outflow Cumulative Temperature (*C) at Thermocouples Ambient
Volume Time Bottom Top Temp.
(cc) (min) TC1 TC2 TC3 TC4 ('C)

~

0' 0 22.9 22.9 22.9 23.1 23.5

0.027- 427 23.7 23.7 23.7 23.7 24.0
0.022 1440 22.9 22.9 22.9 22.8 23.2

i 0.033 1730 23.5 23.5 23.5 23.4 23.6'

O.186 11,686 22.4 22.4 22.3 22.4 22.5
0.155 15,835 22.2 21.9 21.9 21.9 22.2
0.130 15,910 22.4 22.4 22.3 22.3 22.1
0.147 17,273 -22.4 22.3 22.3 22.3 22.5

:

!

!
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L esults for Sample SC-3 at-Ambient-Temperatures (Linear Regression Forced through.the Origin)Table 6.22 R

' Temperature Injecting ' Hydraulic 95% Confidence Instrinsic-

of Cement Pressure Flowrate Conductivity Interval Pergeability-
*C (*F) MPa (psi) cc/ min R- cm/ min ec/ min cm (Darcy)

' 6 376.8 x 10-1822 i 2' 2.0 24.064 x 10-6 .986 2,309 x.10-9
23.059 x 10 6

-

-(71 1 3.8) (290) 25.069 x 10 (38.17 x 10-9)
-

22 i 2 2.0* 9.889-x 10 .926 .949 x 10-9 9.436 x 10 -

154.8 x 10 9
-6 -6 18.-

-6(71 i 3.8) 290 12.342 x 10 15.69 x 10-

w _e
;g Flow against gravity.

,
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Table 6.23 Results for. Sample SC-3 at Ambient Temperatures-(Best.. Fit Line)
.

i Temperature Injecting Hydraulic Instrinsic
.of Cement ' Pressure Flowrate Conductivity Perpability

'C (*F) Na (psi) ~ cc/ min 'cm/ min cm (Darcy)'

22 i 2.. 2.0 21.46 x 10-6 -2.059 x 10-9 336'x 10-18
(71 i 3.8). (290) (34.04 x'10~9),

22 i 2 2.0* 8.683 x 10-6 0.833 x 10-9 136 x 10-18
'

(71 1 3.8) (290) (13.77 x 10~9)

w
8 ~* Flow against| gravity.

t
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. term tests have 'shown that the plug behavior is time-dependent. As the ;

plug ages (while being saturated), it becomes less permeable. The*

increase in the flow through fresh plugs with increasing temperature is
1another conclusion t, hat might be drawn. By studying the thermal

expansion coefficients gf' stainless steel (304) gnd neat cement(respectively;9.6 x 10- in/in/*F and'10.3 x 10- in/in/*F between 32-
212*F) one can conclude that the increase in flowrate with temperature
does not result from widening of the gap between two media (Neville,"

1981,.p.L492; Inco, 1968, pp. 44-47). However, it is essential to study
-

the effect of differential thermal expansion on cement / steel interface
by'means of a strain gage. The increasing trend of permeability is-

1. . thought to' be' modeled by 'a power (nonlinear) relation.
~

The study of perme' ability when the { injected water flows against gravity.

is another experiment initiated. However,-more testing is needed to
draw conclusions. The value obtained from this type of model shows an

,

even smaller hydraulic conductivity for the cement plug. However, there
are some doubts whether to relate this lower hydraulic conductivity to i

gravity or to the time dependency of the cement itself.
.

The last- comment to be made is the question of whether or not heating;
can induce a' permanent increase in flowrate of cement plugs (permanent
deterioration). Future research should answer this question.

.

! 6.7 Future Work

Studying the behavior of cement plugs at " steady-state" conditions
requires long-term tests. The plugs being studied need to be

,

saturated. The transient pulse ' method is an attempt to overcome the
time limitations. This test is much faster and gives more results for

i hydraulic behavior. of- cement plugs. This method not only gives the
hydraulic conductivity but also the specific storage of the ~ ceme n: plug.

A transient pulse chamber has been constructe'd at the University af .;

Arizona Machine Shop.' Sealing problems in the system need to br
.

remedied before testing can start.

The construction of 'a water bath capable of holding and heating tvo
samples' with diameters of-15.24 cm-(6 in).and lengths of 30.48 cm t U
in).is: completed... Electrical installations for the' laboratory remai to

i- .be completed. The' control panel, monitoring gages, and pressurizing
system in conjunction with the water path are ready for operation.

.

Two more cement permeameters are under. construction. Many cenent plugs
have - been cured in mild steel, and willL be tested to . study the ' influence

'of cement-steel liner interaction on flowrates.
-

A . radial permeameter -(South,1983, p. 77) has ; been loaded with a Pomona '
basalt core:with a' rock bridge. .The rock is under constant water

;-

| pressure for saturation. Obtaining the' hydraulic conductivity of basalt
! rock is to establish a datum for. evaluation of performance of cement

plugs.

I-
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6.8 Conclusions

The application of cement permeameters to study the hydraulic behavior
of cement plugs has been successful. Dry plugs exhibit larger hydraulic
conductivities than fresh plugs. Negative flow and evaporation are two
environmental factors that reduce the accuracy of flow tests of fresh
plugs. Fresh plugs seem to permit more water to pass through them when
being heated. More tests are needed to draw more definite conclusions.
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CHAPTER SEVEN

SIZE EFFECTS ON CEMENT BOREHOLE PLUG PERFORMANCE

7.1 Introduction

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. To test sealing scale effects, the
University of Arizona will be conducting laboratory permeability tests'

on boreholes in irregular. blocks in order to test the influence of size
effects on the performance of borehole seals. The boreholes in the
blocks are available because they were drilled for core used in other
tests.

1

Campbell-Allen et al. (1972) have studied the moisture loss of cement
cured in metal discs with inside diameters of 2.54 cm (1 in), 5.08 cm (2
in), 10.16 cm (4 in), 15.24 cm (6 in ) and 20.32 cm (8 in). Water-
cement ratios of 0.4 - 0.8 were used in these metal' discs. They

concluded that any extrapolation.from laboratory-sized specimens to
concrete members up to 6 m thick becomes less reliable as. measurements
have to be continued over periods of some years even for specimens only
20 cm (7.87 in) thick. Therefore, it is reasonable to use test
specimens with dimensions of the same order as the actual body or
construction to be simulated. - The main reason of the size effect
studies is to try to make an extrapolation for more. realistic field size
borehole diameters, and possibly for large cement masses, as the problem
becomes more significant when large masses of cement are used under
conditions of elevated temperature.

All experimental work done to date on this contract has been on borehole.
plugs ranging from 2.54 to 10.16 cm (1 - 4 in) in diameter. The work
described in this chapter involves the -testing of blocks with bogehole
diameters.of 15.80 - 19.69 cm (6.25 - 7.75 in). System 1 Cement plugs
with length to diameter ratios of 1.0 will be poured.into these
boreholes in order to determine whether larger borehole size will
influence the sealing performance (the hydraulic conductivity) of the
cement.

!

* Material specifications are given in Daemen et al. (1983, Chapter -7).
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7.2~ Rock Samples.

The blocks are from the Pomona member of the Columbia Plateau Basalt.
- They have 15.80 --- 19.69 cm (6.25 - 7.75 in) diameter holes remaining
- from:the cores drilled out for other projects on this contract (Figures
7.1 and 7.2).

7.3 Cement Plug Preparation
,

20.32 ca (8 in) long System 1 cement plugs have been cured in a PVC pipe
and in a borehole in a rock block. Both plugs have a diameter of 19.69
cm (7.75 in). The length of the PVC pipe is 54.61 cm (21.5 in). The
block has a: borehole length of 71.12 cm (28 -in).

: . The cement has been poured into the PVC pipe on March 12, 1984, at a
room temperature of 25'c (77'F) to gain'some experience prior to pocring
the cement into the rock sample having a similar diameter. On March 19,
1984, cement has been poured into the block borehole at a room
temperature of 23.3*C (74*F).

The cement has been ' prepared by mixing 555 g of Ideal Type A Portland
cement 1(from Tijeras Canyon, New Mexico), 249 al of distilled water and
3 al:of D47 additive in a blender (according to API specification 10-B,
API, 1977). .Then,1 all mixes have been combined and mixed into one 4000
ml beaker,' and poured into the PVC pipe and block borehole.

Water was.poure'd on the cement plugs after.six hours of curing to keep ,

them saturated. After seven days of curing, a saturated sponge was
placed underneath the cement plugs to prevent drying.

i

A 2.54 cm (1 in) thick PVC plate placed 11.43 cm (4.5 in) from the.

i bottom of the PVC pipe and 8.83 cm (3.5 in) from the bottom of the block
borehole supports the plug..

7.4 Cement Curing Temperature ' Measurements>-

,
The curing temperatures of the cement poured into the PVC pipe and into

' the block borehole have been measured .by temperature transducers
connected to a . temperature indicator by means .of wires. . The 5-volt

?. exciter- (Part No. AAV-000-00) of the temperature indicator has been.
- manufactured by _ Central Electronics, University Instrument Shop. 'The
output connector (Part No. DM-4105) of the temperature indicator .has
been' manuf actured by Datel Intersil, Inc. . The temperature indicators
(LM 335A) have been manufactured by National Semiconductor, Inc..(Figure,

7.3). l

|

Three temperature sensing transducers 'are connected to a temperature
,

indicator with. wires through the center of the bottom PVC disc prior to;

. pouring cement into the PVC pipe and the block borehole. The first
transducer is located 2.54 cm,(1 in) from- the bottom of the PVC disc on

[ the hole -axis (the' bottom transducer); the second one 2.54 cm (1 in)
! from the hole wall-and 8.89 cm (3.5 in) from the bottom (the middle
' transducer); . and the third one -10.16 cm (4 in) from the- bottom on' the

hole axis (the top transducer).

304
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Figure 7.1 Pomona basalt block with a 15.88 cm (6.25 in) diameter axial
hole.
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Figure 7.3 Temperature sensing transducers connected to a temperature
indicator used to measure the curing temperature of cement.
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The temperature -transducers used to measure the curing temperature of.

cement in the PVC pipe have been calibrated in water at a room,

temperature of 25'c (77'F) and at 0*C. .Those used in the block borehole,

have been calibrated in water at 0*C and at 96.8'C. A linear relation
.was assumed between true temperature and reading. Tables 7.1 and 7.2
show the calibration of: digital readouts obtained from the transducers
placed in the PVC pipe and the block. borehole for cement curing
temperature measurements.

Tables 7.3 and 7.4 'show the temperatures measured ' by the bottom, middle
and . top, transducers ~ vs. the time (min) passed after the cement was

.

i -poured into the PVC pipe and the block borehole. The highest-curing
temperatures (read by the top transducers) were 87.8'C (190*F) in the
PVC pipe and 62.8'C (145'F) in the basalt borehole.

J

7.5 Permeability Tests

i The objective of the permeability test is to determine experimentally
~

the influence of larger plug . size <xt hydraulic conductivity and
indirectly to determine the.effect of.a more damaged hole wall possibly
present in larger hole diameters.

: 7.5.1 Equipment and Laboratory Set-Up ~

The' laboratory set up for permeability.testsfis shown in Figures 7.4 and
7.5. .The system cons'ists of a nitrogen tank, a bladder accumulator, a
pressure gage, a flowmeter, a. packer, a steel 2 frame, and an outflow,

collection system.,

f

| 7.5.1.1 Bladder Accumulator
4

The. bladder accumulator is-used to maintain a constant water injection
pressure. up to 20.69 NPa (3000 psi) .while injecting water through the

; cement plugs. It 'is .a Hydrodyne VR ' 30-60 type, . manufactured by EMG
- Accumulators,.Inc., and has a water. capacity.of 1892.80 cc (2 pt) and,

| gas volume.of 938.22'cc.(60 cu in).
;

7.5.1.2 Pressure Cage |

The pressure gage used is a WIKA 213.40 type liquid filled gage with a
diameter of.10.16 cm.(4 in). It has a pressure rating of up to 4.14 MPa
.(600 psi). It1 measures the . injection pressure coming from the bladder
accumulator.

t 7.5.1.3 Flowmeters
| .

|- 'The flowmeters used are Cilmont flowmeters, types.K-3232-20 and K-3232-
|^ 21. Type K-3232-20 can withstand pressures up to 4.14 MPa (600 psi) and~
u --has a flow rate between 0.002 - 1.I' cc/ min. Type K-3232-21 has a

._

'

pressure rating up to '3.45 NPa L(500 psi) and a flow rate between 0.01 -
4.0 cc/ min.-

~ '

g
,
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Table 7.1 Temperature Transducer Calibration. Assumed linear.. relation between temperature y ,

and temperature indicator readout: y = ax + b.

- Freezing Water Digital Room Digital' m' b
Temperature Temperature Readout Temperature Readout "F/ Unit-x 'F

Sensor (y ) _ (x3) (y2) (x2) ( C/ Unit x) (*C)g

Botton 32*F 270.75 77'F 294.6 1.887 -478.8
(0*C) (25'C) (1.0482) (-283.8)

Middle 32*F 269.45 77'F 294.1' 1.826 -459.9'

(0*C) (25'C) (1.0142)' (-273.3)

g Top 32*F 268.85 77'F 293.3 1.841 -462.8
'* .(0*C) (25'C) (1.023) (-274.9)

t

,

1

_ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ __ _- s _ ____
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5

; Table 7.2 . Temperature' Transducer Calibration for the Block. . Assumed linear relation between
temperature y and temperature indicator readout: y = ax + b.

Freezing Water Digital Boiling Water Digital

Temperature' Temperature Readout Temperature Readout.: a. b
-(y )-(*F) (xy) (y2) ( F)' (x2). ( F/ Unit x) (*F)Sensor- g ,

Bottom' 32 197.3 206 249.1 3.359 -630.75

NEddle 32 269.3 206 364.5 -1.828 -460.20

Top. 32 260.5 206 345.7 2.042 499.92w
o.

-L

.

I

.

1

l
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Table 7.3 Cement Temperature During Curing. Temperatures measured at
three locations in a 19.7 cm (7.75 in) diameter, 20.3 cm
(8 in) long cement plug poured in PVC pipe. Time measured
in minutes after pouring plug.

Temperature s (*F)
Time Bottom Middle Top

(minutes) Transducer Transducer Transducer

0 91.26 91.92 91.53
31 90.89 91.37 95.53
69 90.32 90.46 95.16

115 89.75 90.46 95.16
150 89.00 88.63 90.42
210 89.00 88.45 89.87
270 92.40 91.17 96.45
340 101.64 104.15 104.41
357 107.68 105.80 110.12
362 109.38 107.44 111.78
372 112.77 110.73 115.64
382 116.74 114.56 119.88
392 120.51 117.12 124.11
407 125.80 122.59 129.63
422 132.21 128.99 136.26
438 140.51 137.93 145.10
448 145.99 143.05 150.81
458 149.76 148.71 156.70
468 157.50 154.18 - 161.30
478 161.27 158.93 166.27

>

488 164.10 162.22 171.43
498 169.00 166.42 174.74
508 171.84 170.44 178.97
518 175.42 172.63 182.47
528 177.50 175.18 185.42
538 179.39 176.83 187.26
548 181.2/ 178.29 188.36
558 182.03 179.02 189.47
568 181.78 179.38 189.83
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Table 7.3 Cement Temperature During Curing. Temperatures measured at
three locations in a 19.7 cm (7.75 in) diameter, 20.3 cm

(8 in) long cement plug poured in PVC pipe. Time measured
in minutes af ter pouring plug.-Continued

Temperatures (*F)

Time Bottom Middle Top
(minutes) Transducer Transducer Transducer

578 179.57 175.91 185.60

598 177.31 173.72 183.39

618 175.23 171.17 179.89

1198 100,70 98.86 101.47

1236 98.25 96.66 98.71

1256 96.92 95.57 97.42

1285 95.41 94.11 95.76

1341 92.77 91.55 92.81
,

1404 90.32 89.54 90.24

1561 85.41 84.61 85.45

1638 83.90 83.15 83.79

!

i

!

i

e

5
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Table 7.4 Cement Temperature During Curing. Temperatures measured at
three locations in a 19.7 cm (7.75 in) diameter, 20.3 cmi

' (8 in) long cement plug poured in block. Time measured
in minutes after pouring plug.

Temperatures (*F)
Time Bottom- Middle Top

(minutes) Transducer Transducer Transducer

1 92.78 97.16 100.63

27 92.10 93.32 100.84

63- 89.42 89.66 97.57

90 87.40 87.47 94.71
115 85.05 86.00 92.26
143 83.04 84.54 89.40
185 81.69 83.26 87.56
:23 80.69 82.53 86.54
253 80.01 82.35 86.34
283 82.03 83.26 87.56
313 84.05 84.73 89.81
343 88.75 87.65 93.89
390 95.80 94.42 102.67
420 102.52 100.08 110.03
450 109.91 106.11 118.19 .

490 120.66 114.52 129.42
511 125.70 119.09 135.34
526 128.38 121.84 128.61
540 131.74 124.94 144.54
570 133.42 127.14 144.54
586 '133.42 127.68 144.74

-597 -133.42 127.68 144.74
611. 133.09 127.32 144.13
621 132.41 126.95 143.41
634 131.74 126.41 142.70

1130 91.44 92.77 96.75
1426 84.72 86.74 89.81
1556 82.03 -85.28 87.97
1625 80.35 84.00 86.54

- 313
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Table 7.4 Cement Temperature During Curing. Temperatures measured at
three locations in a 19.7 cm (7.75 in) diameter, 20.3 cm

(8 in) long cement plug poured in block. Time measured
in minutes af ter pouring plug.--Continued

Temperatures (*F)

Time Bottom Middle Top
(minutes) Transducer Transducer Transducer

1729 79.34 83.08 85.73

2763 74.30 77.96 80.42

2820 73.97 77.96 80.00

.

<

.
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Figure 7.4 Laboratory set-up for permeability tests on a cement plug |

poured in a borehole in a Pomona basalt block.
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The K-3232-20 and K-3232-21 types of flowmeters will be used
interchangeably depending on the water flow rate actually measured.

7.5.1.4 Nechanically Expandable Packers

Two packers having diameters of 19.05 cm (7.5 in) and 15.24 cm (6 in)
will be placed in the borehole to test the performance o' cement plugs.

The packers (rubbers) expand when they are torqued to seal the borehole
and force the flow through the cement plug (Figures 7.6 and 7.7).

7.5.1.4.1 Testing of the 19.05 cm (7.5 in) Packer. The 19.05 cm (7.5
in) packer has been tested in a steel pipe to determine the contact
pressure along the pacher-hole contact when the packer is torqued. The
steel pipe has an inside diameter of 19.60 cm (7.72 in), an outside
diameter of 22.1 cm (.8.70 in) and length of 57.25 cm (22.50 in). Two
longitudinal and two tangential strain gages, each set placed 180* from
each other, were installed on the walls of the steel pipe 40.96 cm
(16.13 in) from the bottom (where the expansion of the packer rubbers
took place). The strains were measured by means of a strain indicator
(Figure 7.8).

The contact pressure was calculated from the measured tangential and
longitudinal strains at different torques according to the formula
derived from Jaeger and Cook (1979, Section 5.11), for zero outside
radial stress:

(c +vc)U A1-v
P =

2i
'2R (7,1)

1

R -R
2 g

where Pg = contact pressure (insi@ 'e 4% , stress)

E = Young's modulus of st.c &
c - induced tangential strain
t

cg = induced longitudinal strain
v = Poisson's ratio of steel pipe

Rg = inside radius of steel pipe
R2 = outside radius of steel pipe

| Table 7.5 shows the contact pressures generated at different torque
| loads. The average values of tangential and longitudinal strains were i

taken to calculate the contact pressure corresponding to different
torques.
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Figure 7.7 The 19.05 cm (7.5 in) mechanically expandable packer.
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Figure 7.8 Testing of the 19.05 cm (7.5 in) packer. The packer was
torqued to determine the contact pressure at the hole-wall

| contact by means of two longitudinal and two tangential
! strain gages with each set placed 180* from each other.
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Table 7.5 Pipe Strain and Contact Pressure as a Function of Applied Torque

4

Measured Measured Internal
Applied Torque' -Tangentional Strain (p in/in) longitudinal Strain (p in/in) Pressure (P )Ifa (psi) g(ft-lb) 1 2 1 '2 '

0 0 0 0 '0 0

200 60 61 -19 -20 1.60 (232.17)
300 86 87 -27 -28 2.29 (332.38)
400 126 -131 -40 -39 3.42 (495.31)
500 164 169 -50 -51 4.43 (642.55)
600 200 207 -63 -63 5.41 (783.89)
700 218 226 -69 -67 5.90 (855.98)
800 235 244 -72 -72 6.38 (925.00)
900 299 310 -91 -92 8.11 (1176.10)

| 1000 337- 350 -104 -104 9.14 (1325.80)
1100 363 376 -113 -112 9.83 (1425.50)
1200 405 418 -123 -125 10.96 (1589.00)

.
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Figure 7.9 shows a typical linear regression plot which gives the best
fit for contact pressure vs. applied torque, with a 95% confidence band
around the regression line.

The torque required to keep the packer in place for various values of
the water injection pressure has been found by equating F1 and F2

"
xP (7.2)F =

3 4 t

F =P x wD x p x L (7.3)2

.

I
where Fg = upward force exerted by injection pre,ssure

F2 = downward reaction force exerted by the packer
'

D = internal diameter of steel pipe

P = water injection pressure
t

Pg = contact pressure along packer
p = coefficient of friction between steel pipe walls and packer

rubbers

L = length of the packer rubbers (see Figure 7.10).

Table 7.6 shows the factor of safety for keeping the packer in place as
a function of contact pressure and water 'njection pressure of 4.14 NPa
(600 psi).

7.5.1.5 Steel Frame

A steel frame has been built to hold a basalt block with a 19.69 cm
(7.75 in) diameter hole vertically, and to stabilize it when torqued.
To increase the stability of the block, the space between the steel

~

frame and the block has been filled with concrete. Bolts have been
tightened against the block through the frame.

7.5.1.6 Water Outflow Collection System

A burette with a precision of 0.01 cc ,is used to measure the outflow
through the cement plug. A similar burette is used to monitor the |
evaporation rate.

7.5.2 Permeability Test of the 19.69 cm (7.75 in) Block

After the cement plug was cured underwater for seven days, it was
discovered that the water level above the plug dropped from 10.16 cm (4
in) to 2.54 cm (1 in). The water loss was due to a fracture dipping

,

|
|
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Figure 7.9 Linear regression plot'for contact pressure vs. applied
| torque with a 95% confidence band around the regression
! line.- The plot shown is for testing a steel pipe with a

19.69 cm (7.75 in) inside diameter and 1.25 cm wall
thickness.
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Table 7.6 Factor of Safety as a Function of Contact Pressure (P ) and Water Injection Pressure (P )'
f g

of 4.14 MPa (600 psi).

A'pplied Torque. . Contact Pressure (P ) Upward Force (F ) Downward Reaction Force (F ) Factor ofg t 2
(ft-lb) -MPa (psi) -(Ib ) .(lb ) Safetyf g

0 0 26507.19 0 0

200 1.6 (232.17) 43763.01 1.65"

k! 300 2.29.(332.38) 62652.15 2.36"

'

400 3.42 (495.31) 93363.74 3.52"

-500 4.43'(642.55) 121117.82 4.57"

600 5.41 (783.89) 147759.78 5.57"

700 5.90 (855.98) '161348.43- 6.09"

800 6.38 (925.00) 174358.39 6.58"

900 8.11 (1176.10) 221689.63 8.36"

1000 9.14-(1325.80) 249907.41 9.43"

1100 9.83 (1425.50) 268700.42 10.14"

'

1200 10.96 (1589.00) 299519.44 11.30
"

.
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j approximately 15* and running through the entire length of the block.
The fracture (not visible before the cement was poured) probably was
opened up by the expansion of the curing cement.,

Figure-7.11 shows the dripping of water through the fracture. The
picture was .taken. from the bottom of the block.'

Table 7.7 shows the flow rate (outflow per unit time) of the fracture
vs. time (minutes) passed af ter the borehole was filled with water. The
fluctuation of the flow rate values might be due to a change in the

,

' - fracture aperture, or due to fluctuations in head.

7.6 Future Work

Work planned for the immediate future is to apply about 0.69 MP (100
psi) vertical stress to the fracture in the block with an axial hole of
19.69 cm (7.75.in) in order to perform a study of the influence of a
small confining pressure on the hydraulic conductivity of the crack.

Effects of size on curing temperature of cement and cement expansion
will be studied by pouring cement into steel pipes having inside
diameters of 2.54 cm (1 in), 5.72 cm (2.25 in), 10.80 cm (4.25 in),
15.88 cm (6.25 in) and 19.69 cm (7.75 in). Curing temperature of cement
poured into the steel pipes will be measured by temperature sensing
transducers connected to a temperature indicator. The cement expansion
will be measured by two 90* strain rosettes connected to the HP data

' '

acquisition system.

Flow tests will be conducted on Pomona basalt blocks with 15.88 cm (6.25
in) and 19.69 cm (7.75 in) diameter axial holes. Simple steel frames to
torque these blocks up to 200 ft-lb and to hold them vertically are
being designed.

,

7.7 Discussion of Results and Conclusions'

It deserves considerable attention that a joint or hairline fracture in,

j a basalt block has been opened up by swelling of an expansive cement
! during curing of the cement. The basalt block has been inspected

carefully prior-to testing, and no cracks were apparent along the!

borehole wall to the unaided eye. Even though the present testing
!conditions are extremely conservative, in that the block is entirely.

unconfined and unstressed, this observation does point out that a
i swelling sealing material can easily enhance the hydraulic conductivity
I of the rock surrounding the sealed ope,ning, especially if the rock is

|
'

| jointed or fractured, with some of the fractures running approximately
; normal to the tangential stress, or if the state of stress is highly

anisotropic. A preliminary evaluation of the influence of fractures in

'the rock around seals in shafts, tunnels, and boreholes has been made by
Kelsall et al., 1982, and in our last annual report (Daemen et al.,,

; 1983,' Chapter 10). A simplified analysis procedure that allows a rapid
assessment of the likelihood of _ joints, fractures or other
discontinuities to open up under the influence of an internal pressure

[ in a circular ' hole has been developed by Daemen (1983).
!
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Figure 7.11 Dripping of water through the fracture in the block with a
19.69 cm (7.75 in) diameter axial hole.
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: Table 7.7- Flow Rate of the Fracture as a Function of Time. Time
measured in minutes after pouring water of 36.67 cm (14.4 in)
height above the plug.

Time Flow Rate
(minutes) (cc/ min)

23 8.4

56 17.57
,

63 10.35-

83 3.62

101 16.10

121 12.08-

| 138 11.37

362 7.55,

380 6.71

411 0.78

1185 0.68

1217 1.51

1314 0.25

1356 0.58
- 1801 0.38

( 2571 0.78

| 2805 0.41

3206 0.86

3299- 1.04

4102 0.72 j
4766 3.49

:
i

!

.

I

,
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- CHAPTER EIGHT

i CEMNT SWELLING EXPERIENTS

i ..

18.1 . Introduction
*

This chapter' describe's ongoing experiments to evaluate the expansive
! stresses generated by Cement System 1-(e.g. Daemen et al., 1983, Section

(6.4.2,-p. 143). The measurements are made.on six steel pipes with the'

'same lengths and different wall thicknesses into which cement plugs have,-
been poured. 'TheLetrain induced on the steel pipes and the temperature

,
-,' of.the cement are monitored continuously with an automatic data

-

logger. - The cement is kept saturated by maintaining a thin film ofj

-water on_ top of it. The' testing is performed under atmospheric pressure'

and at1a. temperature of 22 i 2*C.
' '

<8.22 Equipment and-Procedures.
|

| ' Steel pipes with cement plugs and strain gages are shown in Figure
8.1. . Table 8.1 shows.the dimensions of the six. pipes. The wall-

j
,

thickness is approxisstely the same for two pipes each (tolerance of'
| 0.05 cm).

[ Two strain gages are in' stalled'circumferentially in the middle of each
; pipe. Each strain gage is connected |to a-data logger using a.1/4' bridge
|- configuration. -Cement.is mixed according;to-API Standards (American
| . Petroleum = Institute specifications, 1977) and-poured-into each pipe.
[ One semiconductor. thermistor temperature sensor.with specification of 10
j Kohns at 25'c is inserted into each pipe (Figure 8.1). Logging and
;- processing induced strain and temperature of' the cement was done by
| HP3054DL automatic data' logger, consisting of an HP3497A data logger for
| instrumentation and HP85B controller.

8.3 Results

I- The' results ~ are presented -in Figures 8.2 through' 8.5. - Immediately af ter
~

! cement was poured into the pipes, the recorded temperature for each pipe
j was 31*C. After'two hours the temperature of the pipe'' gradus 11y' !
!. decreased to room temperature (22 i 1*C). The temperature of the cement
I increased for each pipe to 29'C after two hours.' After 25 hours the

; temperature- for each pipe became stable.'and uniformly constant ' (22 i
1*C). The ' temperature log forfeach pipe . is shown in Figure 8.2.

The' expansive stress generated'by the cement can be calculated from the-
-measured circumferential strains according to two formulas derived from
Jaeger and Cook (1979, Section 5.11).:

I EcP= (O'I)
2 (R-2~

2./ -Rg ).2R
2 _

f
i
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Figure 8.1 Steel pipes filled with Cement System 1 for swelling
pressure measurements. Top: inserted temperature probe
connection in cement. Bottom: strain gages with twisted
wires.
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Table 8.1' Cement' Expansion Data - Cement System 1*'

Plug . Outside Inside Wall ,

Length _ Diameter ' Diameter Thickness
Pipe -(ca) (cm) (cm) (cm)

1 12.3 '6.88 6.525 0.175
,

-2 -12.2 7.210 6.370 0.420
,

3 12.2 6.85 6.490 0.177

'
4 12.3 7.070 6.445 .0.310

4

5 12.3~ -7.075 6.430- 0.315
. . ,

'

6 12.8 7.200 6.350 0.425
:

1 '

* Cement System'1: Ideal type A cement, 50% water,10% D53 (expansive
agent), 1% D65'(dispersent). Provided by Dowell (Daemen et al.. 1983,
Ch. 9).*

NOTE: All pipes are 13 cm long.
,

,

i.

i

,

,
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f

:

.

Ecp. (8.2)22R /(R -Ry ).(1 - v )2

:

where- P = expansive stress,

E = Young's modulus of steel pipe
c = measured strain-

[ Rg =_inside' radius
| R2 = outside-radius
j -_ v = Poisson's ratio of steel pipe.

~ '

[ Equation (8.1) assumes a plane. stress condition (i.e. no longitudinal
i . stress in the pipe), (8.2) a plane strain condition. It is probable

~ '
that the correct situation is bounded by these two extreme conditions,4

! which are fairly.close to each other for the conditions used here. -

i , . -

The calculated stresses vs. time for.each set of pipes with the same
1 wall thickness are shown in Figure 8.3 through 8.5. Each graph shows

the stresses generated by' cement computed according to Eq. (8.1). The
~

*

expansive stress calculated according to Eq.-(8.2) is graphed for only
-one of the pipes, because the stress values computed from Eq. (8.2)

[ always are _about 8% higher than the stress values calculated from Eq.
} (8.1). The stress fluctuates with the low and high values of repeated
j cycles coinciding for all pipes, and being very close for identical
! pipes. The difference in stresses generated by two pipes with the same

wall thickness could be explained by the variable characteristics of1
' Cement System 1 and by. differences in wall thickness (0.05 cm

-difference). This experiment will be carried on for an indefinite
~

.

] period of time.
! i

8.4 References

;- American Petroleum Institute, 1977, " Specification RP-10B, Testing 011
i Coments and Cement Additives," Twentieth Edition, API, Dallas,
; TX, April.

Deemen, J.J.K., D.L. South, W.B. Greer, J.C. Stormont, S.A. Dischler,
:G.S. Adisoma, N.I. Colburn, K. Fuenksjorn, D.E. Miles, B.
Kaasari, and J. Bertucca, 1983, " Annual Report, Rock Mass
Sealing, June 1, 1982 - May 31, 1983," NUREG/CR-3473, prepared
for U.S. Nuclear Regulatory Commission, Division of Helath,
Siting and Waste Management, by Department of Mining and
Engineering, University of Arizona, Tucson.

Jaeger, J.C. and N.G.W. Cook, 1979, Fundamentals'of Rock Mechanics.
Third Edition,. Chapman and Hall.

337

__ .- _, . ._ _ ._ . _ . _ . _ _ _ _. .. _ _



. . . . . . . - . - -. -._ _ _ - .- - - . _-

,

r

:

CHAPTER NINE

PUSH-0UT STRENGTH OF DRIED AND RESATURATED CEPENT PLUGS

9.1' Introduction

The work described in this chapter involves evaluation of the strength j
'

of push-out experiment samples which have been stored in a dry
,

environment (70 - 80*F and 40 - 50% relative humidity). The performance'

. of young cesent plugs in initial push-out experiments was studied and.
. analyzed by Stormont and Daemen (1983). A common observation in all
these samples is that if they are allowed to dry out, they show
significant shrinkage and drastic strength reduction after moderately

3 long periods of. time.(e.g. more than 150 days). This type of:

)' deterioration'of aged borehole plugs.might be similar to that of in-situ ;

[ drying under influence of heat generated by wastes.

A number of samples are being .kept under water in a saturation tank.
They are tested periodically in order to assess long-term effects of a .I

dry-wet sequence on their strength performance. Some of the dried-out If

j samples are kept in a standard concrete curing room (100% relative
: humidity and 80*F). These samples also are being evaluated '
j' periodically.

9.2 Test System'

: A new-system for data recording has been designed and built.
3 Electromechanical instruments are used in conjunction with a triple
! input graphic recorder to obtain continuous data from the push-out
3 experiment. A continuous record is produced in which the applied load,

top displacement, and -bottom displacement are recorded. The old set-up
which included dial gages and' manual data recording is still used to,

I check the continuous data recording system.
.

! The top and bottom displacement are measured with' two linear variable
differential transformers (LVDT) (Figures 9.1 and 9.2). . These '

instruments produce an electrical' output differential ~ voltage

; proportional to the displacement of a separate movable core. These
j LVDTs have a resolution of a thousandth of an inch. The linearity, a

measure of instrument error, is about 0.25% of the full range-of'+/- 1.0

inches. Axial' load is measured with'a,Terrametrics compression load,

f cell which has a capacity of 10,000 lbs. Combined instrument error ~^
I' (nonlinearity and hysteresis) is 2-7% of full range. The signal' output-

from load ' cell and LVDTs are recorded on a Hewlett-Packard X-Y1-Y2
,

; recorder with different sensitivity ranges. The top displacement is
.

| also measured manually with a Sarrett dial. gage which has a resolution
F of 0.001 inch and error limit of .001 inch. A soil test compression
! - machine with dial indicator applies the load. The machine has a 60,000
: lbs capacity with 100 lbs resolution. The machine is calibrated
'

annually by a" firm with calibration equipment traceable to the' National
Bureau of Standards.
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for holding the LVDTs.
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i ' A schematic view of - the new push-out experimental set-up is shown in
~ .

a Figure 9.1. A cylindrical steel bar transmits the axial load. Two
circular jackets around the axial bar with horizontal arms are used to
measure top displacement with a dial indicator and LVDT. A steel platen

=with inside~ diameter of 2' inches and thickness of 2. inches lies
underneath the sample. The platen has a slit on one side to allow

. downward movement of: the horizontal arm of the bottom vertical bar. .The
bottom vertical bar rests on top of a spring located in the center hole
offthe-load cell. .The top end of the vertical bar is forced in contact
with the bottom end of the plug by the spring. The bottom LVDT<

positioned :on the arm of the bottom vertical- bar measures the bottom
displacement.

9.3 Test Procedure-
i .

' Load cell and - top and bottom LVDTs are . calibrated before each
'

experiment.= The load cell is calibrated with a soil test compression
machine. The LVDTs are-calibrated.with a precision displacement dial
indicator. . The. position of.the plug in the borehole is measured,

,

; independently both before and af ter the test. The test set-up is shown
in' Figures 9.1 and 9.2. Before the test start-up, the recorder is

; activated and the no load position of each instrument is recorded. When

i the load is applied, the operator reads and records the applied load and
j' the top displacement at small load intervals (200 lbs). After the' test
: is completed, these data points are entered on the graph generated by

the continuous data recording system.,

!

| 9.4 Results

A number of: push-out tests have been performed on' cement plugs that have
,

'
been allowed to dry 'out and then have been resaturated by storing them

j in a concrete curing room or in a water tank. Considerable' strength
i increases have been observed for all resaturated plugs in comparison i

i with the strength of dried plugs, but initial ~ strength (predrying) has
~

never been recovered. ' Tables 9.1 and 9.2' list the history of the
'

; samples tested, their resaturation ' period, wet and dry cycling,
dimension and strengths. Strength recovery ranges from insignificant
(3%) to substantial (80%). The plugs resaturated under water showed

! lesser recovery than plugs which were resaturated in a concrete curing.
room. -_ Only a very small' recovery took place for. the one plug which -
dried out much longer than the others. The results are very variable;

; -and no clear trend cat be established. Comparison of the results is
i - further' complicated "bjFthe fact that all the plugs have previously been

loaded to failure, a procedure which is likely to have induced at least-

some ' permanent -damage.

Four samples (Nos. 3, 7,14, and 15) with hole' diameter of four inches
and plug lengths from one to four inches frcctured'during curing.' The
fractures are most likely caused by ' cement expansion during 'resaturation
(Figure 9.3). This type of L fracture also has been observed during

- testing of young cement ' plugs of samples which had diameters of 4 inches
and lengths of 2 to 4 inches. Figure 9.4 shows two of the samples which
fractured during resaturation.
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Table 9.1 History of Samples Stored in Water Tank

Dimensions Days Days . Initial .Second Days Third
Diameter in in Failure Failure in Failure %

Sample Reference x. Length Dry . Wet Load Load Wet Load Strength
ID (in x in) Room Room (lbs) (lbs) Room (lbs) Recovery

3 CG4-4:S1 4.x 4 241 407 31,000 Fractured * - - -

4 HB2-2:S2 2x2 205 109 10,000 2860 Curing - '29%-

7 HB4-4:S3 4x4 234 360 27,'500 Fractured * - - --

10 HB2-2:S3 2x2 234 360 4000 ** Curing - -

11 CG2-2:S1 2x2 248 109 13,500 2500 Curing 18%-

12 HB2-1:S1 2xI 248 109 6750 2800 Curing - 41%

~$ 13- CG2-1:S3 2x1 255 374 3900. ** Curing - -

16 CGI-1:S3 1x1 178 360 7500 ** Curing - -

18 HB2-2:S1 2x2 457 203 11,200 400 Curing - 3%

19 HB4-1:S3 4x1 234 ~ 399 8900 3900 Curing -- 43%

21 CG4-2:S3 4x2 241 394 13,400 3000 Curing - 22%

22 HB1-2:SI 1x2 222 52 9500 1100 163 3200 11%

23 HB1-1:S2 1x1 82 52 4800 400 163 1350 8%

24 HB2-1:S3 2x1 174 52 4800 400 Curing - 8%'
-

~*
Samples were-fractured during curing under water.

**
Because of plug position in the borehole, these samples were not tested.
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Table-9.2 . History of Samples Stored in Concrete Curing' Room: -

i .

,
. Dimensions.- : Days. Days , Initial Second: '. Days -

~

'! Diameter in in -. Failure Failure. in. Percentage-

. Sample Reference !x langth ' Dry : Wet Load Load.' Wet- . Strength.'

ID '(in'x in) -Room- Room' :(1bs) (1bs)~ Room Recovery: '

*

'i .2.x'2 248 ~ 118 1500 >'2500- . Curing I6%'
- -

1. .HB2-2:S1
.

2 HB2-2:S3 2x2 234 96 9000 2600 Curing 29%-

5. HB2-1:S2- .2 x 1 205 426 4700 -1100* Curing 23%. !

6 CGI-2:32 1x2 213 N/A 7900 N/A Curing. - - -

8 CG4-2:S2- 4x2 306 382 7700 4500 Curing 58%
'

9 .HB2-2:S1 2x2 262 96 7400 4300 Curing 58%

h '4 HB4-2:S2 - 4x2 138 360 21,000 Fractured 1 ' Curing - ~l1

! 15 :HB4-1:S3 -4?x 1 248' 360 -4400 , Fractured. Curing -

'

17 CG1-1:S3 1x1 186' -Curing- 3400 ** Curing -

25 HB2-4:S1 2x2 179 426 7925 6300 Curing. 80%~
.

26 HB2-4:S1 ^ 2x4 336 '426' .31,500 10,400 Curing 33%

* Sample no. 5 was tested previously.with failure load of 2600 lbs and 255 days of reconditioning after 2nd1

' test.
es-

Sample was not; tested because of problems with plug. |
t
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Figure 9.3 Samples f ractured during naturating cement plugs. Dried-out
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|
#3, CG4-4:S2.
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The results for each push-out test on each sample are illustrated in
Figures 9.4 through 9.9. The horizontal and vertical axes of the
displacement curves represent top and bottom displacements,
respectively. The load curve shows the variation of plug load vs. top
and bottom displacement. The dotted curve represents the data points
taken with manual testing and consists of load and top displacement.
The data points of the dotted curves appear to follow the load curves
before and at peak strength. The reasons for the discrepancy between
the manual and recorder curves are instrument error, mainly in the load
cell, the small number of data points taken during manual testing, and
operator error.

A relation between the swelling pressure P (internal radial stress on
the cylinder) and the tensile stress S on the hole wall can be derived
from Jaeger and Cook (1979, Section 5.11):

R -R
P=S. (9'I)

R 2+R 2
2 g

where R3 and R2 are the internal and external radii of the cylinder, in
this case 5 cm and 7.5 cm, respectively. This equation (9.1) is
represented graphically in Figure 9.19.

From the tensile strengths obtained for the basalt (Chapter 3, Table
3.1), it can be estimated that the swelling pressure must be in the
range of 10 to 15 MPa, which is substantially higher than directly
measured swelling pressures. It is probable that this overestimate is
due to the fact that the tensile strength obtained from the ring test is
an overestimate for the configurat. ion with a swelling plug, and that a
more appropriate tensile strength would be obtained f rom a bursting
test.
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