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CHUPTER ONE

INTRODUCTIOU

This quarterly report descrlbes the work performed during the period
March - May 1989. This Introductory chapter briefly summarizes the
work reported on in each chapter.:

Material'characterLzation testing is presented in Chapter Two, which
deals wlth tuff characterization. It has been reported previously that'
extreme'variability in mechanical properties appears-to be fairly'
characteristic for Apache Leap tuff. Some complementary testing
carried out during this quarterly period has been aimed specifically.
at identifying the possible influence of some test variables on rock
properties.- The most immediate observation during this additional
testLng Ls the great'difficulty encountered in satisfying ASTH sample
preparation requirements due to' the extreme heterogeneity of the
samples, and In particular due to the presence of voids, vesicles and

- inclusions along the surfaces to be prepared. The main conclusion from.
unlaxlal compression testing,' for cylinders with different length to
diameter ratios. tested over a range of strain rates, and'for Brazilian
disk tensile tests remains that the rock'appears to be intrinsically
extremely varLable, =It has not been possible'as yet to determine any
statistically stgnificant'relations ,e.g.' with respect to sample'size,
or strain rate. Even though substantially larger samples have been
tested during this quarter, the seemingly intrinsic variability of the -
rock properties continues to overwhelm any size-related strength"
variations, and raises serious questions as to the scale on which
testing might be requLred in order to determine size effects. It is
readily apparent from the tabulated'results that density (or-
conversely, porosity) does not appear to be a discriminatory'indepen-"'
dent variable. Results of some unlaxlal compression test series
suggest that-the-ISRK-recommended L/D (length to diameter) test
specimen ratio of 2.5 to 3.0 may be preferabie'to the ASTM-recommended-
ratio of 2.0 to 2.5.'

Two.radial permeameter tests are continuing on rock bridges left in.
place In tuff cylLnders (Chapter Three). The main reason for
- .continuing-these already long-term (one-month) flow tests is the -
.: surprisinglylow hydraulic conductivity measured in these tests.

- ; > *s r s N > i -- e 1 -10 -12
Present.restults:suggest hydraulic conductivities in the 10 .to 10 -
cm/s rangei .: These-results are based on outflow only. Leakage In the
injectionsystetm has prevented establishing reliable inflow
measurementf,-and hence determination of a mass balance.

AppendLx-3.A gives"the experimental procedure for performing radial-'
- permeameter tests. .Radial permeameter tests allow testing of borehole.

plugs emplaced in rock cylinders under a-relatively wide range-of
(axisymmetric) external loading conditions.i-

_ . ~~~~~~I



Chapter Four describes ongoing flow testing of bentonite and of
bentonite/crushed tuff sealants. Samples containing 25 or 35 percent
bentonit' (by weight) have been tested at 207 and at 345 kPa injection
pressure, after previously having been tested at up to 690 kPa. The
permeabilities have decreased measurably (by a factor of 2 to 4),
presumably as a result of the preceding application of higher
pressures. Initial (room temperature) flow test results are presented
on crushed tuff/bentonite plugs designed and installed for elevated
temperature testing. Also given are initial flow test results on
crushed tuff/bentonite samples in which the crushed tuft is graded
according to the Fuller-Thompson curve in order to provide maximum
crushed tuft packing. Permeability to air is being tested for four
bentonite plugs. Swelling tests on bentonite have been initiated.

The first part of Chapter Five presents an analysis of the influence of
cylinder stiffness on the radial contact stress along the plug/rock
interface of a push-out test. The main incentive for performing this
analysis was to evaluate whether the tested cylinders are of sufficient
wall thickness, and to allow extrapolation of the results, if
warranted, to in-situ conditions (i.e. infinitely thick "cylinders").
The second part of Chapter Five gives results for 16 additional
push-out tests. For data analysis purposes these results are combined
with those for the 85 tests reported on previously. The bond strength
shows a marked decrease with-increasing plug diameter. These results
need to be analyzed in terms of cylinder stiffness before drawing firm
conclusions from this observation. A pronounced strength loss is
observed at 900C, but not consistently at 70°C. go sensitivity to
degree of saturation is observed, but this may be due to the relatively
short curing and storage duration (typically 8 days) prior to testing.

Fracture grouting progress is reported in Chapter Six. This includes
fracture flow testing, grout characterization, and a description of
procedures that will be used for fracture surface characterization.

The results of uniaxial and biaxial compression tests on a rectangular
Topopah Spring tuff parallelepiped are given in Chapter Seven.-
Stiffness analysis of the results may be reported in the future. Some
uncertainty exists as to the validity of these results, which will be
investigated in more detail.

Field work~isiapresented in Chapter Right, which describes in-situ,
permeabilit ttesting of three inclined holes and coring and
videologgingp~of three vertical holes, intended for plug emplacement and
plug testings The hydraulic conductivity along most of the inclined

holes exceeds *0 m/s, making these sections virtually useless for the
purpose of testing low permeability plugs. Along each hole some
sections have been located in which the hydraulic conductivity is below

2 x 108 cm/s. Plug testing will be feasible in such sections. Of the
three vertical holes (A,B,C), only C appears highly promising for
in-situ plug testing, based on core and hole videolog information.
Appendices 8.A, S.D and 8.C give the core logs for the vertical holes.

2
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CHAPTER TWO

MATERIAL CHARACTERIZATION TESTING

2.1 Tuff Characterization Testinv

This section describes the results of characterization experiments of
the welded tuff used in this sealing research. Daemen et a!. (1988a,
Ch. 2) give the work plan'and test schedule. The rocks used are Apache
Leap tuff A-Mountain tuff and Topopab Spring tuff. The rock properties'
to be determined are divided into mechanical, hydrological and
petrographical property groups.

Apache Leap tuff gives large variations of the mechanical properties
(Daemen et al.-, 1988bc', Section 2.1). The variability probably is,
caused by'the effects-of inclusLons, flow layers, porosity and degree
of welding of the rock. Daemen et al. (1989, Section 2.1) describe the
effect of the tuff.characteristics on the rock properties, as well as
the future-research needs'to improve the representativeness of the test
results.-' ''b '¢ - ---;.';--:I:..''

The work in'this quarter'Lnvolves determination of the effect of some.
test parameters on the mechanical properties of Apache Leap tuff. The,.
specific objective of this effort is to determine a suitable set of
test parameters (scale, shape, boundary loading-rate) to minimize the:
influence of test variables on the variations of the mechanical
properties of the rock. The experimental work is divided into five
tasks:' (1) determination of the length-to-diameter ratio effect on the
compressive strength, (2) determination of the loading rate effect on
the compressive strength and elastic parameters; (3) determination of'
the 'size effect on' the'Brauilian tensile strength. (4) determination of
the influence of cyclic- loading on the compressive strength, and (5)' '
determination of the size effect on the'compressive strength. In this
chapter,.results of the first three tasks are reported.

2.1.1 Effect of Length to Diameter Ratio on Unlaxial Compressive
Strengt .

The purpos'qoV' this study is'to determine the effect-of the length-to-
diameter, ZitLV of specimens on the unlaxial compressive strength of,
Apache Leao tuff. The L/D ratio used here covers the range'suggested'
by the ISTR((Bieniawski. 1978) test method (i.e. L/D a 2.5 to 3.0), as
well as the range recommended by ASTM D2938 (L/D * 2.0 to 2.5).

2.1.1.1. Rock Sample and Test Method -

.Fifteen cylindrical specimens with a-diameter.of S0.2 mn are cut from
core drilled normal to'flow layers from an Apache Leap tuff block (no.
AP40). The-specimens have nominal length-to-diameter ratios of 2.0,
2.5 and 3.0 (five samples for each ratio). Both end surfaces of the
cylinders are ground flat and parallel. Smoothness and perpendicu-

3



larity of each sample are measured in accordance with the ASTH (D2938)
standard practice. Table 2.1 gives the results of these measurements.
Only four samples satisfy both perpendicularity and smoothness
requirementw., Most samples do not satisfy the ASTH requirements due to
the presence of voids, vesicles and inclusions on the rock surfaces.
Density of the samples averages 2.45 + 0.01 g/cc.

All rock cylinders are axially loaded to failure at an axial strain
rate of 100 microstrains per second. Au SBEL (CT 500) load frame with
a servocontroller is used in the experiment. Failure load, test
duration and failure mode are recorded. The compressive strength is
calculated by assuming that the cross-sectional area remains constant
during loading.

2.1.1.2 Test Results

Table 2.2 summarizes the results of uniaxial compressive strength tests
of Apache Leap tuff cylinders with various length/diameter (L/D)
ratios. The uniaxial compressive strengths of rock cylinders having
L/D ratios of 2.0, 2.5 and 3.0 are 91.18 + 25.08, 99.70 + 19.30 and
107.04 + 3.56, respectively. Figure 2.1 gives the compressive
strengths as a function of L/D ratio. Linear regression analysis
suggests that the strength (C ) increases as the L/D ratio increases:

0
C 62.1 + 14.81(L/D), for 2 £ L/D £ 3. This result is in conflict

with the usual observation that the uniaxial compressive strength
decreases with increasing L/D ratio (e.g. Jaeger and Cook, 1979,
Section 6.2). Coefficients of variation of the strength (Table 2.2)
tend to decrease with increasing L/D ratio. This implies, that more-
consistent strength-results of tuff can be obtained, by testing samples
with large! LD ratios (about 3). This might be explained by the fact
that large L/D ratios-minimize the end effect (i.e. friction between
loading platens and sample end surfaces) which may cause the variation.
of test results. or that the tuff samples failed. in shear (observed
from long specimens) yield more consistent failure stresses than do the
ones failed in tensile splitting (observed from short specimens).
These conclusions and implications suggest that the L/D ratio of 2.5 to
3.0 recommended by the ISRN (Bieniawski et al., 1978) may be more
appropriate for tuff testing than the ASTE-recommended L/D ratio of 2.0
to 2.5. More specimens need to be tested to confirm this conclusion,
as well amta establish relations, if any, between strength and
cylinde&*.I~ngUit The shear failure planes have an angle of
approximatdiki 30° with the core axis.

I .< .. ..

2.1.2 Bffect-wf Strain Rate on Compressive Strength.

The purpose of this test is to determine the effect of the axial strain
rate on the uniaxial compressive strength of Apache Leap tuff. The

-6 -6 -1strain rate used here ranges from 0.022 x 10 to 96 x 10 second

2.1.2.1 Rock Samples and Test Method

Ten cylindrical samples with L/D ratios of 2 were prepared from Apache
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Table 2.1 Perpendicularity and Smoothness of Apache Leap Tuff
-. Cylinders Compared with ASTJ Requirements

- Side
Smoothness
(< 0.02 in)

Perpendicularity
(< 0.005 in).

Top Bottom

End
Smoothness

(degree)Sample Number

AP40-lOb-2-UNI
AP40-4-2-uNz
AP40-8-2-UN3 -

AP40-6a-2-U3N4-.
,AP40-9a-2-UNSI'
AP40-lOa-2 .5-UN6

tAP40-9a-2. 5-UN7
APAO-9b-2'. 5-UN
AP4O-l0-2 .5-UMlO

AP40-5-2 .5-UUII

AP40-7a-3-UU9
AP40-7b-3-U=12,
AP40-3b-3-U1113f
AP40-4a-3-U=l4t
AP40-4b-T3-Uxl~i

0.012 V
'0.020 v
0.007 V

'¾ 0.019 v
0.010 I/

- 0.022
-. 0.009 V
0.039
0.019 le
0.036

- 0..009V
0.039

- 0.010 K
0.013 v

-- 0.028

0.006
0.023
0.003
0.003
0.004
0.011
0.003
0.004
0.016
0.008
0.005
0.008
0.005-
0.008
0.038

te
le
le

V.

le

ff
Ia

0.025
.0.010
0.005 vI
0.004 V
0.007
0.002 I/
0.006.-
0.023
0.003 V .
0.007
0.004 v
0.007 .
0.004 V
0.012 .
0.012

0.17 V
0.67
0.14
0.12 2
0.20 Va
0.32

i 0.17Va
0.67
0.46
0.23 V
0.14 we
0.23 V
0.14 V
0.38
1.10 .

i indicates that the measurement meets ASTH Standard 02938 requirements
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Table 2.2 Results of Uniaxial Compression Test of Apache Leap Tuff
Cylinders with Different L/D Ratios

Test Failure
Sample Length Diameter Density L/D Duration Stress
Number (mm) (mm) (g/cc) Ratio (min:s) (NPa)

AP40-lOb-2-UN1 101.4 50.2 2.45 2.02 3:10 65.08
AP40-4-2-UN2 98.9 50.2 2.43 1.97 3:15 67.33
AP40-8-2-UN3 101.0 50.2 2.44 2.01 3:18 92.11
AP40-6a-2-UN4 100.0 50.2 2.46 1.99 3:33 121.31
AP40-9a-2-UN5 99.9 50.2 2.45 1.99 4:09 110.08

Mean + Standard Deviation 2.00 91.18
± 0.02 + 25.08

Coefficient of Variation 1% 28%

AP40-lOa-2.5-UN6 128.1 50.2 2.44 2.55 4:26 114.35
AP40-9a-2.5-UN7 124.1 50.2 2.46 2.47 4:18. 112.32
AP40-9a-2.5-UN8 124.4, 50.2 2.46 2.48 3:51 114.68
AP40-10-2.S-UN1O 125.9 50.2 2.45 2.51 5:38 78.70
AP40-5-2.5-UN1l 127.2 50.2 2.45 2.53 3:26 78.47

Mean,+ Standard Deviation- 2.51 99.70
+ 0.03 + 19.30

Coefficient of Variation- 1% 19%

AP40-7a-3-UN9 152.5 50.3 2.46 3.03 4:14 109.65
AP40-7b-3-UN12 154.6 50.2 2.46 3.08 4:49 100.99
AP40-3b-3-UN13 150.9 50.2 2.46 3.00 4:22 107.73
AP40-4a-3-UW14 152.8 50.3 2.47 3.04 4.23 109.65
AP40-4b-3-UW15 150.2 50.3 2.46 2.98 4:01 107.20

Mean + Standard Deviation 3.03 107.04
+ 0.04 + 3.56

Coefficient of Variation 1% 3%

6
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Leap tuff. Five samples were cut from 95 mm diameter core drilled from
tuff block no. AP21. Five samples having a diameter of 101 mm were
obtained frourtuff block no. APSHFT6. The sample axis is perpendicular
to flow layerw-, Smoothness and perpendicularity of the samples are
measured i saccordance with the ASTH (D2938) standard practice. Table
2.3 summarizes the results of measurements. Only four samples satisfy
the side smoothness requirement. None satisfies the end perpendicular-
ity requirement. This is due to the presence of voids and inclusions
on the rock surfaces. Density of samples averages 2.47 S/cc.

An SBEL (CT 500) load frame with servocontroller is used to apply axial
load to the samples at constant strain rates. The axial strain rates

-6 -6 -lrange from 0.022 x 10 to 96 x 10 second . The axial and lateral
displacements are measured by means of electrical strain gages. The
strain gages are installed at the midsection of the cylinder. All
samples are loaded to failure. The axial load-displacement curve and
axial-lateral displacement curve are plotted during the test using an
X-Y plotter.

2.1.2.2 Test Results

Table 2.4 summarizes the results of the uniaxial compression tests.
For each sample size, the strength tends to increase with increasing
strain rate. Figure. 2.2 gives the compressive strength as a function
of axial strain rate. The average uniaxial compressive strength,
elastic modulus, and Poisson's ratio are 126.19 + 13.42 MPa, 34.3 + 1.5
WPa, and 0.21 + 0.02, respectively. Linear regression analyses have
been performed on the three parameters for both sample sizes. Table
2.5 gives the results. Figures 2.3 and 2.4 give the elastic modulus
and Poisson's ratio as a function of strain rate. For all parameters,

the coefficient of correlation (R ) is strikingly low. The number of
tests performed is not statistically significant; therefore, no firm
conclusions can be drawn. Observation on the post-test specimens shows
that the high strain rates tend to induce splitting tensile fractures,
whereas the low strain rates tend to induce shear failure, at an angle
of about 300 to the core axis.

2.1.3 Size Effect on Brazilian Tensile Strength

The purposqfto this study is to determine the size effect on Brazilian
tensile strength of Apache Leap tuff. The test results would indicate
appropriate*sample sizes providing representative strength results
(i.e. low-vartation). Daemen et al. (1988c, Section 2.1) give some
results of the- Brazilian tension test on Apache Leap tuff. In this
quarter, Brazilian tensile strength tests have been performed on larger
samples (180 mm diameter). Testing large specimens may reduce the
effect of inclusions on the tensile strength. An attempt at measuring
the elastic modulus and Poisson's ratio of the rock disk has been made.

2.1.3.1 Rock Samples and Test Method

Five Brazilian disks have been prepared from a core (AP42-2A-7) of
Apache Leap tuff. The core was drilled perpendicular to flow layers

8
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Table 2.3 Dimensions of Apache Leap Tuff Specimens Used in Strain Rate
Ef fect Study^ I;'

Sample --
NumbAr

Diameter
(mMI

ASTM D2938
-Side

Length Density Smooth-(MMI r/ee- Mhim

Swecification
End

Perpendic-
uIblawl464v

AP21-5-SJUU1 . 95.3 192.7 2.42 .
AP21-3-SUNM2 95.4 190.3 2.42 - r
AP21-4-SNUU3 95.4 187.5 2.42 . K
AP21-6-SNUNS 95.3 190.1 2.42. X K
AP21-7-SNUN4 95.3 191.8 2.42 X X
APSHFT6-5-SNU=6 102.1 200.7 2.53 X X
APSHFT6-4-SNU97 102.0 197.0 2.53 X X
APSHFT6-3-SMUN. 101.9 197.1 2.53 K
APSHFT6-2-SUUN9 102.0 197.2 2.53 K x
APSHFT6-1-SNUU1O 101.9 197.3 2.53 K K

v': complies with the ASTH standard
X: does not comply with the ASTH standard

Table 2.4 Uniaxial Compressive Strength of Apache Leap Tuff Determined
at Various Axial Strain Rates

Axial Uniaxial
- Strain Compressive Elastic

Rate Strength Modulus Poisson's

Number (x 10 1 (HPa) (GPa . Ratio

AP21-5-SNUU 1.1 130.8 - 33.7 0.24
AP21-3-SNUU2 -; 18 .-- 124.6 -- 34.0 - 0.19
AP21-4-SNUN3 96 131.9- 32.5 0.21
AP21-6-SU=S - 2.6 125.4 . 33.6 0.24
AP2l-7-SNUV4;, 0.55 . 109.1. 32.1 0.17
APSHFT6-S-SNUU6 4.9 137.9 35.9 0.21
APSHFT6-4-SNUTH 0.098 142.5 33.8 0.19
APSHFT6-3-SNU8-- 0.045 124.3 37.2 0.22
APSHFT6-2-SNUN% - 0.022 98.7 34.7 0.21
APSHFT6-1-SNUN1O 0.022 136.7. . 30.22

Mean ± Standard Deviation 126.19 34.3 0.21
- -. .. - ± f 13.42 -. : t 1.5- -'0.02

Coefficient of Variation 11 4% 11

;

It

NOTE: The elastic modulus and
failure stress.

Poisson's ratio are determined at 50S

9
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Figure 2.2 Uniaxial compressive strength as a function of axial strain
rate. A linear fit applied to each data set indicates an
increase of strength with increasing strain rate.

circles = 95 mm diameter samples
squares = 101 mm diameter samples
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Table 2.5 Results of Linear Regression Analysis; Uniaxial Test on
Apache Leap Tuff

I . ......... 11

Uniaxial Compressive Strength:

For 9'S m samples:

tor 101 mm samples:

Elastic Modulus:

For 95 mm samples:

For 101 mm samples:'

Poisson's Ratio:,

For 95 mm samples

For 101 tm samples

Co aeR 4-b

C = O.108c + 120.3 KPa; R = 0.237
o ~~R

2
C0 = 3.419c4 + 121.5 HPa; % =.0.177o Rt

E de +f -

R
2E . -0.007cR + 33.3 GPa; It a 0.119

a * 0.056c + 36.6 GPa; R 0.014

*ite + jR

u . 0.21; R = 0.003
2

vi -0.003c - -0.18; R a0. 102
It

where CR a strain rate in microstrains per second

a,di - slope of the curve
b,f, a intercept.

*

D.

I

11



- : n t~~~~~~~~~~~~~~

50- Elastic Modulus
vs

Axial Strain Rate

40-
0 APG-3

[3 APS-4
- _ - - E3 ARS-5

as -

0

-

0

.4-_

N. 0 -

10
0-

^ AP21-AAP21-i n AP21-3
.a,- -, - __ . ._.

0 AP21-7 -oADZE1-4

1�

II

n I I I 1111111 I-9 I � I-I--II-I� I I I I I IIij I I I I
I _-. 0

0.01
2 5 2

0.1
Axial Strain

5 2 5 2

1 10

Rate (microstrains/sec)

..... ....... .

S ;

100
2

. ~

Figure 2.3 Elastic modulus as a function of axial strain rate. A
linear fit is applied to both data sets.

circles - 95 mm diameter samples
squares - 101 mm diameter samples
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of tuff block no. AP42. The disk samples have a nominal diameter of
180 mm and~a length-to-diameter ratio of 0.5. Electrical resistance
strain gages are installed at the center of the disk. The gages are
used to measure tangential strain (normal to loading diameter) and
radial straizu (parallel to loading diameter). The strain gages are
connected to a strain indicator and a switch-and-balance unit.

All rock samples are diametrically loaded to failure using an SBEL (CT
500) load frame with servocontroller. The load is applied to obtain a
tangential tensile stress rate of about 3 kPa/minute at the center of
the disk. The failure load is recorded and is used to calculate the
tensile strength. The strain gages are read every minute until
failure. The tangential strain and radial strain are used to calculate
the elastic modulus and Poisson's ratio of the rock. Hondros (1959)
gives solutions to calculate the elastic parameters (gv) from a
Brazilian test specimen as:

2
6P(U - v )

(2.1)
wDt(c + we )

e r

3 + c
a r

v . - ( ) (2.2)
3: + c
r 9

where 3,v = elastic modulus and Poisson's ratio of the rock disk
P = diametrical load
D = disk diameter
t = disk thickness

= M tangential strain at the disk center (normal to loaded

diameter)
cr- radial strain at the disk center (parallel to loaded

diameter)

2.1.3.2 Results of Brazilian Tension Test

Table 2.6 summarizes the results of Brazilian tension test on 180 mm
diameter dlsksof Apache Leap tuff. The average Brazilian tensile
strength-i¢6K.16 + 1.36 HPa. The coefficient of variation is 22%. All
samples faiilrctension along the loading diameter. Table 2.7 gives
the elastic modulus and Poisson's ratio calculated from the tangential
and radial strains at the disk center. The elastic parameters are
calculated at 10% and at 50% of the tensile strengths. The Poisson's
ratio calculation gives physically meaningless values, except for
samples AP41-2A-7-B23 and AP42-2A-7-B25. This is probably caused by
nonhomogeneity of the rock disk due to the presence of flow layers,
vesicles (voids) and inclusions, which induces a complex strainfield
along the loaded diameter.

Figure 2.5 gives the Brazilian tensile strength of Apache Leap tuff as
a function of sample size (disk diameter). The experiments on 24.5,

14



I

Results of Brazilian Test on Apache Leap TuffTable 2.6

SampIl -'

.Average
-- Diameter

Average
Length

Brazilian
Tensile
Strength

Number (-'ni) (mm) (HPa)

AP42-2A-7-BZI 181.5 86.3 5.06 -

AP42-2A-7-BZ2 181.4 93.1 -5.36
AP42-2A-7-BZ3 - 181.2 86.5 5.60-
AP42-2A-7-BZ4 181.5 86.3 6.33
AP42-2A-7-BZS - 181.7 94.3 8.43

Mean t Standard Deviation 6.16 + 1.36
Coefficient of Variation 22S

a.~~ ." .'¾

I-~-

-. .. -

Table 2.7 Elastic Modulus and Poisoone'sRatio, of Apache Le ap Tuf f,
Obtained from Brazilian Test Specimens

Poisson's Ratio Elastic Modulus (Gft)
Measured Measured Measured Measured

Sample~~~ *t 101 at 501 at 101, at 501L
Wumbe'-' Strenigth Strenzth Strenith Strenyth

AP42-2A-7-BZI 1.304 1.661 142.08 173.06
AP42-2A-7-BZ2 -0.106 -0.062. 29.30 41.63
AP42-2A-7-BZ3 0.418 0.418 63.25 55.03
AP42-2A-7-BZ4. 0.662 0.874 151.10 269.54'
AP42-2A-7-BZS 0.186 0.081 -' 176.83 96.15.

bt

1S
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Figure 2.5 Brazilian tensile strength of Apache Leap tuff, obtained
from different sample sizes.
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50.5 (ASTM D3967), 94.5 and 150.0 mm diameter disks have been reported
earlier by Daemen et al. (1988c, Section 2.1). In order to determine a
mathematical relationship between strength and size, Evans' power law
and Lundborg's logarithmic expression (Jaeger and Cook, 1979, pp.
196-199) are' used in linear regression analysis. Table 2.8 gives the
results of the regression. Both criteria show a low coefficient of

2 -
correlation' (R ). Mathematically, the strength decreases as sample
size increases. The size effect criteria (Evans' law and Lundborg's
expression) do not fit the experimental data. A large coefficient of
variation is obtained from all sample sizes. More experimental data
are needed which may reduce the variation of the strength results. To
extrapolate the tensile strength to a larger scale (i.e. toward in-situ
conditions), samples having diameters larger than 180 mm should be
tested.
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Table 2.8 Results of Size Effect Calculation of Brazilian Tensile
Strength of Apache Leap Tuff

Evans' Powev Lawt --

Apache Leap Tuff:

Lunborg's Expression:

Apache Leap Tuff:

aB = kD

03 a 8.521D 0 0627; R2 =0.305

lnam - A - (l/m)lnV

2
Ina B= 1.979 - (1147 .79)lnV; R a 0.303

where aB

D
k,Z,A,m

V
R2

= Brazilian tensile strength in hPa

. sample diameter in mm

. empirical constants

. sample volume in cc

. coefficient of correlation

c

1.
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CHAPTER THREE

RADIAL PERMEAMETER TESTING

3.1 Introduction

Radial permeameter testing allows application of simulated in-situ
stress states to rock cylinders within which borehole plugs are
emplaced for flow testing. As such, it represents a test configuration
corresponding more closely to In-situ conditions than flow testing on
unloaded cylinders. Moreover, by changing the stresses applied to the
cylinder, i.e. by reducing them, very severe interface test conditions
can be exerted. Experimental procedures are described in Appendix 3.A.

Apache Leap tuff has been used for rock samples. Daemen et al. (1988a,
Ch. 3, pp. 11-14) give the work plan and nominal test schedule. Daemen
et al. (1988b, Ch. 3, Section 3.2) give specifications of the samples.

Appendix 3.A gives the test procedure for radial permeameter testing.
This chapter gives results of rock bridge testing under high confining
pressure.

3.2 Rock Bridie Testing under Hixh Confining Pressure

Samples APX-C-6-RP2 and APIO-4-6-RP3 have been subjected to axial and
lateral pressures of 13 and 12 KPa, respectively. A constant injection
pressure of 6 NPa has been applied to the top of the samples. The
bottom hole is connected to a high-precision pipette (± 0.001 cc). An
identical pipette is used to measure the evaporation in the testing
room. The measurements have been made daily. The temperature of the
testing room has been maintained at 22 + 11C.

3.3 Flow Test Results

Tables 3.1 and 3.2 give the results of flow tests of samples
APX-C-6-RP2 and APlO-4-6RP3, respectively. The water inflow and
outflow have been measured and are used to calculate hydraulic
conductivity of the rock. The calculation assumes that the flow is
one-dimensional(through the rock bridge only), the rock Is saturated,
the flowtialaminar, and Darcy's law is valid. For both rock
cylinderso length and cross-sectional area of the rock bridge are 3.175

- 2
cm and 5.303cm , respectively. The calculation is made for each time
interval. The evaporation rate of water collected in the pipette is
0.030 to 0.035 cc per day.

Sample APX-C-6-RP2 gives the hydraulic conductivities calculated from
-12 -11

the outflow (k ) ranging from 10 to 10 cm/s and the hydraulic

conductivities from the inflow (kit as 10 to 10 cm/s. It has been
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found that'the injectin.water leaks through a sealbetween the piston
and the cylinder of the- pressure intensifier. This'indicates that the

measured inflow rates and the inflow-conductivities (k ) overestimate

the actualvalues. Since the leakage is small and the injection

pressure can be maintained constant,.the test is being continued.

The inflow hydraulic'conductivities of samples APIO-4-6-RP3 range from

-10 -g -11 -10
*10 to 10 cm/s. The outflow conductivities are 10 to 10

cm/s. The measured Inflow rates are approximately an order of
magnitude higher than the outflow rates. Comparison of the outflow

hydraulic conductivities show: that the permeability of sample-

AP10-4-6-RP3 is one order of.magnitude higher than those of sample

APC-C-6-RP2. - - -

A more accurate calculation of the hydraulic conductivities can be

obtained by performing a numerical (finite element) analysis (South and

Daemenr, 1986, pp. 180-184; Fuenkajorn and Daemen, .1986, pp. 154-157).

The calculation can take the water flow through the rock cylinder

(bypass to the rock bridge) into account.
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Table 3.1 Results of Rock Bridge Testing on Sample APX-C-6-RP2.

6 ePa.
= 12 KPa, u =13 HPa. P =

,. . Time

I Interval
hr:min

Outflow
Rate

(X1-5(xc10
cc/sin)

k~o

(x 102
cm/6)

Inflow
Rate

-4
Inflow (x 10
(cc) cc/min)

kI

(x 10-
cM/s)

Outf low
(cc)Date Time

3/24
3/25
3/26

3/27

3/28

A.J
3/29

3/30

3/31
4/3

4/4
4/5
4/6
4/7
4/8
4/9
4/10
4/11
4/12
4/13

11:30
11:36
16:25
19:25
10:25
16:30
13:00
17:00
10:00
16:00
13:00
16:00
13:05
9:20

16:40
16:00
16:50
16:50
11:05
16:05
17:15
16:05
16:20
15:50
16:40

24:06
28:49
3:00

15:00
6:05
20:30
4:00
17:00
6:00
21:00
3:00
21:05
68:15
7:20

23:20
24:50
24:00
19:15
22:50
22:10
22:50
24:15
23:30
24:50

0.028
0.042

-0.001
0

-0.018
0
0.010
0.013
0.023
0.065
0
O.010
0.055
0.020
0.020
0.021
0.025
0 .010
0.029
0.029
0.031
0.035
0.025
0.010

1.94
2.43

-0.55
0

-4.93
0
4.17
1.27
6.39
5.16
0
0.79
1.34
4.55
1.43
1.41
1.74
0.87
2.12
1.92
2.26
2.38
1.77
0.67

3.30
4.14

0

0
7.10
2.17

10.90
8.79
0
1.35
2.29
7.75
2.43
2.40
2.96
1.48
3.61
3.27
3.86
4.06
3.02
1.14

13.75
5.57
0.880
3.670
1.631
3.447
0.432
3.214
0.877
2.089
1.632
5.939

11.748

4.920
5.402
2.173
1.310
4.030
4.264
4.264
3.140
5.241

95.1
32.22
48.9
40.8
44.7
28.02
18.00
31.51
24.36
16.58
90.67
46.95
28.66

33.02
37.51
18.73
9.56

30.30
31.12
29.31
22.27
35.17

16.21
5.49
8.33
6.95
7.62
4.78
3.07
5.37
4.15
2.82

15.45
8.00

5.63
6.39
3.19
1.63
5.16
5.30
4.99
3.79
5.99
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Table 3.1 Results of Rock Bridge Testing on Sample APX-C-6-RP2. ° 12 NPs, a x =
6 LPa--Continued. -

13 HPa, -P =I., i

Interval-
,Date . Time.. br:mIn

Outflow
Rate

-5
(x 10.
cc/min)

Outflow
- (cc)

.. .

4/14
4/16
4/17
4/18
4/19
4/20
4/21
4/22
4/23
4/24
4/25
4/26
4/27
4/28
4/29
4/30
5/1.
5/2
5/3
5/4
5/5
5/6
5/7
5/8
5/9

16:40
.16:40
15:55
15:50
15:50
15:50
-17:50
15@55
19:30
;16:50
16:20
16:17
15:55
16:30
18:15
15:20
15:43
16:05
15:24:
16:15
16:45
15:10
* 15:45
15:22
16:11

24:00
48:00
23:15
23:55.
24:00
-24:00
26:00
22:05
27:35
21:20
23:30
23:57
23:48
24:35
25.45
21:05
24:23
24:22
23:19'
24:51
24:30
22:25
24:35
23:37
23:49'

0.025
*O .0070

0.009
0.035
0.030
0.035
0.036
0.028
0.025

0.0020
0.015
0.010
0.015
0.040
0.015
0.031
0.027
0.040
0.047
0.061
0
0.045
0.040
0.039

1.74
2.43
0 .65
2.44
2.08

2.43
2.31
2.11
1.52
2.19
1.42
1.04
0.70
1.02
2.59
1.19
2.12.
1.85.
2.86
3.15
4.15

3.051
2.82
2.73

k
0
-12

(x 10 Inflow
cm/0) (cc)

2.96 5.414
4.18 7.453
1.10 3.090
4.16 2.707
3.55 4.030
4.14 3.758
3.93 4.203
3.60 3.374
2.59 4.598
3 .73 3.486
2.42 -
1.78 3.721
1.19 5.340
1.73 4.402
4.41 3.399
2.02 1.607
3.61 4.808
3.15 2.040
4.87 3.090
5.37 2.410
7.07 _
0 3.276
5.20. 3.646
4.81 3.337
4.65 3.869

, .
.

Inflow
Rate

(x 10
cc/vin)

37.60
25.88
22.15
18.86
27.99
26.10
26.94
25.46
27.78
27.23

25.89
37.39
27.40
22.00
12.70
32.86
13.95
22.09
16.16

24.36
24.72
23.55
27.07

(x i0-
cm/8)

6 .41
4.41

3.78
3.22
4.77
4.45
4.59
4.34
4.74
4.64

4.41
6.37
4.67
3.75
2.17
5.60
2.37
3.76
2.76

4.15
4.21
4.01
4.61



Table 3.1 Results of Rock Bridge Testing on Sample APX-C-6-RP2. al t , 12 KPa, ax = 13 BPa, Pi =

6 lPa--Continued.

I.. .55
,'Interval

hr:min

Outflow
Rate

(x 10
cc/min)

Inflow
Ratek

0

(X1-12
cx 10

cmat)
Outf low

(cc)

-4
Inflow (x 10
(cc) cc/min)

k

(x 10X
Cm/8 )Date Time

5/10 15:28 23:17 0.029 2.08 3.54 3.288 23.54 4.01
5/11 15:02 23:34 0.030 2.12 3.62 3.622 25.62 4.37
5/12 15:06 24:04 0.015 1.04 1.77 4.116 28.50 4.86
5/13 12:30 21:24 0.026 2.02 3.45 2.682 20.89 3.56
5/14 12:06 23:36 0.029 2.05 3.49 4.645 32.80 5.59

Mean + Standard Deviation: 3.71 5.12

+ 1.98 x 10 + 2.61 x 10
Coefficient of Variation: 531 511

at

ROTE: k a hydraulic conductivity calculated from outflow

kI U hydraulic conductivity calculated from inflow

The inflow is affected by a pump seal leak, which results
hence permeability.

in an erroneous (excessive) apparent inflow, and
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Table 3.2 Results of Rock Bridge Testing on Sample APIO-4-6-RP3.

6 MPS.

lat I 12 HPa. = 13 HPn Pi

Date",

4/22 1
4/'.23

4/24

* 4/26
4/27
4/28'

.5/4
5/4~ ;:
.5/5
5/6
5/8.
5/9
5/9
5/10
5/Il

5/12

-I nterval
Time hrumln

Outflow
Rate

, .4 1 ;Cx lN 10'c In
cc/min) -

I. . k
(x 10

cm/at)

. i 7. . . ,

Inflow
(cc)

Inflow
Rate

cxc10
cc/udn)

. .

Cx 1011
cm~/a)

Outflow
(cc) .

";15:55
i 19:30
'16:50
16:20
.17:17
15:55
16:30
15:50
16:15
16:20
16:17
15:10
.15:22
-11:56
16:11
15:28
15:04
l5:06

27:35
21:20
23:30
23:57
23:48
24:35

24:51
0:05:
23:57
22:53-

23:49
;4:15
23:17
23:34
24:04

I

1
�4 1

.*1 -0.070
0.035

' '- 0.010
; 0.020

. 0.150
0.185

I

-0.135
0

; 0.915
0.400

-0.050
0.070
0.650

- 0.550
O.960'

-0

IL

0.
1.

.'1

-2,
-0.

2
2. .4,
3'
61

. 1

.423 '-"

.273

.071

.139

.05

.25

0 0.466

* .0.237
1 .79
2.14

.905 3

0
.37 10.85
.913 - '4.97

.035 ; .

.75 - 4.68

.65 7.93

.89 6.63

.65 * 11.13

5.08

4.0 x 10

2.188
7.107
0
0.906
-0.519
0.606

* 4.005
0.012
5.414
9.765

3.646
^7.342
3.491
2.151

, I .,,
t . .1

1.322
5.552
0

- 0.631
0.363
0.411

2.686
2.40
3.768
7.112

32.85
5.256
2.469
1.490

22.53
94.62
0'

10.74
6.194
7.002

45.78
40.90
64.21

121.2

560.0
89.57
42.07
25.39

86.9

± 140 x 10
Mean + Standard Deviation:

I -, ,, . F < ,,

I: ,, ., I '. , ., ., ,' : B

ROTB: ko hydraulic conductivity calculated from outflow

k - hydraulic conductivity calculated from inflow

.ja
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APPENDIX 3.A

Radial Permeameter Test

Test Procedure

Department of Mining and Contract No. NRC-04-86-113
Geological Engineering FIN: D1192

University of Arizona PI: J. Daemen
Tucson, AZ 85721 (602)621-2501

Draft 1, Revision 1

Test Procedure written by: K. Fuenkajorn Date: 9-29-86
reviewed by: J. Daemen Date: 12-3-86
revised by: K. Fuenkajorn Date: 5-3-89

revision reviewed by: J. Daemen Date: 6-6-89

1. Obiective

The objective of the radial permeameter test is to assess the sealing
performance of borehole plugs (cement, bentonite and crushed rock)
under a variety of stress conditions applied to a plugged rock
cylinder. Changing the stress conditions sequentially makes it
possible to impose severe conditions on the plug-rock interface. The
applied stressfield makes it feasible to operate at high differential
pressures across the plug, as well as to simulate in-situ stress
states.

The instrumentation and test method used for the radial permeameter
test are described by South and Daemen (1986, Sections 3.2, 3.3).

2. Experimental Ayparatus

A permeameter and a constant pressure pump were designed and four each
were constructed by the Central Machine Shop, University of Arizona
Instrument Shops. A data acquisition system was assembled and
software written to collect the required data. Design and construction
was performe6suuing English units, and English units will be cited in
this sectioawhere appropriate (South and Daemen,-1986, Ch. 3).

2.1. Permeemater Design

An assembly drawing of the permeameter design is shown in Figure 1;
small black rectangles indicate 0-ring seals. The permeameter is
designed to accept a 15.24 cm (6 inch) diameter, 30.48 cm (12 inch)
long cylindrical rock specimen with a 1 inch diameter hole drilled at
both ends along the longitudinal cylinder axis. There is enough
travel in the piston to accept samples between 27.94 cm (11 inches)
and 31.12 cm (12 1/4 inches) long, using a 6.35 mm (1/4 inch) thick
platen at the bottom of the pressure cell. Shorter specimens require

28



A, i�
I-1

--4 A

. . 6. �
. ! L..; . .,. .. .I

I I - o' I

i
I

EXPLAVA77ON

I Nut

2 Washer
3 Top Plate
4 Loading Platen
5 Piston Plug

6- Load Cell
7 Piston
B Cell Cap
9 Specimen

10 Pressure Cell
I, Bolt .

12 Centerinj Pin
13 Aluminum Platen:
14 Neoprene Gasket
IS Bottom Plate-
16 Bottom Plug

- I

I

I I, I

I

i

i
I
i

k

. I

i
. f

a
T

I

I

11

i

i

, I, - :�
I , ; I ;-I

.., -� "I . 1� -I'�

- P . I .

I.

... ;' ; )...

06
-I - . -. , -.

. -- ; ~~INCHES

.: ... .,. ;{, ; ~~~~.9-. , :. . ..

I I .1 -� , ;'

.. �. -

I1.

I .- L .

Figure 1 Radial penreameter assembly drawing. Small black
- ;- rectangles indicate O-ring seals. -.

(from South and Daemen, 1986, Figure 3.9, p. 78)
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a thicker platen or multiple platens. Longer specimens may interfere
with the cell cap. The specimen diameter should be as close to 15.24
cm (6 inehes) as possible to match the diameter of the piston.
Aluminum platens, as indicated on Figure 1, are usually closer to the
stiffness properties of rock; stainless steel platens are used for
most of this work, however, because they are more chemically inert.

A nominal axial stress of up to 21 MPa (3000 psi) may be applied to
the rock cylinder by tightening the bolts. The load thus applied is
measured with a load cell. A loading platen on top of the load cell
has a hemispherical top which matches a hemispherical seat in the
bottom of the top plate.

Fluid (distilled water, brine, oil or nitrogen gas) may be pumped into
the top hole, the bottom hole, and the annulus between the rock
cylinder and the pressure cell. (Fittings through the cell to the
annulus are not shown on the assembly drawing because they are out of
the plane of the section.) Neoprene gaskets are cut as needed from a
0.16 cm (1/16 inch) thick sheet and used to seal the ends of the rock
cylinder, isolating the annulus from the top hole and bottom hole.
These gaskets are shown as heavy lines on the assembly drawing.

Nominal maximum fluid pressure is 21 HPa (3000 psi). The permeameter
was designed to operate at room temperature, but will perform at
temperatures of up to 80°C. It may be possible to use higher
temperatures, but additional safety analyses should be performed,
particularly if temperatures above the vaporization point of water are
involved.

Access to the interior of the specimen is provided by removing the
piston plug and the bottom plug. This may be done while the specimen.
is under an axial stress and, if pressure is maintained about the
annulus, under a confining stress.

A centering pin in the bottom plug is used to align the specimen when
it is placed in the permeameter; the pin is removed during testing.

The specimen is coated with epoxy on the outside to prevent fluid
seepage from the annulus through the rock to the center hole. An
axial stress is applied by tightening the bolts and a confining stress
is applied by pressurizing water, brine, oil, or gas in the annulus
between the specimen and the pressure cell. The neoprene gaskets on
top of an&wunderneath the specimen maintain the confining pressure.
Sealing bi tfte gaskets requires an axial stress higher than the
confining-stress. It is not possible to maintain a higher confining
stress thazt axial stress. The confining stress is applied with a
manual pump, which is disconnected after pressurization so that there
is not a continuous fluid supply to the annulus. Thus, pressure is
either maintained or drops as fluid leaks through the sample and
seals. A pressure drop of 0.01 HPa corresponds to a leakage of about
0.007 cc of water through the end seals.

Good sealing can be obtained only if the ends of the specimen are
parallel. Care must be taken to ensure parallelism when specimens are
prepared, as discussed under sample preparation techniques.
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The permeameter AISI -4140 steel has a tensile it 8regth of 1000 HPa
(145,000_psi) and a yield point of 900 KPa (131,000 psi). The bolts
were heat-treated to obtain a tensile strength of 1310 SPa (190,000
psi). No other-pieces were heat-treated. SAE Grade B. 2.54'cm (1
'inch) diameter,7-l4 thread-per-inch nuts are-used on the bolts., These
have a minimum tensile strength of 1035 KPa (150,000 psi) (Baumeister
and Marks, 1967, pp. 8-35, Table 30) and were purchased commercially.'
The bolts are made by threading a nut on one end of a piece of 1-inch
round'stock and welding it in place. The other'end is then threaded
and the bolt heat, treated..

Table 1 lists the parts'-necessary to assemble one permeameter.
Flareless tube fittings-and 3.2 mm (1/8 inch) diameter hlgh-strength
stainless steel tubing are used to connect the permeameter to other
equipment. For this work; Hoke Gyrolok brand fittings and needle
valves (D3712G2Y) were used. The tubing was 3.2 mm (1/8 inch) O.D.
seamless, annealed 316-stainless steel tubing with an allowable -

working stress- of 87 HPa (12,641 psi) (ASTS A-213). Tubing with a'
higher working stress than necessary for safety was used to make the
system as rigid as possible (that is, to minimize expansion of the
tubing as pressure is applied).

The pressure cell has an outside diameter of 17.15 cm (6 3/4 inches),.
2.54 cm (linch) thick walls, and an overall length of 40.64 cm (16
inches).' .

The 0-ring seals rust hold 21 KPa (3000 psi) water pressure. The top
plug, bottom plug, and pressure cell were tapped to accept 1/8-Lneh
mPT (National Pipe Thread). fittings. The bolts were threaded to fit'

the commercially purchased nuts. All other threads were 10 threads
per inch. Holes were tapped in the top plug, the bottom plug, and the
cell cap to accept a spanner wrench. In the case of the cell cap a
spanner wrench was made from a piece of pipe. The outside of.eacb-

- permeameter was painted for corrosion resistance. Engine paint, so
resistant to temperatures up to 315§C was used. Parts not painted
were cadmium plated.-"'

* ' Steel pallets were constructed on which to place the permeameters, and
a pallet.truck is used to move them about. Holes for lifting are 7
tapped on the top plate for drop-forged eyebolts. The weight of the
assembly i. ab6ut 230 kg'-(500 lbs), and access to the bottom is'
obtained by turning the entire permeameter over when it is assembled,
using a6r overhead crane. . - - - -

2.2. Pump-Design - _

Testing fluid (distilled water, nitrogen gas, brine or oil) must be
supplied to a specimen in the permeameter at a constant pressure and a
very slow rate. To be able to compare experiments It is desirable to

American Iron and Steel Institute

31



Table 1 Radial Permeameter Parts List
(from South and Daemen, 1986, Table 3.7, p. 80)

Part Number Needed Made From

SAE Grade 8 1" Nuts

1" Washers

Bolts

Top Plate

18

12

6

1

Bottom Plate 1

Loading Platen

50 Ton Load Cell

Piston Plug

Piston

Cell Cap

Pressure Cell

Bottom plug

A-320 0-Ring
(for Piston Plug)

A-331 0-Ring
(for Bottom Plug)

A-358 o-Ring
(for Piston)

A-362 0-Ring-.
(for Ce13*Cap)

A-363 O-Rilngrj
(for Bottom Plate)

Purchase commercially

Purchase commercially

1" round stock

15-1/4" diameter,
3" thick piece

15-1/4" diameter,
2" thick piece

1-114"' thick,
3-112" diameter piece

Purchase commercially

2-1/4" round stock

6-1/4" round stock

7-1/4" O.D. tubing,
0.875" wall .

8-3/4" O.D. tubing,
1-1/4" wall

3" round stock

Purchase commercially

Purchase commercially

Purchase commercially

Purchise commercially

Purchase commercially

NOTE: Material used is to be AISI-4140 steel. Parts may be made
from any available stock, but stock purchased must be
sufficiently over the final dimensions to allow for clean-up
and machining. Dimensions given in this table are stock
dimensions, not final dimensions.
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set the pressure andlet flow rates be controlled by the permeability
of the rock/plug systemfas opposed to injecting fluid at a constant
rate and letting pressure fall where it may. The injection pressure
is read by means of a pressure gage.

A constant. pressure-pump was designed and four were constructed by the
Central Machine Shop,'UniversIty of Arizona Instrument Shops. Figure
2 is an assembly drawing of the pump. Compressed nitrogen is supplied
to a large diameter cylinder, forcing a piston downward. A smaller
piston is thus forced into a cylinder containing liquid, forcing
liquid out of the bottom of the small cylinder at constant pressure.
The fitting connected toithe bottom of the liquid cylinder is
connected with tubing to a fitting on the permeameter (Figure 3).

Pressure Intensification is approximately 11.5. The gas-cylLnder and
water cylinder are connected by eight.1.91 cm (3/4 inch) diameter rods
through flanges welded to the cylinder ends. The other end of each
cylinder is capped by a round plate held on with cap screws. The
capping plates are drilled and tapped for 1/8-inch NPT fittings and
use an O-ring to provide a static seal. At the flange end of the'
cylinders sliding seals are necessary as.the pistons must slide back
and forth. Two O-rings, separated by spacers, and a packing nut
provide these seals. In the case of the gas cylinder "Bal Seal" brand
teflon o-rings are used. Standard teflon 0-rings are used to provide
the seal on the liquid cylinder to avoid the use of grease, which
could contaminate the liquid.s.-

The main pump limitation is that pressures below about 1 HPa (150 psi)
cannot be maintained constant because of O-ring friction. O-ring
friction is responsible for pressure fluctuations of 0.1 to 0.2 MPa
(10 to 20 psi) at higher pressures as well.-

The volume of liquid pumped must be measured precisely. The piston
has a stroke of 25.40 cm (10 inches) and a diameter of 2.49 cm (0.980
inches). A travel of 0.003 cm (0.001 inch) corresponds to a volume of
0.0124 cc.. Piston travel is measured using a linear encoder
interfaced with the microcomputer controlled data acquisition system.

Provision is made on the pumps for mounting a long-range displacement
dial gage which measures to the nearest 0.003 cm (0.001 inch).

2.3. DatahAcquisltlon System
_iv ' S X n p :< t-

To provid&^ redundant measurement, pressure transducers and LVDT
(linear.variable displacement. transducer)-may be used to measure the
-top and bottoarhole pressures and the displacement of the piston in
the intensifier. respectively.

'Data are collected using an automatic data logging system. A Model
PC-1OB microcomputer made by Applied Hicrotechnology, Tucson,
Arizona, monitors transducers and records pressures and intensifier
piston displacements. '--

_ ~~~~~* , .;'.. _-,!''.-'. :.d;-_ ..1.v
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Figure 2 Constant pressure pump assembly drawing. Gas
admitted to the top cylinder forces the large
piston down, pressurizing liquid in the bottom
cylinder. Pressure intensification is 11½.

(from South and Daemen, 1986, Figure 3.10, p. 83)
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The volume of liquid pumped into a sample is measured by monitoring
the pump piston displacement with a Heidenhain Pos-Econ Model 501
linear encoder connected to a circuit card designed by Applied
Microtechnology.

The liquid flowing out of the sample can be collected in a flask which
sits on a Could Model UC-3 force transducer. This analog device is
connected to an analog-to-digital voltage converter card in the
microcomputer. Reading the force transducer yields the amount of
liquid which has flowed out of the sample. Alternatively, the outflow
can be collected in a high-precision pipette. An identical pipette is
used in parallel to monitor evaporation. Evaporation is controlled by
a thin layer of vacuum pump oil on top of the collected fluid.
Chemical composition and pH of the inflow and outflow fluids should be
determined.

Fluid pressure is measured using National semiconductor model
LX-1450AF and LX-1460AF pressure transducers. The Model LX-1450AF has
a range of 0-14 MPa (0-2000 psi) and the Model LX-1460AF a range of
0-21 MPa (0-3000 psi). The lower pressure range is used to measure
pressure in the top hole and the higher pressure range to measure
pressure in the annulus. The pressure transducers are analog devices
connected to the analog-to-digital voltage converter card.

As connected, the linear encoder has an accuracy of 0.0020 cm (0.0008
inch), the force transducers of 0.02 gm, and the pressure transducers
of 0.07 and 0.10 MPa (10 and 15 psi) for the LX-1450AF and the
LX-1460AF, respectively.

Axial stress is monitored using fifty ton (455 ki) capacity load
cells. These are not connected to the data acquisition system. Each
load cell is connected by a cable and a junction box to a strain
indicator unit which, when read, allows the total axial load on a
sample to be calculated_ Axial stress depends on the exact sample
diameter. Loads are accurate to about 400 N (90 lb). This equipment
was furnished by Terrametrics, Inc., Golden, Colorado.

3. Experimental Procedure-

3.1. Sample Preparation and Loading

15.24 cm (S inch)-diameter samples are obtained either by laboratory
coring o& blocks collected from the field or directly by field coring.
The cylindersO are cut to length, typically 30.48 cm (12 inches) with a
diamond sautc, _he ends are ground flat and parallel.

Grinding is important. Flat, parallel ends are necessary to obtain
good seals and to insure a uniform stress distribution. Sample ends
are prepared to specifications recommended by the International
Society for Rock Mechanics (Bieniawski et al., 1978) for preparing
samples for uniaxial compressive strength testing. This specification
states that the ends shall be flat to 0.02 mm and shall be parallel to
within 0.10 mm in 50 mm. Samples are prepared and flatness and
parallelism checked with a dial gage.

36



* - I t

Rext, 2.54 cm (1 inchi dfameter holes are drilled along the sample
axis from each end to a depth of-one-third the total sample length.
Centering.is aided by means of a jig made for this purpose. The holes -

are drilled-with- a core drill. When the desired depth is reached the,
core drilll is withdrawn and the core broken off. A 2.54 cm diameter,
blind bit-is then used to flatten the bottom of the hole.

In order to prevent seepage of confining fluid Into the sides and ends
of the sample, several coats of.epoxy (Scotch Weld Structural Adhesive
2216) are applled to.the external surfaces of the sample. 9ext, the
sample is placed in the permeameter and. a small axial load ls applied
to keep the top plate secure. The permeameter is turned over, the -.

bottom plug removed,.and the bottom hole filled with testing liquid.
Enough liquid is poured Into the bottom hole so that when the bottom.
plug is replaced, liquid is forced from the valve.-ensuring that no
air is entrapped, .. -

The testing fluid needs to be specified Unless otherwise indicated,.
the testing liquid will...bedeaired distilled water.-.. .. -

The permeameter is righted and connected to a pump, ready for -

saturation and testing.

3.2. Testing

* The sample is first tested with a rock bridge in place. Axial and
confining stresses are, applied to the sample.. A vacuum is applied to
the top hole. At this time the bottom hole is filled with liquid and.
its valve is closed. -The vacuum draws.the air from the top hole and-_
from the sample's-pore.space. Once the.sample~has.been saturated,-
which Is assumed .to be evidenced by liquid.flowing from the top hole i'
at the same rate as lt is-injected,. testing liquid is injected Into .- .

the top hole through.a.manifold which allows,-the liquid to be injected

without admitting air to the top hole.

Liquid flows through the sample to the bottom hole, which Is at zero
or at some controlled pressure. Flow from the bottom hole is
collected in a flask or in a high-precision pipette and weighed; flow
into the top hole lsmeasured by pump piston displacement . pH of
inflow and outflow fluid should be monitored or measured regularly.

It is re otvied that this procedure does not guarantee sample .
* saturatl t W< .: -

It can readily be visualizedl(e.g. South and Daemen, 1986, Figs. 8-10,
pp. 12-14) that the flowpath does not significantly affect the corners
of the rock cylinder. It is assumed here-that the flowpaths are.
sufficiently similar.over the full range of tests to warrant
neglecting any corner effects... A desirable but time-consuming-
alternate,- used on occasion, is to saturate the cylinder by radial-'
flow, alternating convergent and divergent flow. This saturation
procedure must precede sample coating.
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During the test, axial stress is maintained by the permeameter bolts
and confining stress is maintained by fluid pressure in the annulus.
No pump is permanently connected to the annulus. Any leakage results
in a dror in;annular pressure and is detected by this pressure drop.
Annular pressure is kept higher than top and bottom hole pressure.

Following tests at three different top hole injection pressures, the
rock bridge is cored from the sample. Axial and confining stress are
maintained during this operation. A plug of cement, bentonite or
crushed rock is then placed. The cement grout is mixed according to
American Petroleum Institute specifications (American Petroleum
Institute, 1986, pp. 14-19). Bentonite plug or crushed rock plug
preparation are subject to a separate experimental procedure write-up.
A rubber stopper is placed at the location of the bottom of the rock
bridge. Cement grout is placed on top of the rubber stopper, by
pouring a measured quantity of grout through a funnel, avoiding
splashing and turbulence. The cement grout is then covered with water
and allowed to cure. Following curing the rubber stopper is removed
and the same series of tests performed on the rock bridge is performed
on the cement plug. Flow through the plug will thus be directly
comparable with flow through the intact rock.

3.3. Loading the Radial Permeameter

a. Start with permeameter completely disassembled.

b. Put in bottom plug-with centering pin (see Figure 1).

c. Place neoprene gasket on the bottom. This should be a 15-cm
(6-inch) diameter gasket with a 5- or 7-cm (2- or 3-inch) diameter
hole in the center. Normally 2-mm (1/16-inch) thick gasket
material is used. When the axial stress is applied, the gasket
material squeezes toward the center hole and the annulus.

d. Put stainless steel platen on top of gasket.

e. Put in another gasket.

f. Place sample in permeameter, inserting centering pin in bottom hole
of sample.

g. Put a neoprene gasket on top of the sample.

h. Screw. i *ell cap until about 6 mm (1/4 in) from sample top.

i. Fill annulus with water. Annular valve should be open at first to
let air out of lines; let water drip from valve for a while, then
shut the valve. Bottom plug must be capped.

j. Insert piston into cell cap. This works best if the piston plug is
screwed into the piston and used to lower the piston into the cell
cap. Lower the piston straight down, being careful not to get it
tilted, cocked and stuck in the cell cap.
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k. Put on the load cell and the hemispherical seat. Piston plug
should still be screwed into the piston.

1. Take out to crane. Put on the top plate using the crane. Be
careful not. to damage the bolt threads.

m. Tighten bolts, being careful to keep load cell, hemispherical seat,
and top plate centered. Using a wrench about a foot long, tighten
the bolts as tightly as possible. At this point it is a good idea
to check whether the annulus will hold water pressure by connecting
the Ruska pump and putting about 1 HPa (145 psi) water pressure on
the annulus. The cell should maintain the pressure fairly well
(i.e. pressure drop should not exceed 10 psi/day). Also check that
the piston plug can be removed.

n. Turn the permeameter over, using the crane and the chains and
straps. Remove bottom plug. Remove centering pin. Fill bottom
w with water. Replace bottom plug with a valve. Be sure water runs
out the valve'as the plug is tightened.

o. Turn permeameter right side up.

p. Take the permeameter back into the test lab. Connect load cell to
strain indicator. Record the initial strain reading.

q. Tighten bolts with torque wrench to desired axial stress. Figure 4
gives the calibration curves for the four cells (axial load as a
function of strain). Apply desired confining stress to annulus.-
These stresses will relax somewhat over the first few hours 'and
some readjustment will be necessary.'

r. Bottom valve should be closed and the bottom full of water. Apply
vacuum to the top hole, which should be empty of water. Apply a
few hundred psi water'pressure to bottom hole. Evacuate for a
minimum of 24 hrs to remove air from the pore space of the sample.

s. Once sample has been evacuated (as evidenced by water flowing from
the bottom hole into the top hole), close vacuum valve and fill top
hole with water from'the Ruska pump. Do not re-admit air to the
top hole.,

t. Ready toW test. Connect the top hole of the sample to the pressure
intensiiferz' Supply water at constant pressure to top hole and
collect-water from bottom hole. It will probably take some time -

possLbly Z - for the mass balance to reach a reasonable value.
What constitutes a reasonable mass balance is a difficult judgment-
call for the individual researcher, who should be guided by -

previous experience and analysis-(e.g. South and Daemen, 1986).
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CHAPTER FOUR

FLOW TESTING OF BENTONITZ AND BENTONITE/CRUSHED TUFF SEALANTS

4.1 Introduction

This chapter gives the results of flow tests on bentonite and on
bentonite/Apache Leap crushed tuff plugs.

The mixture samples containing 25 or 35 bentonite weight percent were
tested again using injection pressures of 207 and 345 kPa (30 and 50
psi) after having been subjected to a series of flow tests at injection
pressures of up to 690 kPa (100 psi). During the present flow test
stage, the amount of solids carried in the outflows was carefully
measured to allow- for the assessment of the deterioration of the
sealing performance-. The time needed for the loss of 10 weight percent
of bentonite was estimated, assuming that the flow rates obtained under
the given injection pressures remain constant. The permeabilities
measured appear to be 2 to 4 times lower than the results acquired
earlier for similar injection pressures. Also included are preliminary
results of the reversed flow tests (upward permeation). Six samples
are undergoing reversed flow testing, at higher injection pressures.

Based on the results of the Schedule A flow tests for the mixture
samples (Daemen et al., 1989, Ch. 4, Section 4.5), crushed tuff
gradation type A and 25 and 35 bentonite weight percent were chosen for
high-temperature and high-injection pressure flow testing in stainless
steel permeameters (101.6 and 203.2 mm in diameter) (flow test Schedule
B). The permeabilities of four such samples, measured at room
temperature, are presented. Also reported are the results of flow
tests performed on four additional samples installed in 101.6 mm
diameter PVC permeameters. The crushed tuff of these four samples has
a Fuller-Thompson size distribution curve, an ideal grading in which
the particles fit together in the densest possible state of packing

c (Winterkorn, 1975; Head, 1980, p. 150). Fifteen and twenty-five
bentonite weight percent was used in the sample preparation.

Four bentonite samples for high-temperature and high-injection pressure
flow testinip(test Schedule B for bentonite plugs) have been Installed
in stainless steel permeameters of 25.4, 34.9, 60.3 and 101.6 mm (1, 1
3/8, 2 3/St an& 4 in) diameter, respectively. Due to the prolonged
saturation process, only preliminary room-temperature permeability
results are included here. Additionally, the permeability to air has
been determined for four compacted bentonite plugs installed in 25.4 mm
diameter plexiglass permeameters. These samples are to be permeated
with de-aired distilled water.
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4.2 Flow Testing of+Bentonite/Apache Leav Crush6d&Tuff PlYUs

4.2.1 Flow-Testing of Mixture Samples in PVC Permeameters

Reported iniithis section are the flow test results of six previously
tested compacted-bentonite/Apache Leap crushed tuff plugs. These
samples have been emplaced with either 25 or 35 bentonite by weight.'
After being subjected to injection pressures up to 690 kPa (100 psi),
they were tested again at&lowered injection pressures of 207 and 345.-
kPa (30 and 50 psi). The permeability results are shown in Figures 4.1
through 4.3. Figures 4.4 to 4.9 depict the cumulative inflow and
outflow for.each sample.

The amount of solids carried in the outflows was carefully measured and
the solid concentrations were calculated in grams per 100 cc. 'Based'on
the concentrations and average flow rate measured, a'computation was
performed to estimate the time possibly required for the loss of 10-
weight percent bentonite,'given the conditions of continuous permeation
and constant flow rate. The results are summarized in Table 4.1. 'Also
included in the table are the pH values of the outflows measured at the
end of the flow testing at 345 kPa injection pressure. The pH values
of the outflows collected from Samples BIAL-C-4-25/8, B/AL-C-4-25/C and
B/AL-C-4-35/B appear to be lower than those for the other samples. The,
low pH values seem to be associated with high flow rates. The de-aired
distilled water yieids a pH value of 6.36, which increases to 7.31 when
measured at room temperature after the'water has been boiled in the
presence of crushed tuff. Crushed tuff particles used in the boiling'
range from 12.7 to 19.05 mm in size. The boiling was maintained for 30
minutes, at room pressure.

The permeability results shown in Figures 4.1'to 4.3 are compared with
the results obtained earlier under'the same injection pressures in
Figures 4.10 through 4.15. Except for Sample B/AL-C-4-25/B, the newly 4
obtained permeabilities (second run) appear to be consistently 2 to 4
times lower than the results reported previously (first run)... This --
suggests that irreversible changes in sample structure may have'
occurred. The contrasting behavior of B/AL-C-4-25/B'(Figure 4.11) is.
believed to indicate. sealing performance deterioration resulting from
piping. The-outflow collected from this sample has remained cloudy
throughout the testing.,'

In the- subsetw ntWflow testing, the flow.direction was reversed (to the
upward&dikettion)-to study the sealing performance under the action of
an upward i..pag -force. Sample B/AL-C-4-25/B, however, was omitted
from thisr UEi*fseries due to the rapid depletion of its inflow -
reservoir.'%LIUiited results (for injection pressures up to&69 kPa) are
shown in Pigures 4.16 and A.17 for the samples with 25 and 35 bentonite
weight percent, respectively ,The permeability tends to increase as
injection pressure increases. Upon incrementing the pressure from 35
kPa (S psi) to 69 kpa (10 psi), cracks were seen to develop around the
coarse portions'(which contain less bentonite) close to the bottom of;-
Sample B/AL-C-4-25/C. This maybe due to insufficient confinement
during installation of the sample, or due-to particle migration or
rearrangement. -
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Flow Rates and Solids Carried in the Outflows of Mixed Samples Installed with 25% and 351

Bentonite by Weight
Table 4.1

l Nu,.br ait

Sample Number Crsd~ent

Flow Rate
(x 10 cc/a)
Kean + S.D.*

Solids in
Outflow

(8 per 100 cc)

Estimated
for Loss of

' 15S

Time (yrs) ;
Dentonite to,!.,-,

25 . p1i

B/AL-C-4-25MA i i343-347 0.818 + 0.102 0.09 57.3.~ *..-....,-.t;- 0 .08 . 64.5--

-K - '. T.!~~2 .~;.r - . 0 -o075 J # 68.e8

0.036 143.3

B/AL-C-4-25/D 209-211 1.445 + 0.142 0.26 11.2
,,,t ,,,, ,*; -: -4i;. : :0.30 ; .iwi : 9.8

;¢ § @ * r .t; X * 1 i 9 ': -~ ;0.12 24.4 '

, . * *L '' ' ' -0.'24 - 2.1

s

, I

9.23

Ln
349-351,

. . j

'', '' : .1 ,-, ,i 't I',1J-'s. .r-

2.245 + 0.723 0.24
0.17
0.18

. . 0.15
0.08
0.082

, ; , , ,_ * . S S ,!,; , ~0.075

7.9
11.1
10.5
12.5
23.5
22.9
25.1
21.3
15.6

0.088
'0.12

.,. ., .

8.89

B/A.A-C-A- 5/C
.W . A r u ,

,,310-314,,,,,, 0.977 + 0.167

A''. ..~~~ . . ' I

0.076
0.083 -

- 0.083 -
* 0.081 '

56.8 -,

52.0
52.0 -
53.3 09.06

B/AL-C-4-35/A 333-337
I -,i-. , i

0.401 + 0.122 0.087
;0.08

137.1
149.1 9.25
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Table 4.1 Flow Rates and Solids Carried in the Outflows of Mixed Samples Installed with 25% and 35%
Bentonite by Weight

Hydraulic
Gradint

Flow Rate
(x 10-4 c/8s)
Mean + S.D.*

Solids in
Outflow

(s per 100 cc)

Estimated Time (yrs)
for Loss of Bentonite to

15% 25%Sample iumber pH
I ]o - -

B/AL-C-4-35/B 321-325 0.508 + 0.087 0.091 103.5
0.082 114.8 9.03

B/AL-C-4-35/C 342-347 0.404 t 0.133 0.086 137.6
0.081 146.1 9.15

en
4D

*S.D. - Standard Deviation

NOTES:

1) The first three samples consist of 312.5 g (air-dried) bentonite and crushed tuff. The latter
three samples consist of 437.5 g bentonite and 812.5 & crushed tuff. The last letter shown in the
sample number designation indicates the type of crushed tuff gradation used for mixing.

2) The air-dried bentonite has a moisture content of 9.5%.

3) The calculation of time required for loss of bentonite to the next lower bentonite percentage
(i.e. 15% or 25%) is based on the assumption that the flow rate and the rate of bentonite removal
remain constant.
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4.2.2 Flow Testing of Mixture Samples in Stainless Steel Permeameters

Crushed tuff of gradation type A and with 25 and 35 bentonite weight
percent ias selected to prepare four samples in stainless steel
permeameters for high-temperature and high-injection pressure flow
testing. Compactive efforts equivalent to the Standard Proctor method
were applied to the samples, i.e. 25 blows per layer for the 101.6 mm
(4 in) samples and 100 blows per layer for the 203.2 mm (8 in)
samples. After inserting piston and capping plate, the samples were
subjected to a 2.5 m water head from the bottom port for saturation.
The saturation process was aided intermittently by applying vacuum from
the top port, at a vacuum of 103.5 kPa (15 psi) for 30 to 45 minutes.
During the saturation, the pistons gradually moved upward, responding
to the swelling of samples. Such movements were minimized by filling
the remaining space between piston'and top cap plate with water.

The flow test results are presented in Figures 4.18 and 4.19. -The four
samples are tested at room temperature using the double-pipette falling
head method. The Inflow'and outflow measurements are shown in Figures
4.20 and 4.21. Sample dimensions and bulk densities before and after
saturation are summarized in Table 4.2.

Among the four samples, B/AL-C-8-25/A-S had the lowest bulk density,
3

1.582 g/cm and exhibited comparatively high permeability, on the order

of 10 cm/s. It was noted that, while compacting this sample (203.2
mm in diameter), the material in the vicinity of the contact zone
heaved with each impact. Lateral movements of particles also were
associated with the heaving. The compactor has a rammer of 50.8 mm
(2 in) in diameter and is in accordance with the specifications of ASTH
standard D698-78. For samples of 101.6 mm (4 in) in diameter, each
impact of the rammer covers 1/4 of the cross-sectional area. The same
rammer covers only 1/16 of the sample area when compacting 203.2 mm
(8 in) plugs.- The same compaction procedure had been applied to the
other 203.2 mm sample which contains 35 bentonite weight percent
(Sample B/AL-C-8-35A-S).-- In this case, the heaving and the lateral
movements of'particles seemed to be minimal and the coarse material
appeare&'to be anchored in the fine particles during the compaction-.

3
After compaction this sample yielded a bulk density of 1.74 g/cm

For the same bentonite percent, the 203.2 mm (8 in) samples have higher

permeability"than the 101.6 mm- (4 in) samples. This suggests the
possible existence of a size effect. Additional tests are needed to
confirm the statistical validity of the observation of a size effect.
Especiallt l£'such size effect observations are confirmed, flow tests

on larger diameter samples are warranted.

The break in the curves shown in Figures 4.20 and 4.21 corresponds to
the refilling of the inflow pipette preceded by vacuuming the sample at
a vacuum of 103.5 kPa for 30 to 45 minutes. After the vacuuming, the
permeability of sample B/AL-C-4-25/A-S appears to Increase, while that
of sample B/AL-C-8-35/A-S seems to decrease. The corresponding changes
in permeability can be seen in Figures 4.18 and 4.19.
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Table 4.2 Sample Dimensions and Bulk Density of Mixed Samples
Installed in Stainless Steel Permeameters

Sample
Number

Sample-
Diameter

(cm)

Sample Lenxth (cm)
Before After

Saturation Saturation

Bulk Density (/Icm 3j
Before After

Saturation Saturation

B/AL-C-4
-25/A-S

B/AL-C-8
-25/A-S

B/AL-C-4
-35/A-S

B/AL-C-8
-35/A-S

10.24

20.65

10.25

20.65

10.8

11.0

10.8

10.05

11.05

10.90

11.25

10.65

1.633

1.582

1.644

1.740

1.596

1.597

1.579

1.642

Table 4.3 Sample Dimensions, Initial
Compacted Bentonite Plugs

Water Content and Dry Density of

Sample Sample
Diameter Length

Initial Water
Content2 Sample

Initial Dry
Density

Number (cm) (cm) (%) (g/cm')

B-C-1-A- SfY- 2.65 8.89 23.5 1.094

B-C-1 3 /S-A SS.W 3.47 9.62 32.0- 0.816

B-C-2 3/8-A-S- 6.01 14.95 23.5 1.058

B-C-4-A-S 10.25 13.12 23.5 1.038
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4.2.3 Flow Testing of'Hixture Samples Having Ideal Crushed Tuff
Gradation

Flow tests were conducted on four mixture samples to explore further
the effect of grain size gradation on the sealing performance. Instead
of gradation types A,-B and C used earlier, the Fuller-Thompson curve
was adopted to prepare the crushed tuff portion. The Fuller-Thompson
grading curve is considered to be an ideal grading which may result in -

the densest possible state of packing (Winterkorn, 1975; Head, 1980, p.
150). The grading curve is described by:

Pw= 100 (d/D)- (4.1)

where Pw * weight percent passing sieve aperture d,

D maximum particle size,
n - exponent.

The U.S. Bureau of Public Roads (USBPR, 1962; as cited by Uinterkorn,
1975) recommends 0.45 for n as'the best overall value. Head (1980, p.
150) suggests an n value of 0.5. The Puller-Thompson curve has been
used in formulating backfill material for a nuclear waste disposal
vault (Pusch and Altermark, 1985; Yong et al., 1986).

The crushed tuff used in the preparation of the four, samples follows a
grading curve obtained using D a 9.42 mm and n *O.S. The four mixture
samples include two each of 15 and of 25 bentonite weight percent. The
flow tests were performed downward. The results are shown In Figure
4.22. The cumulative inflow-outflow balances of Samples B/AL-C-4-
l5/FA-A and B/AL-C-4-15/FA-B are given in Figure 4.23. These'two
samples were tested using the double-pipette falling head method. The
constant head method furnished with the compressed'gas (helium)
pressurization system (Lambe, 1951, p. 58) was employed to test Samples
B/AL-C-4-25/FA-A and B/AL-C-4-25/FA-B which contain 251 bentonite by
weight.i -

As shown in Figure 4.22, the permeability values obtained for each pair
of samples are consistent. The conformity may indicate the quality
control of the sample preparation, installation and test procedures.
The sharp jumps of permeability observed for SamplesB/AL-C-4-l5/FA-A
and B/AL-C-4-15/FA-B correspond to the refilling of the inflow pipette.
A similar phenomenon has been reported-earlier (Daemen et al., 1988).
Considerint the good inflow-outflow balance recorded (Figure 4.23), the
sudden increase of permeability after the refilling ls'most.likely due
to hydraulic fracturing. The localized fluctuations of permeability in
Figure 4.22 are found to correlate with room temperature variations, as
illustrated in Figures 4.24 and 4.25. The room temperature record is
designated by an open square in the two figures. Using the same data,
the permeabilities were recalculated on a time-interval basis such that
the temperatures-at two ends of each interval were equal or approximate-.
ly the same. Such a correction generally removes'most of the local
permeability fluctuations. The corrected permeabilities are
represented by open circles In Figures 4.24 and 4.25.
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4.3 Flow Testing of Bentonite Plugs

4.3.1 Flow Testing of Bentonite Plugs in Stainless Steel Permeameters

This experimental series includes flow tests of Samples B-C-1-A-S,
B-C-1 3/8-A-3, B-C-2 3/8-A-S, and B-C-4-A-S. The numeric in the sample
number designation represents the nominal plug diameter in inches while
the S stands for stainless steel permeameter. Sample dimensions,
initial water content and dry density are given in Table 4.3.

Before flow testing, the samples were subjected to an injection water
pressure of 345 kPa (50 psi) for about two months, and intermittently
to vacuuming at the top. The double-pipette falling head method was
then used to determine permeabilities. With approximately 1.2 m of
water head difference across the samples, the flow testing continued
for more than a month and no positive outflows were discerned. The
samples were again subjected to vacuum and the test set up was replaced
with the the constant-head method driven by a compressed helium
pressurization system. The outflow was monitored by observing the
movement of an injected air bubble in a horizontal pipette.
Preliminary permeability results (the upward permeation) obtained under
an injection pressure of 34.5 kPa (5 psi) are shown in Figure 4.26. No
outflow was detected for Sample B-C-1 3/8-A-S.

4.3.2 Flow Testing of Bentonite Samples in Plexiglass Permeameters

The seals to be placed in a nuclear waste repository are required-to
prevent significant amounts of water from reaching waste. They may be
required additionally to prevent significant amounts of gaseous
radionuclides from escaping through shafts, ramps, and boreholes (Gupta
at al., 1989). Prior to permeating with water, four bentonite samples
of 25.4 mm (1 in) in diameter installed in plexiglass permeameters were
tested to determine the permeability to air. The test procedure
followed ASTE Standard D4525.

Nine tests were performed on the four samples. Each sample contains a
different initial water content. Various dry densities were achieved
by changing the number of layers compacted. The rammer weight and drop
height used for compaction are 0.053 kg (1.15 lbs) and 0.27 m (10.62

2 2 12
in). The permeability results (expressed in m , 1 m 1 20 Darcy) are
plotted against the reciprocal of the mean pressure in Figure 4.27.
The legendmin Figure 4.27 indicates, in order, the water content, the
number of: layers compacted, and the number of blows per layer. Figure
4.28 showswthe permeability results as a function of dry density.

The permeability to air of the compacted samples ranges from 10 11 to
-17 210 m . It appears that the permeability to air first decreases and

then starts to increase. The decrease may be explained by pore
clogging due to particle migration. The increase in permeability that
occurs later can be, at least in part, accounted for by pore enlarging
resulting from loss of moisture. For the samples of high water
contents (e.g. 28 and 41.3%), the loss of moisture to the percolating
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Figure 4.26 Preliminary permeability rvesults of compacted bentonfte
samples installed in stainless steel permeameters.
Hydraulic gradient: 43-45 for B-C-l-A-S, 25.5-26.7 for
B-C-2 3/8-A-S, and 29-31.3 for B-C-4-A-S.
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air actually changed the color of the sample from dark gray to a
distinctive light gray. To effectively minimize the migration of
gaseous tadionuclides, highly compacted bentonite plugs at low water
content are suggested.

4.4 Swelling Pressure of Bentonite

A device similar to the Soiltest volume change meter (model C-260;
Soiltest Catalog, 1983, p. 17) is used to measure the swelling pressure
and volume change of bentonite. The device has a capacity for
measuring swelling pressure up to 11 HPa. It is intended to run 6 to 8
tests to allow determination of the swelling pressure as a function of
dry density.

Figures 4.29 and 4.30 show the swelling pressure and volume change with
respect to time for two compacted bentonite samples. The maximum
swelling pressure and volume change along with the starting and ending
water contents and dry densities are summarized in Table 4.4.
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Table 4.4 Summary of Bentonite Swelling Pressure Teats

maximum
volume

Maximum
Swelling ,Dry Density Water Content x);

Test Change: Pressure (gZctn') Ending,

W'umber Ws) ~Starting Ending Starting Bottom Middle T

1 . 0.67 709.4 1.152 1.145 30.52 41.87 43.31

2 0.58 615.6 1.210 1.200 17.82 45.60 45.02 50

0e



Head, X.H., 1980, Manual of Soil Laboratory Testing. Volume 1: Soil
Classification and Compaction Tests, Engineering Laboratory
Equipment Limited, 339 pp.

Lambe, T.W., 1951, Soil Testing for Engineers, John Wiley and Sons,
New York, 165 pp.

Pusch, R. and G. Altermark, 1985, "Experience from Preparation and
Application of Till/Bentonite Mixtures," Engineering Geology,
Vol. 21, pp. 377-382.

Soiltest Catalog, 1983, Soiltest, Inc., Lake Bluff, IL, 407 pp.

U.S.B.P.R., 1962, "Aggregate Gradation for Highways," Bureau of Public
Roads, Washington, DC.

Winterkorn, H.?., 1975, "Soil Stabilization," in Foundation Engineering
Handbook, H.F. Winterkorn and H.Y. Fang, eds., Van Nostrand
Reinhold Co., New York, pp. 312-336.

Yong, R.N., P. Boonsinuk, and G. Wong, 1986, "Formulation of Backfill
Material for a Nuclear Fuel Waste Disposal Vault," Canadian
Geotechnical Journal, Vol. 23, pp. 216-228.

82



I

CHAPTER FIVE

AXIAL STRENGTH-OF CEHENT BOREHOLE PLUGS EMPLACED IN TUFF CORES

5.1 Introduction

This chapter presents experimental determinations of the axial bond
strength of cementitious borehole plugs in holes in welded tuff
cylinders. The bond strength is more easily determined than is the
hydraulic bond between such plugs and the rock. Because the permeabil-
ity of'such systems is usually low, its determination requires lengthy
experiments. Measuring the bond strength provides a time and cost
effective alternative, as well as results that have direct relevance to
plug performance.

Axial loads on cement plugs or seals due to gas or water pressures, or
due to temperature changes induced subsequent to plug installation
generate shear stresses along the plug/rock contact. Deformation of-
the rock Mass, e.g. as a result of waste induced temperature changes,
also may load or deform plugs. Stress changes along the rock-plug-
interface may change the permeability along the interface or along
discontinuities along or close to the interface. Under extreme
conditions they could cause dislodging or slippage of plugs.
Therefore, the interface is a critical element of any seal'system..'

The objective of this study is to determine the axial strength of cement
borehole plugs in tuff cores. The interface strength and deformation
are evaluated as a function of borehole size, temperature (up to 90c)
and degree of saturation.- The tuff cylinders have inside diameters of
25.4 mm (1 in), 50.8'mm (2 in) or 101.6 mm (4 in), outside diameters of
152.4 mm (6 in) or 187.3 mm (7.375 in), and lengths ranging from 101.6
mm (4 in) to 177.8 mm (7.in). The use of three different inside hole
diameters might enable some extrapolation of data from laboratory to
field scale [although the 152.4 and 196.9 mm tuff cores used have
different stiffnesses (i.e. different wall thickness to inside diameter
ratios)). An analysis which leads to a formulation that allows for the
differences in lateral cylinder stiffness, and provides a means for
normalizing all results to a common stiffness reference basis is.,
presented.-The tuff cores are plugged with Self-Stress II cement plugs
having lenigthto diameter ratios of 1.0, in most cases. Daemen et al.
(1988b,'Appendix 2.A, Ch. 2) give the composition and the procedure for-
preparing Self-Stress It (SS II) cement borehole plugs. Daemen et al.
(1988a, Ch. 5)-give the push-out testing program.- -

Procedures and analyses of push-out tests have been discussed by
Stormont and Daemen (1983).. Modifications have been implemented for
push-out testing on tuff cores with regard to. variables measured during
testing (i.e. top and bottom cement plug displacement, temperature and
degree of saturation of rock cores), and analyses and interpretation of
results. 'Daemen et al- (1988c, pp. 56-105) give derivations of.
analytical solutions and finite element analysis for borehole plug-rock
interaction.
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5.2 The Effect of Stiffness on the Bond Strength of Borehole and
Shaft Plugs

5.2.1 Introduction

The push-out tests completed to date (I.e. Daemen et al., 1988b,c;1989
and those reported herein) have been performed on tuff cores with three
different outside and inside radii: 1) cores with inside radius of
12.7 mm (0.5 in) and outside radius of 76.2 mm (3 in); (2) cores with
inside radius of 25.4 ma (1 in) and outside radius of 76.2 mm (3 in);
and 3) cores with inside radius of 50.8 um (2 in) and outside radius of
93.7 ma (3.7 in). These tuff cores have outside to inside radius
ratios of 6, 3 and 1.84, respectively. They are plugged with nearly
centered Self-Stress II cement plugs having length-to-diameter ratios
of 1.0, in most cases. The push-out tests are performed on plugs in
unconfined rock cylinders.

The main objective of this section is to investigate analytically the
potential influence of cylinder stiffness on the bond strength. The
cylinder stiffness can be defined as the ratio of the applied lateral
external stress to the outside radial displacement of the cylinder.
Additional objectives are to study the effect of lateral external
stress and the effect of axial stress applied to the plug on the normal
stress across the plug/rock interface, and on the radial displacement
along the plug-rock interface. The normal stress and the radial
displacement along the plug/rock interface are analyzed as a function
of cylinder outside to inside radius ratio, ratio of the Young's
modulus of the plug to that of the rock, and Poisson's ratios of the
plug and of the rock. The solutions are presented for cases of plane
strain and plane stress. phe analysis leads to a formulation which
allows for the differences in lateral cylinder stiffness, and provides
a means for adjusting all results to a common stiffness references
basis. -Sign conventions are those presented by Jaeger and Cook (1979,
pp. 10 and 33-37).

Jeffrey (1980, pp. 18-60) discusses similar problems. Figure 5.1
illustrates the general geometry of a cylindrical inclusion problem
which can be specialized to represent a push-out test. Table 5.1 gives
definitions of all symbols used.

5.2.2 Influence of Lateral External Stress on Radial Contact Stress

Analyzedr Iopthis. section is the effect of a lateral external stress
(a ) applie& to the cylinder periphery on the normal stress (a1) and

radial displacement (up ) along the plug/rock contact. The objective

is to present a formulation that expresses the ratio of the normal
stress generated along the plug/rock interface to that of the applied
external stress. Results are given as a function of material
properties (pE /1Ru vv), and for the cylinder radius ratios of 6,

3 and 1.84 used in the push-out tests. All results are adjusted to a
common cylinder radius ratio using the assumptions of plane strain and
of plane stress.
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Figure 5.1 Illustration of a cylindrical Inclusion problem. Inclusion

of radius (R), length CL), Young's modulus (E) and

Poisson's ratio (V) embedded in host of radius (R'),

Young's modulus (E') and Poisson's ratio (j').
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Table 5.1 Definition of Symbols Used in Chapter 5

a . plug radiua

K, K - Young's modulus of plug

E., si = Young's modulus of rock

K /KR 'modulus ratio

L, Lr M plug length

Lr length of rock core

Po axial force applied to the plug

r = radial coordinate

B . rock radius

R/a = cylinder radius ratio

u. v, w . displacement components in the r, 0, and z directions

U, uR . radial displacement of plug and rock

u C m radial (inward) displacement of plug due to external stress

up, =. radial (outward) displacement of plug due to axial stress

VSF , vertical stress factor

z = distance from initial location of loaded end of plug

a = coefficient used to calculate the interface shear stress
distribution in a borehole plug-rock system

X LameWs.constant

v, vp . Poisson's ratio of plug

voL, v.a Poisson's ratio of rock

d = radial (normal) stress at plug/rock interface due to an applied

external stress
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Table 5.1 .Terms Used In Chapter S--Continued

a. applied external stress.

ao axial stress applied to plug
Po

ar O ,a = normal stress components

p p p0r', oo, .* normal stress components in plug

aP f ,=axial stress at failure
Z. .

T vertical shear stress
rz ..

av
Tarzi~ , rz i - average and exponential shear stress along plug-rock

interface

mm mn^ razxl * minimum and maximum exponential interface
~rz,i' Trzi m-iu

shear stress
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5.2.2.1 Influence of Lateral External Stress on Radial Contact Stress
under the Plans Strain Assumption

The radial displacement (u) in a hollow cylinder with an internal
radius R an& external radius R2, subjected to a radial stress P at R

and P2 at R2 (assuming plane strain) is (Jaeger and Cook, 1979, p. 135;

Timoshenko. 1956, pp. 205-210):

2 2
(P R - P R )r
2 2 1 1

u M
2 2

2(% + G)(R - R )
2 1

2 2
(P - P )R R
2 1 1 2

2 2
2G(R - R )r

2 1

(5.1)

where X,G . Lame& constants
r = radial coordinate.

The radial displacement (uR C) in the rock at the plug/rock contact,

due to an external stress (a ) and an internal stress (ai), follows

from Eq. (5.1) as:

2 2
(o R - a a )a ;.

0 1
u +

R.C 2 2
2UX + ¢ )(R - a )

R R

2
(a - a )R a

0 i

2 2
20 CR - a )
B

(5.2)

Substituting the values of the Lame constants (Jaeger and Cook, 1979,

R R
p. 111), X) -

R (1+ )(1 -2 )
-~~ R. .

and C =
R

K
R
2 Bl + , yields:

2(1 + v )
R

(1 + v )a
B. ~~~2 2

u 2 v)(a R - a as)
R,C 2-: 2 R o i

K (Eit7 a )

where K's Youns" modulus of rock

VB aPolsson's ratio of rock

R * rock-cylinder radius
a plug radius.

+ (o - a )R2]
0 i

(5.3)
;

The radial displacement in the plug (up C) at the plug/rock contact can

be calculated from Eq. (5.1) by setting R1 = 0, R2 = a, P2 = ri P1 -

0, r = a and by substituting for the Lame parameters. This is the case
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of a solid cylinder subjected to a radial stress and maintained in
plane strain:

.Cu
., . PC -.,

1 + v )(1 - 2v )a
.p p

. E .; . 1
p ..

(5.4)

where E = Young's modulus of plug
p
v - Poisson's ratio of plug

a radial stress developed along plug/rock contact due to the

applied external stress (a )
0

Equating the rock and plug displacements and solvlng for the normal
stress at the plug/rock contact yields:

a /a -
i o,

2(E /E)l + v)(l- w
pR R R

(E JE )(I
p R

2 ,2
+ v )I( - 2v )(a/R). + 11 + (1 + v )(l - 2v )(1 - (aIR) )

R R p . p

I .. ~~(5. 5)

The general case of an infinite hollow cylinder, simulating anA in-situ
rock mass, can be written by substituting R * a into Eq. (5.5):

i

a
a

I 2( K /E )(l+ w) l- v)
I.p R *.R R'

N (5.6)
(E /E-)(l + v ) + (I + v )(1 - 2v )
p R -R p - p

The radial displacement in the plug can be calculated from Eq. (5.3) or
(5.4) by substituting for a from Eq. (5.5):

u /a-

2(a /E )(1 + w )(1 - 2v )(l + v )(l - w )
o- R p 'p R R

(E /E )(l
p R

11 .- - 1 2 - i.2
+ v )I(l - 2v )(a/R) + 11+ (I + w )(1 - 2v )(l - (a/R) )

R - -R - p - p

(5.7)

For an-infinite rock mass, Eq. (5.7) can be rewritten by substituting
R . as
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u 2(co /Z )(I.+ v M( 2v )( + v M( _ v
PC o R P p R R

a (3 /3 )(1 + v) + (1 + v )(- 2v) (5.8)
p R p p

5.2.2.2 Influence of Lateral External Stress on Radial Contact Stress
for Plane Stress Conditions

The solutions for plane strain presented in Section 5.2.2.1 can be
converted to the case of plane stress by expressing the plane strain
solutions in terms of G and v, and by replacing v by v/(l + v)
(Jaeger and Cook. 1979, p. 115).

The radial stress along the plug/rock contact developed due to the
applied external stress for the case of plane stress can-.be derived
from Eq. (5.5)) as:

o 2( /3)
i . p3R

_ . . - ~~~~~~~~~~~~~~(5.9)
o 2 *2

o (1 - v )(1 - (a/R) ) + (8 /Z )((1 1 ) - v )(a/R) I
p - . p R - R R

For the. case of an infinite rock mass, substituting R co. into Eq. (5.9)
yields:

. .Pa 0. 2(H JB ) .i P p R .- (2-v)-(:/E:(l+'. (5.10)
- ~o - p p3 R3 -

The radial displacement in the plug can be derived from Eq. (5.7) for
the case of plane stress:

u 2(a /)(1-v )
PC . a R p(5.11)

a 2 2
(1 - ~v )(1 - (a/R) ) + (3 /3 )(1 MI v) + (1 - v )(a/R) I

p. p R R R

For the case of an-infinite rock mass, substituting R 4 w into Eq. (5.11)
yields: .; .. ;

u 2( /3 )(1-v)
PIC "03. P
-- 3. (5.12)
a (-v + (B )B )(+ v)

-.p- - P It. R. .- : -p. p. 3

5.2.3 Relation Between Normal Stress Across the Plug/Rock Interface
and Axial Stress Applied to the Plug

The main objective of-this section is to express the ratio of the
normal (radial) stress generated along the plug/rock interface to that
of an axial stress applied to the plug (a P/a ). Results are given as

r po
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1
J

a function of cylinder outside to Inside radius ratio, ratio of the

Young's modulus of the plug to that of the rock and the Poisson's ratio

of the p~lug and rocks^:;-All results are adJusted-to`a common cylinder

radius ratiowith the.assumption of plane strain-and.plane stress.

A compressive axial stress apolied to a plug generates a radial

(normal) stress along the plug/rock contact and an outward radial

displacement of the plug. The normal stress along the interface is

proportional to the axial applied stress on the plug. The radial
contact stress can be determined by equating the plug and rock radial
displacements along the interface.

The radial displacement'in the plug (up Z) due to an applied axial

(compressive) stress (a ) equals the radial strain times the plug

radius (a) (Daemen et al., 1988c, p. 71):.

u -CI
I%

p p
(1 - v )a - v a

p r P a

E a
p

(5.13)

The radial'displacement in rock (uR) due to
- ~~R,Z;.

and zero external, stress (with the assumption
from Eq. (5.1) as:

a a(l4- )
r R .2 *2

u r la (- 2v) + RI
R,Z 2 2 R

E (R -a)
R

'an internal stress (a )'
.. pn f r

of plane strain) follows

f .. I
* (5.14)

where R * radius of rock cylinder . -

*. .Ev Young's'modulus and Poisson's ratio of. rock.

The radial stress aP across'the interface can'be determined by

equating the plug and rock displacements along the interface:

. p
a

r

p.
c a

~ .

r . .. .,

v (1 - (a/R)- )
_p ..

*. .- - 2 . 2
,, ,,, ,(a/) , ( /E )(1'+ v )[(l - 2v M(a/R) + 11

p - . l. . -.. ...: c
: 'C

The radial stress along-the plug/rock contact'due to'the axial stress:"

applied to a plug can be derived for the case of plane stress as

described in the first paragraph of Section 5.2.2.2. Converting the

plane strain solution for the radial-rock displacement In Eq. (5.14)

into.a plane stress solution'and equatlng.lt to Eq.' (5.13) yields:
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2
v (1 - (a/R) )

P P po a '
r. z 2 2.

r (1 -.v-( - (sR) ) + (B /Z M1~ - )(a/R) + (I + vi
* - p a R R R

- -- ~~(5.16)

For the case of an infinite rock mass, substituting R i Into Eqs.
(5.15) and (5.16) leads to the solution of the radial stress along the
plug/rock contact for cases of both plane strain and plane stress:

p pp
aP , a P . - . . (5.17)

r z-
(l - v ) + ( /3 )(l + )I

p P R R
p ~~~~~~~~~~~~~(5.16)

The relation between ap and ap can be written as:r z

.~ ~~~~~~~~~~~OV . )4r ' c(VSF) -(5.18)

where VST is th& vertical stress factor. For a plane strain solution,
use Eq. (5.15), for a plane stress solution use Eq. (5.16). Eq. (5.17)
is used for an infinite rock mass with the assumptions of both plane
strain and plane stress.

Daemen et al. (1988c, p. 74, Sq. (5.53)) give the ratio of thewnormal
stress generated along the plug/rock interface to-that of the axial
stress applied to the plug as:

O? /I ' K (VSF)r -po 2

*where K [ (sin ha(L --z)J/(sin haL), for an axially loaded-
2

compressible plug, leading to an exponential stress
distribution

[(1- . ~~~~~~~2 1/2
*-1(1 -2(Vsy))I/((E /a + V a ln(R/aM

L plug length
2 z distance from Initial location of loaded end of plug

VSPF -defined by Eq. (5.18)
Deffnitions of all symbols are given in Table 5.1.

The radial displacement in the plug (up,2) can be expressed for the

case of plane strain by combining Eq. (5.13) or (5.14) into Eqs.
(5.15), (5.17) and (5.19) (noting that u u ):

p.-z ..z .

2
u (a /a )X (l + v )( - 2 )(a/R) + 1l
-P,Z po.3. 2 p UR R-

a _2 2
(1 - v )(l - (a/R) ) + (K /E )(1 + v )[(l - 2V )(a/R) + 11

p p 'R R R
(5.20)
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where K2 is defined (51.9).19).

For the ease..of plane stress, the radial displacement in the plug

(U ) can be'obtained In a similar manner (by using.Eq. (5.16) Instead
PI~z

of (S. 15)): -

2
u Ca E )K v (l- v )(a/R) + l+ v)I
P,Z po R 2 p. R . R

,~~~~ _
a 22

* (l1- vi )(l- (a/R) ) + (E /E )(Ml - v )(a/R) + C1 + v
-p - p R R R

* - . ... - . - . - ~~~~~~(5.21)

For the case of an infinite rock mass, substituting R 4 o into Eq.

CS.20) or (5.21) leads to the-solution of the radial displacement in

the plug Cu ) for cases of both plane strain and plane stress:
PZ

u C(a JE )K V +v)
. P,Z. poR 2p R -

= _ -. - .... - . (5.22)
- . - a Cl-(E. /E CI +v-

P p~R R'

where K is defined in Eq. (5.19);- Definitions of all symbols are
* -2
. given in Table 5.1.

5.2.4 Relations Between Plug/Rock Uormal Contact Stress, Applied Axial

-Plug Stress, and Confining Stress

This section discusses the effect of-external stress (co ) and axial'-
- . ~ ~~- - 0

plug stress (aC )on the normal stress along the plug/rock contact and
Po

on the radial plug displacement. Results are analyzed as a function of

different cylinder outslde-to-lnside radius ratios, plug-to-rock
Young's modulus ratios, plug and rock Poisson's ratios and distance

along the plug (z/L). -`Both plane straln and.plane stress assumptions

are used in.the calculatlons. - -

The Young's modulus and Poisson's-ratlo of the.tuff are taken as 22,600

+ 5,700 WPa and.0.20 t 0.03, respectively (Daemen et al., 1988b, p.':

36). The. cement plug has the properties of System I cement CE * 7088
- ~~~p

+ 702 HPaajv O- .1S ± 0.06) obtained from Daemen et al. (1983, p.

245). Usintgthe lower and higher bounds for the materlal propertles

leads to'a negligible deviation of up to ± 0.57 in the calculated'

-. oY/o values, compared to those calculated by.using the average-

material 'properties-.' Hence, -throughout this~'analysis, only the average

values of the rock and plug material properties are used (i.e. E /ER .

0.314, v- 0.15S, p *'0.20). The two'main objectives are to

determine the ratio-of the normal stress along the plug/rock interface

to that of the applied.'external.stress (ai/a and to determine the

ratio of the normal stress at the. interface to the axial stress applied
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to the plug. (o?/o). The results are adjusted to a common cylinder

radius ratio (i.e. R/a =- c or R/a a 6.0) In order to compensate for
the different cylinder radius ratios used (i.e. R/a of 6, 3 and 1.84)
in push-out tests.

Binnall et al. (1987, pp. 18 and 23) give the average and upper bound
values of in-situ horizontal and vertical stresses for four strati-
graphic tuff units (Topopah Springs, Calico Hills, Bullfrog, Tram) of
the Yucca Mountain site. The ratio of the horizontal stress to the
rock Youn6's modulus (a /3 ) in these stratigraphic locations ranges

-4 -3
from 2.4 x 10 to 2.31 x 10 ; the ratio of the vertical stress to

-4 -3
rock Young's modulus,(ap /B. ranges from. 2.5 0lo to 2.66 x. 10

The average values of both ca /Z and a /Z are in the neighborhood

of 0.001. Therefore, for radial plug displacement calculations, both
a /Z and a /Z will be assumed to be equal to 0.001. The radial

stress at the plug/rock contact and the radial plug displacement using
the plane stress assumption is generally higher than-those calculated
with the plane strain assumption, with a deviation usually in the range
of 5-7%. Because the difference is small, subsequent presentations and
discussions usually are limited to the plane strain configurations..

The ratio of the normal stress along the plug/rock contact to the
applied external stress (o ,a ) increases with increasing Poisson's

Io
ratio of the plug and decreasing Poisson's ratio of-the rock (Figure
5.2), and increases with increasing plug-to-rock Young's modulus ratio
(a /Z (Figures 5.2 and 5.3). The stress ratio decreases with

increasing cylinder radius ratio (W/a) for cylinders of 3p /3 less-than:

1.0. The- opposite is observed on cylinders with modulus ratios greater
than 1.0 (Figure 5.3)., --

The radial plug displacement due to the applied external, stress
decreases with increasing modulus ratio. The displacement decreases
with increasing cylinder radius ratio for cylinders with modulus ratios
less than-l.0 (Figure 5.4). The opposite is observed for cylinders
with 3 /3 greater than 1.0. Table 5.2 summarizes the results. for the-

interfacet'normaqktstress and displacement due to an applied external
stress.,",;

The ratlo T *th. normal stress along the plug/rock contact to the axial
stress applied-to the plug is plotted as a function 'of the position
along the plug in Figure 5.5. This ratio decreases with increasing
modulus ratio, with the highest ratio occurring at the loaded end of

the plug (z/L 0)'. For a modulus ratio of 0.001, the ar/* ratio
r po

drops close to zero after about z/L a 0.45. For Bp - 1000, aP/a

becomes higher than that of 3-B/3 * 0.001 after 2/L , 0.45. This can

not be shown In Figure 5.5 due to scaling problems, but is presented
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Table S. 2 Effect of External Stress (a ) on Normal Stress along the

Plug/Rock Contact (a) and on the Inward Radial Plug

Displacement (u ) Results are presented (for the case of
`P.C

plane strain) as a function of different cylinder radius<.
ratios (R3a) and plug-to-rock Young's modulus ratios
(3 /3 ). = 0.20, 0.15, a /Z = 0.001. Table 5.1
pR d l oR

gives definitions for all symbols used.

Tuff Cylinder
Radius Ratio-

;

UP. /a
PC

(x 106)(MOa) Bp/BR ai/o

1.84

3.0

6.0

1000
1
0.314
0.001

1000
1
0.314
0.001

1000
1
0.314
0.001

100@
1
0.314
0.001

1000
1
0.314
0.001

1.36
0.97
0.5956
0.0034

1 .50
0.96
0.5391
0.0027

1.57
0.96-
0.5168
0.0024

1.59
0.*96
0.5122
0.0024

1.60
0.96
0.5097
0.0024

1.09
781 ,

1529
2713

1.21.
775

1384
2156 .

1.27
772

1326 :
1972

1.28
771

1315
1937

-1.28
. 771
1308
1917

10.0

.

.. -i . -.
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vp=.15v 3=0.20 R/a=-6 /a--2

b~

II

t

II

I

c 0.000 0.125-, .0.250 0.375 0.500 0.625 0.750. 0.865 1.
:~ ~ ~ - -*- - ; Z I1 A J

, . - - -, . .. . . . .

Figure 5.5 .Ratio of normal stress along the plug/rock lnterface to the:

axial stress applied to the plus ( -/ ). iI- .~~~. r-. ~po, - -

E /E - Youngs' modulus ratio of plug and rock

z/L * distance along the axially'loaded plug.
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in Table 5.3.- The reason for the curve of p/R = 0.001 giving the

highest a0/a at the loaded end of the plug and the lowest OPG/c1
rpo, r po

after z/LM-i 0.20 is the value of the a-coefficient in Eq. (5.19). The
.values of a foe modulus ratios of 0.001, 0.314, 1.0 and 1000 are
20.99. 1.195. 0.675 and 0.022, respectively. Inserting a - 20.99 into

Eq. (5.19) for 1 /1R 1 0.001 leads to the highest p/ao at z/L * 0
p3 r po

and lowest oIa2 after z/L . 0.20.
r po

Figure 5.6 gives OPr/a as a function of cylinder radius ratio andr Po

modulus ratio at the loaded end of the plug. apo increases with

increasing cylinder radius ratio and decreasing modulus ratio.

The outward radial plug displacement (up .) due to the axial stress

applied to the plug is plotted as a function of the distance along the
plug in Figure 5.7. up /a decreases with increasing modulus ratio.

The highest displacement occurs at the loaded end-of the plug.

Table 5.3 summarizes the effect of the axial stress applied to the plug
on the normal stress along the plug/rock contact and on the outward
radial plug displacement. Results are presented for different cylinder

*.radius ratios, different modulus ratios, and as a function of position
along an axially loaded borehole with the assumption of planestrain.

Figure 5.8 gives the resultant radial stress at the rock/plug contact.
due to simultaneous axial and external stress. The plot Is a.summation
of the radial stresses in Figures 5.3 and 5.5, and'is a function of
modulus ratio and.distance along the plug. The resultant-normal stress
at the plug/rock contact increases with increasing modulus ratio and.
slightly decreases away from the top of the plug.

Figure 5.9 gives a plot of the resultant (inward)'radial plug
displacement due to the combined effect of-axial and lateral loading.
The plot Is a subtraction of the radial displacements in Figure 5.7
from those-in Figure 5.4. The resultant radial plug displacement
decrease-wlthfincreasing modulus ratio and slightly increases away
from theitoqioL the plug.

Table 5.4-*4suimarizes the resultant normal stress at the plug/rock
contact and t4W resultant (inward) radial plug displacement due to the
effect of axial and lateral loading. Results are presented for
different cylinder radius ratios, different modulus ratios, and as a
function of the distance along a borehole plug, with the assumption of
plane strain. In Table S.4 the Poisson's ratio of the plug and the
rock are 0.15 and 0.20, respectively.
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Table 5.3 Effect of Axial Stress Applied to Plug Ca ) on Normal Stress along the Plug/Rock Contact,

(oP) and on the Outward Radial Plug Displacement (upZ). Resulteare presented (for the
r

case of plane strain) as a function of cylinder radius ratio (R/a), plug-to-rock Young's

* modulus, tio (E /8 )* and distance along an axially loaded borehole plug (t/L). -

P R
0 0 15, a /8 - 0.001. Table 5.1 gives definitions for all symbols used.,"

poR , :

Tuft..:.
Cylinder
Radius

Ratio

(R/a)

F.

� k,

z - rd/ z a L/2 .

6
IUP /a (x 10 )

z M 0 z . W/4 z = L/2

. Jr ..

0 .,W I 1.84 1000

1- .

0.314

0.001

7. 5 x 10

.S00526

0.1015.

0.1761.

-A
1.04 x 10 4

0.0655 5

0.1152

0.1762

5.6 x' 10 5

0.0289

0.0363

3x 10

7.8 x 10

0.0406

0.0532

2.7 x 10

3.8 x 10 ;

0.0151

0.0128
-17

4.5 x 10

;4.3 x 10
d ..

0.0235

0.0239

4 x 10

0.15

105

203

352 .

0.15

94

166

254

0.11

58

73

5.6 x 10

0.11

58.5

77
3.8 x 10

7.49 x 10 2

30

26

8.9 x 10

7.49 x l

34

34

5.8 x 1010

, 1000

1 '.

0.314

0..001

6.0

-A ~~-5 .6 -51
1000 1.2 x 10 9 x10 6x10

1 0.0713 0.0473 0.0228

0.314 0.1206 0.0651 0.0334
-6 1 -10

0.001 0'.O.1762 . .4.9 x 107 1.-4 x .010

0.15

89

151
. 22

..221

0.11 7.49 x 10 2

59 36

82 42

-3 17 116.1 x 10 - 1.7 x to~

.... .. .- ; .. .-' -.. . "- .. p. . .

. - , -, �, " -, ; �.. - ., . - � .". , - � ., .- ,� . i
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Table 5.3 Effect of Axial stress Applied to Plus (a ) on Normal Stress along the Plug/Rock Contact

(oa) and on thle Outward Radial Plus Displaceaent (u p)--Continuedr - 1.~~~~~~~~~~,

Tuff
Cylinder
Radius

Ratio

(W/a)

) , ¼ *

5 rl po
z .4 L/4

I . I, .

z . Li/2
p a

4 r I

Z, = O z w wI/2
. I

u .,/a (x 10 )

z a O z.- L/4

10.0 1000

1

0.314

0.001

1.23 x

0.0725

0.1217

0.1762

10-4 9.2 x 105

0.0494

0.0698
-5

1. 7 x 10,1

6.2 x 0o

0.0307

0.0378

1.6 x l10

0. 15

88

148

215

0.11

60

85

2.1 x 12

7.5

37.

x 102

I-&
0

46.

2 x 106

w 1000

1

0.314

0.001

1.26 x 0

0.0732

0.1223

0.1762

9.5 x 10

Q.0549

0.0917

0.1108

6.5 x 107s

0.0366

0.0611

0.0646

0.15

87.8

147

212

0.11

66

.110

133

7.5

44

73

78

x 10

., v~ .. . .. . ... . . ... .... ., . I
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Figulre 5.6- Ratio of normal stress along the plug/rock 
interface to the -

axial stress applied to the plug (cp/o -). ..Cp/ values
pr -po r P

are for the loaded end of plug (z/L * 0).

E /E . Young's modulus ratio of plug and-rock;.

. R/a a cylinder radius ratio.' .
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C,

0.0G4 X f ;0.158 . 0.30 0.45
j; @'-a - .v -z/L

. ,Ge; al ;- ;

0.80 0.90
i

FiSure 5.7 Ratio of outward radial plug displacement to the plus
radius (up sa) due to the applied axial stress to the plug

PO

3 / * Young's modulus ratio of plus and rock

z/L ,distance along the axially loaded plug..
Table 5.1 gives definitions of all symbols used.

104
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Figure 5.8 Radal :stress (cpIo + A /aO )generated along the

plugrock contact due to the applied axial stress to-the
plug (aCo and external stress (oa).

E EfE Young's modulus ratio of plug and rock.
pR,
-/L u distance along the axially loaded plug.
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=0.15 v.=0.2 aPE= aIE/=0O1.PI I 3 M PO/El
of0I -4

Ep/Et=0.001

0
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aq.
73O
lb

0
'-o'a

EP/ER1.OOOEP,/ERO.314

.~~~AR10
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.

Plane Stress
, - plafeWin -

S
I-a
- I . .

0.0 0.2 0.4
0.

0.8
ZL

a0.8 1.0 1.2

. b, - . I

Figure 5.9 Ratio of the (inward) radial plug displacement to the plus
radius tup -/a - up Z/a) due to the applied axial stress to

the plug (a ) and external stress (a ).
Po- C

{

9p /%*- Young's modulus ratio of plug and rock

zIL = distance along the axially loaded plug.
Table 5.1 gives definitions of all symbols used.
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Table 5.4

Tuff
Cylinder
Radius

*Ratio

The Resultant Radial (normal) Stress at Plug/Rock Contact and Radial 
(inward) Plug

Displacement due to Axial and External Stress. Results are presented (for the case of

plane strain) As a function of cylinder radius ratio (R/a), plug-to-rock Young's modulus

ratio (E3/3), K and distance along an axially loaded borehole plug (z/L). 
vR 0.20,

0 - %15j * 0.001. Table 5.1 gives definitions for all symbols used.

t. 
I 

R .

; - . Radial
Resultant

Stress at Plug/Rock Contact

(e I/ad +J '/G ) ,

z - L/2 z - L

Resultant (inward)
Radial Plug Displacement

6 . I
/ca u ,/a (x 10 )

z EM0 z . L/2 z - L
CR/a) p SR z a 0

1.84 1000
,1

I 0.314
0.001

1.3601
1.0226
0.7015
0.1795

1.3601
0.9851
0.6128
0.0034.

1.36
0.97
0.60
0.0034

I '0.94
.676
1326
2361

1.015
751

1503
2713

1.09
781

1529
2713

; °

3.0

6.0

.,I . 7-. 1

't ' -f ~-:

1000

.0.314
0.001

i....l . .

1000

: 0.314
0.001

1.5001
.1.0255
0,652 .
0.1789

. 1.5701
1.0313
0.6406

* 0.1786

* 1.5001
0.9835
0.5O.639
0.0027

. e

1.5701
. 0. 9888

0.5534
.0 Q.0024

. 1.50
-0.96.-..O.S410.54
.0.0027

1.57
.0 .96
0.52

'0.0024

1.06 1.14

.681 741
1218 1350
1902 2156

1.12 1.20
- ' " 683 - 736
* 1175 . 1284

1751 . : 1972 -

1.21
7 215

1384
2156

1.27
772

1326
;. 1972

10.0'
.1 1

.1000
I1
0.314
0.001

'1. 591
1.0325
0.6317
0.1786

'I 1. 5901
O.9907
0.5478
0.0024

* I 1.59-
0.96
0.51
0.0024

. 1.14
683
1167
1722

1.21.
734

1278
1937

1.30
* 771
1315
1937

-S.-4.~~~~~~~~~~.--I.
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Table 5.4 The Resultant Radial (normal) Stress at Plug/Rock Contact and Radial (inward) Plug
Displacement due to Axial and Kxternal Stress--Continued I

. I *-V : I; ._ , I

Tuff
Cylinder
Radius

Ratio

IR/a)

"'<4, p adial

Rig--§ ,

Resultant
Stress at Plu/Rocu Contact

(a I/>a ttacfp/ ) )
i o' rp po L

z =L/2 z =L

Resultant (inward). .
Radial Plug Displacement

6
/aI.- U /a (X 10 )

0 z = Li2 .z - L.z

- 1000 1.6001 1.6001 1.60 1.14 1.21 1.28
1 . 1:0332 0.9966 0.96'. 683 727 771
0.314 0.6323, 0.5711 . 051 1161 1235 1308
0.001 0.1786 0.067 0.0024 1705 1839 1917

W0
W

l
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5.2.5 -Normalized Radial Interface Stresses

The ratio of the normal stress along the plug/rock contact to the
applied lateral stress for a cylinder with a radius ratio of 6 is only

up to 1.39%'more than that for a radius ratio of infinity. Therefore.

it can be assumed. that a radius ratio of 6 represents an in-situ rock
mass (i.e.-Infinite conditions). The curve for a modulus ratio of
0.314 (Figure 5.3 and Table 5.2) represents a push-out specimen.
Inspecting this curve shows that a tuff cylinder with a radius ratio of
1.84 (corresponding to a 101.6 mu (4") plug in a 187.3 mm rock

cylinder) shows a 16.85% higher a ia than a cylinder with an R/a of

infinity, and a 15.25% higher a /a than a cylinder with an R/a.of 6.0

(corresponding'to a 25.4 mm (1") plug in a 152.4 mm diameter cylinder)
(Table 5.2).- Hence, cylinders with different radius ratios have
different. /a 'ratios along their plugfrock contacts, which should be

normalized to a common cylinder ratio for assessment of size effects.

The interface radial stress due to an applied external'stress can be
adjusted to a common radius ratio (or common stiffness) as follows:

'- ' °o corrected cIa (5.23)
aorrctd c o

where-. I r correction factor. '

(a a) acting on the sample with the desired radius ratio

¢ .; -t (a /a) actingon the sample, to be adjusted '.7 -'

:- i 0: -. . - : I

co external stress applied to the sample

.00 t * corrected (normalized) external stress. -
- o~ corrected --

The external stress applied to the push-out cylinders can be adjusted
to a'radius ratio of 6.0 (representing a 1" push-out specimen) by using'-
a correction factor (I ) of 0.868 for the samples with an R/a of 1.84

(representing a 4" push-out cylinder) and 0.959 for samples with an R/a'

of 3.0 (representing a 2" push-out cylinder).. Adjustment to an
infinite radlus-ratlo leads to correction factors (r ) of 0.986, 0.946--F~ -. c
and 0.856, for 'the-i", 2" and 4" push-out cylinders, respectively
(Table .5,,).

The contact. (radal) stress due to an applied axial stress' (at z/L 0)-

for a cylinder with a radius ratio of 6 is only up to 1.39% less'than
that for a radius ratio of infinity. Inspecting the values for, a
push-out specimen (l.e.-E /E 0.314; Table 5.3)-shows'that a tuff

* p~R
-cylinder with R/a * 1.84 (representing a 101.6 mm (4") plug) shows a

20.49% lower OP/C0 than a cylinder with an R/a of infinity and an
rpo,
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18.821 lower Rap/i than a cylinder with an R/a of 6.0 (corresponding

to a 25.4. mm(1") push-out specimen).

The; interface'contact stress due to an axial stress applied on the plug
can be adjusted to a-common radius ratio (or common stiffness) as
follows:

po corrected z po (5.24)

where I , correction factor -

p..

(a /a ) acting-on the sample with the desired radius ratio
r po.

P
(a/a ) acting on the sample to ber adjusted

r po

a * axial (compressive) stress applied to the plug.
Po

0 c corrected (adjusted) axial stress.
.,, po corrected ..

The axial stress applied to the plugs of the push-out cylinders can be
adjusted to a radius ratio of 6.0 (corresponding-to a 25.4 mm push-out'
cylinder).by using a correction factor of 1.1882 for the samples with
an R/a.of 1.84 (corresponding to a 101.6 mm push-out.-cylinder) and
1.0469 for samples with an R/a of 3.0 (corresponding to a 50.8 mm
push-out cylinder)., Adjustment to an infinite radius ratio leads to
correction factors of 1.0141, 1.062 and 1.205 for the 25.4, 50.8 and
101.6 mm cylinders (Table 5.3).

5.3 Push-Out Tests

5.3.1 Introduction

Figure 5. 10. shows thb push-out test arrangement.. A cylindrical steel
rod is used to* apply an axial load to a cement plug.v Daemen et al.
(1988b, pp'. 109-111; 1988c* Ch. 5) give a detailed description of the
test set-up, as well as of sample preparation, storage and curing

....-.

conditiont44 Daemen et al. (1988b, Apps. 5.A and 5.B3 pp.. 157-177)
give theAdetilled procedures for push-out testing and for-determining
the waten~content.(w) and degrees of saturation (3) of push-out'

It was originally proposed (e.g. in Daemen et al., 1988b, p. 110) to
store the ambient relatively dry samples at 20-45% r.h. (relative.
humidity) and-at 36°C in the environmental chamber. Some ambient.
relatively dry samples push-out tested within this period are cured and
tested in room conditions (24 ± 2VC, 36 + 2% r.h.). This is done to
allow the use of the environmental chamber for partially saturated
samples.
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specimens. Daemen et al. (1988b, p. 110) gives the procedure for
numbering push-out specimens.

5.3.2 zush-OubLTest Results and Discussion of Results

Push-out tets. have been performed on 16 Apache Leap tuff cylinders.
The cylinders have inside diameters of 25.4 mm (1 in), 50.8 mm (2 in)
and 101.6 mm (4 in), outside diameters of 152.4 mm (6 in) and 187.3 mm
(7.375 in), and lengths ranging from 106.7 mm (4.2 in) to 228.9 mm
(9.01 in). The tuft cylinders are plugged with centered Self-Stress II
cement plugs having length to diameter ratios of approximately 1.0.
The plugged cylinders are cured for eight days at relatively dry or
partially saturated conditions. Figure 5.11 givies the dimensions of
the cylinders. Three push-out tests have been performed on specimens
with 25.4 mm inside diameter (I.D.), 3 on 50.8 mm 1.D., and 10 on 101.6
mm I.D. Nine of the samples are cured and tested at elevated
temperatures. The 50.8 mm (2 in) inside diameter samples are prepared
by over-coring the 25.4. m samples after they are tested in order to
reduce sample preparation requirements_.-

The degree of saturation (3), water content (w), void ratio (e),
porosity (n) and density (p) of the Apache Leap tuff samples prior to
and following push-out testing are determined according to Appendix 5.3
in Daemen et al., 1988b, pp. 166-177. Table-5.5 gives the weight
parameters used to determine the above variables. Table 5.6 gives
characteristics of each specimen. The average degree of saturation of
the low and intermediate saturated samples (prior to push-out testing)
is 31.6 + 19.1% and 53.8 ± 3.7%, respectively (Table 5.6).;,

Table 5.7 presents the axial stress, plug length, and average and
exponential shear stresses at failure. The average shear stresses
along the interface are calculated from Daemen et al. (1989, p.- 103,
Sq. (5.1)). The extreme exponential shear stresses are calculated
from Daemen at al. (1989, p. 103, Eq. (5.2)). The maximum and minimum
exponential shear stresses are the shear stresses at the loaded end
(z = 0) and at the unloaded end (z a Lc) of the plug, respectively.

The plugs fail at axial stress, uniform shear stress, and maximum
exponential shear stress ranges of 11.0 to 35.6 IPae, 2.15 to 7.57 NPa,
and 11.25 to 21.45 KP8, respectively.

gone of thwvrock cylinders with a 25.4 and 50.80 mm diameter hole split
in tensiowadduting push-out testing (Table 5.3). Six of the 101.6 ma
1.D. cylindersmshow tensile fracturing and splitting. None of the
cylindersithfatshowk tensile splitting have fractures running through
the cemenk p1ugs.: This suggests that the failure mechanism is.
fundamentally' different from that induced by cement swelling itself,
e.g. as observed by AkSun and Daemen (1986, pp. 39-68). In all
probability, the tensile failure of the rock cylinders is due to the

,lateral strain induced, in the cement plug by the axial load, and
transferred to the rock cylinder as an internal stress.

Tables 5.8 through 5.10 give the mean axial stress, mean average shear
stress, and mean maximum exponential shear stress at failure. The data
includes results of the 16 push-out tests performed this quarter
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Apache Leap Tuff Specimen (mm) (mm) (mm)

a

;APA-6-1-AMB-RD-3-P02-SSII 139.5 66.5 29.7
a

APA2-6-1-hmB-RD-1-P01-SsrI 132.5 63.8 30.2

APD-6-1-ANB-RD-1-P03-SSII 129.8 53.9 30.3

APJ-8-4-36-RD-4-P01-SS1 -131.5 13.6 93.9

APAS-6-2-36-RD-4-P03-SSII 113.0 25.2 50.2U
b

AP113-6-2-36-RD-2-PO1-SSII 130.3 -41.5 47.0
- - ~~b

APD-6-2-36-RD-2-P01-SSII 106.7 19.8 - 53.6

APA6-8-4-36-RD-l-P02-SSII - 118.3 11.3 80.7

API-8-4-36-RD-1-PO1-SSIL 168.8 27.21 102.0-

APH-8-4-AMB-RD-2-Po1-SSIX 170.1 15.8 93.6
C

APJ-8-4-AHB-PS-3-PO1-SSII 159.0 16.5 99.1
- ' " LS '- _ C

APH-8-4-AhB-PS-6-PO1-SSII - 213.2 - 92.0 97.9

Ap--4-A --- ssi 199.0 -- 42.6 97.5

APA-8-446-P8-4-PO1-SSII 210.7 40.5 129.5

APN-8-4-66PS-S-P0-SSIIC 198.5 56.3 101.5

; APA-8-4-44-PS-5-P-SSII 228.9 57.4 103.6

Figure 5.11 'Dimensions of the Apache Leap tuff cylinders used for

push-out tests.
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Figure 5.11 NOTES

NOTES:

Samples with inside diameters CD)) of 25.4 mm (1-in) and outside

diameters (D ) of 152.4 mm (6 in).

b
Samples with inside diameters (D1) of 50.8 mm (2 in) and outside

diameters (D ) of 152.4 mm (6 in).

a
Samples with inside diameters (D ) of 101.6 mm (4 in)

diameters (D ) of 187.3 mm (7.375 in). .
a

and outside

, .

'7-

Figure 5.11 Dimensions of the Apache Leap tuff cylinders used. for

push-out tests.--Continued

.
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Table 5.5 Weight Parameters of Apache Leap Tuff Specimens Prior to and Following Push-Out Testing.
The parameters are used to determine the degree of saturation, water content, void ratio,
porosity, and density of push-out specimens. Detailed procedure for the determination of
degree of'saturation,

Apache Leap Tuf Sample

void ratlo,.etc., is given in Appendix 5.B of Daemen et al. (1988b).

(t)
W2b
(6)

(3 C
(g)'

4 )
(g) '

(5
(1:)

. . I ,
z

I I I , i

APA5-6-1-AND-RD-3-POZ-431V

APA2-6-l-AND-RD--1-P01-SMI

APD-6-1-ANO-MRD-l-P03-SSUT

APJ-8-4-36-RD-4-POZ-SSUI

APA5-6--2-36-RD-4-P03-SSIX

AP113-6-2-36-RD-2-POI-ssUx

APD.-6-2-36-RD-2-PO1-SSrr

APA16-8-4-36-RD-1-M0-SSir

API-8-4-36-RD-1-POI--SSIX

h-'PP-8-4-hND-RD-2-PO1-SSII

APJ-8-4-AMR-PS-3-POl-SSIX

API-$- 4-MN-PS-6-F01L-SSUI

APM-"-AMhfB-RD-2-PO1-SSUI

.APA-8-4-66-PS-4--PO1- 45!

-APM-8-4-66-PS-5-PO1-SSIX

APA-8---44-PS-5-P~l-SSII

5828

5624

5166

5668

4289

4953

3833

4922

7916

7334

6883

9168

,8524'

8671

8540

9553

5844

5640

5183

5910

4364

5028

3906

5172

8343

7762

., 7309
' 9414'

8952

9095

8961

9978

5873

5669

5212

7386

4557

5208

4104

6496

9944

9250

8858...

-10948 r

10513

10750'

10558

11613

5881

5679

5224

7348

4576

5211

-4210

*6448

9900

9244

.8927

I.'11048

10512

I 10898

10654

* 11753

5 865'

5662

5209

7105

4501

5134

4044

6196

9473

8815

8499

'10803

10085

10453

10229

11325

I
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Table 5.5 NOTES

UOTES:

'W1 weight of "t ." ppecimen (S)
b
W2 d weight of1 th dq specimen + rubber stopper + moisture (g)

Ci3 - W2 + weight of the cement slurry (g)

dw4 - weight of the specimen after it has been left underwater or in the environmental chamber (t
desired temperate and relatsve humidity) or at.com coudltions (24 + 20C 36 +±2% r.h.) for
8 days

W5 , weight of the specimen following push-out testing.

W.
W.

I . ; � . i- . -

I I - I .
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Table 5.6 The Degree of Saturation, Water Content, Vold Ratio, Porosity, and Density of Apache Leap
Tuff Specimens Prior to and Following Push-Out Testing. Detailed procedure for the
determination of the degree of saturation, water content, etc., is given in Appendix S.B
of Dsemen et al. (1988b).

Apache Leap TuftfSample Sp
p

APA5-6-l-MI-RD-3-PO2-SsII 6.78

APA2-6-1-fB-RD--1-POI-SSI. 9.35

APD-6-1-AMB-RD-1-P03-SSr 6.95

APJ-8-4-36-RD-4-PO1-SSII .49.83

APA5-6-2-36-RD-4-P03-SSu 31.65

AP113-6-2-36-RD-2-P01-Ssr 22.14

APD-6-2-36-RD-2-2o--SSII. 23.98

APA6-8-4-36-RD-I-P02-SS1I 44.14,

API-8-4-36-RD-1-POI-SSXI 60.99

APH-8-4-hMB-RD-2-POI-SSII 47.43

APJ-8-4-AIB-PS-3-P01-SSxr S8.'78

APPI-8-4-AM3-PS-6-PO1-SSUI 522.46

APH-8-4-AhM-RD-1-P0l-SSII 44.67

APA-8-4-66-PS-4-PO1-SSII., 51.34

APR-8-4-66-PS-5-PO1-SSII 56.30

I
Sf

. )

2
w.

p
C'

2 3 '
f - ep

*(I) C')

3.
ef

(M)

4n
p.

.C')

4 5 '
nf P( -

(%) Cg/cc)

5' 5
Pf

-(g/cc)

6.78 0.29 0.29

8.85 0.34 0.32

6.95 0.44 0.44

49.59 6.40 6.37

31.65 1.79 1.79

21.03 1.18 1.12

23.06 1.96 1.88

43.65 6.36. 6.29

60.58 5.12 5.09

47.33 5.52 5.51

58.46' 7.02 6.99

52.01 5.75. 5.71

44.49 5.13 5.11

.49.64 6.84 6.61

55.83 6.22 6.17

49.62 6.14 6.10

0.11

0.009

0.17

0.34

0.15

0.14

0.21

0.39

0.22

0.31

-0.32

2,0.29

0.30

0.35

0.29

0.33

0.11 10.1 10.1

0.09 8.6 8.6

0.17 14.3 14.3

0.34 25.6 25.6

0.15 12.9 12.9

0.14 12.3 12.3

0.21 17.6 17.6

,0.39 27.8 27.8

0.22 18.3 18.3

0.31 23.7 23.7

''0.32 '24.2 ''24.2

,0.29 22.5 22.5.

0.30 23.4 23.4

0.35 26.1 26.1

0.29 22.7 22.7

0.33 24.6 24.6

2.36 2.36

2.40 2.39

2.25 2.25

2.19 2.12

2.36 2.32

2.36 2.32

2.24 2.20

2.14 2.05

2.39 2.29

2.25 2.14

2.27 2.16

2.22 2.17

2.23 2.14

2.18 2.09

2.27 2.18

2.20 2.12APA-8-4-44-PS-5-POI-SSIX 49.93

.1. _. w-*A . - : "~ . . :. _ _. . ,4 _ 5 , - ,,, ,, - ,,, _,, - , ,,- , I,, ,, ,," .,. ,, - - , ,, I ,1,, ,,1 A . ,
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Table 5.6 NOTES

NOTES:

'Sp and S. .d yaturation of push-out specile. prior tQ aad following push-out test,

w and w water coptent of pusb t specimen prior tq MnO followina push-Qut test, respectively.
3
ep and ef: voId ratio of push-g4t specLisen prior to and following push-out test; respectively..'

4 .
ap and n porosity of push-out specimen prior to and following push--out test, respectively.

pp an4 Pe density of push-out specimen prior to and following push-out test, respectively.

S....

A- i - !-
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Table 5.7 Axial Stress at Failure, Plug Length, and Average and

Exponential Extreme Shear Stresses at Failure for Apache

Leap TufE Samples. The maximum.exponential shear stress

occurs at the loaded end (C = 0) of the cement plug. The

minimum exponential shear stress occurs at the bottom (z -

- L) of the cement plus.
.. - ., c . I .-

-. . - .; Axial
Stress
p.

^.-. A(oz f) at

-Apache Leap Failure

Tuff Specimen--' (HPa)

Plug

Length

-CL )
-c

(mm)

*Average
Interface Shear

St e s ' avStress- (sat

.at Failure

.(KPa)

Exponential
Extreme Shear -

Stress (Trzgi)

at Failure MOPa)

z a 0 -Z* L.. . c

APA5-6-l-ANB-'
RD-3-P02-SSII` . 35*5

APA2-6-1-AHB-.-
RD-1-PO1-ESIf-I>- 35.1 -

-29.7

-30.2

.30.3.

7.57

7.38

-7.47

:21.36- ,2.59

I 21.13 2.45

-. 21.45 .. 2.47
,%. M.. . . -

APD-6-1-AHB-
RD-l-P03-SSII. 35.6

APJ-484-36-- -. .:

RD-4-PO1-SSI1a s15.5 0.7293.9 4.19 15.88

APA5-6-2-36-
RD-4-P03-SSII .'24.4''

AP1l3-6-2-36-1
ED-2-POl-SSIZ ., 22.0,

APD-6-2-36-. -

RD-2-M~-SSIIX 21.8:

50.2
I- I

47.0

53.6 -

, 6.16.

5.95, .

S. 16

18.70 -1.82 .

.- 16.95

1 . 7 -. .
16.72.

2.00

1.32

APA6-8-4-36--'

RD-1-P02-SS11- 1.

RD-1-P0I- St I 1.1

APN-8-4-A B

80. 7

102.0

93.6

3.45-

3 3.76

3.72

11.29 .0.87

15.48 0.50

14.08 0.64RD-2-POl-SSIIa 13.7

APJ-8-4-AMB-
PS-3-PO1-SSII-

APM-8-4-AiM-
yS-6-P01-SSII

19.2-

16.7

99 .1

97.9

4.92

4.34

19.70

17.17

0.72

00.66
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Table 5.7 Axial Stress at Failure, Plug Length,
Exponential Extreme Shear Stresses at

* Leap Tuff Samples.--Continued

Axial Average
Stress . Plug Interface Shea
P a

(a2,) at Length Stress (arz

Apache-Leap'. Failure (L ) at Failure
aufspcme Hp) (m)(H a

Tuff1 Specimen - (Pa) . (mm) . (HPa)

I

I

and Average and
Failure for Apache

Exponential
ur Extreme Shear

,i) Stress (Trz ,)

at Failure (MNa)

z M0 z * L
c

APH-8-4-36-
RD-l1P0l-SS- -- 14.5

APA-8-4-66-
a

PS-4-.POl-sSII. - .11.0

97.5

129.5

101.5

3.79

2.15

3.32

14.92

11.25

13.62

0.58

0.12

0.45
APNK-8-4-66-
PS-5-PoI-SBIL: , 13.3

APA-8-4-44-
a'.

PS-5-P01-S311 20.6 103.6 5'.05 21.11 0.65

UOTES:

Calculated from Daemen
** -- S
Calculated from Daemen
plane strain.

at al. (1989-, p. 103,

at al. (1989, P. 103,

eq. (5.1)). - -

eq. (5.2)) for the case of

Sample shows tensile fracturing (following push-out testing).

bsample shows tensile splitting (following push-out testing).
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Table 5.8
-

.

i - x . m :

., .

.. ..

.,

.- .

-.:
. . . .

'.- -
.

. .

. .

..

Apache LeaS

Axial Stress at. Failure. on Cement Plus6 in Apache Leap Tuff
Cylinders_ In parentheses are given the number of samples
tested., Data for the 16 push-out tests performed in this
quarter,,comblned with the 85 push-out tests reported
previously (Daemen et al, 1988bc; 1989).

Mean Axial-Stress-(a )
.zf

p

Tuff Specimen
at Failure

I St. Dev. (HPa)

Saturation
Curing andCuring and :

Test- Tem=, - :. 4 gn
Specimen I.D.

IV12LE

Highly . Ambient*
saturated

450C

70eC

35.2 + 4.4
(6)

22.7 ± 5.5
(3)

1 14.9 t 1.7
(3)

41.3 + 4.0
(5)

29.5 + 5.1
(4)

21.7 + 5.9
(3)

21.6 ± 4.3
(3)

16.2 1: 1.3
.(3)

13.1 ± 3.7
(3)

90,C ,oe * 13.3 + 4.1
(3)

10.2 t 3.4
(a) 6 -

6.5 + 2.1
- (3)

Partially Ambient* 34.6 ± 6.4 26.4 ± 8.1 11.9 ± 4.4
saturated (7) (5) (3)

44-C 45.3 ± 9.4 20.1 + 3.9 14.8 ± 5.1
(5) (4) (3)

65-70OC 40.94 10.9 24.3 ± 6.0 12.9 + 1.7
- :~. .~, - (3) (3) - (3)

Relatively Ambient** 35.4 + 0.3- 26.3 + 4.4 14.6 ± 0.9
dry (3)(3) (3)

- ; 36eC ; ^ 27 + 6.7 22.7 + 1.5 13.9 ± 2.5
; ;>- - -:- -- (7) - - - - (3)-

, .-

*Amblentt 24Lt 2VC .

**Samples cured at room
chamber) at 24 + 20C,

conditions (L.e.
36 ± 2 r.h.

not in .env ro . a
not in environmental

121



Table 5.9 Bond Strengths of Cement Plugs in Apache Leap Tuff Cylinders.
Numbers.i parentheses are the number of tests. Data for
the 16. tests performed this quarter, combined with the 85
test8 performed previously (Daemen et al, 1988b,c; 1989).

Hean Average Shear Stress (rrz i)

at Failure
+ St. Dev. (HPa)Apache Leap Tuff Specimen

Saturation
Curing and
Test-Tempo.

S2ecimen I.D.
50.8 MM-25.4 = 101.6 mm

Highly
saturated

Ambient*

454C

700C

900C

7.3 + 1.0
(6)

8.6 + 0.9
(5)

6.6 + 1.2
(4)

6.3 ± 1.9
(3)

3.9 + 0.7
(3)

6.5 + 2.1
(3)

5.6 + 0.9
(3)

4.3 + 0.6
(3)

3.3 ± 0.9
(3)

3.7 + 0.7
(3)

2.7 + 1.0
(4)

1.6 + 0.4
(3)

Partially Ambient* 7.6 + 1.0 6.6 + 2.0 3.8 + 1.6
saturated (7) (5) (3)

44°C 9.3 +.2.4 5.2 + 0.7 3.7 + 1.2
* (5) (4) (3)

65-70°C- 8.5 + 2.5 6.0 + 1.2 3.0 + 0.8
(3) (3) (3)

Relatively Ambient** 7.5 + 0.1 6.6 + 1.1 3.8 + 0.1
dry (3) 3) ' (3),

36*C ; 5.6 + 1.2 5.4 ± 0.5 3.8 + 0.4
(7) (3) (3)

*Ambienb*r 2* + 2°C-

**Samples cure sat roo= conditions (i.e. not in environmental
chamber) at 24 + 2°C, 36 + 2% r.h.

a.

;
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Table 5.

. . ,

10 Mean Maximum'Exponential Shear Stress' at Failure along

Cement-Rock Interface for Apache Leap Tuff Push-out Tests.

.In parentheses are given the number of tests.: Data for the

16- tests performed this period, 'combined with the 85 tests

-performed previously (Daemen et al., 1988b~c; 1989).

Mean Maximum Exponential Shear Stress
at Failure

c L . .u. Speci

Apache Leap Tuff Specimen.

, - . i.

I . . . max
I � . (T

I rz. L.

IA
± _ St. Dev. (HPa) -

$aturat.e
' ' Curing and,",

Lon . Test. Temy-;
* , .. . ..1 I I

e. I -, - .

. 25.4

Hizi
satt

hlj: . Ambient* ;- 22.6 +
irated - . . (6

, 45,C 28.1 +

- 70ec- 19.6 _
(4

906C, 10.7 t
- * . { sI,

Specimen I.D.
Mrall , 50.8 oun 101.6 mm

3.5 18.0 ± 4.1 15.0 _ 1.7
-(3) (3)

2.7 16.9 ± 4.4 16.3 _ 1.2
,. (3)- N -. : (3)

4.2. 12.1 ± 1.7 13.1 + 3.6,-
2 2 7 8 -7 6 5 2(3) -3) ,

.2. Z 7 .8 + 2.-1.> ~6.S + 2.1.-

I

Partially 'Ambient* 21.6 + 3.5 21.5 + 7.9 15.0 + 6.2 , -

saturated (7) . (5) (3)

- - 4- 27.2±5.7 15.4 + 3.0 15.1 + 5.4-;
; ,, ( )-,,, -' ~ C )'a - (3) '

65-700c-, r24.6 + 6.5 18.6 £ 13.1+i.6
(3) ( 3 ) .. ~~~(3 )

-~~~~~~~~~~* e --- .-.. ..- e'-.. -(3? 6..--- ,;- - ...-.-- i------

Relatively<-- Ambient**: 21.3 £ 0.2., 20.2. + 3.4 14.9 +0O.8B
dry . - (3) (3 . (3)

: '- - 36eC,<-', '.16.2 4.0 15.5 1.1 ,14.2 _-2.5
(7) 7 (3) (3)

*Ambienb G 24-+±.2C -' -

**Samples cured at room conditions
chamber) at 24 _ 20C, 36 + 2% rdh

(i.e. not in environmental-

. I i -

i,- -I -,..,I. II
t

123



I

combined with the 85 push-out tests performed in previous quarters.
(Daemen at al.,-1988b,c; 1989). The bond strength of the 25.4, 50.8
and 101.6 mm most highly saturated samples show a moderate increase in
going froim-ambient temperature (24 + 2°C) to 450C and then a
substantiaL decrease-from 450C to 900C (Table 5.9). There' is no
discernible difference between the bond strengths of highly and
intermediately saturated samples. The axial stress at failure and bond
strength decrease with increasing plug diameter.

The relatively dry 25.4 mm samples cured and tested at 369C show lower
mean strength than the more saturated samples (Tables 5.8 through
5.10). This parallels conclusions from previous studies (e.g. Daemen
et al., 1985, pp. 338-360; Adisoma and Daemen, 1988). A common
observation in these previous studies is that if the push-out samples
are allowed to dry out, their cement plugs show significant shrinkage
and drastic strength reduction after moderately long periods of time
(e.g. more than 2 years). The relatively dry 50.8 and 101.6 mm samples
cured and tested at ambient conditions (24 + 2°C, 36 + 2% r.h.) show
comparable strength measures to the more saturated samples (Tables 5.8
through 5.10). This s1 most probably because these samples are cured
and tested at room conditions (24 t 2°C, 36 ± 2% r.h.) with a film of
water in their top borehole. during the initial 3 to 5 days of cement
curing. The relatively dry samples tested in the environmental chamber
at 360C, 45% r.h. have their free water (on the top specimen boreholes)
evaporated within one day after the samples are placed in the
environmental chamber.' This might be the reason for the relatively dry
samples cured in the environmental chamber giving lower strength
measures than those cured in room conditions (Tables 5.8 through 5.10).

5.4 Summarv -

This chapter analyzes the influence of cylinder stiffness on the
plug/rock interface normal stress during push-out tests.- Increasing
normal contact stress presumably increases the shear strength of the
interface. The normal stress along the plug/rock contact due to an
applied lateral stress increases with increasing modulus ratio,
increasing cylinder radius ratio (for modulus ratios greater than 1.0;
the opposite is observed-on cylinders with modulus ratios less than
1.0), and with increasing Polsson's ratio of the plug. The (inward)
radial displacement due-to an external radial compressive stress
decreases with increasing modulus ratio and is inversely proportional
to the normaU stress developed along the plugirock interface.

The normafstresa at the plug/rock contact due to an axial stress
applied toothe plug increases with increasing cylinder radius ratio and
decreasing modulus ratio. The (outward) radial displacement due to an
axial stress is directly proportional to the normal stress developed
along the plug/rock'contact. -

The bond strength of the 25.4, 50.8 and 101.6 mm highly saturated
samples show a moderate increase in going from ambient temperature to
450C and then show a substantial decrease from 45 to 90°C. The
partially and highly saturated samples show comparable bond strengths.
The relatively dry samples cured and tested at 360C show lower mean
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bond strength than the highly saturated samples The axial stress at
--failure and bond strength decrease with lncreasing plu diameter..
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CHAPTER SIX.

--;- -- - FRACTURE SEALING

6.1 Introduction

Fractures in the rock mass surrounding a repository may provide
preferential flowpaths for the inflow of groundwater and for the.,
outflow of air, potentially containing gaseous radionuclides. In order
to reduce their permeability, such cracks may have to be sealed. The
'likelihood that extensive or at least local grouting will be required
as part of repository sealing has been noted in numerous publications
addressing high level waste repository closLng (e.g. Ioplick et al.,
1979; Kelsall et al., 1983, 1985a,b,c). The most explicit and detailed.,
use of fracture grouting for repository sealing probably is given in
the conceptual seal designs for-the Nevada Nuclear Waste Storage
Investigations Project (Fernandez and Freshley, 1984; Fernandez, .1985).

The objective of the work described in this chapter i to determine the
effectiveness of fracture sealing (grouting) in welded tuff. Daemen et
al. (1988a, Ch. 6) give the detailed work-plan and test schedule . - ',

'Apache Leap tuff (brown unit). A-Mountain tuff and Topopah Springs tuff "

have been used for preparing rock samples. Daemen et'al. (1988b, Ch.
6) describe sample preparation and test procedure..

Experimental work' includes measurement 'of permeability of intact rock
and of fractures under ranges of normal stresses and Injection
pressures, determination and characterization of fracture roughness.

- injection of grout into the fractures, 'and testing the permeability of
grouted fractures. The effectiveness of grouting is evaluated in terms !
of the permeability reduction resulting from fracture grouting. ---;
Analysis of the results includes study of the effects of normal stress. -
injection pressure. fracture roughness and grout formulations on
sealing effectiveness'. -

6.2 Permeability of Tuff Cylinders.'

In this quarterly period the permeability of intact tuff sample'
AP7-1-6-FG4'and. the permeability of a tension-Lnduced fracture (sample
AP30-1-6-FGIL) have been measured. ' '

The permeability of sample AP7-1-6-FG4 ranged from 1 x 10-7 to 3 x
201 . cm/ T. fhis sample developed a vertical tension crack under S
MPa normal stress and 3 KPa injection pressure. At this point the flow - -

increased dramatically. measurements made earlier on intact Apache
Leap tuff samples showed values of around 1 x 10-9 cm/s. Figure 6.1
shows the effect-of normal stress on permeability. The greatest
reduction' in'.flow occurs at low normal stress. 'Sample FG4 was tested
using a pressure intensifier Instead of a failing head'permeameter due
to the low flow rate.'
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I1

A gas-over-water pressure intensifier (Fuenkajorn and Daemen, 1986,
Appendix C) supplies a steady-state flow to the sample at a specified
injection pressure. The volume of water injected along.with the
injection time and pressure are used to calculate the permeability.
Due to problems encountered in testing sample FG4, injection pressures
will be lUmited-to 0.1 to 1.0 MPa. Flow tests are continued at each
normal stress until a uniform flow rate is achieved. The water level
around the outside of the sample is always kept above the fracture.

Fracture permeability testing of sample FGll was accomplished using a
falling head permeameter. Results show permeabilitles of around 2 x
10-4 cm/s at 10 HPa, which compares well with testing of sample
AP21-3-6-FGI (Daemen et al., 1989, p. 133). Permeabilities are
measured under normal stresses of 0.05, 2, 5, 8, and 10 MPa." The
sample is loaded, unloaded and reloaded without interrupting the flow.
Figure 6.2 shows the permeability reduction with normal stress and the
ultimately resulting hysteresis. This reduction in flow is.presumably

-due to fracture deformation and some reduction due to the closing of
pore spaces and preexisting microfractures as the sample is first
loaded. Schaffer and Daemen (1987, p. 91) report similar behavior. A
slight irreversible decrease in permeability occurs after the first
loading/unloading cycle. -The very small magnitude of thetresidual
permeability change suggests that only very limited permanent
deformation of asperities occurs. f -

Figure 6.3 shows the calculated.fracture aperture as a function of
normal stress. Daemen et al. (1988a, Ch. 6, App. 6.A)'gLve the test
method and method of calculation. Identifying the width of the-
aperture is of key importance in selecting appropriate groutlng-.:'
parameters such as injection pressure, grout viscosity, and grout
constituents.

6.3 Characterization of Grout Formulations

Prior to fracture grouting, grout formulations must be characterized to
help choose suitable components that will perform adequately given
certain fundamental parameters such as viscosity, injection pressure,

,aperture, maximum particle size, and strength.

An ideal grout would have the'vlscosity of water and the strength of
concrete, not to mention being impermeable, durable, and nontoxic. No
such products'are available, making it necessary to select key
parameters such as a water-to-solids ratio that will provide
"pumpabiLty" rof the cementitious slurry'along with a viscosity that
will suspend the heavier particles to allow a more homogeneous mixture
to be emplaced throughout the fracture. Increasing the viscosity of a
slurry by lowering the water-to-sollids ratio Ls desirable to achieve
adequate strength and impermeability up to the point where the thickest
consistency is found that will penetrate cracks at given pressures
(Kennedy, 1958, p. 1731-1). Grouts with high viscositles are harder to
pump, requiring higher pressures and pumping time (Herndon et'al.,
1976, pp..20-23). - Cement grouts with low viscosities may promote
finger-like flows along'paths of least resistance and little

'penetration into finer interconnecting fractures and larger rock
pores. This is presumably due to the grouts' lack of body.
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The water content of cementitious grouts must be limited in order for
the slurry to be termed stable and have the potential to achieve its
full strength. A slurry is taered stable if it bleeds less than 5% in
two hours (Shannon and Wilson, Inc., 1987, pp. 14-15). Bleed capacity
is obtainedkby dividing the water loss by the initial slurry volume. A
measure of viscosity and stability referenced by Cambeford (1977, p.
64) is the- arsh flow cone. The time required for a fixed volume of
slurry to pass through the cone 1s measured. A stable grout will pass
through in 35 to 40 seconds. Excessive bleed water not only indicates
instability, but may also stifle bonding of the grout on the upper
surface of a fracture (Xennedy, 1958).

Bentonite, a colloidal-additive prepared from montmorillonite clays
reduces bleed water and therefore increases stability. Flocculation of
bentonite in a water-cement slurry prevents sedimentation of the cement
particles (Schaffer and Daemen, 1987, P. 41). A major disadvantage
reported by Deere (1982) is that bentonite reduces the uniaxial
compressive strength of a hardened grout mix. Schaffer and Daemen
reference numerous articles stating that a small bentonite content
(2-3%) has an insignificant effect on the uniaxial compressive strength
of the cured grout. Bentonite in cement decreases early and final
strength, gives the slurry body and enhances its "pumpability",
decreases its permeability, reduces its durability and resistance to
chemical attack, reduces its density, reduces its penetration into very
small voids or rock pores, and reduces its water loss from slurry,
which helps maintain its fluidity for penetration into larger voids
(Smith, 1976).

The width or aperture of a fracture dictates the maximum particle size
that can be emplaced. The maximum particle size of ordinary Portland
cement is 0.004 inch(0.00016 mm) (Shannon and Wilson, Inc., 1987, pp.
14-15). Fractures with. apertures less than the maximum particle size
of the cementitious slurry will presumably result in an interface
between the injection point and the fracture. This interface is likely-
to cause "straining" of the grout and admittance of only the finer
ingredients or even more detrimental, a clogging of this interface
zone.- A fracture that is clogged at this port will show a reduced.
permeability that is not indicative of the actual surrounding
permeability. A measure of the susceptibility of a joint to this typo
of blockage is given by Mitchell (1970, pp.' 73-109) as the groutability
ratio, whichzis defined as the aperture divided by the maximum particle
size. For successful grouting the groutability ratio should be greater
than threei. High injection pressures can dilate a fracture and allow
greater particle sizes to be admitted. Injection pressures greater
than the.iti-situz normal stresses on the fracture can cause hydraulic
fracturingi, ground heaving and crack propagation resulting in greater
hydraulic conductivity.

The cement used in this experiment is Self-Stress II (SsIi) cement
composed of Ideal Type I/II Portland cement provided by Dowell
Schlumberger. 1% D65 (a dispersant) and 101 D53 (an expansive agent)
have been added to the 3S1I cement at the factory*. American Colloid
C/S granular bentonite is added in amounts ranging from 2 to 5% in
respect to the weight of cement. Mixing is performed according to the
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APr specification go. 10.(American Petroleum Institute, 1986, pp.
14-19) with two modLficti ons: bentonite is added'to lSS of the water
- to be used and allowedt.1o hydrate two hours prior to blending (Deere,
1982), and. blendng is done for one additional minute to aid in ixing
(Daemen et al.' 1988a, App. 2.A).

Four grout formulations have been selected. Mix number 1 has a
water-to-sollds (wvs) ratio of 0.45 with 2V bentonlte by weight of
cement. Mix number'2 has a w/s ratio of 0.55 with 3% bentonite. Mix 3
has a W/s ratio of 0.65a with S bentonite. Mix number 4 has a w/s
ratio of 0.45 consisting completely of SSII cement. Water-to-solids'
ratios have been chosen to provide stable mixes and to'achleve adequate
grout penetration. Density, viscosity, bleed capacity, strength, and
permeability are measured in the laboratory.

6.4 Characterization of Fracture Surfaces

Fracture surfaces are characterized by their'roughness or'height of
asperities, surface waviness, orientation, aperture, and contact area
or flow paths of high resistance. In terms of groutability, rough
surfaces substantially lncrease'the minimum water-cement ratio needed
to allow flow (Schaffer and Daemen, p. 51). Shannon and Wilson state
(1987, p., 14-15) that fracture roughness has a significant influence on
the radius of'penetration of the grout due primarily to the increased
travel distance required by the grout's tortuous- path and the
associated pressure drop.

Welded. tuff samples have fractures perpendlcular to the applied stress
and generally are pianar.: 'Fracture' apertures are calculated from the
measured permeabilitles, because the apertures of these tight'fractures -
are hard to measure directly The roughness and contact areas are
measured with a profilometer. Profiles of a surface are obtained by -
trolleying a probe assembly along a pair of horizontal steel rods and
lowering the probe to contact the sample accordLng'to-a'specifled
sample interval'CFarrington, 1983). A profile record is generated by a
data acquisition system and reduced to provide'profiles of both"-
surfaces that may be overlayed to produce the difference between'
matched grlds''and aperture distributions.'' '
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CHAPTER SEVEIN

BOREHOLE STABILITY TESTING

7.1 Introduction

The stability of boreholes, or more generally of underground openings
(i.e. including shafts, ramps, drifts,' etc.) at locations where seals
are to be emplaced is an integral part of sealing design. Excessive
deformations of the rock mass surrounding seals could negate the
effectiveness of seals. Two aspects of concern in this regard are the
effect of seal swelling on the surrounding rock and the effect of
compressive stress fields and the stress concentrations that result
around a borehole. The stability and deformation of boreholes in tuff
will be studied by means of internal and external pressurization tests.

7.2 Borehole Deformation and Stability Tests'. External Loadinyg

The purpose of this section is to evaluate the stability and
deformation of: a circulat hole in a tuff specimen subjected to various
external boundary load conditions. The experimental work involves - -

polyaxial, uniaxial. and triaxial borehole stability tests. The applied
differential stresses and confining pressures araiselected to'represent
approximately the most severe stress conditions likely at the Yucca
Mountain repository site. Daemen et al. (1988a, Ch. 7, pp. 40-42) give
the work plan and test.sequence. Daemen.et al. (l988b ,.Section 4.2, 4
Appendices 7.A. 7.B and 7.C) give sample specifications and test
procedures. Preliminary testing was performed to evaluate the strain
gage installation and to maximize the information obtained from each i
sample, given the expensive and time-consuming sample preparation and
gage installation. Thesload was held constant at each step just long
enough tot take readings on each of eight channels, about,'15 seconds.
After taking measurements at the highest stress, the stress was reduced
to zero and readings taken. This allows measurement of residual strain
in the sample, as well as of the unloading stiffness of the sample.
Topopah Springs tuft was used for preparing the polyaxial samples., As.
before, no samples have experienced failure under stresses specified in
the work plan. Overstressing, as compared to the in-situ stress state,
will be-required..in order to induce failure.

7.3 Rtper fiental Results.

Two polyaxialTborehole stability samples, TPS-PXl and TPS-PX2, of
Topopah Spring tuft have been prepared for testing. Preliminary
testing has been performed on TPS-PII. The sample was tested in
uniaxial and biaxial stress normal to the hole axis (Figure 7.1).
Table 7.1 gives the X and/or Y stress and strain measurements for
lateral (circumferential) and axial (longitudinal) Sages.at four
locations around the borehole (Figure 7.1). Readings were taken at
five stresses, which are in the range of stresses scheduled in the
workplan, cited above. go failure occurred at maximum stresses used in
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Table 7.1 Results of Biaxial Borehole Deformation and Stability
Tests: Sample TPS-PX1 (Topopah Spring Tuff)

Strain (microstrains)
'LAT* 1AX 2LAT 2AX 3LAT 3AX 4LAT 4AX

ax
MOa Uniaxial State - S Direction (a = 0)

y

0.00
4.8a3

10.00
15.17
19.99
o *00

0
-398

-1003
-2489
-4145

413

0
-119'
-305
310
361
395

0
669

1404
2943
4081
221

0
8°

-43
-29
-48
12

0
-391
-954
-634
-587
-152

0
-146
-349
-269
-394

19

0 O
589

1208
2506
3422
231

0
-33

-110
-126
-163
-16

a
y

MOP8 Uniaxial State - Y Direction (a = 0)
I

0.00
4.83

10.00
15.17
19.99
0.00

0
1775
2667
4081
5117
1251

0
-98

-144
-155
-180
-88

0
-502

:-1118
* -7545

-5482
-386

0
-83

-161
-298
-268
150

0
-- 877
1617
3008
4053
482

0
70
68

141
161
131

0
-380
-625

46
137

-108

0
-40
-95.
-70
-86
19

i
4

i

t
I
i

1
4

1i

I

(HPa) Biaxial State - XY Plane (a = a )
X y

0.00
4.83

10.00
15.17
19.99

0
385
765

1123
1443

0
-107
-202
-288
-368

0
-1853
-2429
-2838
-3181

0
-114
-200
-279
-352

. 0
202
499
al5
1095

0
-48

-117
-183
-250

0
472
876

1256
1586

0
-60

-134
-195
-249

*1,2,3,4 , strain gage-number (Figure 7.1)
LAr.=- measure- lateral strain

AX s measured axial strain
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the preliminary testing. Figures 7.2 through 7.4 give the lateral

strains as a function of applied stress. The strains show considerable

inconsistency, e.g. lack of symmetry. Possible causes for the

inconsistencies are under investigation.
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CHAPTER EIGHT

FIELD TESTING

8.1 Introduction

The purpose of field testing is to assess the performance of borehole
plugs under in-situ conditions, in particular as affected by field
emplacement. The tests will be conducted in Apache Leap tuff, near
Superior, Arizona. Evans (1983) and Vogt (1988) describe the geology
of the area and the rock. The sealing materials to be considered for
in-sltu testing are cement, bentonite and bentonite/crushed tuff
mixtures. Rock from the field site has been collected for laboratory
testing.

This chapter describes drilling of three'vertical holes, in-sLtu rock
permeability obtained 'from packer testing, and method to test the plug
installation.

8.2 Packer Testing of Inclined Holes

Constant pressure (steady-'state flow) and falling head packer tests'
using a straddle packer system were conducted on the inclined holes'of
all three sites to aid in locating the vertical boreholes and plugs and -
to obtain an estimate of the hydraulic conductivity of the rock.
Analysis of the tests is in terms of hydraulic conductivity calculated
using Darcy's law, based on the assumption of a homogeneous, isotropic
porous medium.

8.2.1 Test Method :-

Both the constant pressure injection tests and the falling head tests
use straddle packers to isolate a borehole test interval (Figure 8.1).
The test interval is fixed at 37 cm between the upper and lower packer
assembly and is lowered to the depth at which the interval to be tested
will be isolated when the packers are inflated. The lower packer is'
inflated to the desired pressure and allowed sufficient time (about 10'
minutes) to equilibrate. -Water is then piped down the borehole to fill
the interval to be tested.; The upper packer is then inflated to the
desired. pressure and allowed to equilibrate. Some excess water is'
introduces into the interval before upper packer Inflation. As the *

packer inflates, this water is forced up the open Injection line under
pressure. -

If the test interval consists of relatively intact rock, the injection-
pressure will stabilize, allowing use 'of the steady-state injection
system. If fractures are present In the test interval, allowing water
to quickly flow out of the test interval, the falling head system s.;
implemented to measure the hydraulic conductivity of the interval.
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Figure 8.1. Straddle packer system used to measure rock, permeabilityaround inclined holes. The system allows both steady-state
flow (constant injection pressure) and fallng head
permeameter tests to be performed.
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The packers are Inflated to pressures from 0.7 t.o 1.4 KPa. Injection

pressures range from 0.14 to 0.56 HPa. To prevent leakage at the

packer and borehole interface, the injection pressure Is.always kept

lower than half the packer pressure. Test duration for each interval

ranges from 20 to 50 minutes. The amount of water flow (either by

constant pressure or-by falling.head) is recorded every 30 seconds.

For each'interval', the test is terminated after a constant-flow rate

has been observed.

The permeability of the rock is calculated by assuming that the flow

into the rock around the hole is laminar, all connective voids are

filled with water, and that Darcy's'law is valid. For steady-state

flow tests, the hydraulic conductivity (k) of the test interval is

calculated using an equation modified from Bear (1979, pp. 305-306):

i Qln(R /RM) _
0 i,

kc
2vL Ah -

IHI . .

(cm/s) '.. (8.1)

where Q .-flow rate in cm
3/s

R e radius of the borehole'in'cm c 2.86 cm-)

* R radius of the saturated test zone in cm (assumed to equal 2L )
o H

L: alength of the test interval in cm (a 37 cm)

Lb'. applied water head in cm.

For falling head tests, the hydraulic conductivity (k) of-the rock is

calculated from an equation derived from Bear (1979, pp. 305-306) and

Freeze and Cherry-(1979, p. 336):

'a ln(R OR ) ln(h Ah )

2s L (t - t )
H l 1 o

(cm/6) (8.2)

where a a cross-sectional area of the falling head permeameter (a S.03

cm) . - -.
R : raiu of t. sauae tes zon _n cm __.__...............................ss........................:.

.-R *radius of the saturated test zone Lft cm taSSU

2L) - :

R i radius of the borehole in cm (-.2.86 cm)

L - length of the test interval In cm (a 37 cm)
H

.- to- tO.- 'time between readings

hi . initial height of water from the tank to the
0,

mea to equal

center of test

center of test-'

interval at time t

h height of water from the tank to the center of the test."

interval at 'time t . ' -
-, , - . - ~ ~i - ,. -
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8.2.2 Test Results-

Figures 8.2 through 8.4 give the calculated hydraulic conductivity as a
function of hole length of locations A, B and C,'respectively. Two

distinct hydraulic conductivities are observed: k = 10 to 10 cm/s
probably represents a lower bound estimate of the fracture zone

permeability, and k S 1.9 x 10 cm/s represents the intact rock
permeability.

Falling head tests-indicate that nearly all of the fractured zones in
the inclinedr boreholes have a measured'hydraulic conductivity (k) on

-5
the order of 10 cm/s (Figures 8.2 through 8.4). With the lower
packer deflated and the injection water allowed to flow past the lower

packer, the hydraulic conductivity of the system ranges from 8.0 x 10

to 1.0 x 10 cm/s. This indicates that in some highly fractured zones
of the borehole, the injected water flows out of the test'interval
nearly as fast as the system can provide. In less fractured zones, the
magnitude of flowbout of the test interval decreases and can be
calculated if it is less than the output flow of the injection-system.

For steady-state tests; the accuracy of the injection system-and test
duration limit the minimum measurable hydraulic conductivity, which is

-8
1.9 x 10 cm/s. Therefore, when intact zones are encountered in the
borehole, and the flow into the injection zone is less than can be
measured, the hydraulic conductivity of that test interval is

-8:
considered'less thanl.9 x 10 cm/s.

For inclined hole A, the intact rock is found at a depth from 470
to 520 cm. The hydraulic conductivity of this zone isless than

1.9 X 10 cm/s. The intact zones are found in inclined hole B at.
depths from 200 to 220 cm and from 320 to 400 cm. For inclined hole C,

-a
the intact rock (i.e. k C 1.9 x 10 cm/a) is found at a depth from
420 to 620 cm. Correlation of the permeability results with the core
obtained from the inclined holes is uncertain due to extensive breakage
of the core caused by drilling.

8.3 Drilling of 150 mu Diameter Vertical Holes

Six inch ,(5m mn) diameter vertical holes have-been drilled at-
locations& A.- B and C. Each hole is located so as to intersect a
previouslt dri1led inclined hole (Daemen et al., 1989, Ch. 8) at a
depth of approximately 5 to 6 meters.' The drilling wasi-commenced on
April 11, 1989, and was completed on April 22. The work was performed
by the Boyles Bros. Drilling Co.

The location of the vertical hole to be drilled is determined by the
information obtained from inclined holes (core log and flow test: -
results) and by the rock quality appearing on the cliff and ground
surfaces. The position and orientation of the drill rig mounted on a
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6-ton truck are specified by using a theodolite (Figure 8.5). Daemen
et al. (1989, Ch. 8) describe a method to locate the vertical hole to
be drilled-by intersecting the inclined hole. After the drill rig is
aligned, themtruck is stabilized using hydraulic jacks.

A 178 ma diameter thin wall diamond impregnated bit mounted on a 5-cm
diameter drill rod is used to drill through concrete and rock to a
depth of approximately 1.3 m. Fresh water is used as the drilling
fluid. The core is then removed. A 175 ma CD, 162 ma ID steel casing
about 2 m long is placed in the hole. The casing is stabilized by
pouring cement into the gap between the hole and casing. The cement is
cured for about 10 hours.

A 150 mm OD, 100 ma ID diamond impregnated bit (Figure 8.6) mounted on
a 2.74 m long core barrel is used to drill the vertical hole below the
case hole. -fresh water is used as the drilling fluid. The rate of bit
penetration varies from 15 to 100 cm/hr. The rotational speed Qf the
drill bit is about 100 rpm. The core is recovered every 1 to 2 m of
bit penetration. Figure 8.7 shows core recovered with the core
barrel. Nominal core diameter is 100 ma (4 in). The drilling is
terminated after the hole intersects the inclined hole. Table 8.1
gives the geometry of each test site hole combination. Figures 8.8
through 8.10 show the core recovered from the vertical holes A, B and
C, respectively. The corelog of the three vertical holes is given in
Appendices 8.A, 8.B and B.C.

The core obtained from the vertical hole A shows vertical natural-
fractures from the ground surface to a depth of 7.6 m (near the
intersection point). The trend of the fractures is nearly parallel to
the dip direction of the inclined hole (A). No natural fracture is
found below\ the intersection point. The core obtained from location B
breaks in small pieces at a depth between 2.44 and 6.10 a. This is
probably due to the drilling process and the presence of natural
-fractures.. The vertical hole C. (nside the tunnel) gives good intact
core throughout the hola length. Only a few natural fractures are
observed.

8.4 Video LoxRmin of Vertical Holes

Borehole video logging was performed in order to investigate the
charactegistica of the rock on the wall of vertical holes and to select
a locatio'W"'it which to place the plug. The work was performed on May
19, 1989e+by-"ell Scan Inc." A 76 ma OD color camera (Welleam, WC-
9941) witheadlight is lowered into the hole using a steel cable. The
boreholwlmagesls monitored using a control unit (IC-9541) and is
simultaneously recorded by a videocassette recorder. A rope is lowered
into the borehole to provide a reference orientation inside the hole.
The depth of the camera is measured from the encoder at the cable reel.

The investigation is made from the top end of-the casing to the bottom
of the borehole. The observations agree well with, the core log. The
vertical hole C seems to be the best (i.e. less fractured) for seal
testing purpose. Holes A and 3 show highly fractured rock. Host
fractures are nearly vertical.
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Table 8.1 Length of Vertical Holes and Inclined Holes at Locations A,
3 and C . ' -7

. I I . ~- . - A

..: LX
. . ,

;, ',
, -

l

. .

. .

'

I.
d:

- .

-'
D - total depth of vertical hole"'
d. length of vertical hole below-

intersection point -
c , length of casingr
L =-length of inclined hole
x horizonal distance between

vertical and inclined holes-
dip angle of inclined hole

B * dip direction of inclined holeI1

- . < 'S.;

-t -S . - d- c L x
LocatlomI'Y (a) (a) (M) (M) (a)

A 7.47 1.68. 1.47 8.84 4.72 57038# S 10° W

B 6.71 1.83 1.30 7.48 4.57 52-18' N 88° W

C 6.22 0.74 1.12 7.01 4.11 52V45 2 80 K
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8.5 Joint Orientation Measurement

Daemen et al. (1989, Ch.. 8, Section 8.4) give the method and results of
joint orientation measurement at the field site near Superior.
Arizona. Amr error was made in plotting the poles of the joint planes
on a stereographic projection (Daemen et al., 1989, Figs. 8.8 and 8.9,
pp. 169-70)-.; - Pigure 8.11 gives the correct normals to joint planes and
their contours. Four joint sets are recognized: U 2700/vertical,. N
300B/vertical, N 2400/vertical, and - 250g/10 -.

8.6 Future Plans'-:"

Straddle packer tests will be performed on vertical holes to obtain
information about the rock and fracture permeabilities. A full-scale
laboratory model will be made to simulate vertical and inclined holes
at location C (inside the tunnel). The model will be used to try out
the plug installation procedure. Clear plastic tubes will be' used to
simulate vertical and inclined holes at the intersection point. This
allows visual-observation on the uniformity of the plug (cement),
injection zone underneath the plug, and on the location of the
injection and collection tubes.

The flow measuring system'for in-situ permeability testing will, be
improved In order to-assure that lower hydraulic conductivitles can be
measured reliably. Not much effort will be devoted to improve the-
resolution in the upper permeability ranse.,as theseiresultsare of
limited interest to us.

8.7 References% ' '

Bear, J., 1979, Hydraulics of Groundwater, Mcaraw-Hill, New York.

Daemen, J.J.R., K. Fuenkajorn, S. Ouyang, H. Akgun, B. Armstrong,.
D.S. Crouthamel, and C.J. Sharpe, 1989, "Sealing of Boreholes
and Shafts in Salt: Quarterly Progress Report, Dec. 1, 1988 -

Feb. 28, 1989," Contract NRC-04-86-113, prepared for the- U.S.
Nuclear Regulatory Commission, Office of Nuclear Regulatory-
Research, Division of Engineering,'by the Department of Mining

*w * and Geological. Engineering,- University of Arizona,. Tucsor -'

Evans, D.D., 1983, "Welded Tuff Characteristics at the Nevada Test.Site
andi gear Superior, Arizona," Technical Report prepared for U.S.
Nuclear: Regulatory Commission, Division of Health, Siting and
Waste anagement, Office of Research, by the:Department of
Hydrology and Water Resources. University of Arizona, Tucson.

Freeze, RA., and J.A. Cherry, 1979, Groundwater, Prentice-Hall, New
Jersey.

Vogt, G.T., 1988, "Porosity, Pore-Size Distribution and Pore Subsurface
Area of the Apache Leap Tuff Near Superior, Arizona, Using
Mercury Porosimeter," Master's Thesis, University of Arizona,
Tucson. .

158



' . I

O

North

LEGEND Q (for first

* j.1- 12;
. 913-A '

169 Points
9 Intervals)
* 16- is

0 .1- 21
* 22- 24

* 25- 27

Contour Methods
Counting Areas

Expected No.$
. - sigmas

Contour Intervals

Kamb (1e99)
0.051 -

9.54 Pts. per Area
2.95

X stoma

Figure S.11 Stereographic projection of the poles of the joint planes.

159



I . .- - i

APPENDIX 8.A
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APPENDIX S.C

DRILLING LOG OF VERTICAL HOLE AT LOCATION C
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