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.measurements. end henee determlnation of a mass balance. 1ti’

. CHAPTER om:

P  INTRODUCTION

This quarterly report ‘describes the work performed during the period
March - May 1989, This introductory chapter briefly summarizes the
work reported on 1n each chaptern,’_'

. Haterlal characterizatlon testlng is presented in Chapter Two, uhlch
deals with 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 variebles on rock

properties.. The most immediate observation during this additional

- testing 1s the great difflculty encountered in satisfying ASTM sample

preparation requirements due to the extreme heterogeneity ‘of the
samples, end in particular due to the presence of voids, vesicles and

inclusions elong-the surfaces to be prepared. The main conclusion from

uniaxial compression testing, for cylinders with different length to

diameter ratios, tested over a range of strain rates, and for Braziliaﬁl"v

dick tensile tests- remains that the rock’ appears to be intrinsically
extremely variable. " It has not been possible as ‘yet to determine any

statistically significant’ relations, e.g. with respéct to sample site, o

or strain rate.  Even though’ subetantlelly larger samples have been"

" tested during this quarter, the seemingly intrinsic variability of the

" rock properties continues to overwhelm any size-relsted strength h

" variations, and raises serious questions as to the scale on which ,
testing might be required in order to determine size effects. It is o

readily apparent from the tabulated results that density (or,

- conversely, porosity) does not sppear to be a discriminatory 1ndepen- o
‘dent variable. Results of some uniaxial compression test series
. suggest that the ISRM-recommended L/D (length to diameter) test B
. specimen ratio of 2. -] to 3. o may. be preferable to the Asru—recommendedjiﬁ
ratio of 2 0 to 2. S. S , . PR

e IR R
e PRI Fr oo . IRt B
r & .

Two redial permeameter tests are contlnuing on rock bridges left in

f place in tuff cylinders (Chapter Three). The main reason for - o
; continuing‘these already long-term (one-month) flow tests is the .- *

surprlslngly‘low hydreulic conductlvity measured 1n these’ tests..”f"

-10 -2

Present.: reauIte suggest hydraulie conductlvltles in the 10 to 10

. cm/s rangew: These results are based on outflow only. Leekaserln the

injection system has prevented establishing reliable inflow

prpendlx 3.4 slves the experimental procedure for performlng radlel
- permeameter tests. .Radial permeameter tests allow testing of. borehole; :
~ plugs emplaced in rock cylinders under a- relatlvely wide ranse of

(axisymmetrlc) external loadlng conditions.

e e g

B e e R R
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Chapter Four describes ongoing flow testing of bentonite and of
bentonite/crushed tuff sealants. Samples containing 25 or 35 percent
bentonité (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 3),
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 tuff is graded
according to the Fuller-Thompson curve in order to provide maximum
crushed tuff packing. Permeability to air is deing 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. PFor 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 90°C, but not consistently at 70°C. No 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 uni;xial and biaxial compression tests on avrecténsﬁlat .

Topopah Spring tuff parallelepiped are given in Chapter Seven..

Stiffness analysis of the results may be reported in the future. sdhe,

uncertainty exists as to the validity of these results, which will be
investigated in more detail. ‘

Field worlk:1s: presented in Chapter Bight, which describes in-situ
permeability testing of three inclined holes and coring and
videologging: of three vertical holes, intended for plug emplacement and
plug testinaﬁa The hydraulic conductivity along most of the lnclined

holes exceeds 10 -3 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 10'8 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, 8.B and 8.C give the core logs for the vertical holes.
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CHAPTER TWD

© . HATERIAL cmmc'rmxunou rxstmc ,

g 1 I ff CHaracteri:ation Testing

 This seetlon describes the results of characterizatlon experlments of
* the welded tuff used in this sealing research. Daemen et al. (1988a,

Ch. 2) give the work plan and test schedule. The rocks used are Apache
Leap tuff, A-Mountain tuff and Topopah Sprins tuff. ' The rock propertles‘
to be determined are divided into mechanical, hydrological and
petrosraphical property groups.

Apache Leap tuff gives large variations of the mechanlcel properties
(Daemen et al., 1988b,c, Section 2.1). The variability probably is

" csused by the effects of inclusions, flow layers, porosity and degree

of welding of the rock. Daemen et al. (1989, Section 2.1) describe the l

- effect of the tuff eharacterlatics on the rock properties, as well as

the future: research needs to lmprove the representatlveness of the testf
results.rﬂ ClTepamre U PR s s SRR T . , ’

: Ihe wnrk 1n thls quarter involves 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 get 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 Con
tasks:: (1) determination of the length-to-diameter ratlo effect on the
compresslve strength, (2) determination of the loading rate effect on

- the compressive strength and ¢lastic parameters, (3) determination of -
" the size effect on the Brazilian 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 thls
g hapter. results of the Elrst three tesks are reported.=r~_::

' 2. 1 1 Effect oE Length,to Diameter Ratio on Unlaxial cOmpresslve

strength- PR

’hls study 18 to determine the effect of the length-to- -
dismeter ratic. of specimens on the uniaxial compressive strength of -
Apache Leap;tuff. The L/D ratic used here covers the range suggested

by the ISRM'(Bieniawski, 1978) test method (i.e. L/D = 2.5 to 3.0), as
, well as the range recommended by Asru 02938 (LID = 2, 0 to 2 5). - o

'-_ 2. 1 1.1 Rock Sample and Iest Hethod 'fﬁ}-;,*j"‘i7f5';ﬂﬁ_ »eA"'

:;Flfteen cylindrlcal speclmens with a diameter of 50.2 mm are cut frem

core drilled normal to flow lsyers 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 perpendlcu-_

.



larity of each sample are measured in accordance with the ASTM (D2933)
standard practice. Table 2.1 gives the results of these measurements.
Only four samples satisfy both perpendicularity and smoothness
requirements. Most samples do not satisfy the ASTM 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. An 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. PFigure 2.1 gives the compressive
strengths as a function of L/D ratio. Linear regression analysis
suggests that the strength (co) increases as the L/D ratio increases:

co = 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 i
with large L/D 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 conclusiocns and implications suggest that the L/D ratio of 2.5 to
3.0 recormended by the ISRM (Bieniawski et al., 1978) may be more
appropriate for tuff testing than the ASTM-recommended L/D ratio of 2.0
to 2.5. More specimens need to be tested to confirm this conclusion,
as wall ass to: establish relations, if any, between strength and
cylindennlen;tba The shear failure planes have an angle of
approximatoly&30° with the core axis.

2.1.2 Effecttof 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 -1
strain rate used here ranges from 0.022 x 10 6 to 96 x 10 second .
2.1.2.1 Rock Samples and Test_uethod

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 Asru Requlrements ,

side Ferpendlculdrity End

o Smoothness _ (< 0.005 in). Smoothness
Sample'Number}"» (< 0.02 in) -~ Top Bottom (degree)
uao-lob-z-um 0.012 v | 0.006 0.025 - 0.17 v

. AP40-A-2-UN2 0,020 v 0.023 0.010 - 0.67
AP40-8-2-UN3 - 1. 0,007 v 0.003 v.  0.005 v 0.14 v
AP40-68-2-UN4 - - 0,019 v 0.003 v 0.004 v 012 v

.+ AP40-9a-2-UN5 - 0.010v - 0.004v 0.007 0.20 v

- amo-zo.;-z.s-mrs 70,022 © 0.011 0.002 v 10.32°
- AP40-9a-2.5-UN7 . - 0.009 v 0.003 v  0.006 - - 0.17 v
APA0-9b-2.5-UN8 " - 0.039 : 0.004 v  0.023 . 0.67.
AP40-10-2,5-UN10  0.019 v - 0.016 - 0.003v. - - 0.46 -
- AP40-5-2.5-UN11 0.036 0.008 0.007 . 0.23 v
AP40-78-3-UNS * 0.009.v - - 0.005v  0.004 v - 0.14 v -
APA0-7b-3-UN12 ©0.039 0.008 . 0.007 - 0.23 v
AP40-3b-3-UN13" 6.010v - 0.005v- 0.004v - - -0.14 v -
AP40O-48-3-UN14 ~ ‘70.013v - © 0.008  0.012 . -t 0,38 o
AP40-4b-3-UN1S-  :70.028  °. 0.038 -~ 0.012 - -7 1,10

v indicates that thévheasurement meets ASTM Standard D2938 requirements
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Table 2.2 Results of Uniaxial Compression Test of Apache Leap Tuff
Cylinders with Different L/D Ratios

Test Fajilure

Sample Length Diameter Density L/D Duration Stress

Humber (rm) - (mm) (g/ce) Ratio (min:s) (MPa)
AP40-10b-2-UN1 101.4% 50.2 2.45 2.02 3:10 65.08
APAO-4-2-UN2 98.9 50.2 2.483 1.97 3:15 67.33
AP40-8-2-UN3 101.0 50.2 2.44 2.01 3:18° 92.11
APA0-6a-2-UN4 100.0 - 50.2 2.46 1.99 3:33 121.31
APA0-9a-~2-UNS5 99.9 50.2 2.45 1.99 4:09 110.08
Mean + Standard Deviation 2.00 91.18
. .+ 0.02 ' + 25.08

Coafficient of Variation - 1% 28%
APAO-10a-2.5-UN6 128.1 50.2 2.44 2.55 4:26 114.35
APA0-9a-2.5-UN?7 124.1. 50.2 2.46 2.47 4:18. . 112.32
APA0-93-2.5-UNS 124.54 - 50.2 2.46 2.48 3:51 114.68
APA0-10-2.5-UN10 125.9 - 50.2 2.45 2.51 5:38: 78.70
APAO-5-2.5-UN11 127.2 . 50.2 2.45 2.53 3:26 - 78.42
Mean- + Standard Deviation 2.51 - 99,70
+ 0.03 + 19.30

Coefflcient of Variation - 1% 19%
APAO-7a-3-UN9 152.5 50.3 2.46 3.03 4:14 109.65
APA0-7b-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 4:22 107.723
APA0-4a-3-UN14 152.8 50.3 2.47 3.04% 4.23 109.65
APAO-4D-3-UN1S 150.2 50.3 2.46 2.98 4:01 107.20
Mean # Standard Deviation 3.03 107.03
+ 0.04 + 3.56

Coefficient of Variation 1% 3%
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Leap tuff. Five samples were cut from 95 mm diameter core drilled from
tuff dblock no. AP21. Five samples having a diameter of 101 mm were
obtained’ from tuff block no. APSHFT6. The sample axis is perpendicular
to flow layers.. Smoothness and perpendicularity of the samples are
measured in accordance with the ASTM (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 g/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

range from 0.022 x 10 6 to 96 x 10“6 second’l. 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 compregssion tests.
For each sample size, the strength tends to increase with increasing
strain rate. Pigure 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
GPa, 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. PFigures 2.3 and 2.4 give the elastic modulus
and Poisson’s ratio as a function of strain rate. For all parameters,

the ccefficient of correlation (Rz) is strikingly low. The number of
testa 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 30° to the core axis.

2.1.3 Size Bffect on Brazilian Tensilae Strength

The purposeyof. this study is to determine the size effect on Brazilian
tensilo strength of Apache Leap tuff. The test results would indicate
appropriateisample sizes providing representative strength results
(i.e. low-variation). 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
gamples (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

PR
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Table 2.3 Dimensions of Apache Leap Tuff Specimens Used in Strain Rate -
Effect Study N fieia

S ASTH D2938 Specification
Fe L el ' - Side End

Sample - - Diameter Length Density Smooth- Perpendic-
Number (mm) _(mm) (g/ce) ness ularity
AP21-5-SNUN1 : 95.3 | 192.7 2.42 v X
AP21-3-SNUN2 95.4 . 190.3  2.42 v X
AP21-4-SNUN3 95.4 187.5 2.42 X X
AP21-6-8SNUNS 95.3 190.1 - 2.42 X X
AP2)-7-SNUNA - 95.3 191.8 2.42 X X
APSHFT6-5-SNUN6 - 102.1 200.7 2.53 X X
APSHFT6-4-~SNUN7 -~ 102.0 197.0 2.53 X X
APSHFT6-3-SNUNB. . 101.9 197.1 2.53 v X
APSHFT6-2-SNUNS . -102.0 197.2 2.53 v X
2.53 X X

APSHFT6-1-SNUN10 101.9 °~ 197.3

v: complies with the ASTM standard o s T
X: does not comply with the ASTM standard -

Table 2, 4 Uniaxial COmpressive Strength of Apache Leap Tuff Determined
et Various Axial Strain Rates . ¥

Axial . Unilaxisl

- Strain - " Compressive -  Elastic
_ Rate . Strength Modulus Poisson s
Number (x 10~ 571 (MPa) - (GPa) .. Ratic
AP21-S-SNUN1 1.1 _ '130.8 . 33.7 . 0.24
AP21-3-SNUN2- - - (18 ;. . - - 124.6--- - .. 34,0 - . .1 " 0,19
"AP21-4-SNUN3 - 96 . . 131.9: S 32.sT T 0.1
AP21-6-SNUNS - - : .. 2.6 125.4. .. 33,6 .. 0.24
AP21-7-SNUN&- - - ©1.0.85 . .. ..109.1.:° . 2-32.1° 0.17
-~ APSHFT6-5-SNUN6 . . =~ 4.9 E 137.9 . 35,9 - ~ 0.21
APSHFT6-4-SNUN7 "~ -  0.098 - 142.5 33.8 . 0.19
APSHFTG-!-SHUN&*{-”-"0.045 124.3 - 31,2 0.22
‘ APSHFTG-Z—SNUUQf-IC -0.022 _ 98.7 S 34,7 0 .21
APSHFT6-1-SNUN10 ~ ' 0.022 . 136,20 . 35.3 . 0,22
uean Standard Deviation 126,19 3.3 o021
.-+ 13,82 £ 1.5 40,02 -
COeEEicient gf.Yariation T 1% ”ﬂ_l“i ,7 '} 3 _ous

NOTE: The elastic modulus and Poisson s ratio are determined at 501
fallure stress. A .
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Pigure 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.
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" Table 2.5 Results of Linear Regression Analysis- Unlaxial Test on

Apache Leap Tuff

..

. Uniaxial COmpcessive Strength°. C =g8c_+b

o R .
For 9s“m samples: C, = 0.108cy + 120.3 KPa; 8% = 0.237
For 101 mm samples: - c° = 3.'4191:R + 121.5 HPa§ Rz =.0.177 .
Elastic Modulus: . E= ch + £ -
For 95 mm samples: Es= -o.oo7ca + 33.3 GPa; Rz = 0.119
For 101 - samﬁésg . E= 0.056c, + 36.6 GPa; R? = 0.014
Poisson s Raéial S T %v = 1‘3 * I
 For 95 nm samples v = 0.21; g? = 0.003 ;
A Foé 101 mm samples - - v = -0.003¢c, + 0.18; xz = 0.102

R

where ¢ = strain rate in microstrains per second o

a,d,i = slope of the curve
b,f,] = 1nteccept.
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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. APA2. The disk samples have a nominal diameter of
180 mm and 3 length-to-diameter ratio of 0.5. BElectrical 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 strair (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 i3 applied to obtain a
tangential tensile straess 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 solutiocns to calculate the elastic parameters (B,v) from a
Brazilian test specimen as:

2
6P(1 - v )
#Dt(c + ve )
2] r
3¢ +¢
o r
v~ (———) (2.2)
3¢ +¢
r 0
where E,v = elastic modulus and Poisson's ratio of the rock disk
= diametrical load ;
D = disk diameter ;
t = disk thickness :
€y = tangential strain at the disk center (normal to loaded
diameter)
€. = 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 digkms of Apache Leap tuff. The average Brazilian tensile
strength {2 6.16 » 1.36 MPa. The coefficient of variation is 22%. All
samples failkin: tension along the loading diameter. Table 2.7 gives
the elastici 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 APA1-2A-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
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Table 2.6 Results of Brezilian Test on Apache Leap Tuff

; - _ Brazilian.
. Average . Average Tensile -
-- Diameter - . Length Strength-
_(mm) (wm) (MPa) -
AP42-2A-7-BZ1 "~ 181.5 " . 86,3 - 5.06
APA2-2A-7-BZ2 181.4 . 93.1 - - . 5.36
AP42-2A-7-B2] + 0 181.2 86.5 : 5.60
AP42-2A-7-BZ4 - 181.5 86.3 ' 6.33
APGZ-ZA-7-BZS B ©. 181.7 94.3 ‘ - B.43
Mean + Standard Deviation . 6.16 + 1.36
Coefficient of Veriation ‘ 22%

o
. N . o .
. ¥ L M
) - . o
: : S i s
I 3" o fe i - - s ” A
- - - R .
- - - - _
€0 E A : f+ ) o

Iaﬁle 2.7 Blastlc Hodulus ‘and Poisson's Ratio of Apache Leap Tuff.
ST Obtalned ftam Brazilian Test Specimens ,

ffflPdiéson'brﬁatlo- »i;j S Eiastlc ﬁbduldé (GPa)
- Messured . Measured = = Measured . Measured
st 10% at 50% - at 10% at 50%

__Strength _ Strength Strength Strength

AP42-2A-7-BZ1 . - - 1,304 1.661 - 142,08 173.06

- AP42-2A-7-B22 . -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-BZ5 ‘- 0,186 -~ 0.081 - 7. 176,83 - - 96.15

R . L T TP
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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. (1988¢, Section 2.1). In order to determine a u
' mathematical relationship between strength and size, Evans' power law

~ and Lundborg’s logarithmic expression (Jaseger and Cook, 1979, pp.
196-199) are used in linear regression anslysis. Table 2.8 gives the
results of the regression. Both criteria show a low coefficient of

correlation'(RZ)' Hathematicaliy. the strength decreases ss sample
size increases. The size effect criteria (Evans' law and Lundborg's
expression) do not fit the experimental data. A large coefficlient of
varistion 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

Bvana’ Powe'n\t.awr - oy = kD’“

Apache Leap Tuff: oy = a.szm’°'°"27; R = 0.305
Lunborg's Expression: lncB = A - (1/m)1ny

Apache Leap Tuff: Ino, = 1.979 - (1/47.79)1n¥; ® = 0.303

where o_ = Brazilian tensile strength in MPa

B
D = sample diameter in mm
k,»,A,m = enpirical constants
V = sample volume in cc
Rz = coefficient of correlation
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CHAPTER THREE

RADTAL 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 ot 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 taesting.
This chapter gives results of rock bridge testing under high confining
pressure.

3.2 Rock Bridge Tasting under High Confining Pressure

Samples APX-C-6-RP2 and AP10-4-6-RP3 have been subjected to axial and
lateral pressures of 13 and 12 MPa, respectively. A constant injection
‘pressure of 6 MPa 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 i3 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 + 1°C.

3.3 Flow Test Results

Tables 3.1 and 3.2 give the results of flow tests of samples
APX-C-6-RP2 and AP10-4-6RP3, respectively. The water inflow and
outflow have been measured and are used to calculate hydraulic
conductivity of the rock. The calculation agssumes that the flow is
one-dimensional(through the rock bridge only), the rock is saturated,
the flow-igs laminar, and Darcy's law is valid. For both rock
cylindersy: length and cross-sectional area of the rock bridge are 3.175

cm and 5.303*&02. 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 Aday.

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

the outflow (k ) ranging from 10722 to 107! cmv/s and the hydraulic

. - -9
conductivities from the inflow (kI) as 10 10 to 10 cm/s. It has been
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found that: the injection water leaks through a geal, between the piston
and the cylinder of the ‘pressure intensifier. This indicates that the
measured infiow rates and the inflow-conductivities (k ) overestimate

the actuai values. Since the leakage is small and the injection
pressure cen be mainteined constent. the test is being continued.

The inflow bydrsuiic conductivities of samples APIO-A-G-RPJ rsnge from

10" -10 to 10 -9 cm/s. The cutflow conductivities are 10 -1 to 10 -10

em/s. The measured inflow rates are approximately an order of
magnitude higher than the outflow rates. Comparison of the outflow
- . hydraulic conductivities shows 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 eccurate calculation of the hydraulice conductivities can be
obtained by performing a numerical (finite element) analysis (South and
‘Daemen, 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. o lat

= 12 MPa, ¢
ax

= 13 MPa, P, =

i
6 MPa.
Qutflow Inflow
I Rate ko Rate kI
| interval  Outflow  (x 10>  (x 10  Inflow  (x 107 x 10

Date Time he:min (ce) cc/min) cm/g) (cc) cc/min) cm/s)

3724 11:30 !
3725 11:36 24:06 0.028 1.94 3.30 13.75 95.1 16.21
3726 16:25 28:49 0.042 2.43 4.14 5.57 32.22 5.49
19:25 3:00 -0.001 -0.55 - 0.880 48.9 8.33
3727 10:25 15:00 ] 0 0 3.670 40.8 6.95
‘ 16:30 6:05 -0.018 -4,93 - 1.631 44.7 7.62
3/728 13:00 20:30 0 0 0 3.447 28.02 4.78
17:00 4:00 0.010 4.17 7.10 0.432 18.00 3.07
3/29 10:00 17:00 0.013 1.27 2.17 3.214 31.51 5.37
16:00 6:00 0.023 6.39 10.90 0.877 24.36 4.15
3730 13:00 21:00 0.065 5.16 8.79 2.089 16.58 2.82
16:00 3:00 0 0 0 1.632 90.67 15.45
3/31 13:05 21:05 0.010 0.79 1.35 5.939 46.95 8.00
4/3 9:20 68:15 0.055 1.34 2.29 11.748 28.66 4.88
16:40 7:20 0.020 4.55 71.75 - - -

474 16:00 23:20 0.020 1.43 2.43 - - -
4/5 16:50 24:50 0.021 1.41 2.40 4.920 33.02 5.63
4/6 16:50 24:00 . 0.025 1.74 2.96 5.402 37.51 6.39
471 11:05 19:15 0.010 0.87 1.48 2.173 18.73 3.19
4/8 16:05 22:50 0.029 2.12 3.61 1.310 9.56 1.63
4/9 17:15 22:10 0.029 1.92 3.27 4.030 30.30 5.16
4/10 16:05 22:50 0.031 2.26 3.86 4.264 31.12 5.30
4/11 16:20 24:15 0.035 2.38 4.06 4.264 29.31 4.99
4/12 15:50 23:30 0.025 1.77 3.02 3.140 22.27 3.79
4/13 16:40 24:50 0.010 0.67 1.14 5.241 35.17 5.99
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=12MHPa, o =13 MPa, P, = _
. ax ’ ' )

'rable 3 1 Results of Rock Bridge ‘resting on Sample Arx-c-o.npz. lat i
6 HPa—-Contimned._ \ :
" Outflow . - . ' - Inflow . .. ¢
Rate Kk : - Rate - Ko
T ' . o AR R SR
: Y Interval ¢ Outflow (x 10 > (x 10 12 Inflow  (x 104 A 10.‘10 e
pate-.... Time , . - heimin = - (ee) cc/min) em/8) (cec) cclmin) ' - em/8)
St ,,l'_: W v :-_,,‘ :". 5 .v‘t 3. 4‘,":,!.4». __t\ ey G eR Tt b, v.v,v:q';-_ PSRN TT Gof Faatats akes NI . Yo - .
4714 . 16340 - 24:00 0.025 1.74 - 2,96 5,418 37 60 6.41 i
4716 _.16:40  48:00 . ' .0.070 2.43 .. 4.18 ' 7.453 0 25.88 4.41 e |
4717 . 15:55  °23:15 . 0.009 0.65 T 1.0 3,090 22.15 3.8 i
4718 . 15:50 7233557 710,035 2,84 s 80160 2.707  18.86 3.22
4/19 15:50  24:00 . 0.030 2.08 3.55. 4,030 27.99 A.77
4720 .~ 15:50 24:00 0.035" 2.43 - A,1A° 3,758 26.10 - 4.45
4721 - - -17:50.. ' 26:00 0.036 2.31 3,93 4,203 26.94 4.59
4722  15:55 22:05 0.028 . 211 o 3.60 3.374 25.46 A.34
4723 -.19:30 . . 27:35 . 0.025 1.52 2.59 4,598 27.78 A.74
4/24 . 16:50  21:20 0.028 2.19 3.73 © 3.486 27.23 . 4.64
a/25 . 16:20 ©  -23:30 . 0.0020 1.42 2.82 - - -
4726 16317 23:57 0.015 1.04 1.78 3.121 25.89 a.a1
4/27  15:55 . 23:48 .~ 0.010 0.70 1.19 5.340 - 327.39 6.37
4/28  16:30 24:35  0.015 1.02 1.73 4.402 27.40 a.67 R
'4/29  18:15  25:45 ‘0.040 . 2.59 4.4 3.399 22.00 3.75 ]
4/30  15:20 21:05 0.015 ©1.19 2.02 ©1.607 12.70 2.17 o
. S5/1. . -15:A3 .. 24323 . . 0.031 . 2.2 - . 361  A.808  32.86 5.60
572 16305 - 24:22 0.027 1.85 . 3.15 " 2.040° 13.95. 2.37
'5/3 . 15:24:  +23:19° 0,080 2.86 - 4,87 ."3.090  ©22.09 - 3.76
S/4 16315  24:51 . 0,047 3.15 5.37 2.410 16.16 2.76
5/5 . 16:45 24:30 ,0.061 4.15 - 7.07 - - -
5/6 - 15:10 22:25 O ‘ 0 -0 - 3,276 24,36 " 4.15
57 -15:45 '24:35 - - 0.045 . 3,051 5.20 3.646 24,72 - 4.21
5/8 . 15:22 . 23:37 . 0.040 S 2.82 7 a8 3.337  23.55 4.01 '
‘579  16:11 ° 23:49 - 0.039 = 2.73 A5 . 3.869 27.07 4.61
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Table 3.1 Results of Rock Bridge Testing on Sample APX-C-6-RP2.

g

= 12 MPa, o
ax

= 13 MPa, P, =

lat i
6 MPa--Continued.
Outflow Inflow
Rate k Rate k
e ° ¥
‘ Interval outflow (x 107 (x 1012 Inflow  (x 10 x 10°¥°
Date Time he:min {ce) ce/min) cw/s8) (ce) cc/uin) cm/s)
5/10 15:28 23:17 0.029 2.08 3.54 3.288 23.54 GJOI
5711 15:02 23:34 0.030 2.12 3.62 3.622 25.62 4.37
5712 15:06 24:04 0.015 1.04 1.77 4.116 28.50 4.86
5713 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: .n 5.12
+1.98 x 10712 + 2.61 x 10710
Coefficient of Variation: 53% 51%

NOTE:

. hydraulic conductivity calculated from outflow
r* hydraulic conductivity calculated from inflow

The inflow is affected by a pump seal leak, which results in an erroneous (excessive) apparent inflow, and

hence permeability.
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. Table 3.2 Results of Roek Brldge Testing on Sample APlO—A-G-RPS.t
T a 6 MPa.

°lat

Pa e

=-12 MPa, o
ax

Inflow |

= 13 MPa, P

P

‘16350 21:20°

17207
4727
4728 - 16330 . 24:35
. .__,ﬂ 16:15
57450

15210

5/8 . .15:22 e

kS

;16311 - A315.

15:08 .
15 06 ’_QQ:QQ‘

"15:55  23:a8. . -
. 19:50 B " =t
116:20  0:05.0. .
16317 233157
~ 13356 '-"235495{%j11b

-37;{15:23 Coaamay . i

/16:20 . 23:30 1

M

0.273 .
-0.071 .t 0L e

0.139..'

1.05

1.25 L

0. 905 -

o
2. 913“
-o oas

2,75 -
4.65

3.89
6 -65 1 i

6.37’*f£f

£ 0.466

‘50;237

.79
2,14

S L

T

Ce
'+ 10.85

".97

P e
PR
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© .. 7.92

'6.63
11 13
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l\ﬂ&nfsﬂi 1 000 O~NN
¥223 3y ==
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g T ]

13.646
- 7.342
3.401

- 2.

258

. 3.552
o v,}
0,631

0.363
0.411

2.686
2.40

3.768

7.112

32.85 -

5.256
2.469
1.490°

. “Rate 3_3,:‘1 ' Rate k.
i A B IS
L (x 1o (x 1071 Inflow ‘:(xflo-a ‘ (x 1p'3"35
s cclmln)' ;:’ cmls) L (ee) cc/min) em/s)
ez lwss T UL s e
a/23 | ‘"”19:30~‘ 27:35 .. . -0.423 110 .188 1.322 ¢ 22,53

94,62
0 .
"10.74

6.194

7.002

45.78
40.90
6A.21

121.2

560.0
89.57
42.07
25.39

Mean + Standacﬂ Devlatlon':_:A IS s.om ) 86.9
i R A 0 x 10 ~11 ' 4 100 x 101
ROTE: rka = hydraullc conductlvity calculated from outfluw o
'Aw~'kI = hydraullc conductivity calculated fcom lnflow




APPENDIX 3.A

Radial Permeameter Tast

Tast 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

DPraft 1, Revision 1

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

revised by: XK. Fuenkajorn Date: 5-3-89

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

1. Objective

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 roeck
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. Bxperimental Apparatus .

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 constructicn
was performediusing English units, and English units will be cited in
this sectiggguhera-approprlate {South and Daemen, 1386, Ch. 3).

2.1. Permeémcggr Design

An assembly drawing of the permeameter design is shown in Figure 1;
small black rectangles indicate O-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
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tectangles indicate O-ring seals. -~
(from South and Daemen, 1986, Figure 3 9, p. 78)
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a3 thicker platen or multiple platens. Longer specimens may interfere
with the cell cap. The specimen diameter should be as close to 15.24

em (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 hola, 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.) HNeoprene gaskets are cut as needed from a
0.16 cm (1716 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.

Hominal maximum fluid pressure is 21 MPa (3000 psi). The permeameter
wag 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 spacimen 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, drine, oil, or gas in the annulus
between the: specimen and the pressure cell. The neoprene gaskets on
top of andkunderneath the specimen maintain the confining pressure.
Sealing by tlie gaskets requires an axial stress higher than the
confining stress. It is not possible to maintain a higher confining
stress tham 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 gsample and
seals. A pressure drop of 0.01 MPa 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 strength of 1000 MPa
(145,000-psi) and a yield point of 900 MPa (131,000 psi). The bolts
~ were heat-treated to obtain a tensile strength of 1310 KPa (190,000
. pst). No othec~pieces were heat-treated. SAE Grade 8, 2.54 cm (1
" "inch) diametet; -14 thread-per-inch nuts are used on the bolts.  These .

have 8 minimum tensile strength of 1035 MPa (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 & piece of l-inch
round stock and welding it in place. The other end is then threaded
and the bolt heat treated.. . : ce I

Table 1 1lists the parts necessary to asgemble one permeameter.

" Flareless tube fittings and 3.2 mm (1/8 inch) diameter high-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) 0.D.
seamless, annealed 316 - stainless steel tubing with ean sllowable .= -
- working stress. of 87 MPa (12,641 psi) (ASTM 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 minimlze expenslon of ‘the
tubing as pressute is epplied)

VR

'; The pressure eell has an outside dlemeter of 17.15 ¢em (6.314 1ncbes)._3"
- 2.54 em (1 ineh) thick walle. and an overall lengtb of 40 64 cn (16 L
"~ inches). e , L

. The O-ring sedls dhst ﬁoid'ZI KPa (Sooo’pei) water pressure. fhe top’

plug, bottom plug, and pressure cell were tapped to accept 1/8-inch

NPT (National Pipe Thread) fittings. The bolts were threaded to fit.

" the commerclally putchased‘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 &
spanner wrench was made from & plece of pipe. The outside of each -
permeameter was painted for corrosion resistance. Engine paint = .-
resistant to temperatures up to 315°c ues used. Parts not painted‘
were cadmium pleted.f‘ g , ,,‘f“ f;‘“° :

'Steel pellete were. censtructed on vhlch.to plece the peruwameters. end
a pallet truck is used to move them sbout. Holes for 1ifting are

- tapped on the top plate for drop-forged eyebolts. The welght of tbe o

assembly ig about 230 kg (500 1bs), and access to the bottom is'
obtelnedpbyfturnlng the entire permeameter over when it is essembled..

) Testing fluid (distilled weter. nitrogen ées. bbine or 011) must be .

- supplied to 8 specimen in the permeameter at a constant pressure and &

very slow rate. To be able to compare experiments lt ie desireble to '

% : : o
American Iron snd Steel Institute
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Table 1 Radial Permeameter Parts List
A B (from South and Daemen, 1986, Table 3.7, p. 80)

Part Number Needed Made From
SAE Grade 8 1" Nuts 18 Purchase commercially
1" Washers 12 Purchase commercially
Bolts 6 1" round stock
Top Plate 1 15-1/4" diameter,
3" thick pilece
Bottom Plate 1 15-1/4" diameter,
2" thick piece
Loading Platen 1 1-1/4" thick,
3-1/2" diameter pieces
50 Ton Load Cell 1 Purchase commercially
Piston Plug 1 2-1/4" round stock
Piston 1 6-1/4" round stock
Cell Cap 1 7-1/4" 0.D. tubing,
0.875" wall
Pressure Cell 1 8-3/4" 0.D. tubing,
1-1/4" wall
Bottom plug 1 3" round stock
A-320 O-Ring 2 Purchase commercially
(for Piston Plug)
A-331 O-Ring 1 Purchase commercially
(for Bottom Plug)
A-358 O-Ring. 2 Purchase commercially
(for Piston)
A-362 O-Ring- 2 Purchase commercially
(for Cell. Cap)
A-363 O-Ringw 1 Purchase commercially

(for Bottom Plate)

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 and let flow rates be controlled by the permeability
of the rock/plug system, as 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 snd four vere 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 contsining liquid, forcing
liquid out of the bottom of the small cylinder st constant pressure.
The fitting connected to the bottom of the liquid cylinder is
_connected with tubing to a fitting on the permeameter (Figure 3)

Pressure 1ntensif1cetlon is approxlmately 11.5. The ges‘cyllnder and
water cylinder are connected by eight 1.91 em (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. Iwo 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 O-rings are used to provide
the seal on the liquid cylinder to avoid the use of gresse. which -
could contamlnate the liquid. . , 3 :

'The main pumm.limitation 13 that. pressures below about 1 MPa (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 HPe

- (10 to 20 psi) et higher pressures ss well.

- The volume of liquid pumged must be measured preelsely. 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 . ,
1nterfaced with the nlcrocomputer controlled dets scqulsltlen system.

’Prcvlsion 1s made on the pumps for mountlng a lcng-rsnge displacement
dial gsge whlch measures to the nearest 0 003 ca (0 001 inch).

2. 3 Data.,Acqulslt.lon System | -

To prevlde:trredundent measurement. pressure transducers and LVDT
(linear variable displacement transducer) may be used to measure the
. top and bottcurhole pressures and the dlsplacement of the piston in:
. the intenslfler. respectlvely., S . o

5~Data are’ collected uslng an automatle data logsins system. A Hodel

* PC-100B microcomputer made by Applied Microtechnology,: Tueson, ‘'
Arizona, monitors transducers snd records pressures end lntensifier
piston dlsplacements. N p R :
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Figure 2

b U‘ Nitrogen

Liquid

"N

4l

] [ ]
INCHES

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 1l

(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 Gould 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. Bvaporation is controlled by
a thin layer of vacuum pump oil on top of the collected fluid.
Chenmical 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-1480AF, respactivaly.

Axial stress is monitored using fifty ton (455 kN¥) 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 lcad on a
sample to be calculated. Axial stress depends on the exact sample
diameter. Loads are accurate to about 400 N (90 1b). This equipment
wag furnished by Terrametrics, Inc., Golden, Colorado.

3. Experimental Procedure-
3.1. Sample Preparation and Loading

15.24 cm (& inch) diameter samples are obtained either by laboratory
coring of bdlocks collected from the field or directly by field coring.
The cylinderst are cut to length, typically 30.48 cm (12 inches) with a
diamond sawi. The 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 de 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.
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Next, 2.54 cm (1 inch) diemeter holes are drilled elong the sample
axis from each end to a depth of one-third the total sample length.

Centering.is alded 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 drill: 18 withdrawn and the core broken off. A 2.54 cm diameter
blind bit 13 then used to flatten the bottom of the hole. -

In order to‘prevent seepage of confining fluid into the sides and endsa -

- of the sample, several:coats of epoxy (Scotch Weld: structural Adhesive
" 2216) are spplied to.the external surfaces of the sample. Next, the
sample is placed in the pcrmeameter and:- 8 small axisl load is applied
to keep the top plate secure. The permeameter is turned over, the .

. bottom plug.removed,.and the bottom hole filled with testing llquid. .

. Enough liquid is poured into the bottom hole so that when the bottom. -

plug is replaced, liquidmls focced from tho valve. ensuring that no
air 13 entrapped,- a,u;u "

. The testlng fluld needS'to be specifled .ﬂ Uhlese otberwise 1nd1cated.»:}

the testing liquid will. be,deaired dlstilled water... T

i »\ £l

The permeameter 18 rlghted end connected to e pump. ready for
saturetlon and testing.

: 3.2. Testing B
The sample is first tested with a rock toidée inAplece;'kmiellenddf e

- confining stresses are applied to the sample.. A vacuum is applied tok
" 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. eaturated.*.:;

7', which is assumed. to be:evidenced by liquid flowing from the top .hole -

" at the game rate.as-it: is.injected, testing liquid ig injected into..
the top hole througb.e manifold which ellows the liquld to. be 1njected

. without edmlttlng air to the top. hole. f(e,'

RS -

- quuid flows through the eample to the bottom hole. uhlch !e at zero ;F g

or st some controlled pressure. Flow from the bottom hole is - R
collected in a flask or in a high-precision pipette and weighed; flow
into the top hole is measured by pump piston displacement. : pH of t
o 1nflow and outflow fluld should be monitored or measured regulorly. b

It 1s recogn zed that thie procedure does not guarantee sample ,

....

It can rea411y~be“visua11zea Ce.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 similer 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 redial
flow, alternating convergent and divergent flow., This saturation
procedure muet precede sample coating. T
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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 i3 permanently connected to the annulus. Any leakage rasults
in a drop- in: annular pressure and is detected by this pressure drop.
Annular pressure is kept higher than top and bottom hole pressura.

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 spacifications (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 i3 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
comparabla 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).

¢. Place necprene 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 i3 used. When the axial stress is aspplied, the gasket
material squeezes toward the center hole and the annulus.

d. Put stainless steel platen on top of gasket.

o. Put in another gasket.’

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

g. Put a ncég:ene gasket on top of the sample.

h. Screw

:;;11 cap until about 6§ mm (1/4 in) from sample top.

i. rill annﬁidi 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 mugt 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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Put on the load cell and the hemispherical seat.r Piston plug

' should still be sérewed into the piston.

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

Tighten bolta. being careful to keep load cell hemlspherical aeat.

~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 MPa (145 psi) water pressure on

the annulus. The cell should maintain the pressure fairly well
(i.e. pressure drop should not exceed 10 psllday) Also check that -
the piston plug can be removed. . '

Turn the permeameter over, using the‘crane and the chalnaland, -
‘straps. Remove bottom plug. Remove centering pin. Fill bottom

- with water. ' Replace bottom plug with a valve. Be sure water runs

4. geferences ;;

out the valve as the plug is tightened.

Turn permeameter right side upit_

Take the permeameter back intolfhe test lab. Connect load cell to

strain indicator. Record the initial strain reading.

Tighten bolts with torque wrench to‘desired axial stress. Figure 4 _ , :
gives the calibration curves for the four cells (axial load as a G
function of strain). Apply desired confining stress to annulus, - '
These stresses will relax somewhat over the first few hours and
some readjustment wlll be necesgsary. o ~, ot
Bottom valve’ should be closed and the bottom full of water. Apply
vacuum to the top hole, which should be empty of water. Apply s
few hundred psi water pressure to bottom hole. Evacuate for a .
minimum of 24 hrs to remove air from tbe pore space of the sample.

I T NI T Py

R

Once sample has been evacuated (as evidenced by uater flowing from _
the bottom hole intc the top hole), close vacuum valve and fill top -

.hole with water from the Ruska pump. Do not ra-admit sir to the
© top hole.x_ , _

. Ready: to’teat. caﬁhect the top'hole of thevsample ta'ihe preseure B
. intensifier: Supply water at constant pressure. to top hole and T

collect water: from bottom hole. It will probably take gome time - .

possibly days - for the mass balance to reach a reasonsble value. . ;
What constitutes a reasonable mass balance is a difficult judgment - :
call for the individual researcher, who should be guided by I . :

‘previous experience end snalysis (e.g. SOuth_and_Daemen.>1986).;; ‘

American Petraleum Instltute. 1986 gecifgcations for Haterlals and

Testing for Well Cements, Third Edition, American Petroleum »
Instltute. Production Department, Dallas. TX. :
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- CHAPTER FOUR

FLOW TESTIHG OF BENTONITE AND BENTONITER/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 630 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 raversed 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 permeametaers. 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
(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 testing: (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 3/8% and 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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‘ g g Testlng of*BentonitelAgache Lesp Crushéed Tuff Plugs
- 4.,2.1 Flow testlng of Hlxture Samples in PVC Permeameters

‘ Reported lu thls sectlon sre the flow test results of slx prevlously
" 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 asgain 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 deplot.the cumulative lnflow and ;
outflow for each sample. - : _

The amount of sollds carried in the outflows was carefully measured and
the golid 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 -
~ welight percent bentonite, given the conditiens of continucus permeatlon
and constant flow rate. . The results are summarized in Table 4.1, Also

.included in the table are the pH values of the cutflows measured. at the't

" end of the flow testing at 345 kPa injection pressure. The pH values

of the outflows collected from Samples B/AL-C-4-25/B, 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 yields 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 ére 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
- obtained petmeabllltlea (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 i
occurred. The contrasting behavior of B/AL-C-4-25/B (Figure 4.11) ig
believed to indicate sealing performance deterioration resulting from
piping. The outflow collected from thls sample has remalned cloudy
, throughout the teatlns.,, , o ;

In the- subsoq

an upwardrsoopaao ‘force. - Sample B/AL-C-4-25/B, however, was omitted -
 from thlc*tésbfscries due to the rapid depletion of its inflow - -
‘reservoirs™ Limited results (for injection pressures up to 69 kPa) are
~ghown in Flsuros 4.16 and ‘4.17 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 (5 psi) to 69 kpa (10 psi), cracks were seen to develop around the

- coarse portlons (whlch contaln less bentonite) close to the bottom of -

Sample B/AL-C-4-25/C. This may be due to insufficient confinement
.during lnstallatlon of -the sample. or due to partlcle migratlon or
- rearrangement.

a3

: toflow testlng. the flow . dlrectlon was rovecsed (to the
. upward: dléoctlon)uto study the sealing performance under the action of
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Figure 4.1 Permeability results of samples B/AL-C-4-25/A and
B/AL-C-3-35/A at injection pressures of 207 and 345 kPa
(30 and 50 psi). Hydraulic gradient: 200 to 208 for the
former injection pressure, 333 to 347 for the latter.
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Figure 4.3 Permeability results of samples B/AL-C-4-25/C and
B/AL-C-4-35/C at injection pressures of 207 and 345 kPa
(30 and 50 psi). Hydraulic gradient: 186 to 208 for the
former injection pressure, 310 to 347 for the latter.
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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

- Flow Rate Solids in EBstimated Time (yrs)
'Hydraulic (x 1074 cc/s) Outflow for Loss of Bentonite to
Sample Number Gradient Mean + S.D.% (g per 100 cc) 15% 25% pH
S VR 4
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 ¢ 0.133 0.086 137.6
0.081 ' 146.1 9.15

*8.D. = Standard Deviation
NOTES:
1) The first three samples consist

three samples consist of 437.5
sample number designation indic

of 312.5 g (air-dried) bentonite and crushed tuff. The latter
g bentonite and 812.5 g crushed tuff. The last letter shown in the
ates the type of crushed tuff gradation used for mixing.

2) The air-dried bentonite has a molsture 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 t
remain constant. '

he assumption that the flow rate and the rate of bentonite removal
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4.2.2 Flow Testlns of Hixture Samples in Stainless Steel Permeameters

 Crushed tuff of gradatlon type A and with 25 and 35 bentonlte weight
" percent was 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 lnsertlng 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 sided intermittently by epplying vacuum from
the top port, st 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 remalnlng space between platon and top cap pléte with water.

The flow test results are ptesented ln Figures 4.18 and a. 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, _

Lt

- Among the four samples. B/AL-C—B-ZSIA-S had the lowest bulk denslty.
o 1 582 glom? and exhibited oomparatlvely high pernmablllty. on the order

of 10 -8 em/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 ASTM
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 BIAL-c—8-3SA-S).' In this case, the heaving and the lateral
movements of particles seemed to be minimal and the coarse material

o appearedito be anchored in the fine partlcles during the compaction.

- After compactlon this sample yielded a8 bulk denslty of 1. 76 g/cm3.~

" For the same bentonlte peccent. the 203.2 mm (8 ln) aamples have hl;her
permeabllltyjthanAthe 101.6 mm (4 in) samples. This suggests the
possible existence of & size effect. Additional tests are needed to
confirm the statistical validity of the observation of 8 size effect.
Bspeclally'lf such gize effect observations are conflrmed. flow tests'
on larger dlamater samples are warranted. .

The break ln the curves shown in Figures 4.20 and 4.21 corresponds to
the refilling of the inflow pipette preceded by vacuuming the sample at
- & vacuum of 103.5 kPa for 30 to 45 minutes. After the vacuuming, the

permeability of sample B/AL-C-4-25/A-S sppears to increase, while that 3

of sample B/AL-C-8-35/A-S seems to decrease. : The correspondlng changes
in permeablllty can be seen in Flgures 4.18 and 4.19.
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Figure 4.18 Permeability results of the mixture samples installed in
stainless steel permeameters (25% bentonite by weight).
Hydraulic gradient: 6-9.75 for B/AL-C-4-25/A-3 and
0.1-6.5 for B/AL-C-38-25/A-8.

64

il

T



[ -]

o° =

™3

~

=k

ok ’
- . ‘
. . -
3 EE * We cn" o } N o"'.,.‘..
E E OS2 ."‘a' ) Ovo"n: e g >
15 - {
u -
0 .OE
£
0 -
Q. -

,2,_- o

=3 L ~_LEGEND =

: e B/AL-C-4-35/A-S
i o §7E i -c-g-gg;A-s A
Ea — , r— ) e _ r— : T

Time (Days)

Figure 4. 19 A_ Pemeabluty results ot‘ the mixture samples lnstaned m
- : stainless steel permeameters (35% bentonite by weight).
o .. Hydraulic gradient: 9.5-10.6 for BIAL-C-A-SSIA-S and
f .1.5-6 for B/AL-C-8-35/A-S. o

6

——i P



o

<% | B/AL-C-4-25/A-S

X

E &

2

= g-

QO

2

L

'; o

g 24 e Inflow

8 ) o U__u[_] Iow
"o 10 20 30 40 50 80

Time (Days)

b=

~° [ B/AL-C-8-25/A-S

Lo
o

5

= 8-

o

>

Zs

] |

g =¥ ¢ Inflow

3 o F 6 _Outflow
'9 - 10 20 30 40 50 8o

Figure 4.20 Cumulative inflow and outflow vs. time for samples

B/AL-C-4-25/A-S and B/AL-C-8-25/A-S. The break in the
curves corresponds to the refilling of inflow pipette

preceded by vacuuming samples at a vacuum of 103.5 kPa for
30 to 45 minutes.

66



60

~B/AL-C—-4-35/A-S

40
3

!:E 4

20

Cumulative Flow (cc)
-20

. =40
o

o Enflow
o) u .ONV'

L .
40 50 60

10 20 80
. Time (Days)"

" 80

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

40
2

20

0.

e Inflow
. | . Q tjllEiI‘YHT_
0O .~ 2 3 40 - 60 60
Time (Days) "

E Cu‘,mulétiée Flow (cc) :

=40 =20

o
|
-

Figure 4.21 Cumulative inflow end outflow vs. time for samples
- "B/AL-C-4~35/A-S and B/AL-C-8-35/A-S. The break in the

. curves corresponds to the refilling of inflow pipette

preceded by vacuuming samples at & vacuum of 103.5 kPa for -
30 to A5 minutes. ' :

Y



——cahmoen

Table 4.2 Sample Dimensions and Bulk Density of Mixed Samples
Installed in Stainless Steel Permeameters

Sample- Sample Length (cm) Bulk Density (g/em3)
Sample Diameter Before After Before After
Number (cm) Saturation Saturation Saturation Saturation
B/AL-C-A 10.24 10.8 11.05 1.633 1.596
~25/A-8
B/AL-C-8 20.65 11.0 10.90 1.582 1.597
~-25/A-8
B/AL-C-4 10.25 10.8 11.25 1.644 1.579
=35/A-3
B/AL-C-8 20.565 10.05 10.65 1.740 1.642
=35/A-8

Table 4.3 Sample Dimensions, Initial Water Content and Dry Density of
Compacted Bentonite Plugs

Sample ' Sample Initial Water Initial Dry
Sample Diameter Length Content Density
Numberx (cm) (cm) (%) (glcm3)
B~C-1-A-St5 2.65 8.89 23.5 1.094
B-C-1 3/3’-—%&‘ S WY ) 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 Mixture 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). Ihe grading curve 13 described by: A .

P, = 100'(d/n)" e

where P = weight percent passing sieve aperture d.

D = maximum particle slze.
na exponent.

The U.S. Bureau of Public Roads (USBPR, 1962; as cited by winterkorn.

1975) recommends 0.45 for n as the best overall value. Head (1980, p.
- 150) suggests an n value of 0.5. The Fuller-Thompson curve has been
used in formulating backfill material for a nuclear waste disposal
vault (Pusch and Altermark, 1985; Yong et al.. 1986)

'lrhe crushed tuff used in the preparation of ‘the four'samples follcws a8 B

- grading curve obtained using D = 9.42 mm and n = 0.5. The four mixture

samples include two each of 15 and of 25 bentonite weight percent. .The

flow tests were performed downward. The results sre shown in Figure
4.22. The cumulative inflow-outflow balances of Samples B/AL-C-4-
© 15/FA-A and BIAL-C—A-ISIFA-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) .

pressurizatlon system (Lambe, 1951, p. 58) was employed to test Samples

BIAL-C-A-zleA-A and BIALec-A-zleA-B which contain 25% bentonite by
: ueight. o ;,»;u L0 o

.»,'

As shown 1n Flgure a, 22. the permeabillty values obtalined 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 Samples. B/AL-C~4-15/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).
Considering the good inflow-outflow balance recorded (Figure 4.23), the
sudden increase of permeability after the refilling fs most likely due

" to hydraulic fracturing. The localized fluctuations of permeability in

Figure 4.22 are found to correlate with room: temwerature variations, as
‘11lustrated in Flgures 4.24 and 4.25. The room temperature record is
designated by an open square in the two figures. Using the same dats,
the permeabilities were recalculated on a time-interval basis such that

the temperatures: at two ends of each interval were ‘equal or approxlma;e-A

-1y the same. Such a correction generally removes most of the local
permeability fluctuations. The corrected permeabilities are

-

Arepresented 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-8, 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 Pigure 4.25. No
outflow was detected for Sample B-C-1 3/8-A-8.

4.3.2 PFlow Testlng 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
et 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 ASTM Standard D4525.

Nine tests were performed on the four samples. Rach 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 1bs) and 0.27 m (10.62

in). The permeability results (expressed in mz. 1 m? = 1012 Darcy) are

plotted against the reciprocal of the mean pressure in Figure 4.27.
The legends in Figure 4.27 indicates, in order, the water content, the
number of-layers compacted, and the number of blows per layer. Figure
4.28 showsi the permeability results as a function of dry density.

-—

The permeability to air of the compacted samples ranges from 10—11 to

10-17 mz. 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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air actually changed the color of the sample from dark grey to a
distinctive light gray. To effectively minimize the migration of

gaseous radionuclides, 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 MPa. 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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Maximum

Table 4.4 Summary of Bentonite Swelling Pressure Tests

Maximum : o o , ~ '
" . VYolume " Swelling Dry Density ‘ __Water Content (%)
Test " . Change Pressure (g/cm?) : _ : Ending :
Number (%) (kPa) Stacting - Ending Starting  Bottom Middle Top
. 0.67 709.4 1.152 - 1.145 | 30.52 41.87 - a3
2 . 0,58 615.6 11.210 1.200 - 17.82  A5.60  45.02 50
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_ CHAPTER FIVE .
Axmt. STRENGTH-OF CEMENT BOREHOLE PLUGS mpmcao IN TUFF conss -
5.1 Introduction ‘ ' '

- This chapter presents experimental determinations of the axisl bond
strength of cementitious borehole plugs in holes in welded tuff. .
‘eylinders.  The bond strength is more easily determined than is the
hydraulic bond between such pluge 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 @ result of waste induced temperature changes.
also may load or deform plugs. Stress changes along the rock-plug
interface may change the: permeablllty along the interface or along -
discontinuities along or close to the interface. Under extreme
conditions they could cause dislodging or elippage of plugs. ) C
Therefore. the 1nter£ace is a critical element of any seal system. L

The objectlve of thls study ls to determlne the axlal strength of cement
borehole plugs in tuff cores. . The interface strength and deformation
are evaluated as a function of borehole size, temperature (up to 90°C) .
and degree of saturation.. The tuff cylinders have inside dismeters of
' 25.4 mm (1 in), 50.8 ‘mm (2 in) or 101.6 mm (4 in), ocutside 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 .
fleld,seele [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 & formulation that allows for the
differences in lateral cylinder stiffness, and provides a means for

" normalizing all results to & common stiffness reference basis ig

presented. - The tuff cores are plugged with Self-Stress II eement plugs
having lensth to diameter ratios of 1.0, in most cases. Daemen et al.
(1988b, Appendlx 2.A, Ch. 2) give the compoeltlon and the procedure for .
preparing Self-Stress II (SS II) cement borehole plugs._ Daemen et al.
(1988a, Ch. 5)-glve the push—out testlng progrem..~u o e e

: Procedures and analyses of push-out tests have been dlseussed 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 dlsplaeement. temperature and
degree of saturation of rock cores), and analyses and interpretation of
results. ‘Daemen et al. (1988c, pp. 56-105) give derivations of. ‘
"snalytical solutions and finite element analysis for borehole plug-rock
interaction. _
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5.2 The Bffoct of Stiffness on the Bond Strength of Borehols 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 radil: 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 mm (1 in) and outgide radius of 76.2 mm (3 in);
and 3) cores with inside radius of 50.8 mm (2 in) and outside radius of
93.7 mm (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 objectiva 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. The 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 prasented by Jaeger and Cook (1979,
Pp. 10 and 33-37).

Jeffrey (1980, pp. 18-60) discusses similar problems. Pigure 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

Analyzedfinvthis-section is the effect of a lateral external stress
(c ) appliodﬁto the cylinder periphery on the normal stress (o ) and

radial displacgment (u ) along the plug/rock contact. 7The objective

is to pregent a formulatlon 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 (EPIBR, Voo vn). and for the cylinder radius ratios of 6,

3 and 1.83 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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Table 5.1 Definition of Symbols Used in Chapter 5

a = plug radius

E, Ep = Young's modulus of plug

B', ER = Young's modulus of rock

E /E_ = modulus ratio
P R

L, Le = plug length
Lr = length of rock core

Ppo = axial force applied to the plug

r = radial coordinate
R = rock radius
R/a = cylinder radius ratio

u, v, w = displacement components in the r, 9, and z directions

u?. up = radial displacement of plug and rock
Up ¢ = radial (inward) displacement of plug due to external stress
Up 5 = radial (outward) displacement of plug due to axial stress

VSF = verflcal stress factor
z = distance from initial location of loaded end of plug

a = coefficlent used to calculate the interface shear stress
distrlpu;ion in a borehole plug-rock system

18 = Lamé!ﬁiconstant

v, v = Poisson's ratio of plug

v', vy = Poisson's ratio of rock

g, = radial (normal) stress at plug/rock interfaca due to an applied

i
aexternal stress
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Tabiq g.i.ﬁreéms Used in chapfé;fg;fCOntinued_

o, .= aﬁpliédlex;érnéi stress

abo = sxial stress epplied to plug

G Gge ©, = normal stress components

P p _ | ST
o . e = normal stress components in plug N

| c:.f = axial_stéess at failure

- Trz = vertical shear stress

2 e = average and exponentlal shear stress. along plug-rock~“
rz,i rz.l
‘ ' 1nterface

tmin hax
rz,i' rz,i

4

= minimum and maximum exponentlal interface o

shear stress
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5.2.2.1 Influence of Lateral External Stress on Radial Contact Stress
under-thevplane Strain Assumption

The radiatgdisplacement (u) in a hollow cylinder with an internal
radius R anﬁ:external radius R_, subjected to a radial stress P. at R

1 2 1 1
and P_ at. R (assumlns plane strain) is (Jaeger and Cook, 1979. p. 135;

2
Timoshenko, 1956. PP- 205—210)'

2 ' 22
(PR -P R r . (P -P )RR
22 11 2 1 12
u = + — (5.1)
2 2 2 2 . : :
2(A + G)(R_ - R) 2G(R - R ))r '
2 1l 2 1l

whera A,G = Lame-bonstants
- r = radial coordinate.

The radial displacement (u ) in the rock at the pluklrock confact.“

due to an external stresa (o ) and an internal stress (a ), follows
from Eq. (5.1) as:

2 . 2 ‘ 2
(cR -ocada.. (0 -0 )Ra ) .
o i " o i - -
u = , , + L (5.2)
’ 2 2 2 2 :
2(A+ G )R ~-12a) 2G (R -a)
R R R

SUbstltutihg the values of the Lame eonsiants (Jaeger and Cook, 1979,

Bv B
RR R
P, 111), X = and ¢ 2 ———— _ yiealds:
R A+9v)Q =-2v) R 2(1 + v )
: R R R
(1 + v )a
— [ - 2v )(o nz ) az) +( -0 )32] (5.3)
22 . R o i o i *

2 Pélsson's ratio of rock

r
Ra rock‘cyllnder radius
a = plug radius.
The radial displacement in the plug (uP c) at the ﬁluglrock contact can
. “ ’ n
be calculated from Eq. (5.1) by setting Rl = 0, Rz = a, Pz = g, Pl a
0, r = 3 and by substituting for the Lame parameters. This is the case
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~of a solid cyllnder subjected to a radlel stress and maintained in
" plane straln. : - :

L+ )(1 - Zv )a ‘ _
: u'- = i P c o B ‘ (5 4).
. PC . . E .. % S
. N 2L

wheée E = Young's modulus of plug

v = Poisson -] ratio of plug _
‘e, = radiel stress developed elons pluslrock contact due to the' ;
applied external stress (e )

Ll - I -

Equating the rock and plug dlsplecements and solvlng for the normal
stress at the pluglrock contact yields: ,

glo =
i o

. 2B /EDNQ + é'iu -’J )
. p R = a

(E IE )(1 + v )l(l - Zv )(ala) + 1] + (1 +v)Q - 2v )(1 - (eIR) )
P P P

. s>_

" The geheral ease of en infinite hollow cylinder,. eiﬁuletlns an in-gitu
rock mass, can be wrltten by substltuting R4w 1nto Eq. (5.5): '

c Z(B /8 Q1 + v )(1 - v ) , . : .
: i ' P e e
Lo — B T LT . (506, .
[+

(E /E.- )(1 + v ) + (1 + v )(1 -2v )
P F - P

Ihe radlel displacement in the plug ecan be calculeted from Eq. (5 3 or '
from Rq. (S 5)' T ,

(5.4) by substltuting for °1
‘u /8 = 'i;
e I v A -2 )L A v XL -V )
. eR . p p° R - R
(E/E )(1 + v )I(} = 2v )(8/R) + 1]+ (1 + v )(1 - 2v 3(1 - (a/R) )

PR R - R I P P
- A S ST . B L . L (5.7)

For an’ infinite rock mass. Eq (S 7) can be rewritten by substitutlng }; -
Re+w as . R ‘ . .



u 206 /EXL + 9 )1 =20 )L + v X1 - v )
?,C o R P P R R
(B/BYYL+v) + (1 +v)Q -2v) .8
. P R R P P

5.2;2.2 ihfludnce of Lateral External siress on'Radlai 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/(1 + v)
(Jaeser and COok. 1979, p. 115).

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

2(B /B )
P R

(5.9)

0%|wnt
“

2
Q- vp)(l - (aln) ) + (;pl! Mi(x + v ) + (1 -'v )(alR) l

For tha case of an 1nf1n1ta rock mass, substltutin; R + @ 1nto Eq. (5 9)
yields: 5 -

" | z(x /B )

. 1 : P

o (1 -v )+ (B /E )(1 + v )
o _ P P

. (5.10)

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

u ' S 2<a /n )(1 -v )-
P.,c R o e v T . p . . o i
= ' — : (s 1)

2
Q-v )(1 - (aIR) ) + (BP/B )((1 + v ) + (1 -v )(a/R) l
P

For the casa-of an. infinite rock mass, substltutln; R » @ into Bq (5 11)
yields.w.. . .

u - 2(0 IE )(1 -v )
P,C -y :1f*' o P o oo ;
= - N - (5.12)
a . (1< =v ) + (B /8 (1 + v ) T : -
o P P : ‘

5.2.3 Relation Betweeu Hbrmal Stress Across the Pluisock Interface :
- and Axial Stress Applied to the Plug

The main objectlve of. this sectlon 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 (chIqPo) Results are given as
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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 plug and rock. : All results sre adjustedito'a common cylinder

"~ radius ratlo with the assumption of plane straln ‘and plane stress.

A compresslve axlal stress applied to & 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 radlal
displacements along the lnterface.

The radlal dlsplacement in the plug (u ) due to an applled axial
(comyresslve) stress (Gf ) equals the radlal ctrain tlmes the plug
radius (a) (Daemen et al., 1988c, p. 71):. o

(1 -v )c -v cp
r

| . P Pz - - |
ez =t ' 18 . . -~ (5.13
o PyZ t . E - . ] D B I ( )
, . P

The radlal displacement in rock (u ) due to an lnternal stress (op)

" and zero-extecnal stress (with the assumptlon of plane straln) follows 1'7 -

frcm Eq. {5.1) as: ‘ . T P

P
c a(l + v) . S , S ,
o R 2 - B O G Lo
U ee—————— [a (1 - v ) + R 1 RN - (5.14)
R,Z 2 2 , | _ o
' E (R -a) -

where R = radlus of rock cyllnder A .
o BR R & Young ) modulus and Polsson's ratlo of’rock.,}

- .

:The radlal stress ap accoss the lnterface can be determlned by .
equatlng the plus and rcck dlsplacementa clons the lnterface°LA

v'(l - (aIR);) ~;ZT?V\{_3;?.irL -
B - P e

-fﬁiﬁ‘ )(l - (aIR) ) + (E IB )(1 + v )[(1 - 2v )(aIR) + 11 o
R v e R o P | - . L. ; ,. 4‘.‘ (5 15)‘

The radlal stress along the plug/rock contact due to the axlal stre:s
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 golution for the radial rock displacement in Eq. (5.14)
into a plane stress solution and equating it to Eq. (5.13) ylelds:

T e
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2
| o | v (1 - (a/R) )
P P oL P

¥4
(1.- yp)(x - (a/R) ) + (sp/x A - v )(aIR) » Q- »R)l
' (5.16)

For the case of an intlnite rock mass, substituting R + = into Eqs.
(5.15) and (5.16) leads to the solution of the radial stress along the
plug/rock contact for caseg of both plane strain and plane stress:

& ad - F S .. (5D
r =z
(1-v)+(B/RIA+ v )] '
p : P R
(5.16)
The relation between a: and d: can be written as:
ab = oPevsm) o -~ (5.18)

_ where VSF 13 the vertlcal stress factor. For'a plane. strain solution, -

use Bq. (5.15), for a plane stress solution use Eq. (5.16). Bgq. (5.17)
is used for an infinite rock mass with the assumptions of both plane
strain and plane stress.

Daemen ot al. (1988c. p. 74, Bq. (5.53)) give the fatio of thoAnormal

stress generated along the plu;lrock interface to that ‘of the axial
stress apylied to the plus as: : ,

a’/a = K, (VSP)

-where K_ = [sin ho(L - z)ll(sln hal), for an axlally loaded

2 -
compressible plug, leading to an exponentlal stress
distribution

a= [(1 - zvp(vsr))/c(s /By )(1 +v )a 1n(a/a>)1

L = plug length"
. z = distance from initial locatlon of lcaded end of plug -
VSF = defined by Eq. (5.18)
Deflnltions of 311 symbols are given in Table 5. 1.

The radial displacemeut in the plus (up z) can be expressed for the
case of plane strain by combining Eq. (5 13) or (5.14) into qu. '

(5.15), (5 11) and (5 19) (noting that uP z ' R z).
.« - (6 /E)K v (14 el - 29 JCa/m)> +_1j
P2 po..-R 2p - R R E .

o 2 ‘ 2 '
(Q-v)A2-(a/R) ) + (B/B)X1 +v ) - 2v )(a/R) + 1]
P P R R R
(5.20)
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vhere K, is deflﬁed‘ighéo.”(5;19)}:

' For the case of plane stress. the radlal displacement ln the plug -

(up z) can be obtained in a slmllar manner (by using. Eq. (5 16) lnstesd

of (. 1s>)~ Ce - R
: S it T

u ' '}-(o /E )K‘V‘[(!;f v )(aIR) + (l_{ v )l[h o

P2 . po

(1 - vp)(l - (aIR) ).+ (B IB )((1 - v )(aIR) + (l +v )l
- RIS e P ) T E o (5 21)

For the case of an infinite rock mass, substltutlng R + © into Eq.
(5.20) or (5.21) leads to the solution of the radiel displacement in
the plug (u ) for cases of both plane straln and plane stress:

,;u’ ff': (o IE )K v (1 + v ) S
L PLT ,‘ po- R 2 p-

'}1;a - (1 -v )+ ® /e )(1 + v )~:: e

where K 1s deflned ln Eq. (5 19) Deflnltlons of all symbols are
_glven ln Table 5 l. '

=,.." il 4:’..'.: R - -

8.2, a Relations Between Plug/Rock normal Contact Stress. Applled Axlal

Plug stress. and Conflnlng stress

’ Thls sectlon dlscusses the effect of externel stress (o ) and axlal

_ plug stress: (°§ ) on the normal stress along the pluglrock contact and - :'
- on the radial plug dlsplacement.; Results are analyzed as a functlon of

different cylinder outside-to-inside radius ratios, plug-to-rock

Young's modulus ratlos. plug and rock Poisson's ratiocs and distance
along the plug (z/L). - Both plane straln and plane stress assumptions
are used ln the calculatlons.; S - . E

.."~ . ":.1“
.3

' The YOung 8 modulus and Polsson's ratlo of the tuff are taken as’ 22.600_

+ 5,700 KPa and 0.20 + 0.03, respectively (Daemen et al., 1988b, p.-

'36) The cement plug has ‘the properties of System 1 cement (Bp = 7088 )

o,

+ 702 HPa : 35- 0.15 £ 0. 06) cbtained from Daemen et al.. (1983, p.

: P
 245). Usias the lower and hlgher bounds for the material propertles
- leads to'a negligible deviation of up to 4 0.5% in the calculated

, dl,a values, compared to those calculeted by. usln; the average

materisl propertles. Hence. throughout this’ ‘analysis, only the sverage-'

’values of the rock and plug materlal propertles are used (l e. BPIBR
0.314, v é = 0.15, v v, = 0. zo)._ The two main objectlves ere to .

determine the retlo of the normal stress elong the pluglrock lnterface_

to that of the applied. external stress (o Io ) and to determlne the
ratlo of the normal stress at the. 1nterface to the axial stress applled
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to the plu;.(oﬁlqpa); The results are adjusted'to 3 common cylinder

radius ratic (i.e. R/a = ® or R/a = 6.0) in order to compensate for |
the different: cylinder radius ratios used (1.e. R/7a 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 Young's modulus (oolBR) in these stratigraphic locations ranges

from 2.4 x 10~ to 2.31 x 1073; the ratio of the verticalistress to
rock Young's modulus.(qp IB ) ranges fromwz 5% 10 to 2.66 x 10
The average:vaiues of both c /xn and—op Iﬂh are in the neighborhood

ot 0.001. Therefore. for radial plug displacement.calculations. both

,Bﬁ and op IB will be assumed to be equal to O. 001. - The radial

. stress at the pluglrock contact and the radial piug 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 normai.etress along the ylug/rock coﬁiaetiio Ehe
applied external stresa (o Io ) increasea with inereaeing.Poisson'

ratio of the piug and decreasing Poisson's ratio of the rock (Fisuro
5.2), and increases with increasing plug-to-rock Young's modulus ratio
(B IB ) (Figures 5. 2 and 3.3). The stress ratio decreases with

increasins cylinder radius ratio (R/a) for eyiinders of SPIB less than -
1.0. The opposite is observed on cylinders with>modulus ratios sreater1

‘than 1.0 (Figure S. 3).;

The radial plu; displscement due to the applied externalrstress )
decreases with increasing modulus ratio. The displacenment decreases
with increasing cylinder radius ratio for cylinders with modulus ratios
- less than 1.0 (Figure 5.4). The opposite is observed for cylinders

with EPIB greater=than 1. 0. Table 5. 2 summarizes the results for Ehé?f

R."
interfaoennormak,streso and displacement due to an appiied externel

The ratio'ot‘the normel strese aiong the plu;lrook 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 ratlo, with the highest ratio occurring at the loaded end of

the plug (2/L = 0). For a modulus ratio of o 001. the opla ratio

drops close to zero after about zZ/L = o 45. Por B IER = 1000. aﬁlopé
becomes hisher than that of BPIBR = 0.001 after zIL = 0.45. This can

" not be shown in Pisure 5.5 due to scaiing problems. but i3 presented
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vp=0.10,u5=0.40

Flsure 5, 2 Ratlc of normal stress alons the pluglrock 1nterface to -

applied external stress (c‘lc ).

;'BPIE"t'deﬂg‘s moduluﬁ'ratio of plug-and rock ;

vor¥p = Polsson's ratios of plug end rock - |
Rla = outside to inside cyllnder radius rat!.o . ,‘7
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Pigure 5. 3 Ratla of . normal gtress al
applied external atress (

ong the pluslrock 1nter£ace to

oilo ).

'BIB
P

_ ”p‘vR = Poisson's ratios of plug and rock

= Young 3 modulus ratlo of plug and rock

R/a = outside to inside cylinder radius ratlo .
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.  E,/E=0001

B,/Ep=1.000 E,/E;=0.314

Figure S 4 Ratio of inward radial plus dlsplacement to plus radlus »

.-(uP cIa) due to applied external stress (a ).

| EPIE = Young & modulus ratlo of plug and’ rock
‘v "wp = Poisson's ratios of plug and rock
R/a = outside to inside cyllnder radius ratio .«

,97

120

st 0w b @ S



Tablas 5.2 Rffect of External Stress (o ) on Normal Stress along the
Plug/Rock Contact (a ) and on the Inward Radial Plug

'-Displacement (uP c). Results are presented (for the case of
plane—strain) as a function of dlfferent‘cylinder radius -
ratios (R/a) and plug-to-rock !bung 8 modulus ratios

(B IB ). vn = 0.20, v, = 0.15, o R.s 0.001. Table 5.1

gives definitlons for all symbols used.

Tuff Cylinder

Rad;us-ggtlo<vtv in-A’j-j-' o ‘ | up.cla
- : 6
(R/73) SPIBR ailao (x 10)
1.84 1000 1.36 1.09
: 1 0.97 781
0.314 0.5956 1529
0.001 0.0033 2713
3.0 1000 1.50 1.2
‘ 1 0.96 75
0.314 0.5391 1384
6.0 1000 1.57 1.27
1 0.96. 172
0.314 0.5163 1326 °
0.001 0.0024 1972
© 10.0 f1ooo 1.59 1.28
1 0.396 m
0.314 0.5122 1315
~ 0.001 © 0.0024 1937
- 1000 1.60° ‘1.28
1 0.96 .m
0.31a 0.5097 1308
0.0024 1917

- 0.001
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Plane Strain and Plane Stress.

1
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Flgure 5 5 Ratio of normal stress along the pluglroek 1nter£ace to the
’ ‘:Ejaxlal stress applied to the plug (oplc ) 'fkgf f L

BPIE = Young's modulus ratio of plus and rock
- z/L = dictance along the axially loaded plug.



in Table 5.3. The reason for the curve of EPIBR = 0.001 giving the

highest a’/a% at the loaded end of the plug and the lowest.aplqp

‘after z/L = 0.20 ia the value of the a-coafficient in Eq. (5.19). The
-values of a_for modulus ratios of 0.001, 0.313, 1.0 and 1000 are
20.99. 1.195, 0.675 and 0.022, respectively. Inserting o = 20.99 into

Bq. (5.19) for EPIER = 0.001 leads to the highest G:Icpo at z/L =0

end lowest azla , after z/L = 0.20.

Flsure 5.6 gives epla ag a function of cylinder radius ratio and

modulus ratio at the loaded end of the plug. a:quo increases with
increasing cylinder radius ratio and decreasing modulus ratio.

AThe outward radial plug displacement (uP z) due to the axial stress

applied to the plug i3 plotted as a functlen of the distance along the

plug in Pigure 5.7. up zla decreases with increaslng modulus ratlo. S
[ ]

fThe highest displacement occurs at the loaded end o! the plug.

Table 5.3 summarizes the effect of the exlal stress applled to the plug o
on the normal stress along the plug/rock contact and on the outward
~ radial plug displacement. Results are presented for dlfferent'cyllnder

" radius ratios, different modulus ratics, and as a function of position
along an exlally loaded borehole wlth the assumptlon of plene-strain.

Figure 5. 8 slves the resultant radial stress at the rock/plug contact. , '
due to simultaneous axial and external stress. The plot iz a summation
of the radial stresses in Figures 5.3 and 5.5, and i3 a function of i
modulus ratio and.distance along the plug. The resultant normal stress :
at the plug/rock contact increases with increasing modulus ratio and

slightly decreases eway-from the top of the plug.

?lsute 5 9 gives a ylet ef the resultant (inward) radlal plug o
displacement due- to- the combined effect of axial and lateral loading._
“Tha plot i3 a subtraction of the radial displacements in Figure 5.7
from those- lnkPlsure 5.4. The resultant radial plug displacement
decreaeesiuitha1ncreeelng modulus ratio end ellghtly increases away
from- themtophoﬁ.the plug. : .

Table 5. Afsummarlzes the resultant normal stress at the plug/rock
contact and the resultant (inward) radial plug displacement due to the
effect of axial and lateral loading. Results are presented for
different cylinder radius ratios, different modulus ratiocs, and as a
function of the distance along a borehole plug, with the assumption of
plane strain. In Table 5.4 the Poisson’s ratio of the plug and the
rock are 0.15 and 0.20, respectively.
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- 101

o (a ) and on.the Outward Radial Plug Displacement (uP 2 '

"ease ot plane strain) as a function of cyllnder rodius ratio (R/a), plug—to-rock Young's
modulus

' Table 5.3 Bffect of Axial stress Applied to Plug (o ) on Normal Strens along the PluglRock contact

Results are presented (Eor the

lb (BPIE ). and distance along an axially loaded borehole plug (z/L).

0.20,’ ,15. °polER = 0, 001.. Table 5.1 gives deflnltions for all symbols used.
Cylinder . o R ; SRR ;
Radius,f_ ‘ - ‘ o
Ratio , A ‘};, _ cpla . : up /e (x 10 ) .
st | R . i . Yp, o
(R/a) ' B#IER- z=0  z= LIA z a le ) .z =0 z = L/A z = L/2
‘ T e AP TR S S S R
1.84 10000 7.5'x 10 5.6 x10° 3.8x10° 0.5 011 7.49 x 10
' 1. .0.0526 . 0,0289  0.0151 105 58 30
0.314 . 0.1015 .0,0363 0.0128 . 203 13 26 -
e e -17 | -5 -14
0,001  0.1761 3x100 VA,S‘x 107" 352,  5.6x10  8.9x10 .
3,0 - -+=1000 - - 1,04 X107 - 7.8 x 10 (43%10° .05 0.1 . . . 7.49 x 10
' 1 s 0.0855 - 0.0406 1 0.0235 - 9 - 585 34
0.314 - 0.1152 0.0532  0.0239 166 M - VYRR
0.001 - 0.1762 27x107 ax10 25 3sx10 ssx100
6.0 2000 1.2x10”  9x10® ex10°. 015 o1 7.49 x 107
| 1 oons . 0.0473  0.0228 89 . - 59 " 36
0.314  0.1206 - 0.0651 - 0.0334 j‘xsl’ - 82 a2
0.001 - ~0.1762 . . 4.9 x 107¢ 1 A x 10 10 2 6.1x102 . 1L1x10

-y
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Table 5.3 Effect of Axial Stress Applied to Plug (°;o) on Normal Stress along the Plug/Rock Contact

TuEf

(oz) and on the Outward Radial Plug Displacement (uP z)f ontinued
oo e T es pEeR 207" \

Cylinder )
" Badius e , . _ ,
o - L | 6 !
Batio - L qﬁ(cpo SN L up gfa (% 30°) |
(R/a) BPIEBA z2=0 2 = L/4 z = L/i2 z=0 z = L/4 z = L/2
10.0 1000 1.23 %107 9.2x107° 6.2 xvlofs 0.15 0.11 7.5 x 1072
| 1 0.0725 0.0494 0.0307 88 60 37 |
0.314  0.1217 0.0698 10.0378 148 85 46
0.001 0.1762 1.7 x 107s 1.6 x 1070 215 21x10% 2x107°
L I T -5 -5 | -2
® 11000 1.26 x 10 9.5 % 10 6.5x10 0,15  0.11 7.5 x 10
v ' : _ ~ !
1 0.0732 0.0549 0.0366 '87.8 66 44 |
0.314  0.1223 0.0917 0.0611 147 110 73
0.001 0.1762 0.1108 0.0646 212 133 78
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_vFigure 5 6 Ratlo of normal stress along the pluglcock 1ntet£ace to the .

e ‘axial stress applied to the plug (cpla ) oplo _ values
are’ for the loaded end of plug (zIL - 0) o :

E IER = Young g modulus ratlo of plug and rock

Rla = cyllndet radius ratlo. s
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- "-o 15 v,=0.20 R/a-a L/a-2 0,o/Eg= 0.001

10°

10°

1. 1111l

1 1 22211l

3 3 22l

1 1 treaad

1 12 teenl

LI LI A

0.30 0.45 080 - 075

z/L

Pisure 5 7 Ratio of outward radial plug displacement to the plug

0.90

radius (u Ia) ‘due to the applied axial stress to the—piuﬁ

«(o ).

B IER 3 Young s modulus ratio of plug_and rock

zIL = distance along the axlally loaded.plug. -
Table 5.1 gives definitions of all symbols used.
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Figure 5.9 ‘Ratio of tha (inuatd) radial plug displacement to the.plug

radlus-(u /a) dua to the applied axial stress to
P.c ) PZ

the plug (qp ) and external stresa (a ).

B /Rn = !bung's modulus ratio of plug and rock

zlL a dlstance along the axially loaded plug. -
Table 5.1 gives definitions of all symbols used.
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Table 5.4 The Resultant Radial (normal) stress at PluglRock 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 !oung's modulus
ratio (BPIB ). and distance along an axially loaded borehole plug (zIL) Yo~ 0.20, “p '
5 = 0, 001. Table 5.1 gives definitions for all symbola used.: f&5,"i '

Tuff PR c . R g ' . _?
- Cylinder - craa e T Resultant ' .7 .+ - Resultant (inward)
" Radius - : -5 : 1ye~fa3 Radial stress at PluglRock cOntact L Radial Plus Displacement
gRatﬁo Ca Ar"” -_ SOHE o (o 1Ia + aP(av ) {‘ _ L - uP cIa - uP zla (x 10 ) .2
(R/a) .. - 'gp’BR =0 'z = L/2 2=l - 2=0 z= le R I A .
1.8 1000 ©  ° 1.3601  1.3601 . -1.36 . 0.9 1.005 1.09
R T 1.0226 0.9851 . 0.97° 676 751 1
0.314  0.7015  0.6128  0.60 1326 - 1503 1529
0.001  ©0.1795 - 0.0034 00034 2361 27113 . 213
T73.00 T UUU10007 T 1L5001 T 1.5001 LS00 1.0 0 1,14 T 1.2)
S 1:4° . 1.0255° - 0.9835 - 0.96. - 681 . 741 775
10314 0,6552 . 0.5639 - 0.54 . 1218 1350 1384
0.001  0.1789 00027 .0.0027 1902 2156 2156
6.0 . 1000 .h1 s7o1'f,  1.5701 1.7 12 1.20 S va2r
LT T T 11,0313 0 70,9888 T 096 T T ‘683 o736 T 192
. 0,314  0.6406 = 0.5534  0.52 . - 1175'° 1284 ° 1326
sicen. 0 0,001 - 0.1786 . 0.0024 . "7 0.0024 1751 [ 17 1972 - 1972
10,07~ .1000 . 1.5001 i1, 5901*ﬂ~23w1.59~3-ﬂ'¢ S 1.4 0 1210 1.30
oo -1 1,0325 7 0.9907 ©© 0.96 , 683 .- 734 .. 1IN
0.314 0.6317. '0.5478 - 0.51 . 1167 - 12718 . 1315
0.001  0.1786  0.0024 . 0.0024 . 1722 1937 193
PR ....'.:..,;. ..'.,u,v.”. :t'lu‘\.:»‘"‘. e - S ) i -w“‘w ¥ 47 st s ! awtn -~ [ R »‘-.. __, F O T Vo e bt e 2 we s L oa - v ai
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The Resultant Radlal (normal) Stress at Plug/Rock Contact and Radial (inuard) Plug

Table 5.4
Displacement due to Axial and External stress--COntinued
Y . L'l_'v- st .
Tuff 2 - P S ts ' : .
Cylinder SRR Resultant ‘Resultant (inward)
Radius Badlal stress at Plug/Rock Contact Radial Plug Displacement »
o ° -
Ratio ‘ ‘di’d + dr’“po) - L Vp, c/® - g/8 (% 10 ) ,
(R{a) Z =0 z = L/2 z2=L cZ2 =0 Z= LIZ - A
. RS T T v d . PRI S Ty - o 2 X ;'x )
@ 1000 1.6001 ‘' 1.6001 1.60 1.14 1.21 1.28 o
: 1 . - 1.0332 - 0.99¢6 0.96 - . 683 127 m”n
0.314 0.6323 a.5711 0.51 1161 . 1235 1308
0.001 0.1786 0.067 . 0.00Q24 1705 1839 , 1917
: iL 
1 Ot ,, R
Wi g N I




5.2, 5 Normalized Radlsl Interface stresses _>

The rstlo of the normal stress slong the pluglrock contact to the

applied lateral stress for a cylinder with a radius ratio of ¢ is only -

- up to. l 39% more than that for a radius ratio of infinity. Therefore,
" it can be: assumed that a radius ratioc 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 8 push-out specimen. ' C
Inspectlng this curve shows that a tuff cylinder with a radius ratio of '
1.84 (corresponding to & 101.6 mm (4") plug in s 187.3 mm rock —
“cylinder) shows a 16.85% higher cllo than a cyllnder with an R/a of

. infinity, and a 15.25% higher o Io than a cyllnder wlth an R/a. of 6.0

© and 0.856%.f

. |
(corresponding to a 25.4 mm (1") plug in 8 152.4 mm dlsmeter eyllnder)
. (Table 5.2).- Hence, ‘cylinders with different radius ratios have '

-dlfferent.oilc ratlos elons their pluglrock contacts, which should be

normalized to a common. cyllnder ratlo»for sssessment,of slze ‘effects.

The lnterfsce rsdlal stress due to an applied externsl stress csn be
adjusted to a common rsdlus ratlo (or common stlffness) as follows-

i corrected I ° i ﬁff"7ﬁ:7 (5.23) -

where I = correctlon factor a ';5}4':'”_}j;§1if - J@f{,g'{f‘; {. i

..-“;r.v..,i Y

(cilc ) sctlng on the sample with the: deslred rsdlus ratlo oL

(oilo ) sctlng on the sample to be adjusted ,ff ;r,?

ob = external stress opplled to the ssmple o

= corrected (normalized) external stress. S
o corrected R .

The external stress applied to the push-out cyllnders can be adjusted .
to a radius ratioc of 6.0 (representing a 1" push-out speclmen) by uslngtg
a correctlon fsctcr (I ). of 0.868 for the samples with ‘an Rls of 1. BA =

: (representlng 8 4 push-out cyllnder) sndAO 959 for samples wltb an Rls
.. of 3.0 (representing & 2" push-out cylinder).. Adjustment to an . .
vjlnflnlte radius,rstio leads to correction factors (I ) of 0.986, 0.946 -

o “the 1“ Z" snd a push-out cyllnders. respectlvely 'ﬂfj;?;
(Table 5.2 SN : -

' The'contactﬂ(radiel) stress due to an spplled axial stress (st'le = 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. BPIBR = 0. 31&- Table 5.3) shows that’ s,tuff' _
-eylinder wlth Rls = 1. 84 (representlng a 101 6 mm- (i“) pluz) shows a L

_ 20.49%»lower cglo than 8 cyllnder ulth an Rla of lnflnlty snd sn
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18.82% lower uplap than a cylinder with an R/a of 6.0 (corresponding
to a 25.4 mmm(l") push—out specimen). o }

Tha interfaceﬁcontact stress due to an axial stress applled on tha plug

can be adjustedeto a-common radius ratio (or common stlffnesa) as
follows: - ,

| ;qu-cortected * 1,90 -

. where I_-= correction factor =

' (o /o) a;ting;on.thg sgmplo‘wlth the deslred radius ratio *

r po.

(o /o ) actlng ocn the samplo to be—adjusted
. © po

‘qpé'z axial (compressive) stress applied to the plug

. a = corrected (adjusted) axial stress.
.. . po ecorrected o , S

The axial atfess applied to the'plugs of the push-out cyiindera 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 50.83 mm
push-cut 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 o cylinders (Table.s 3).

" 5.3 Push-Out Tests
5.3. 1 Introductlon

Figure-s 10~showsrtheupush-out test arransemenb. A;cylindrical steel
rod 18 used to apply an axial load to a cement plug.c Daemen ot al. -

(1988d, pp.-109-111; 1988¢, Ch. 5) give a detalled description of the
test set-up. ag well ag of’sample preparation. storage and curing

"'conditlansﬁ%f Daemen et al. (1988b, Apps; 5 A and;S B, pp. 157-177)
" . give the deta&led,procedures for push-out testing and for determining
the wate:xcontentf(w) and degrees of saturation (8) 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 pericd are cured and
tasted in room conditions (24 & 2°C, 36 + 2% r.h.). This i3 done to
allow the use of the envlronmental chamber for partially saturated

samples.,
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specimens. Daemen et al. (1988b, p. 110) gives the procedure for
numharins push—out.specimens.

5.3.2 PushrOuh.Test Results and Discussion of Results

Push-out testsrnave-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 ma (4.2 in) to 228.9 mm
(9.01 in). The tuff 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. FPigure 5.11 gives 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 XI.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 mm samples after they are tested 1n order to
reduce sample.preparatlon requlrementa- :

- The degreea of saturation (s), water content (u). void ratio (o),
porosity (n) and density (p) of the Apache Leap tuff samples prior to

and following push-out; testing are determined according to Appendix S. Sg ‘

in Daemen et al., 1988b, pp. 166-177. Table 5.5 gives the weight
parameters used to determine tha 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 testlns)
is 31.6 # 19.1% and 53 8 & 3.7%, respectivaly (rable 5.6)..;

Table 5.7 presents the axial stress, plus length, and average and
exponential shear stresses at fallure. The average shear stresses
along the interface are calculated from Daemen et al. (1989, p. 103,
Eq. (5.1)). The extreme exponential shear stresses are calculated
from Daemen et 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 = Lb) of the plug, respectivaly.

The plugs fail at axial stress, uniform shear stress, and maximum -

exponential shear stress ranges of 11. 0 to 35.6 MPa, 2.15 to 7 57 HPa. '

and 11.25 to 21 AS HPa. respectlvely. ;

"~ None of thaarock,cylinders with a 25.4 and 50. 80 mm- diameter hole split
in tensloniduring push-out testing (Table 5.3). Six of the .101.6 mm
I.D. cylinderz show tensile fracturing and sputung. Hone of the
cyllndérsrthat&shou*tensile splitting have fractures running. througb
the cement: plugs: ' This suggests that the fallure mechanism is .

4fundamentallyfai!ferent from that induced by cement swelling itself,
e.g. as observed by Akgun and Daemen (1986, pp. 39-68). 1In 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 thrdhgh S;IOTEive the mean axial'stresé; 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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 APA-8-4-44-PS-5-PO1-SSII®

Figure 5. 11 Dimensi.ons of the Apache l:.eap tuff cyunders used for, o
push-out tests. . R Lo

- 228.9
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Agache Leap ‘l'\_:ff Specimen (mm) (xm) (mm)

. APAS-6- 1-AMB-ED-3-PO2-8S11° 139.5 665 20,7 =
'Apaz-a-1-Ann-nn_1-poz-s511 132.5 . - 63.8  30.2
APD-G-1-AHB-RD—1-P03-SSII 129.8 3.9 30.3

© APJ-8-4-36-RD-4-PO1-SSII" 131.5 13.6 - 93.9

. APAS-6-2-36-RD-A-PO3-§SIT” - 1s.0 25.2 - 50.2°

| AP113-6-2-36-RD-2-PO1-SSII  130.3 41.5  47.0
vApnbs-z-as-anuz-p01-ssrxb 106.7 - 19.8 . . 53.6

' Apas-a-4-3s-an-1—roz-ss11 118.3 11.3 80.7
API-8-4-36-RD-1-PO1-§SII" ©168.8 27,2 1020

. APH-B-A-AHB-RD-Z-POI—SSIIc-‘ 170.1 15.8 °  93.6
. APJ-8-4-AMB-PS-3-PO1-SSII® 159.0 16,5 99.1

 "APu—a-a-aun-ps-e-pox-ssx:° 213.2 92.0  97.9 ©

| APM-8-A-AMB-RD-1-PO1-SSIT® 1990 42.6 91.8

 'Apa-a-a-eslps-¢-pox-ss11‘ ‘ 2107 . 40.5 | 129.S
: APH—B-A-GG-PS-S-POI-SSII ¢ 198.5 56.3 ©  101.5
s7.4 . 1036

. .
¢
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Pigure 5.11 NOTES

NOTES:

3samples ﬁ;iﬁ?iuslﬂé diameters (D,) of 25.4 mn (1 in) and outside
diameters (D ) of 152.4 mm (6 in).

bSamples with inside diameters (Di) of 56.8 ma (2 in) and outside

 diameters (D) o£_15z.4 m (6 in). -

cSamples‘wlth inside diamaters (Dif of 101.6 mu (4 in) and outside
diameters (D ) of 187.3 mm (7.375 in).

o
-
\ 3
K] >
-
4 -
-~

C oy

Pigure 5.11 Dimensions of the Apacha Leap tuff cjlinderé used for
push-out tests.--Continued ' "
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'rable 5 5 Height Parametera of Apache Leap 'ruff Speclmens Prior to and Following Push—Out '.l'esting.
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

. degreg of saturation, void ratio, etec., is given in Appendix 5.B of Daemen et al. (1988b).

: . g ’ n sz - w3t "'."‘"d S HSQ, i o oo

Apache Leap tuéf ssmple - (g .. () . (&) - () A R
APAS -6-1-AMB-RD-3-PO2-5STT "Sazs s8as  © 5873 5881 - 5865

| APA2-6-1-AMB-RD-1-PO1-SSIX = 5624 - 5640 5669 . 5679 5662
APD-6-1-AMB-RD-1-PO3-SSII = 5166 . 5183 . 5212 5224 5209
APJ-8-4-36-RD-A-PO1-SSIX . 5668 ~ 5010 7386 - 7348 7105
APAS—6-2-36-RD-4-PO3-SSII 4239 4364 ass7 - as76 4501
AP113-6-2-36-RD-2-PO1-SSII =~ 4953 5028 5208 5211 - 5134
APD-6-2-36-RDb2-POI-SStI 3833 . 3906 4108 4210 4044
APAG-8-4-36-RD-1-PO2-SSIT . 4922 . s1r2 6496 - 6448 6196

| API-8-4-36-RD-1-POI-SSIT 7916 8343 9% e%00 - - 9413
 APM-B-A-AMD-RD-2-POL-SSIT ' . 7334 . . 7762 o250 o284 . sms
APJ-a-A-Ann-Ps-a-pol-ssxI;¢yﬂ h.6883'}u, 7309 . 8858 , .. 8927 . . . 8499

‘y.Apn-s-n-nnn-ps-o-rox-ssx;”“7»  9168"a'f‘94141?afﬂ10943:;{;;511048~::i‘: "10803 ' -

fx;Apu-a;a-nnh.nnLl;pox-Sszx”if‘lgibsza‘ﬁi 8952 . 10513° | 10522 . 10085
. APA-8-3-66-PS-A-POL-SSIX ' - 86710 79095  ° 10750 - 10898 . 10453
. APM-8-A-66-PS-5-PO1-SSII ' 8540 8961 - 10558 . 10654 10229
APA-8-A-4A-PS-5-PO1-SSII . 9553 9978 11613 - 11753 ‘- 11325

. .
R P 1] J D R LR TI Ta o L LU
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Table 5.5 HNOTES

‘the ..dgy” specinen (s) i
‘weight of! thﬁ drv Speciman + rubber atopper + moisture (g)
W2 + weight of the cemant slucry (g) R o

'= weight of the speciman after it has been left underwater or in the envlronmental chamber (at
" desired temperqture and velative humidity) or at- ;oom cond;tions (24 + 2°c. 36 + 2% r.h.) for
8 days

eUS = welght of the spociman following push-out testing.
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Detailed procedure for the

'Table 5.6 The Degree of Saturation, Water COntent. Void Ratio. Porosity, and Density of Apache Leap
Tuff Specimeéns Prior to and Following Push-Out Testing.

determination of the degree of aaturation. water content. etc., is given in Appendix 5.B

‘_of Daemen et al. (1988b).

s'v'. f

ﬁbache Leap mffsmle | | s: L s: i:. e ‘r,e; e: n : n:‘. . p: - ‘}': MPE,
LR (%) (R (%) (W) (% (%) (%) (%)  (g/ce) - (g/cc)
 APAS-6-1-MMB-RD-3-PO2-SSIT 6.78  6.78 0.20 0.29 0.1 0.1 10.1 101 2.36 | 2.36
Apaz-s-1-Ann-nn-1-rox-ssxx_‘_9.35 . 8.85 0.34 0.32 0.09 0.095 8.6 8.6 2.40  2.39
APD-6-1-AMB-RD-1-PO3-SSIX ~ 6.95  6.95 '0.44 0.44 0.17 0.17 ' 143 14.3 2.5 2.25
APJ—8—4-36—RD~4-P01-SSII .49.aa_f’49.59 6.40  6.37 0.3 0.34 25.6 25.6 2.19 S 2.12
APAS-6-2-36-RD-A-PO3-SSII  31.65 31.65 1.79 1.79 0.15 0.15  12.9 12.8 2.36  2.32
npx13-642-35-Rnu2;pol-ssxrﬁ 22.14  21.03 1.18 1.12 0.14 0.14 12.3  12.3 2.3 2.32
APD-6-2-36-RD-2-PO1-SSII . . 23.98 . 23.06 = 1.96 1.88 0.21 0.21 17.6 17.6 2.24  2.20
| APA6-8-4-36-RD-1-PO2-SSIX . 44.14.::43.65 6.36. 6.29::0.39 0.39 . 21.8 27.8  2.14  2.05
API-8-4-36-RD-1-PO1-SSIT  60.99 60.58 ~ 5.12 5.09 0.22 0.2 18.3 18.3 2.39  2.29
" APM-8-A-AMB-RD-2-POL-SSII = A7.43  47.33  5.52  5.51 0.31 0.3 23.7 23.7 2.25 2.1a
| APJ-8-4-AMB-PS-3-POL-SSII  58.78 58.46 . 7.02 '6.99 0.32 0.2 24.2°-24.2 2.27  2.16 . %
APM-8-A-AMB-PS-6-POL-SSIT , (52.46 » 52.01.; 5.75. .5.71 .0.29 . .0.29 .22.5 22.5. .2.22. 217
|APM-B-A-AMB-RD-1-POL-SSII . 44.67 . 44.49 5.13 5.11 0.30 0.30 23.4 23.4 2.23 2.1
| APA-8-8-66-PS-4-POL-SSIL.. 51.34  49.64 . 6.84 ' 6.61 -0.35 0.35 26,1 . 26.1 .2.18  2.09
- APM-8-A-66-PS-5-PO1-SSIT - 56.30 55.83 6.22 . 6.17 0.20 0.20 22.7 22.7 . 2.27  2.18
APA-8-A-AA-PS-5-POL-SSII 49,93 49.62 ' 6.14 6.10 0.33 0.33 24.6 28.6 2.20 ' 2.12
¢ . . . .
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water content of puah-out quclmen prlor ta and following push-out test. respectively.

'uvold ratlo of push-out speclman prlor to and Eollowing push—out test. reapectlvely.

.ﬂ‘poroalty of pusb-ouh speclmen prlor to and followlng pusb—out test. respectlvely.

density of push-out speclmen prior to and followins push-out teat. respectlvely.
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Table 5.7 Axial Stress at Failute. Plug Length, and Averase and

Exponential Extreme Shear Stresses at Failure for Apache

The maximum exponentlal shear stress

<~ ~occurs at the loaded end (z = 0) of the cement plug. The -
minimum exponentisl shear stress occurs at the bottom (z =

v’w Leap Tuff Samples.

' L ) of the cement plug. :

‘ Axial ..
- Stress

e (cp f) at
.Apache Leap . _ Failure
_.TuffFSpeclmenia

(MPa)

v o

Plug

. Length
' (:.)‘

(mm)

Average

Interface Shear:

avy
stress_ ('rz.ilj

‘at Fallure
- (KPa)

o Y g
. Exponential
Extreme Shear :
Stress (trz 1)
at Failure (HPa),'

“.’_z =0

z = L

APAS-6-1-AMB- -
RD-3-PO2-SSII: & 35.5

© APA2-6-1-AMB-. -

RD-1-PO1-SSII-"-('35.1

© APD-6-1-AMB-
~ BD-1-PO3-SSII.. . 35.6

T APJ-8A3EI T T e
RD-4-POL-ESII°  15.5

APAS-6-2-36-

'RD-4-PO3-SSII ' 24.4

"Apns-e-z-aa- e

RD-2-POL-SSII ... 22,0 ..

29,7

- .30.3

93.9

osen2 Lo

41.0 .

- Apn~6-z-3e.&. S S

o RD-Z-POI-SSII o 21.8;

: apas-a-a,;s-~ ‘
| RDTI-?OZ.Z-SSIIE'-‘."

API-8-4:3

' RD-1-POL L1851

APH-8-A-AMB.
© BD-2-PO1-SSII°  13.7

APJ-8-A-AMB-

.0

C80.7

PS-3-POL-SSII 19.2

APH-8-4-AMB- =
PS-6-POL-SSIT - 16.7

. 53.6.

. 102.0
93.6- -
99.1

" 97.9

| -.a.g.éi
376

2

| '4."912‘7-'

< 4,34

Rt U

,ii£21.36‘:lizé{59
L aay Taas
58 02
133_?‘6 ‘1.62
-r;,i;?9§;;{: 2;90;;a>
1672 4 132
il.?b - 0.87 :

 15.48  0.50 -

14.08 - 0.64

19.70 072

17,17 0.66.
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Table 5.7 Axial Stress at Failure, Plug Length. and Average and
' Bxponential Extreme Shear Stresses at Fallure for Apache

USRS
e

'Jr* Leapsruff‘Samples.-—Continueg

: - x : S
Axial Average Exponential
Stress‘ 7 Plug 1Interface Shear Extreme Shear
7 (a f) at Length Stress (12“ Stress (t., )
. »
Apache-Leap'- ' Palluref (Lc)- at Fallure at Fallure (MPa)
Tuff Specimen ’ ”(Hra)‘, C (mm) (MPa) 2320 z= Lc
APM-8-2-36~ o - o
RD-1-P01-SSII- - 14.5 © 97.5 3.79 - 13.92 0.58
APA-8-4-66- L
ps-o-P01433119 - .11.0 129.5 2.15 11.25 ‘ 0.12
APM-8-4-66- . . : e
P3-5-P01-SS1I1 : ~ 13.3 101.5 3.32 13.62 - . 0.A5
APA-8-4-34- - _ S
PS-35-PO1-3SI1>"  20.6-  103.6 5.08 "21.11  0.65
uo'ras‘:A

Calculated from Daemen et al. (1989. p. 103, eq. (5 l)).

Calculated from Daemen et al. (1989, p. 103, eq. (5.2)) for the case of

plane strain.

Samplershows tenslle fracturlng (following yush—out testlng).
bSample shows tensile splitting (following push-out testing).
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Table 5 8 Axial Stress “at Failure on Cement Plugs 1n Apache Leap Tuff

. Cylinders. In parentheses are given the number of samples

i“? tested. Data for the 16 push-out tests performed in this .

‘;tiéequarter. -combined with the 85 push-out tests reported
'{jf:'previously (Daemen et al, 1988b,c; 1989)

Bean Axlial. stress (c

- R PRI . at Failure
Apache Leap Tuff Specimen -~ - . & 8t. Dev. (MPa) -

.f’_

o RN 'Curlns and T ecimen IR -
,w»w -’-=M'§E_—§§m A,ll

“Highly  Ambient®  35.2 4 4.4 22.7 4 5.5 14 9¢1.7

 saturated .. . (8 B € N €3

asec . 41.3 % 4.0 -'2'117

, 5.9 16.2 1_1.3
(5) 3

R

A|+

©j0°¢ T 20.54£5.1 21.644.3 13.143.7
@ . e e

" g0ec 133;41" 1023_34‘ es+z;»_u‘_jﬂf |

I T IR R O ) Q)

-y - o~y .

Partially  Amblentt  34.6 & 6.4 26.4 £ 8.1 11.9 & 4.4
. saturated AR u;tj ) (7) . (5). )

44%¢  45.3£9.4 20.183.9 1as+51'
B ¢ IR ¢ I )

 estr0% T 40.9°% 10.9 2.3 4 6.0 12.9 £ 1.7

LT T @ @ T @

LT e e

© Relatively Amblent**  35.4 £ 0.3 26.3 4.4 14.610.9
ey L <3 L. I ) B

K T

G sgeet 27 +6.7 ,zz 7 1.5, -13.9 £2.5
S LR N ¢ ) T ‘ (3) e . £3) S

: **Samples eured at room conditions (1 e. not in envlronmental
chamber) at 24 i z°c. 36 £ 2% r. h.ﬁ : o
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Table 5.9

N

Bond Strengths of Cement Plugs in Apache Leap Tuff Cyunders-.

Numbers. in parentheses are the number of tests. Data for

- . the 16 tests performed this quarter, combined with the 85
_tests performed previously (Daemen ot al, 1983b,c; 1989).

e e et D e

Mean Average Shear Stress (1r‘z’ 1)
. SRR at Fallure
Apache Leap Tuff Specimen - + St. Dev. (MPa)
T _Curing» and - §geeinixen. I.D, _
Saturation . Test Ting,:' -25.4mm = 50.8mm © @ 101.6 mm .
_ Highly * Ambient* 7.3+1.0 6.33+1.9 3.9 0.7
saturated (6) (3. )
as°c 8.6 + 0.9 6.54%2.1 4.3 % 0.6
I (5) 3) 3)
70°C 6.6 +1.2 5.6+0.9 3.3+0.9
. ) 3) €)}
90°¢ 3.27£0.7 27310 1.63%0.3
| . ) () : (€))
' Partially _ Ambient® 7.6 +1.0 6.6 t.z.o 3.8 £1.6
saturated - s (¢ (5) - (3)
asoc 9.3 +2.4 5.2+0.7 3.7:1.2
‘ (5) (3). 3
65-70°C 8.5+2.5 6.0£1.2 3.0+0.8
Y ) (&) D
Relatively . Ambient** 7.5 +0.1 6.6 +1.1 3.8 +0.1
dry e 3) ¢} (3).
: 3s%¢ 5.6 +1.2 5.4305 3.830.2

@

*Amblen&:«“w 20 + z°c

**Samples curea at room conditions (i.e. not in envlronmental
chamber) at 24 x z°c. 36 + 2% r.h. ‘
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~ Table 5 10 Kean Haximxm Exponential Shear Stress al: Failure along ..
S Cement-Rock Interface for Apache Leap Tuff Push-out Tests.

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

= .-._perfomed prevlously (Daemen . et al, 1988b 13 1989).

: Hean uaximm Exponential Shear Stress
. at Failure

Apache Leap Tuff Spec.lne;ntf L ‘_:"j. ( ::xi) 3; st. Dev'.' (H?a) T

. .In parentheses are given the number of tests. - Data for the . _-

SN 'Curins and Do §gecimenr 1.p.
- Saturation . Zest !ﬂg . 25,4 gu_n §0 8 m . 101,6

Highly = . Ambient* f zz 6+3.5 18 o £4.1.15.0 £ 1.7

saturated r .. - coocooe . o (6) S (3) N (3)

T asee za 1:2. 1}. 16 9 gA 4 16 31 2
R T S (5) v (3) (3)

-z
. ','I::'."'j IR L ; e

| caw i ' - (“ :.'I:- S A o (3) - ‘
L et 10712, 2 18% z’-r_.-,- CesrL
Caa A 2 (3) ey “‘ K (‘) Jiman (3)

L g0eC L T 19.6 4 4. z; A12.1_¢_- 1.-1 3 1 £3.6 oo

 Partislly = - Ambient* '21.6 & 3.5 '21'5 +7.9 15.04 6.2

. saturated - B €0 B (5) SR ¢}

2l aaeel L 212 8 801 15 4 +3.0 15 1e5.87 .
AR PCRR Y € IS u) (3) s

24.6 .t -69'5; 18 6 + &.S 13 1 4- 1 5 f""".'
ot (3) -’tJ;‘J: (3’ (3) .

Relstively.: Amtiiéntﬁt: 21,3 £0.2../20.2 £3.4 1149 £0.8

dt’Y BN “"i‘r L oarr] "'“ .‘,':?-,'«I' -. ’ <3) B 5""—{.4"." ' (3’ (3)

»1..

T @) )

621;40 155111 uztzs_';,-fﬂ iy

**Samples cured at room condltlons (1 e. not m environmental
chambec) at 24 t 2°c. 36 t 2% c. h. , .
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- .
: .
- Do ) " .
' [ Iy *
a s o~ - 4
- AA‘ ‘<

123

A e e a2

phbiekion e

PRyt S

———

T B baatksbie s Medann e, aih it e

Lo i 1, o ok e T

s Ay

. .« .
PIPSREUPN PP VIS

i o



combined with the 85 push-out tests performed in previous quarters
(Daemen ot 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 from ambient temparature (24 + 2°C) to 45°C and then a
substantial decrease from 45°C to 90°C (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 wlth lncreasing plug diameter.

The relatively dry 23, 4 mm samples cured and tested at 36°C 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. 338-380; 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

(o.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 3 2% r.h.) show
comparable strength measures to the more>saturated samples (Tables 5.8
through 5.10). This is most probably because these samples are cured
and tested at room conditions (24 # 2°C, 36 & 2% r.h.) with a film of
water in their top boreholes during the initial 3 to 5 days of cement
curing. The relatively dry samples tested in the environmental chamber

at 36°C, 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 ralatlvelyldry'

samples cured in the environmental chamber giving lower strength
measures than those cured in room conditions (Tables 5.3 through 5.10).

5.4 Summacy -

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,
inereasing cylinder radius ratio (for modulus ratios greater than 1.0;
the opposite i3 observed on cylinders with modulus ratios less than
1.0), and with increasing Poisson'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 tha normalﬁstress-developed along the pluslrock.lnterface.

" The normahfstresa-ah the pluglrock contact due to an axial stress

: applied.tanthe.plus.inereases 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 tha pluslrock contact.

The bond strength of the 25.4, 50.8 and 101.6 mm hishly saturated
samples show a moderate increase in going from ambient temperature to
45°C 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 36°C show lower mean
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. bond strength than the iighly gaturated samples. Ihe axlel stress at

~£a11ure

and bond strength decrease with 1ncreaslng plug diameter.
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| * CHAPTER SIK -
= — . FRACTURE SEALING
6.1 ntroduction. |

Fractures in the rock mass surroundlng a repository may provide
preferential flowpaths for the inflow of groundwater and for the'
outflow of air, potentially containing geseous radicnuclides. In order .
to reduce their permeability, such cracks may have to be sealed. - The
“1ikelihood that extensive or at least local grouting will be required
as part of repository sealing has been noted in numerocus publications

. addressing high level waste repository closing (e.g. Koplick et al.

1979; Kelsall et al., 1983, 1985a,b,c). The most explicit and detelled‘

- use of fracture grouting for repository sealing probably is given in
~ the conceptual seal designs for the Nevada Nuclear Waste Storage’
"«Investigatlons Project (Fernandez and Freshley, 1986' Fernandez. 1985)

The objectlve of the work descrlbed in this chapter ig to determine the e
- effectiveness of fracture sealing (grouting) in welded tuff. ' Daemen et -

al. (1988a, Ch. 6) give the detailed work plan and test schedule:

r.v'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) descrlbe sample preparation end test procedure.. -

Bxperimental work includes measurement of permeabllity of lntact 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, T

" injection pressure, fracture roughness and grout formuletlons on
seallns effectiveness. j N S T R f,i_;f.‘

2 Permeabilitx of Tuff Czlinders

- In this quarterly period the permeabillty of Intact tuff sample |
AP7-1-6-FG4 and: the permeability of a tension-lnduced fracture (sample
5930-1-6-3011) have been measured.

A senmeebility of eample API-I-G-FGA ranged from 1 x 10'7 to 3 x
10‘1 em/s.: This sample developed a vertlical tenslon crack under S
MPa normal stress and 3 MPa injection pressure. _At this point the flow

.l'A increased dramatically. Meassurements made earlier on intact Apache

Leap tuff samples showed values of around 1 x 10-9 em/s. Figure 6.1
" _shows the effect of normal stress on permeability. The greatest

reduction’ in. flow occurs at Iow normal stress.» Sample FGA was tested -
using a pressure intensifier instead of a fa!llng head permeameter due

- to the low flow rate.
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Figure 6. 1 Hydraulic conductivity of intact welded tuff sample .
o AP7-1-6-FC4 as a function of normal stress. Each data .

point represents the average of at least two test runs for ‘

each normal stress.
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A 5as-over-weter pressure intensifier (Fuenkajorn and Daemen. 1986,

. Appendix C) supplies a ‘steady-state flow to the sample at a specified
lnjectlon'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 limited-to 01 to 1.0 MPa. Flow tests are continued at each
normal stress until a uniform flow rate is achieved. The water level

' v_around the outslde of the sample is aluays kept sbove the fracture

Fracture permeablllty testlng of sample FGll was accomplished uslng a8 Af

falling head permeameter. Results show permeabilities of around 2 x ' ' i
10~4 cm/s at 10 MPa, which compares well with testing of sample A ‘ o
AP21-3-6-FG1 (Daemen et al., 1989, p. 133). Permeabilities sre o :
measured under normal stresses of 0.05, 2, 5, 8, and 10 MPa. The
sample is loaded, unloaded and reloaded without interrupting the flow. o
Figure 6.2 shows the permeabllity reduction with normal stress and the o T
ultimately resulting hysteresis. This reduction in flow is. presumably o
. 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.

glight irreversible decrease in permeability occurs after the first

loading/unloading cycle. - The very small magnitude of the resldual

permeability change suggests that only very llmlted permanent

- deformatlon of asperltles occurs.

.Flgure 6 3 shows the calculated fracture aperture as & functlon of
normal stress. Daemen et al. (1988a, Ch. 6, App. 6.A) give the test
method and method of calculation. Identifying the width of the: ,"‘<»i‘
aperture is of key importance in selecting sppropriate grouting-

. parameters such as lnjectlon pressure. grout vlccoslty. and grout
constltuents. - R e

e
S
e :

g_g characterlzaticn of crout Formulatlons w

. . . ©od

) Prlor to fracture 5routlns. srcut formulatlons must be characterized to

" help choose suitable components that will perform adequately given
certain fundamental parameters such as viscosity, lnjectlon pressure.

faperture. -maximum partlcle elze. and strensth. o ,

An ldeal grout would have the vlccoslty cf’uater and the atrensth of
concrete, not to mentlon being impermeable, durable, and nontoxic. No
such products are avallable, making it necessary to select key
>perametern?auch as @& water-to-solids ratic that will provide
pumpablllt:” of the cementitious slurry along with a viscosity that
will suspend the heavier particles to allow & more homogeneous mixture
to be empleccd throughout the fracture. Increasing the viscosity of a
 slurry by lowering the water-to-solids ratic ig desirable to achieve -

' adequate strength and impermeability up to the point where the thlckest
consistency is found that will penetrate cracks at given pressures - -
" (Kennedy, 1958, p. 1731-1).- Grouts with high viscosities sre harder to

- pump, requiring hlgher pressures and pumping time (Herndon et al.,

1976, pp. .20-23). - Cement grouts with low viscosities may promote
flnger-llke flows along ‘paths . of least resistance and l1ittle ‘

~“penetration into finer lnterconnectlng 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 termed stable if it bleeds less than 5% in
two hours-(Shannon and Wilson, Inc., 1997, pp. 14-15). Bleed capacity
is obtained: by _dividing the water loss by the initial slurry volume. A
measure of viscosity and stability referenced by Cambeford (1977, P.
64) is the Marsh flow cone. The time required for a fixed volume of _
slurry to pass through the cone is 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, 1953).

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 numercus articles stating that a small dentonite content o

(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 1nto 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 i3 0.004 inch (0.00016 mm) (Shannon and Wilson, Inc., 1987, pp: :
14-15). Fractures with spertures 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 i3 likely;'

to cause "straining”™ of the grout and agdmittance of only the finer

ingredlents 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 type

of blockage is given by Mitchell (1970, pp. 73-109) as the groutability

ratio, which:-is defined as the aperture divided by the maximum particle

size. For'successful.srouting the groutability ratio should ba greater

than threes: High injection pressures can dilate a fracture and allow :
greater*partlcle'slzes to be admitted. 1Injectlon pressures greater .
than the:in-situ normal stresses on the fracture can cause hydraulic ' :
fracturing,. ground’ heaving and crack propagation resulting in greater

‘hydraulic conductivity.

The cement used in this experiment is Self-Stress II (SSII) cement S
composed of Ideal Type I/II Portland cement provided by Dowell : :
Schlumberger. 1% D63 (a dispersant) and 10% D53 (an expansive agent)

have been added to the SSII cement at the factory.  American Colloid

C/8 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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'API‘specificatlon Ho.. 10. (Anerican Petroleum Institute. 1986. PP.

14-19) with two modificdtions: bentonite is added to 15% of the uater .
- to be.used and allowed:to hydrate two hours prior. to ‘blending (Deere,

1982), end.blendlng Is done for one eddltional mlnute to aid in mixing

Four grout formuletions ‘have been gselected. Mix number 1 has a
water-to-solids (w/s) ratioc of 0.45 with 2% bentonite by weight of
cement. Mix number 2 has a w/s ratic of 0.55 with 3% bentonite. Mix 3
‘has a w/s ratic of 0.65 with 5% bentonite.  MKix number 4 has a w/s.
ratio of 0.45 conslstlng completely of SSII cement. Water-to-solids
ratios have been chosen to provide stable mixes and to achieve sdequate
grout penetration. Density, viscosity, bleed cepaclty. ctrength. and
permeablllty are meaeuredoin the laboratory. .

6.4 Characterization of Fracture Surfaces :éfify i-”;:;;1;¥ift

" Fracture surfaces are characterized by thelr 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 increase 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 disteance required hy the 5rout's tortuous path and the
essocleted pressure drop. , : L

. welded.tuff samples have fractures perpendlcular to the applied stress "
..~ -and generally are plener._ ‘Fracture epertures are calculated from the
. measured permeabilities. because the npertures 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 8 probe assembly along & pair of horizontal steel rods and

" lowering the probe to contact the sample according to a specified
sample interval (Farrington, 1983). A profile record is generated by a -

data ecquleition system and reduced to provide ‘profiles of both .
‘surfaces that may be overlayed to produce the difference hetween
matched grids and aperture dietributlons. )
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Cest 100" CHAPTER SEVEN

BOREHOLE STABILITY TESTING

7.1 Introduction

The stability of boreholes, or more generally of underground openings
(i.0. including shafts, ramps, drifts, etc.) at locations where seals
are to be emplaced is an integral part of sealing design. 'Excessive
deformationg 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 flelds and the stress concentrations that result
around a borehola. The stability and deformation of boreholes in tuff
will be studied by means of 1ntcrnal and external pressurizatlon tests..

¢

7.2 Borehols Deformatlon-and stabilitz Tests° External Loading

The purpose»of this.sectlon is to evaluate the~stab111ty and 7”’;
deformation of a circular hole in a tuff specimen subjected to various -
aexternal boundary load conditicns. The experimental work involves

polyaxial, uniaxial and triaxial borehole stability tests. . The applied
differential stresses and confining pressures are selected to represent

approximately the most savere stress conditions 1likely at the Yucca
Mountain repository site. Daemen et al. (1988a, Ch. 7, pp. 40-42) give
the work plan and test sequence. Daememn at al. (1988b; Section 4.2,
Appendices 7.A, 7.B and 7.C) give sample specifications and test _
procedures. . Preliminary testing was performed to evaluate the strain -
gags installation and to maximize the information cbtained from each
sample, given tha expensive and time-consuming sample preparation and
gage installation. The load was held constant at each step just long
enough to 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 resldual strain '

- in the sample, as well as of the unloading stiffnesa of the sample.

Topopah Springs tuff 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- requirec.in order to induce failure.

7.3 g;gerfhenta; Resu;ts

Two polyaxial’ﬁorehole ‘stability samples, TPS-PX1 and TPS-PX2, of
Topopah Spring tuff have been prepared for testing. Preliminary
testing has been performed on TPS-PX1. 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) gages 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. No failure occurred at maximum stresses used in
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Figute 1 1l Orientation and location of straln gages uith respect to f

loading direction (x and y). 1, 2, 3 and 4 represent
strain gages. 10 x 10 x 20 cm block sample with 25 mm
diameter coaxlal hole.
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Table 7.1 . Results of Biaxial Borehole Deformation and Stability
Tests: Sample TPS-PX1 (Topopah Spring 'rut'f)

.

B Strain (microstrains)
“1LAT* 1AX 2LAT 2AX 3LAT 3AX ALAT 4AX

g : . .
b .
(MPa) -‘Uniaxial State - X Direction (oy = 0)
0.00 ] 0 0 ) 0 ) "0 0
4.83 -398 -119° 669 8 -391 -146 . 589 .33
10.00  -1003 -305 - 1404  -43 -954 -349 1208 -110
15.17  -2489 310 2943  -29 -634 -269 2506 -126
19.99  -4145 361 4081 -48 . -587 -394 3522 -163
0.00 413 395 221 12 -152 19 231 -16
dy . L :
(MPa) ' '  Uniaxial State - Y Direction (a,l = 0)
0.00 o 0o~ 0 o o o 0 )
4.83 1775 -98 = -502 -83 - 877 -~ 70 -380 =20
'10.00 2667 -144  -1118 -161 1617 68 -625  -95
15.17 A081 -155 - ~7545 -298 3008 141 6 70
19.99 5117 -180 = -5482 -268 4053 161 137  -86
0.00 1251 -83 ' -38 150 432 131 -108 19
(- Y ;
%'y _ ~
(MPa) o Biaxial State - XY Plane (cx = ay)
0.00 - R o o 0 0 0 0
- 4.83 385 -107 ~ -1853 -114 202 -48 472 -60
. 10.00 765 -202° - -2429 -200 499 - -117 876  -134
©15.17 - 1123 -288-  -2838 -279 815 -183 1256 -195

19.99 1443, -368 -3181  -352 1095 -250 1586 -249

x1,2,3, 0 = straln sage “number (Figure 7.1)
LAT ameuured lateral strain
AX = measured axial strain
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the prelimlnaéy 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
1nconsistenc1es are under investigatlon., ~ :

Lﬁ_lﬁf_eg.meg:

Daemen.

- Daemen,

J. J.K.. X. Fuenkajorn. s Ouyang. and H. Aksun. 1988a. ”Seallng
of Boreholes and Shafts in Tuff: Quarterly Progress Report,
March 1 - May 31, 1988,” 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 Hining and Geologleal Englneering. Univetsity of Arizona.
Tucsou. .

3.3. K., K. ?uenkajum.’ S. Ouyang, H. Akgun. and R. Amstrong.
1988b, "Sealing of Boreholes and Shafts in Tuff: Quarterly

~ Progress Report, June 1 - Aug. 31, 1988, Contract

NRC-04-86-113, prepared for the U.S. Nuclear Regulatory o 7
Commission, Office of Nuclear Regulatory Research, Division of
Engineering, by the Department of Mining and Geoloslcal ‘
Engineerins. University of Arizona, Tucson. :
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Uniaxial State — X Direction
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Figure 7.2 Results of saﬁpla rrs—pxi. ay = 0, L increases from 0 to

20 MPa.
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CHAPTER EIGHT
| FIELD TESTING
8.1 Introduction

The purpose of fleld testing is to assess the performance of borehole
plugs under in-situ conditions, in particulsar 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 materisls to be considered for
_ in-situ testing are cement, bentonite and bentonite/crushed tuff
mixtures. . Rock from the field site has been collected for laboratory
testing. . o B - e g
This chapter describes drilling of three vertical holes, in-situ rock
permeability obtained from packer testlng. and method to test the plug
installation. - v

8. ZAAPacker Testhg of Inclined Holes , —?‘

Y

COnstsnt pressure (steady-state flow) end falling hesd packer‘tests
using a straddle packer system were conducted on the inclined holes of
all three sites to sid 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, bssed on the assumptlon of a homogeneous. 1sotrop1c
porous medlum.__ '

- 8.2. 1 ‘Test Hethod

- Both the constant pressure 1njection 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 1s 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 tc equilibrate. Some excess water is:

introduced: into the interval before upper packer inflation. As the
packer 1nflstes. thls water is forced up the open 1nject£on 1ine under
pressure.-;;.f? e ‘ A

If the test lnterval consists of relstlvely 1ntsct rock. the 1njectlon

" pressure will stablilize, allowing use of the steady-state injection

. system. If fractures are present in thé test interval, allowing water -
 to quickly flow out of the test interval, the falling head system is -
"implemented to measure the hydraulic conductivity of the interval.

RTINS
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. around inclined holes. The system allows both steady-state

~ flow (constant injection pressure) and falling head
permeameter tests to be performed.
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The packers are lnflated to pressures from 0.7 to" l 4 KPa. Injection
pressures range from 0.14 to 0.56 MPa. To prevent leakage at the
packer ahd borehole interface, the injection pressure is always kept
- lower than half the packer pressure. Test duration for each integrval
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 & constaent flow rate
has been observed. A

The permeability of the rock is calculated by assuming that the flow
into the rock around the hole is laminar, all connective volds are
filled with water, and that Darcy's law is valid. For steady-state
flow tests, the hydraullc conductivity (k) of the test interval is
calculated uslng an equatlon modlfled from Bear (1979. pp. 305-306)

an(R IR ).

k= - o CCems®) ... ...(8)

- where Q = flow rate in emd/s

Rl = radius of the borehole ln cm (c 2.86 cm) -

.;R ‘radius of the eaturated test zone in cm (assumed to equal ZL )
LH = length of the test lnterval in em (= 37 cm) A" o
:‘Ah = applled water head ln cm.; ;M f“_‘ j;_:: ', ivel:‘i e
For falllng bead tests. the hydraullc ccnductlvlty (k) of the rock is
calculated from an equation derived from Bear (1919. pp. 305-306) and
~ Freeze and Cherry (1979. P. 336): '

‘8 ln(R /B ln(h M, ) R ;Ll?;’.;j},f;;uz,f-

L (e - 6), It PO D

i \_AJV_AA .‘"‘ o ) ,,_,.

whe;efjane crgss-sectlonal area of the £alllns head permeameter (- s 03
7: ::dius of the aaturated test zone ln om (asaumed to equal o
e 2L ) o ruf"JAfi’7¢'1= A '
R = radlus of the borehole in cm (= 2.86 en)

: :LH~i length of the test lnterval la cm (- 37 cm)
"»‘.t o t‘ = “time between readlnga vf _ : S
‘= lnltlal height of water from the tank to the center of test

interval at time t B RN S e
" h, = helght of water from the tank to the center of the test

1.
lnterval at tlme t1

L
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8.2.2° Test Resulta.v

Flgures 3.2 through B 4 give the calculated hydraullc conductivity as a

function ot‘hole length of locations A, B and C, respectlvely Two

distinct hydraulic conductivities are observed- k = 10 -3 t 10 -4 cm/§

prodably represents a-lower bound estimate of the fracture zone

permeability, and k £ 1.9 x 10 -8 cm/s represents the intact rock
permeability. A '
Falling head tests lndlcate that nearly all of the fractured zZones ln
“the inclined»boreholas have a measured’ hydraullc conductlvlty (k) on

- the order of 10 -3 cn/s (Pigures 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 lof6

to 1(o;x,1o'5 em/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. 1In less fractured zones, the
magnitude of flow ocut of the test interval decreases and can de 4
calculated if it is less than the output flow'of the 1njectlou system.

For steady-state tests; the accuracy of the»injectlou system-and test’
duration limit the mlnlmum measurable hydraulic conductivity, which is

1.9 x 10 -8 em/s. Therefore. when intact zZones are encountered in the
borehole, and the flow into the injection zone i3 less than can be .
measured, the hydraulic conductivity of that test interval is .

considered less than.1. 9 x 10 -3 em/3. - ':'v'i*: ERT

For lncllned‘hole A. the intact rock is fouud at a deuth frcm A70
to 520 cm. The hydraulic conductivity of thlu zone i3 less 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,

the intact rock (i.e. k € 1.9 x 10-8 em/s) is found at a depth from

420 to 620 cm.. Correlation of the permeability results with the core
odtained from the inclined holes is uncertain due to extenslve breakage
of the core caused by drilllng. :

8.3 Drilllng o£~1so mm'niameter Vertical Holea

Six inch-(lsa‘mm) dlamater-vartlcal holes have'been drilled at
locations'A; B and C. Each hole i3 located so as to intersect a -
previously drilled. inclined hole (Daemen et al., 1989, Ch. 8) at a
depth of approximately 5 to 6 meters. The drilling was commenced on
April 11, 1989, and was completed on April 22. The work.was.performedv
by the Boyles Bros. Drilling Co. ' '

The location of the vertical hola to be drllled ls datermlned 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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z '.rest results of 1nc11ned hole A Kydraunc conductlvity es

- a function of hole length. . Low permeability rock (intact
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147

RIS T AP PRI



Site B

e

10~

2 1l

=
3

Laaan

o
4

oLl

Hydroulic Conductivity (cm/sec)

o
3

L ool

b . e
tspm— . s . o

.10" lf-l‘rlll||ll|l_lr|lll|lll LRI LR LR |
" 140 . 180 220 . 260 300" 340 380 420 - 460
: T L Hole Length (cm) o

Figuro 8 3 'l'est results of inclined hole B. Hydraulie conductivity as -
a function of hole length. ' Low permeability rock - . ~
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vmeasurable by the system = 1.900 x 10 -8 cmlsec. Maximum
> - hydraulie conductlvity measurable by the 3ystem = 0.800 to

1.0 x 10 -5 cm/sec.
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6-ton truck are specified by uslns a theodolite (Flsure 8.5). Daemen
at al. (1989, Ch. 8) describe a method to locate tha vertical hole to
be drilled: by intersecting the inclined hole. After the drill rig is
aligned, thestruck is stabilized using hydraulic jacks.

‘A 178 mm 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 i3 used as the drilling
fluid. The core is then removed. A 175 mm 0D, 162 mm 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 mm 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
casa hole. .Presh water is used as the drilling £fluid. The rate of bit
penetration varies from 15 to 100 cm/hr. The rotational speed of the
drill bit is about 100 rpm. The core 13 recovered every 1 to 2 m of
bit penetration. Figure 8.7 shows core recovered with the core

barrel. Nominal core dlameter is 100 mm (4 in). The drilling is
terminated after the hole intersects the inclined hole. Table 8.1 B
gives the geometry of each test site hole combination. Figures 8.8 C i
through 8.10 show the core recovered from the vertical holes A, B and '
C, respectively. The core log of the three vertical holes is slven in
Appendlces 8.A, 8.B and 3 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 parallsl to 3
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 pleces at a depth between 2.44 and 6.10 m. This is
probably due to the drilling process and the presence of natural
-fractures..’ The vertical hole C. (inside the tunnel) gives good intact
core throughout the hola length. Only a few natural fractures are
observed. ‘ ‘ ST ' :

b -

P i By

8.4 Video Logging og Vertical Holes

Borehole video logging was performed in order to investigate the :
characteristics of the rock on the wall of vertical holes and to select

a locatlon!at;whicb-to place the plug. The work was performed on May

19, 1989 byi"Well Scan Inc.” A 76 mm OD color camera (Wellcam, WC- -
9941). witizheadlight i3 lowered into the hole using a steel cable. The i
borehole-image:is monitored using a control unit (WC-9541) and is ;
simultanecusly recorded by a videocassette recorder. A rope is lowered _ s
into the borehole to provide a reference orientation inside the hole. :
The depth of the camera-ls measured from the encodar at. the cable reel.

The investigatlon 1s 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 B show highly fractured rock. Most
“fractures are nearly vertical.
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Figure 8 5 The drlll is posltioned and oriented. rheodolite used to ’

preclsely measure the drill orientatlon.
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’

Pigure 8.6 Six-inch OD thick wall diamond impregnated bit used in
drilling of vertical holes. The bit is mounted on the
bottom end of the 9-ft long core barrel. .
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Figure 8.7 Core recovered by using core barrel after each run.
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Table 8.1 Length vof Vertical Holes and Inclined Holes at Locations A,

Band C- , dina = -
V!_; ) - ‘ - - e - ‘g-

< X >
— o
Ic
 . ,1 S B
DN O R SR A

-~ - D = total depth of vertical hole-: .- °°

.7 7 d = length of vertical hole below

.+ intersection point
. ¢ = length of casing
L = length of 1nclined hole
%X = horizonal distance between
. vertical and inclined holes-

¢ = dip angle of ineclined hole
8 = dip direction of inclined hole

B I MR T R S

.(n)v- (m) (m) m 9 | o

A 737 1.68. 1.47  8.8%  4.72 . 57°38° S 10°W
B 671 1.83  1.30 7.48  4.57 52°18' N 88° W
c 6.22 0.74  1.12 7.01 4.1 52°45° N 80°E
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Figure 8.8 100 mm dismeter core drilled from location A. -
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Figure 8.9 100,‘mmA diameter core drilled at location B.
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8.5 Joint Orientation Measurement

Daemen ot al. (1989. Ch. 8, Section 8.4) give the method and results of
~ joint orientation measurement at the field site near Superior,

- Arizona. Amrerror 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).: Figure 8.11 gives the correct normals to joint planes and
their contours. Four joint sets are recognized: N 270°/vertical, B
300'Ivert1cal. N 240°Ivert1cal. and N 250°/10° o '

8.6 ?uture Plans

Straddle packer tests wnl. be performecl on vertlcal holes to obtain
information about the rock and fracture pemeabil.lties. 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 systeni for in-situ pefmeabiiliy testlﬁs will be

improved in order to assure that lower hydraulle conductivities can be

measured raliably. Not much effort will be devoted to improve the-
raesolution in the upper permeabnil:y range,. as thesas resul.ts are of
limited interest to.us. - A
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o Arrsmnx 8.A

" DRILLING LOG OF VERTICAL HOLE AT LOCATICN A

T
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