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1.0 INTRODUCTION
1.1 Background and Purpose

The Spent Fuel Test-Climax is being conducted to demonstrate the
feasibility of short-term storage and retrieval of speni fuel from a
commercial nuclear power reactor in a deep geologic environment.
A schematic of the Spent Fuel Test Facility is shown on Figure 1.1,
One of the major activities of the program is site characterization,
of which in situ stress measurement is an integral part {Ballou, et al.,
1982).

Previous stress measurements were performed in 1979 by the U.S.
Geological Survey (E11is and Magner, 1982). The additional measure-
ments reported in thic study were undertaken for several reasons:

a) The earlier work was done prior to excavation of the can-
ister drift. The state of stress, especially near-field,
could be changed both by this new opening and the thermal
loading from the canisters and auxilliary heaters used
during the Spent Fuel Test.

b) The earlier measurements were made relatively close to the
south heater drift, and may have been influenced by this opening.

¢) Anomalies in the earlier results, particularly a Tow ver-
tical stress, could not be accounted for satisfactorily.

The stress measurement study presented in this reporf was intended
to investigate these questions and provide a more complete picture of
the stress at the test facility. The program had three major objectives:

1)  To measure stresses in the pillars located between the

canister drift and the north and south heater drifts.

2) To measure the stress gradient away from the test facility.

3) To measure the in situ stress outside the zone of
influence of the test facility, as far as practical,

1,2 Scope of Work
To achieve the goals of the study, two phases of work were performed
in which a total of eight boreholes were drilled and tested. The bore-
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hole locations are shown on Figure 1.1, The stress-measuring instruments
used for this study included both the U.S, Bureau of Mines Borehole
Deformation Gage (USBM gage) and the Australian CSIRC Hollow Inclusion
Stress Cell (CSIRD cell).

The first phase of the study inciuded drilling, testing, and data
analysis for boreholes 1S5-4 through 10. Borehules ISS-4 through 7
were drilled through the pillars to measure pillar stress profiles.
Borehole 1S5S-8 was drilled horizontally away from the south heater drift
to measure the stress gradient near the test facility. To measure
stresses gutside the expected zone of in“luence of the test facility,
borehale 135-8 was extended into the rip, and borehcies 155-9 and 10
were drilled from the tail drift toward borehole ISS-8, This would
allow the determination of the three-dimensional undisturbed stress
tensor using data from USBM gage tests made in relatively close proximity
to ore another, To minimize stress concentration effects of the test
facility, tests were made at borehole depths of 40 to 110 ft to
measure the undisturbed state of itress,

Field work for the First phase of testing began in June 1983
and was completed in Sepiember 1983, A report on the results of that
phase of work was presented to LLNL in January 1984, Those results
suggested that significant variations in stress conditions existed
at depth in the rib between the soutk heater drift and the tail d.ift.
No apparent physical mechanisms were identified that could reasonably
account for the variation in measured stresses in a region of rock
which should exhibit uriform stress conditions. For this reason, and
because the results were not entirely conclusive, LLNL requested that
a second phase of work be performed to further investigate the in
situ stresses in the rib. The additional work consisted of drilling,
testing, and data analysis for borehole 155-11, which was alse drilled
from the tail drift toward borehole IS3-8, Field work for the second
phase of work began in February 1984 and was completud in April 1984.
Under Phase II, the Phase I data was re-evaluated in light of data



from borehole I15S-11, This report presents a complete description of
the work performed for both Phases I and 1I, and supercedes the
January 1984 report.

Additional information obtained during this study included
modulus of deformation and Poissen's ratio of large-diameter rock
core from the test facility, and geologic data from the core itself.
Interpreting and reporting the geologic data are to be done by others,

1.3 Acknowledgements
The work described in this report was perfermed by Foundation

Sciences, Inc. (FS1) for Lawrence Livermore National Laboratory
(LLNL), under contract number 310665,

A nuaber of people were responsiole for the success of the study:
Wesley Patrick was Project Manager for LLNL, with Dale Wilder, Jesse
Yow Jr., Harold Ganow, Norman Rector, and John Scarafiotti participating
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1.4 Applicability |
The state of stress in a rock mass is complex and variable because |

|

|

of topographic, structural, material, and historical factors. All
measurements of =tress rely on indirect methods and analyses, necessar-
ily, contain simplifying assumptions. While the work described in

this report incarparates state-of-the-art technigues in rock stress

measurements, there are still problems with technique and analysis which
are far from resolved. For this reason, it is recommended that the
results of this study be applied carefully, and with full appreciation

for their uncertainties and limitations.
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2,0 SUMMARY
2,1 In Situ State Of Stress

Four deep stress measurement boreholes were drilled fram the south
heater drift into the south rib of the test facility west of the tail
drift. The logical assumption at the start of the study was that the
in situ state of stress ia this region would pe uniform. However,
based on the results of the stress measurements, the state of stress is
not uniform and significant variations in stress exist at different

lotations within the rock mass.

Three general zonas in the rib were tested during this study:
two horizontal boreholes 15S-8 and 9, drilled perpendicular to one another,
tested a zone near their intersection, which is at the same elevatior
as the test facility; upward-angled borehole 1SS-10 tested a zone
50 to 70 ft above the intersection of boreholes 1S5S-8 and 9 and;
downward-angled borehole ISS-11 tested a zone 50 to 70 ft below the
intersection of boreholes 1SS-8 and 9. As shown on Figure 2.1, the
in situ state of stress is different in each zone. Stresses measured
in the 155-10 zone and the 135-8 and 9 zone are relatively uniform within
each zone. Also, the principz} stress orientations in the 135+10 zone
are similar to those in the iS5-8 and 9 zone; however, the 1$$-10
stress magnitudes are significantly higher. Principal stresses
in the 1SS-11 zone show a rotation of the major and iniermediate
principal stresses around the average axis of the minor principai
stress, with increasing test depth, Average principal stress magnitudes
in the 155-11 zone, whick are given on Figure 2.1, are similar to those
in the 1S5-10 zone, but the orientations are significanily different
from either of the other zones.

Based on calculations of overburden pressures; a vertical stress
comporient of about 1,600 psi is expected at the test facility, Test
results indicate that only the ISS-11 strass zone has a similar average
vertical stress. Vertical stresses for the IS5-8 and 9 zone and the
155-10 zone are about 950 psi and 2,050 psi, respectively.

-5



Principe] siress, psi

. u
Test Zone 1 f2
155-8,9 1,500 800
15s-10 2,500 1,800
155-11 2,200 1,800

A
)

S
800
900

1,200

Note: A)1 stresses compressive

-6~

LLNL Spent Fuel Test-Climax
Summary of In Situ
Principal Stresses

Figure 2.1



..

In addition to the large differences between average measured
principal stresses in the three zones, smaller, but significant stress
variations were measured within each zone,

The reason for the apparent changes in the average stress field
over the relatively short distances botween zones, the indicated regular
rotation of stresses in borehole IS5-11, and the other smaller but
significant variations in stress within a general zone are not obvious.
Possible hypotheses include the effects of joints and shear zones in
the rock mass, thermally induced stressas from the Spent Fuel Test,
unrecognized effects of the test facility itself, cooling histary of
the quartz monzonite, influences from nearby nuclear detonations, ana
cther geologic/tectonic mechanisms that may be recognized in the
future, as work at the test facility progresses.

2.2 Stress Gradient into Rib from South Heater Drift
In borehole 155-8, the major principal stress within 20 ft of the
south heater drift is predominantly vertical and is on the order of

about 1,500 psi. The minor principal stress is small (near zero)

and is oriented in a near-horizontal direction, perpendicular to the axis
of the south heater drift. Tests results indicate that there is np
large concentration r“ veriical stress caused by the test facility.
Beyond depth 20 ft, the minor principal stress increases, and the Jajor
principal stress rotates away from vertical and toward the orientation
shown on Figure 2.1, A low stress zone of abcut 900 psi maximum was
observed from depth 40 to 45 ft. The cause of the Tow stress is nct
clear, but it may be related to two opem, weathered joints, that were
seen in the core to intersect at a depth of about 40 ft. Beyond a
depth of 60 ft, the principal stresses are relatively consistent in
orientation and magnitude.

2.3 Pillar Stresses

Stress measurements in the four pillar boreholes present a relatively
consistent profile of secondary principal stresses. The major secondary
principal stresses are predominantly vertical and have a maximum value
of about 2,000 psi near the heater drift face. These stresses decrease
gradually but consistently toward the canister drift face, where the
magnitude is about 700 psi.

-7-



The results of three CSIRG cell tests indicate that major principal
stresses in the pillars are on the order of 2,300 to 3,000 psi, and
are orisnted at an angle of 20 to 50° from vertical. As would be
expected, the minor principal stresses are low, averaging about 500 psi,
and are oriented across the short dimension of the pillar. The inter~
nediate principal stresses are nearly horizantal, oriented along the
lTong axis of the pillars, and less than about 900 psi.

2.4 Rock Deformational Properties

Results of biaxial compression tests indicate that the Climax
quartz monzonite tested during this study is generaliy homogeneous,
isotropic, and elastic at the stress ievels of interest.
Average material properties are:

10 x 10%s1
0.29

Biaxial Modulus of Deformation
Poisson's Ratio

n

2,5 {Quality of Test Results

Great care vas taken to standardize test grocedures and to perform
tests according to set procedures. Several specialized techniques were
developed to minimize test errors asseciated with the relatively great
depths of testing in the boreholes and the thermal effects associated with
testing in artiticially heated rock, We balieve that the differences
in weasured stresses are greater than can be accounted for by the errors
introduced by uncertainties in field measurements. Further, two fund-

amentally different stress measurement systems produce a ceasistent
picture. Therefore, we conclude that the test results presented in
this report are generally correct and that the in situ stress field
around the Spent Fuel Test Facility is not simple or uniform,

Comparisons between CSIRD cell and USBM gage stress measurement
results indicate ycod agreement between the twu devices, except that
USBM gage stress magnitudes average 30% higher, More confidence is
placed in the USM gage stress magnitudes due to its longer history
of successful use, its less complex physical operation, and its
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simpler theoretical basis, when compared to the CSIRO cell, The
directions of the CSIRQ principal stresses also appear to be systematic-
ally biased by the test borehole orientation, The test data indicate
that the bias is probably in the range of 10° to 20°. The reasors for
the suggested CSIRO deficiencies ara not clear. Possible reasons
include incomplete curing of the epoxy grout prior to overcoring,
imperfactly balanced sensitivity of the nine strain gage orientations

to the different components of the in situ stress tensor, and errors in
the constants used in the stress tensor solution to correct for the
mechanical properties and geametry 6f the device,

Because real variations exist in the stress field, the fundamertal
assumption of a uniform stress condition, inherent in caleulating prin-
cipal stressss from USBM gage tests in several boreholes, is not met.
For this reason, USBM gage principal stress solutions do not result in
an accurate assessment of in situ stresses, but instead tend to average
the stress fields in which USBM gage tests are performed. The CSIRD
cell principal stress solutions present a clearer picture of the in situ
stress state in individual zomes.

Despite the suggested CSIRO cell deficienciec, the errors associated
with 115 use are considered minor for this study, and the ability to
determine the complete stress state with one test significantly
improves our understanding of the in situ stresses around the Spent Fuel
Test Facility, HKe conclude that the CSIRD principal stress orientations
are reasonably accurate, but that the calculated stress magnitudes,
as given in section 7.0 of thic report, should be increased 30%. This
has been done for the summary principal stresses shown on Figure 2.1,
which 15 based on combined solutions of CSIRD cell tests in each of the
three stress zones,



3.0 SITE DESCRIPTION
3.1 Location and Topography

The Spent Fuel Test Facility is located at the north end of the
Nevada Test Site about 100 miles northwest of Las Vegas, Mevada (see
Figure 3.1). The test facility is approximately 1,375 ft below the
ground surface within a granitic body. The general layout of the
underground facility is shown on Figure 1.1,

The surface entrance to the test facility is located on a bench
at an elevation approximateiy 500 ft above Yucca Flat to the south
and 1,500 ft below Pahute Mesa to the west., The terrain falls gently
to the southeast onto Yucca Flat and rises moderately to steeply to
the north and west onto Pahute Mesa.

3.2 Geolonic Setting

The strata of the Nevada Test Site region consist primarily of
complaxly felded and faulted sedimentary rocks of Paleozoic Age. These
are overlain by Tertiary volcanic tuffs and lavas, with Tertiary o~/
Quaternary alluvium in the valieys. The Spent Fuel Tect site i$ located
within the Climax stock, a composite granitic intrusive body of Creta- i

ceous age. Gegphysical evidence sugyests that the stock, which
outcrops over an area of about 1.6 kmz, expands conically to an area
of about 100 krn2 at a depth of several kilometers. This stock is b
composed of two main units, a grandiorite and a quartz monzonite, which
contain varying proportions of the same minerals. The test facility

is located ir the quartz monzenite unit. Grain sizes in both units

range from 1 to 4 mm; however, the cuartz monzonite contains scattered
pink alkaii feldspar crystals up to 50 mm in length (Wilder and Yow, 1981),

The quartz monzonite of the Climax stock is moderately to highly
Jjointed with three prominent joint orientations (Heuze, et al., 1981):

-10-
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Average Avarage
Strike, degrees Dip, degrees

Set 1 N32W 2203
Set 2 N64W Near vertical
Set 3 N35E Near vertical

There are also a number of shear zones intersecting the Spent Fuel
Test site. In general, these shear zones have strikes of NIO°W to
N6Q0°W and dips of 75° to 85° northeast.

Major faulis in the viciiiity of the Climax Stock include: the
Yucca Fault, located south of the stock and trending northward; the
Tippinip Fault, located west of the stcck and trending north-northeast;
and the Boundary Fault, which trends northeast and forms the southeast
contact between the stock and the alluvium,

<12~



4,0 TEST PROCEDURES AND EQUIPMENT
3,1 Genera) Concepts of Overcore Testing

The overcore test is designed to measure the in situ state of
stress in a rock-mass. The test measures the deformation of a smail-
diameter borehole as it i5 isolated from the surrounding stress field.
This is accomplished by advancing a 6-in.-diameter borehole to within
about 1 ft of the test lecation. A concentric 1.5-in.-diameter borehale
is then drilied about 2 ft beyond the end of the 6-in. borehale. A
borehole deformation gage is placed in the smaller borehole and concen-
trically overcored with a 6-in.-diameter bit, thereby stress-relieving
the core containing the gage, as shown on Figure 4,1,

With knawledge of the rock's deformational properties, the
borehote deformations measured in the overcore test can be related
to the change in stress in the rock core. This change in stress is
assumed 1o be numerically equal, a1tﬁough opposite in sense, to the
stresses existing in the parent rock mass.

The deformational properties of the rock are determined by per-
forming a biaxial comprassion test on the core recovered from an over-
core test location. This test is accomplished by applying a known
uniform radial pressure to the outside of the rock core and measuring
the resulting daformatigns of the inner coaxial borehgle with a bore-
hole deformation gage, as shown on Figure 4.2,

For this study, two different instruments were used to measure
deformations of the 1.5-in.-diametar borehole: the U.S. Bureau of Mines
borehole deformation gage (USBM gage), shown on Figure 4.3, and the
Australian Commonwealth Scientific and Industrial Research Urgamization
triaxial hkollow inciusion stress gage (CSIRO cell), shown on Figure 4.4.

The USBM gage measures the deformations of the 1.5-in,-diameter
borehole across three diameters spaced 60° apart. This instrument's
sensing system consists of three pairs of strain-gaged cantilevers,
which are read electronically. Since stresses can only be measured

-13-
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in the plane perpendicular to the axis of the borehole, a minimum of
three nonparaliel holes are required to calculate the complete in

situ stress tensor. This test assumes that the rock is homogeneous,
isotropic, and elastic, and that the stress field is the same in all
test locations, The principal advantages of the USBM gage are its
re-usability and its relatively long history of successful use in other
stress measurement programs. The construction and standard use of

the USBM gage are well documented by Hooker, Aggson, and Bickel (1974);
Hooker and Bickel (1974); and Panek (1966).

The CSIRO cell measures the deformation of the 1.5«in.-diameter
borehale using nine independent strain gages in three 45°/90° rosettes
which are read electronically. The strain gage rosettes are potted
into the walls of a hollow epoxy cylinder, which in turn is epoxy glued
to the walls of the borehole. The orientations of the strain gages are
designed to result in relatively balanced sensitivity to the different
components of the stress tensor and to allow for some redundancy in
the measurements. The advantage of the CSIRO cell is the ability to
determina the complete stress tensor at a single point in the rock
mass with one test. The CSIRO cells and methods of analysis are
described by Worotnicki and Walton (1976) and Duncan Fama and Pender
(1980).

4.2 Overcore Testing
4.2.1 General
The overcoring test procedures used for this project were in

substantial conformance with the proceduies given by Hooker, Aggson,
and Bickel (1974) and Hooker and Bickel (1974). However, special
procedures and techniques were developed in response to conditions
unique to this project. These include the relatively large depth

in the boreholes at which the tests were performed {up to 110 ft),

the high rock temperatures (up to 26°C) relative to the ambient
temperature of the minz air ard drill water (about 18°C), and the
presence of standing water in 2 dewnward inclined borehole. The major
technical problem associated with overcoring tests at depth is ac-

-18-
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curately setting and determining the ortentation of the borehole
deformation gage. The probiem with & large difference between rock

and drill-water temperature is the thermally induced rock deformations
and the offset/calibration factor changes in deformation gage electronics
as the thermal regime changes during testing, Difficulties with

placing and accurately orienting borehole deformation gages underwater,
particularly with ens-=ing a successful epoxy bond between the CSIRQ

cell and the borehole wall, required that standing water be removed from
the downward inclined borehole,

The following sections discuss the special techniques developed
for this project and summarize the steps performed in conducting an
overcore test. A detailed 1ist of the drilling and test equipment
used during the test is presented in Appendix A,

4,2,2 Special Technigues

4.2,2.1 Borehole Deformation Gage Orientation,

At test depths of more than 50 ft, it is difficult to obtain
accurate angular orientation of the USBM gage, using either the standard
level or a compass mounted in the handle of the setting tool. This
is due to the torsional flex in the setting rods and the stick-slip
rotation of the gage in the hole. A mercury orientation switch can be
placed just behind the gage and monitored remotely, as is done with
the CSIRQ cell, which improves the orientation accuracy, but + 10° is
stil1 the best that can be expected at large depths.

For this project, the USBM gage was randomly oriented in the bore-
hole, The CSIRO cell was set and initially oriented using a mercury
switch located just behind the gage. Following removal of the setting
tools for both gage types, the orientition of the gage was visually
determined using a high~povered telescope, as shown in Figure 4.5,
Adequate i1lumination of the back of the borehole and orientation pins on
the gage was achieved by pushing a flashlight into the back of the hole.
The crosshair in the eyepiece of the telescope was aligned with the
orientation pins on the back of the borehole deformation gage, and the
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orientation of the crosshair was then determined with the clinometer on a
Prunton compass. The estimated error for this telescope orientation method
was + 2° from 0 to 50 ft and + 4° from 50 to 110 ft. This method also allowed
mapping of rock features exposed at the end of the 6-in. hole, which
facilitated arientating the rock core following its recovery from

the borehola.

Due to a slight curvaturz in borehole 155-10, borehole defor-
mation gages placed beyond 70 ft were not visible from ths borehole
collar, The orientations of such tests were determined by placing
a mark at the bottom of the b-in,-diameter core before overcoring.
This was done by sliding a marking pen attached to the end of the
setting rods along the bottom of the borehole. After carefully removing
these cores from the borehole with the borehole deformation gages left
in place and undisturbed, the orientatiun of the instrument was determined
by measuring the angle between the orientation pins and the mark, which was
assumed to be vertically down, The estimated error in this method,
which was used for tests 158-10-6-C, 1SS-10-7-B, ISS-10-8-B and
188-10-9-C, is + 10°.

4.2.2.2 Temperature Monitoring and Control.

During the Spent Fuel Test, the rock Ssurreuncing the test facility
was heated by the spent fuel canisters and electrical awxilliary
heaters to temperatures above previously existing levels, The resulting
rock temperatures at the time of this project were on the order of 24° to
26°C. The air and water temperatures in the mine, however, were at

about 18°C. Usually, drill water is circulated both beiore and after
overcore drilling to stabilize the borehole deformation gage temperatures.
However, this procedure would have reduced the rock temperature,

Therefore, using mine-temperature water for drill circulation could

have induced local stress changes which would have been superimposed

on the pre-existing stress field. Also, the effects of thermal contraction
of the test core and the 1.5-in.-diameter hole would be supérimposed on

the measured deformations resulting from stress relief, In addition
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to these rock stress changes, changes in gage temperature during testing
will significantly offset USBM gage and CSIRO cell outputs. These ther-
mal effects would be difficult, if not impossible, to evaluate amalytically,

For these reasons, an effort was made to minimize the impact
of thermal effects by controlling the temperature of the drill ¢ir-
culation water. To accomplish this, a closed water circulation system
was used for drilling. Water was pumped from a tank of approximately
250 gallons capacity to the drill bit. The return water was collected
at the borehole collar through an 8-in.-diameter pipe grouted into the
rock face, and was returned to the supply tamk. Rock temperature was
monitored with a thermistor installed in the borehole instrument. Drill-
water temperature was monitored with a thermistor submerged in the
recirculation tank, and was manually controlled by energizing submerged
electric heater elements to increase the temperature or by adding cooler
mine water to decrease the temperature.

The goal at the start of the testing program was to maintain a
constant rock temperature at the test location by drilling with water
heated to the initial rock temperature. It soon became apparent, however,
that this was not feasible because of heat produced by the cutting friction
of the drill bit, the thermal inertia of the drill rod string, and the
Timited flow of water that could be circulated without dulling the drill
bit. The goal of temperature control then evolved to minimizing the
changes from initiai rock temperature during drilling, and subsequentiy
stabilizing the rock at its initial temperature.

The techniques used to efficiently minimize temperature deviations
during drilling were arrived at through a process of trial and error.
While the specific mixtures of warm and cool water, the volumes pumped,
and the rates of delivery varied with each test, a general procedure was
successfully established:

1. Initial rock temperatures were determined by allowing the

deformation gage and the thermistor to fully equilibrate with
the rock temperature prior to the start of water circulatien.
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To du this, gage output on all channels and gage temperature
were read and recorded at 2-minute intervals. The gage was
considered equilibrated when three consecutive sets of

output readings did not differ by more than 5 strain units and
gage temperature did not vary by more than 0.01°C, with nro
increasing or decreasing trends.

The initial drill-water temperature was adjusted so that it

was 1° to 6°C cooler than the initial rock temperature., The
actual temperature chosen was determined by temperature behavior
observed during the previous test im a particular hole.

As grilling progressed, the gage temperature was monitored
and the drill-water temperature and flow rate were adjusted as
required to correct temperature excursions. Efficient temp-
erature control required some experience because the heat
generated at the hit varied, depending on bit sharpness, rock
conditions and drill rig performance. Also complicating the
procedure was the thermal inertia of the dr11 string, This
resulted in a 5- to 20-min, 1ag between the t:ime when the tank
temperature was altered and the resulting effects were observed
at the deformation gage. As test depths intreased, the lag
time increased.

When drilling was completed, the rock core was returned ta the
inttial rock temperature by contiruing circulation of drill
water and adjusting water temperature as required. Final

gage readings were taken after stabilizing the rock temperature
and stopping water circulation, The time required to accomp-
lish this was typically 20 min. to 1 hour,

With experience, temperature deviations during drilling could usually
be maintained within + 3°C of the initial rock temperature and final
temperatures within + 0.1°C could be achieved,

C-23-



The effect of temperature change on strain gage readings is
shown on Figure 4.6, which shows strain and temperature versus time
for a typical CSIRO cell overcore test. Because stresses are cal-
culated from the difference between readings recorded at the same temp-
eratures at the beginning and end of the overcore test, temperature
fluctuations that occur during the test do not affect the final stress

calculations.

4,2,2,3 Drill Water and Cuttings Removal from Downward Inclined

Borehole 15S-11,

Drill water and cuttings remaining after drilling in the downward
inclined borehole ISS-11 would have presented difficulties in placing
and accurately orienting the borehgle deformation gages. A clean bore-
hole without standing water or cuttings ensured a clean bonding surface
for the CSIRO cell epoxy cement, firm contact between the USBM gage
sensing * -~ “ons and the borehole wall, and & clear view of deformation

gage orientation pins for telescopi¢ orientaticn.

The techniques used to remove drill cuttings and water from borehole
1SS-11 were arrived at through a process of trial and error. The follow-
ing sequence of procedures, developed during the first half of the testing
program and used routinely thereafter, proved to be the most effective,

1. After advencing the 6-in,-diameter borehole and removing
the core, the water remaining in the borehole was removed
by airlifting with compressed air discharged through the
open enc of an NX drill rod lowered to the bottom of the
borehole, The borehole itself acted as the return line.
The borehole was subsequently refilled with clean water
and airlifted two more times. This process effectively removed
the large volume of suspended fine drill cuttings generated
during drilling of the 6-in.-afameter borehole, which other-
wise would later have settled into and filled the 1.5-in.-
diameter borehole.

-24-
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After the EWT borehole (1.5-in.-diameter borehole) was

drilled in the bottom of the 6-in,~diameter borehole, the water
and cuttings from this operation were removed in preparation
for placement of the borehole deformation gage as

follows:

a)

b)

After removal of the ENT core, a 1-in,-diameter PVC pipe

was lowered to the bottom of the 1.5-in.~diameter borehole.
Water and air were discharged through the PVC pipe to blow
drill cuttings up and out of the 1,5~in.-diameter borehole
and into the bottom of the sloping 6-in.-diameter borehole,

The 6-in,-diameter borehole was then airlifted three times
using the method described in step 1. This effectively
removed all of the cuttings from the borehole and all of
the water except that in the 1,5-in.-diameter borehsle and
the bottom 6 in. of the 6-in.-diametzr borehole.

A wicking tool, lowered by means of the deformation gage
setting rods, was used to remove the remaining water.

The wicking tool consisted of a used EWT core barrel,
fitted at its forward end with a screw-on, pointed

nose cone and at its rearward end with rolls of absorbant
tissue paper.

As the wicking tool was lowered to the bottom of the
1.5-in, -diameter borehole, the closed EWT core barrel
displaced most of the watar in the snaller borehole

up into the 6-in.-diameter borehole, where it was
absorbed by the tissue paper. After allowing a 10

to 15 minute period for the paper to absorb the water,
the tool was removed from the hole, and saturated

rolls were replaced with dry rolls. This procedure was
repeated two or three times until the paper rolls
returned relatively dry from the bottem of the barehole,
indicating that the water in the 6-in.-diameter bore-
hole had been absorbed. This procedure Teft only about
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d)

4 in, of water in the bottom of the 1.5-in.-diameter
borghole, whici was below the deformation gage location,

For CSIRO cell tests, the remainder of the water in the
1.5-in.-diameter hole was removed by refitting the
wicking tool's EWT core barrel with a drilled-gut nose
cone and filling the hollow center of the barrel with
absorbent paper towels. After the tool was relowered
to the botiom of the borehole, less than 1 in. of water
remained in the bottom of the small borehole.

4,2.3 Overcore Test Procedure

The steps performed to conduct an overcore test are presented
sequentially below. Figures 4,7, 4.8, and 4.9 i1lustrate some of the
test equipment and procecures used in performing the ovércare test,

1.

2,

Advance 6-in.~diameter borehole to within 1 ft of proposed

test location. For downward sloping borehole, flush cuttings
and water out of hole.

Advance EWT borehole (1.5-in.-diameter borehole) at Teast 1.5 ft
bayond the bottom of the 6-in.-diameter borehole. For down-
ward sloping boreholes, flush cuttings and water out of

hole and wick remaining water out of 1.5-in.-diameter hele.

Select test location. Inspect EWT core to aveid joints and
large phenocrysts.

Prapare borehole deformation gage for installation at test
location,

a) USBM gage: Check for praper fit of gage in 1.5-in,-
diameter borehole and shim contact buttons as required
for initial deflection in instrument mid-range.

b) CSIRO cell: Swab 1.5-in.-diameter borehole with organic
solvents (ethanol and 1,1,7-trichloroethane) until clean;
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10.

11,

12.

check operation of all nine strain gages, file spacer lugs

to fit borehole; cut reaction rod to appropriate length;
roughen cell surface with sand paper; mix epoxy cement
and pour inte cell body; and assemble cell with plunger
and reaction rod.

Insert gage in 1,5~in.-diameter borehole. Let CSIRD

¢ell set at least 16 hrs, in accordance with manufacturer's
instructions, to allow adequate curing of the epoxy cement
befare overcoring,

Measure orientation of gages and sketch features at end of 6-in.-

diameter borehole. Use telescope at depths greaier than about
10 ft.

Stiing signal cable through drill rods and connect signal
leads to switch and balance unit and strain indicator
readout unit. Connect thermistor leads to thermistor
readout system.

Record initial oape readings and measure inftial rock tem-
perature until stable readings are obtained. Fill
downward sloping hole with water heated to rock temp-
erature, and again record gage readings and temperature
until stable readings are obtained,

Start drili water circulation and wait for water return.

Overcore rock containing gage. Record deformation and
temperature readings at each inch of dril) bit penetration.
Adjust drill water tumperature to minimize excursions in
gage temperature from initial rock temperature,

Stop drilling when all stress is relieved (generally 6 to 12
inches beyond measurement location).

Continue circulation while adjusting drill water temperature

to achieve a final gage temperature at the initial gage temp-
erature,
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14,
15.
16.

Turn off circulation.
Take final deformation and temperature readings.
Remove signal cable from drill rods,

Remove gaje and 6-in.-diameter core from borehole, mark with
depths, orientation, test number, and test locations.

4.3 Biaxial Compression Testing

The biaxial compression tests were performed using commercially
available equipment and standard techniques. A list of the test

equipment is contained in Appendix A. The steps performed to conduct
4 biaxial compression test are presented below in sequential order.

Figure 4.10 shows the equipment used in performing the test,

1,

Place the 5.5~in,-diameter core recovered from the overcore
test in the biaxial compression chamber so that the overcore
test location is centered in the chamber.

For cores recovered from USBM gage overcore tests, place

the USBM gage in the core at the same location and orientation
as it was during the overcore test. CSIRO cells are perman-
gntly bonded in the 1,5=in.-diameter hole and are therefore
properly located and oriented when the core s centered in the
biaxial chamber,

Connect the deformation gage signal Teads to the switch and
balance unit aad strain indicator readout unit.

Incrementally pressurize the hydrauli¢ fluid in the biaxial
chamber to load the sample, At each pressure level, record
the resulting deformations of the coaxial 1.5-in.-diameter
borehole as measured by the borehole deformation gage. The
Toad is applied in two cycles to maximum pressures of 1,500
and 3,000 psi, respectively, Each cycle has seven ascending
and seven descending pressure levels. A typical test is
shown in Table 5.1,

Remove the sample from the biaxial chamber, For USBM gage
tests, remove the gage from the core.
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Figure 4.0 Biaxial Modulus Test Equipment including strain indicator unit with switch and balance
bi _c[lq_rnber, and hydraulic pump with pressure gage.
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b, Measure and record the diameters of the rock core and 1.5-in.-
diameter borehole to the nearest 0.001 in. Sketch and describe
rock features, such as joints and phenocrysts observed
on the outside surface of the core, For CSIRO
cell tests, the care is also cut to produce a rock disc
about 1 in, thick at the strain gage location. The disc
and mating surfaces are inspected to determine the quality
of the epoxy cement bond, and the disc is sketched showing
strain gage rosette orientations and selected rock
features.

4.4 Approach to Field Work

To achieve the goals outlined in Section 1.0, eight test bore-
holes were drilled: two holes in each of the canister drift pillars
and four deep holes into the rib generally between the taildrift
and south heater drift, as shown on Figure 1,1. Table 4.1 gives
the finat orientation and Tength of each borehole. Test depths,
recorded for each hole, were measured from a steel collar, which
was set into the surface of the pillar or rib and protruded from the
rock face to facilitaté driTl water circulation. Table 4.1 also
gives the distance from the end of the steel colla, to the rock face.

Individual overcore and biaxial compression tests for this pro-
ject were identified as follows:

155-X-Y-Z

where:

15S-X = borehole number
Y = test number in berehole X
1 = B for USBM gage test, or C for CSIRD cell
test

Phase 1 field werk was performed utilizing three drill rigs, two
two-man drill crews, and two two-man instrument crews. This arrangement
allowed the drill crews to remain productive while instruments were
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Table 4.1

AVERAGE BEARINGS AND INCLINATIONS FROM COLLAR TO TOTAL
BEPTH FOR IN SITU STRESS MEASUREMENT HOLES

Distance from Final Gepth
. Average Collar Flange to of Borehale, :
Hole No. Description Average Bearing Inclination Rock Face, ft ft
188-4 North drift pillar, 528° 57" 24.9"W +1° 3' 34,.9" 0.5 18.0
station 334.61 ft
1S8S8-5 North drift pillar, $28° 56' 47.0"W +1° 22' 28.8" 0.7 16.9
station 265.77 ft
IS5-6 South drift pillar, N27° 51' 42.9"E +1< 14' 38.0" 0.7 19.9
station 311.47 ft
1ss-7 ) South drift pitlar, N28° 55' 13.1"E +0° §5' 477" 9.6 18.4
station 258.19 ft
185-8 South drift abutment, - $28° 38' 19"W +2° 55' 29" 0.6 110.2 :
station 260 ft :
‘
155-9 Tail drift horizontai, M61° 51' 16"W +3° 39' ljz.o" 0.6 60.4 :
station 258 ft
I15S8-10 Tail drift inclined N59° 54* 23"W +46° 11' 41¢ 0.0 81.1
up, station 258 ft =
155-31 Tail Brift inclined N5G° 42' 10.6"V -43° 11" 24" 2.0 96.9

down, station 258 ft.



being installed or stabilized in another borehole by the instrument
crews. Phase II field work was performed utilizing one drill rig,

one three-man drill crew, and one two-man instrument crew. Biaxial
compression tests and USBM gage calibrations were performed by instrument
crews when drill crews were advancing boreholes between test locations,
moving driil rigs from cne borehole Tocation to another, or upon the
completion oF all drilling.

To evaluate the quality of the data being collected and to deter-
mine when the project goals had been met, preliminary analyses of USBM
gage and CSIRO cell tests {e.9. data plots, secondary principal stress cal-
culations and CSIRO cell principal stress calculations} were performed as
field testing progressed.

4.5 Quaiity Assurance

Quﬁ]ity assurance for this testing program consisted of personnel
prequalification, equipment inspection and caiibration, and performance
verification. A1l supervisory personnel were prequalified for this
testing program by virtue of previous experience and the understanding
ot the theoretical derivation and application of test results. All
test equipment was periodically inspected, and documented calibrations
were performed at reqular irtervals. AIl calibration equipment~and
reference standards are traceable to the National Bureau of Standards.
A complete record of all calibratton documents is contained in Appendix B.
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5.0 ANALYSIS OF TEST DATA
5,1 General Approach to Data Reduction

The overcoring test data and biaxial compression test data
are analyzed systematically so that each test can be evaluated at
several points in the data reduction process. Erroneous and ques-
tionable data are eliminated to the greatest extent possibla. A sum-
mary of the steps involved in the data reduction is presented in
this section. A more detailed discussion and the mathematics of the
analyses are presented in the following sections,

Initially, the field data for each test is reviewed, and poten-
tial problems are evaluated. Test data which is obviously bad as a
result of equipment malfunction or error in procedure are eliminated,
and questionable test data are flagged for further evaluation,

Next, preliminary results are calculated, For the overcore
tests, the strain reading changes used to calculate the borehsie
deformations are chosen as the difference between stable readings
before and after the test at similar gage temperatures. These pre-
liminary data, together with assumed values for rock deformation
modulus and Poisson's ratio, allow calculation of USBM gage secondary
principal stresses and the CSIRO ceil stress temsors as field testing
progresses. For the biaxial compression tests, the differences
between strain readings at 0 and 3,000 psi applied pressures are
tabulated and compared.

For the final stress analysis, the output from each channel of
every overcoring test is plotted along with gage temperature against
elapsed time and against drill bit penetration. These plots are
inspected to confirm the preliminary strain changes and to detect
any unusual deformation gage behavior during the test. Figures 5.1,
5.2, 5.3 and 5.4 show examples of these two graphs for USBM gage test
[55-8-19-B and CSIRO cell test 1SS-8-7-C,

For the USBM gage data plots, the raw strain unit is a general

unit and is equivalent within a few percent to a micro-inch, depend-
ing upon the exact calibration factor for each channel of the gage,
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The actual diametral deformation equals the strain unit change multi-
plied by the calibraticn faciur for the respective readout channel.

The biaxial compression test data are also plotted for ieview.
Concurrently, the modulus of deformation (plus Poisson's ratio for
CSIRD cell tests) is calculated for each pressure increment of the
test. For the USBM gage, tHis is done for edch of the three indi-
vidual gage channels. For the CSIRO ce'l, the average circumfzrential
and axial strains are used, and a single value is obtained. Figure 5.5
and Table 5.1 show the results for USBM gage test 155-8-19-B, channel
1. Figure 5.6 and Table 5.2 show the results for CSIRQ cell test
155-8-7-C. These data are typical.

Once all of the required parameters Jor stress calculation have
been determined, the Secondary principal stresses are calculated for
gach overcore test, A plot of the secondary stress magnitudes and
orientations is made for each borehole. This allows direct comparison
of individual USBM gage and CSIRO cell test results. At this stage,
trends in stress states along the borehole length are evaluated for
stress concentration effects. Also, anomalous test results are re-~
evaluated for spurious data or unexpected stress regimes, For the
three rib boreholes, the USBM gage tests which will be combined to
calculate the undisturbed stress tensor are choser.

Finally, the three-dimensional stress tensors and principal
stresses are calculated for the individual CSIRO cell and combined
USBM gage tests.

5.2 USBM Gage Analysis

5.,2,1 Stress Tensor Calculation -- USBM Gage

At any point in the rock mass, the three-dimensional state of
stress (stress tensor) is fully defined by a total of six independent
stress components, These are the three mutually orthogonal components

of normal stress Oys Oy and 9, and the three components of shear stress

Y

=49.
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Table 5.1

USEM Gage — Biaxial Modulus Test Results

Test no.! 1B5-8-19-BF  Channel 1

Sample from depth: 84.1 ft ;
Date: 9/25/83 {
Gage no.: &0 ‘
Storage fiiel E8-19 ;

Frassure, Defarmation, Modulus, 1 106 psi
psi ¥ 1ot-6 in. Tangent Secant Recovery
150 53 9,2 9.2 ——— {
700 93 12.0 10.4 - !
450 143 9.7 10,7 s |
600 181 13.. 10.8 e |
F00 279 9.8 10,4 e ;
1200 376 10, 10,3 — |
1500 465 10.9 10.5 ——— '
1200 378 e ———— 11,2
00 283 ———— —_—— 10.4
600 1899 o= e 10.2
450 134 - — 8.8
00 9 m—e — 11.2 :
150 42 — R— 0.2 g
0 -21 -——- -—— 7.6 :
00 74 10.2 13,0 =~
&00 165 10,9 1n.s 0 -
700 261 10.1 1.2 e
1200 343 9.5 10.7 —
1BOO S6i 9.8 10,4 e
2400 751 in.2 10,4 -
2000 947 101 10,73 ——
2400 757 - ———= 10.5 !
1800 569 _— —— 10,3 i
1200 372 - —— 2.8 i
900 274 -——- ——— 10.0 i
600 178 o - 10.2
300 B2 e e ta.1
0 -32 ——— —— 8.6

Avarage tangent modulus® 10.4 x 10°¢ psi
Average secant modulus: 0.7 x 10%4 psi
Average recovery modulus: 9.9 x 106 psi

?
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i
i

A e
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| Figure 5.6
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Table 5.2

CSIRD Cell - Rianial Modulus Test Results

Test no.: 188-8-7-C .
Sample from depth: 21.3 ft

Date: 7/20/83

Cell number! 1498

Storage file: CB~7

Fressure, Modulus, # 1076 psi Foisson’s
psi Tangent Secant Recavery Ratio
130 7.2 7.2 ——— 0,41
00 8.9 B.0 —— 0,29
450 8.9 8.3 e 0.41
&O0 9.4 8.5 e 0.27
Q00 8.6 8.6 o 0,32
1200 8.9 B.4 ———— 0,34

1504 .3 8.8 ——— 0.37
1200 ——— - 7.6 0.39
200 - = %.3 0.27
600 ——=- ———— 2.1 0,30
450 e ——m— 8.7 0,35
o e - 2.7 0,76
150 -— ——— 8.4 .31
0 e ——== 5.8 0.34
00 8.2 7.7 e 0.325
600 9.0 8.3 - 0,33
00 9.0 B.5 ——— 0,32
1200 8.8 8.4 ——— 0,33
1800 9.1 8.8 ——— 0.4
2400 2.1 8.8 - 0,33
000 3.0 B.9 i 0,33
2400 -—— = 2.5 0.33
1809 - -~ 9 0.8
1200 == ——— 2.2 0,30
900 e ——— B.8 0,39
600 ——— e 2.0 0.33
00 ———- ———= B.9 Q.33
0 -——= e 7.3 0,37

Average tangent modulus: 8.8 % 106 psi

Average secant modulus: 8.4 x 106 psi

Average recovery moduius! B.8 x 1076 psi
0.3

Average Poicson’s ratio: 4

«
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Tay* Tyzt Toxt If a local coordinate system is defined at an overcore
test Jocation such that o, acts along the axis of the borehole, then
components Tyy and T, act pariliel to the axis of the borehole and
have negligible effect on the diametral deformation of the borehole.
The change in burebole diameter is, therefore, a function of the

three stress components Uys Ops and Tyz acting perpendicular to the
borehole axis, and the ccmponent o acting paraifel to the borehole
axis.

Using the plane strain condition of the thecry of elasticity
(i.e., axial strain = 0), Panek (1966) solves for the borehole defor-
mation caused by cy, ¢, and Tyz‘ The effect of Ux on the diametral
deformation is then superimposad on this solution. The total change

in borehoie diameter may be expressed:

U d ety oty etk (5.2.1)
where:
£ = a(1200528) (1421 + e (5.2.2)
f, = ~dufE (5.2.20)
f5 = d(1-200520)(1-0)/E + e (5.2.2)
f = d(d5IN28) (1P (5.2.24)
and where:

U = change of borehole diameter
d = diamater of borehole

b = angle of the diametral measurement axis from
the horizontal of the local coordinate system

1 = Poisson’s ratio of the rock
= modulus of teformation of the rock

Each overcore test measures the borehole deformation, U, across
three different diameters 60° apart, However, no information is ob-
tained about either 9, o € {strain along borehole axis) acting per-



pendicular to the axis of measurement, Thus, equation (5.2.1) cannot
be solved for the stress components unless additional {nformation is
obtained or assumed. Tests in differently oriented boreholes provide
this information.

When determinations of U are made in more than one drill hole,
all of the measurements must be related to a comnon coordinate system.
Each stress component of the local (x, y, z) ccordinate system may
be expressed as a func“ion of the stress tensor of the common (x',
y's t') system according to the standard rules of transforming stresses
from one rectangular coordinate system to another. Daing this allows
equation (5.2.1) to be rewritten:

§= chxl + \laﬁyl + \]301| + \]4Tx|y| + JﬂTy‘Zl + JGTZIX' (5.2‘3)

where J, is a function of the f. defined in equations (5.2.2) and the
direction cosines between the two coordinate systems.

With six independent measurements of U, the components of the
stress tenscr can be determined. Gray and Toews ({1967) have shown
that measurements in dat least three non-parallel boreholes are required
to fully define this tensor,

In practice, the precision of the siress components is increased
by applying statistical methods to the data. The method used is a
multiple regression least squares solution that can combine all the
deformation measurements from any number of boreholes regardless of
their orientation. The precision of the data may also be evaluated
because of the statistics generated by the method.

Once the stress tensor is determined, the principal stresses
in the rock mass are calculated using standard methads (Obert and
Duvall, 1967). The statistical approach to the data reduction allows
confidence levels to be «.signed to the results.
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The preceeding derivations and methods are based upon Several
asstmptions:
- the rock is linearly elastic
- the rock is homogeneous and isotropic
~ the state of stress is the same at 211 measurement Jocations.
In practice, these assumptions are rarely completely correct.

5,2,2 Secondény Principal Stress Calculation «- USBM Gage

The secondary principal stresses are the two~dimansional prine
cipal stresses in the plane perpendicular to the axis of the overcoring
borehole. Since the USBM gage overcoring technique does not measure
rock deformation along the axis of the borehole, an exact solution of
the secondary principal stresses is not possible unless some additicnal
data js obtained regarding either axial deformation or axial stresses.
For this project, axial strain measurements from nearby CSIRO ceil
overcore tests are used in the calculation, Secondary principal
stresses are calculated for plane strain conditions with an assumed
axial strain as given by Obert and Duvall (1967):

o
P.Q = ;d—ﬁr) (upgg) +25 L ¢ upup? + P2l s,z

{1-
o
by ! tan‘lgﬂaw(l?-lfz) (5.2.5)
* 17372
whera:
P = major secondary stress
Q = minor secondary stress, perpendicular to P
E = podulus of deformation of the rock
u = Poisson's ratio of the rock
d = borehole diameter (1.5 inch)
ep’q = angle between Ui and P or Q
U{ = diqmetra] deformation, adjusted for
axial strain:
Uj = U; + ve, 4
where:

U! = measured diametra) defar-
mations, Ul’ U2, and U3

€y © assumed axial strain
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5.2.3 Biaxial Modulus Calculation -- USBM Gage

The core used for the biaxial test is a thick cylinder: conse-
uently, the modulus of deformation value is calculated using the
equation (Obert and Duvall, 1967):

2
L (5.2.6)

U(bz-az)

where:
E = modulus of deformation
P = biaxial stress
b = outer radius of reck cylinder
2 = inner radius of rock cylinder

) = diametral deformation (as indicated by the
appropriate channel of the borehole deformation

gage)

Modulus of deformation values are calculated for each of the
three diameters using the pressure change and the resulting defor-
mation. For each pressure increment, a secant modulus and a tangent
modulus are calculated, For pressure decredents, only the recovery
modulus, which is analogous to a tangent modulus, is calculated.
Figure 5.7 shows the relationships among tangent, secant, and recovery
moduli. The average tangent, secant, and recovery modulus values of
each test are calculated by averaging the respective modulus values
over both loading cycles.

The tangent madulus s the best indicator of the rock's true
modulus of deformation at higher stresses, particularly if smal)

deformations are involved. The secant modulus is influenced by the effects

of joint and microcrack closure during the initial part of the test
and is more suitable for Targe stress changes. The recovery modulus
includes effects due to the hysteresis of the rock mass, Because the
Tatter most closely duplicates the behavior of the rock mass during
overcore stress relief, the recovery modulus is used in solving for
the stress tensor.
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5.3 CSIRO Cell Analysis

5.3.,1 Stress Tensor Calculation -~ CSIRD Cell

The CSIRG cell measures circumferential, axial, and 45 degree
strains at turee separate orientations, thus providing enough strain

measurements to calculate the complete stress tensor from a single
test. The equations relating the observed strains in the CSIRO cell
to the change in stress in the rock mass at the cell location are
(Worotnicki and Walton, 1976):

- KL 2 K2 k4
g = (rfy+oz)E + 2(1-y )[(oz-qy)cosze - ZTyZSINZB]E— -9

oy - u(cy+cz)

€ =
X E
= 414 (z, COse-r, sing)K
Tox Wity Xy E
£+ 45° = 0.5(Ex+eejyex)
where
&g ~ circumferential strain at angle 8 (see Figure 5.8)
€ = strain in x direction (see Figure 5,8)
Yox = shear strain in 6x plane

¢ + 45° = strain at + 45° from x axis (see Figure 5.8)

K1
K2 , = constants correcting for the mechanical properties and
geometry of the CSIRD cell (see Worotnicki and Walton,
1976}, equal to 1.12, 1,13, 1,08 and 0.9 respectively
in this study

E = modulus of deformation of the rock
Poisson's ratio of the rock

=
n

= Components of stress tensor, local coordinate system

T_yz
Tzx
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The coordinate system used in the above equations is shown on
Figure 5,8, The x axis is the long axis of the borehole and CSIRQ
cell. The angle 6 is measured clockwise from the "left hand hori-
zontal” when Tooking down the borehole, with the B roseite installed
downward.

The CSIRC cel) measures thrae circumferential, two axial, and four
oblique (+ 45°) strains, Each of these 9 strains may be written in the form

6Tix

where the 3 values depend on strain gage orientation and rock pro-
perties. Since there are nine equaticas and Six unknowns for the
CSIRQ cell, multiple regression analysis {e.g. Panek, 136} is used
to solve for the stresses. This "best fit" tensor is then used to
calculate expected strains using equations (5.3.1) through (5.3.4),

U= Jlux + quy + d3cz + J4Txy + JS?yx +d

and each computed strain is compared with the measured strain, Large
deviations indicate anomalous data; if this happens, the tensor is recal-
culated, omitting the anomalous data. This process is repeated until

all remaining calcilated and measured strains are in good agraement.

In instances where small bubbles were observed in the epoxy glue

above or near & strain gage, the data from that gage was routinely
deleted from the solution fo determine if the deviations could be

reduced for the remaining strain gages. In most instances, however,
small bubbles {<1/8 in.) had Tittle or no effect on strain gage errors,
and the gages in question were ultimately included in the solution. Up to
three gages could be discarded by this tachnique, but in this study,
removal of one gage was generally sufficient to carrect any large
deviations (> 10 microstrain}, though in a few cases, removal of two
gages was required (see Table 7,3).

8.3.2 Secondary Principal Stress Calculations -- CSIRO Cell

In order to directly compare tha results of the CSIRO cell and
the USBM gage in a single borehole, it is useful to compare the
secondary principal stresses determined by each instrument. For the

=53~
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CSIRO cell, these stresses are easily evaluated once the complete
stress tensor is determined, As given by Obert and Duvall (1967},
these stresses are:

Oz 4 O ] 2
R IR J(CRD U SVl CLR X))
21
1, -1 %Yz
] = O LA W3,
PO 2 tan = (5.3.7)

where:

P,Q = principal stresses in plane perpendicular
ta borehole axis

Op 0 = angle in degrees to principal stress

0O
o stresses from complete stress tensor {no-
tation is consistent with Figure 5.8)
Tyz '

5.3,3 Biaxial Modulus and Poisson's Ratio Calculation -- CSIRD Gel)
The basis for calculating the modulus and Poisson's ratio from a
biaxial compression test on a rock core with a CSIR0 cell installed in

the ~anter hole is the theory of deformation of a thick walled cylinder
(Obert and Duvall, 1967). Because of the symmetry of the problem, the
equations reduce to the form:

4
2Pb
R A {5.3.8)
*8(b-a)
pe T 2 (5,3.9)
where: 8

= modulus of defarmation
y = Poisson's ratio
P = pressure on outside of rock core
b = outer radius of rock core
a = radius of inner hole
= average axial strain

™
>
[{

€q = average circumferential strain
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In the CSIRO cell test, the strain gages are mounted slightly
inward from the surface of the inner hole- (because of the thickness
of the cell wall and epoxy cement), rather than directly on the inner
surface, as equations (5.3.8) and {5,3.9) assume. Because of this,
the magnitude of €, is slightly higher than it would be at the rock
surface (see Figure 5, Morotnicki and Walton, 1976), The magnitude
of the increase is given by the factor K1 (defined following equation
(5.3.4) and equal to 1,12 in this study). Thus,

E, = KL(E) (5.3.10)

where:
Et = true rock modulus

This same type of analysis would imply that the calculated
Poisson's ratio should also be increased by the factor Ki. However,
Worotnicki and Walton (1976) showed by testing in an aluminum block
{material properties similar to those of Climax quartz monzonite) that
the uncorrected Poisson's ratio from the test was nearly equal to the
material’s actual Poisson's ratio. They hypothesized that the biaxial
test itself induces axial tension in the rock core, thus increasing the
magnitude of H which compensates for the effect of strain gage location.

Therefore, a1) raw modulus values from CSIRO biaxial tests were
increased as given by Equation ({5.3.10), while Poisson's ratios were

not changed.

Tangent, secant and recovery modulus values and Poisson's ratio
are calculated for each pressure change, Average values are calcu-
ated by combining respective results over both loading cycles. As
discussed in Section 5,2.3, the average r:covery modulus is used in
calculating the stress tensor.

-5g-
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6.0 BIAXIAL COMPRESSION TEST RESULTS
6.1 USBM Gage Tests

A total of 50 USBM gage biaxial compression tests were performed,
using the procedure and equipment described in Section 4.3. The data
were analyzed by the methods presented in Section 5.2.3., The raw
data, reduced data, and pressure-deformation curves for each test
are contained in Appendix C. The recovery modulus results are summarized
in Table 6.1,

Modulus values of the Climax quartz monzonite, determined by analysis
of USBM gage data, generaily range from 9 to 11 x 106 psi, with a
mean of abaut 10 x 106 psi. The pressure-deformation curves indicate
that the rock is generally elastic.

One test, test 10 (refer to TabTe 6.1), was conducted in an
inclusion of mafic rock. The modulus of this material, about 8 x 108 psi,

is slightly lower than that of the quartz monzonite itself,

6.2 CSIRO Cell Tests

A total of 25 CSIR0 biaxial compression tests were performed,
using the procedures and equipment described in Section 4.3. The
data were analyzed using the methods presented in Section 5.3.3.
The raw data, reduced data, and pressure-deformation curves for
each test are contained in Appendix C. The recovery modulus and Poisson's
ratio results are summarized in Table 6.2, The recovery modulus values
are corrected as gescribed in Section 5.3.3.

A review of the pressure-deformation curves in Appendix C reveals
apparent differences in measured behavior between Phase I and Phase Il
tests. Figure 5.6 shows typical behavior for Phase I tests, which exhibited
relatively elastic stress-strain response, Figure 6,1 shows typical
behavior for Phase II tests, which exhibited some negative hysteresis
in circumferential 'gage response and an apparent permanent plastic strain,
at Tleast over the pressure range and time period of the test. Examin-
ation of the test records does not reveal any differences between
Phase I and Phase II test conditions or procedures, except for a dif-
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*Degrees clockwise to Channel 1 from vertical-up, looking down borehole.

*tMafic Inclusion



. >

Test
Mo,

10-5-8
10-7-8
10-8-B

n-1c’
11-12-B

Table 6.1 Lontinued
USBM GAGE BIAXIAL COMPRLSSION TEST RESULTS

Test
Depth, Orientation,

ft Degrees*
66.3 14
75.0 28
76.4 35
7.1 0
61.7 5
63.6 8
66,9 30
13.4 10
78.0 167
82,4 3
87.4 105
9.4 5

Recovery Modulus x 106 psi

Crannel | Channel 2 Chanpel 3
11.4 10.0 8.5
9.9 10,1 9.8
1.3 9.1 9.9
8.6 7.9 7.4
9.0 8.7 9.0
8.4 7.9 7.7
10.3 9,5 9.4
9.0 9.7 9.4
1na 10,7 10,6
1.2 1.3 9.8
M.t 0.4 9.6
10,5 1 10.5

*Deqrees clockwise to Channel 1 from vertical, tooking down borehole.
**Mafic Inclusion
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Table 6.2

CSIRO CELL BIAXIAL COMPRESSION TEST RESULTS

Test DZSEE, RecoveryGModu]us
No. ft % 10" psi
5-2-C 5.3 9,6
§5-6-C 14.8 10.4
7«2-C 5.5 11.6
§-2-C 1.5 9.2
8-4-C 12,7 9.6
8-7-C 21.3 9,9
8-9-C 41.3 10.0
8-13-C 67.8 0.8
8-17-C 81.0 10,2
8-21-C 96.7 10.6
8-25-C 109.4 10.4*
9-3-C 39.1 9.5
9-5-C 42.6 10.0
9-7-C 46.9 10,2
9-9-C 50,5 10.4
9-.13-C 59,2 10.4
10-2-C 64.4 10.8
10-4-C 67.8 10.2
10-6-C 73.1 10.3%%
10-9-C 80.4 10.3
11-4-C 70.6 9.5
11-6-C 78.5 1.0
11-9-C 84.3 9, hasx
11-11-C 89.4 10.1
11-13-C 94.5 10.1

* Values ohtained from averaging test results of 8-17-C and 8-21-C
** Yalues obtained from averaging test results of 10-4~C and 10+9-C

*** Axjal gage Ch-1 not used in solutions
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Figure 6.1
Phase 11
CSIR0 Biaxial Modulus Test
Test Na.: IG5-11-13-C
Depth: 84.5 f¢.
Datn: B4,065/84

Avarage Tengent Modulus: 8.9 x 1846 pst
Avarage Secant Modulus: 18,4 » 1046 ps!
fiverage Recovery Modulus: 8.8 x 1846 psi
Average Paisson’s Ratio: .254
3
+

x 1828 psi
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Hydpraulic Prassure,
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ference in elapsed time between CSIRO imstallation in the borehole and
performance of the biaxial compression test. Differences in borehole
orientation are not considered to influence the biaxial results. In
addition, USBM modulus tests in borehole ISS-11 did not show any
significant non-elastic behavior, leading to the conclusion that the
negative hysteresis is associated with the CSIRO celi, rather than
reflecting an actual rock property. In general, Phase I biaxial

tests were performed 2 to 7 ddys after CSIRO installation, while

Phase 1I tests were performed within 1 day of installation. It is
possible that the epoxy cement used to install CSIRO cells does

not compiately cure within 1 day of mixing and, therefore, exhibits

some plastic behavior. The negative hysteresis may reflect a permanent
extrusion of epoxy under biaxial loading, without breaking the bond
between the CSIR0 cell and the rock. In any case, this is a minor effact,
because despite the observed differences in pressure deformation curves,
average recovery modulus values for both Phase I and I are identical.

Recovery modulus values of the Climax quartz monzonite, determined
from analysis of CSIRO cell data, generally range from 9 to 11 x 106 psi,
with a mean of about 10 x 106 psi. Poisson's ratio ranges from 0,26 %0
0.34, with a mean of 0,29,

6.3 Comparison of Results

A sumary of deformation properties for each instrument type is
presented in Table £,3. No statistically significant difference exists
between the average recovery modulus of the two instrument types.

Table 6.3

SUMMARY OF DEFORMATIONAL PROPERTIES

Average Recovery

Gage Average Poisson's

Type Modulus x 10° psi Ratio
CSIRO 10,2 (0.5)* 0.29 {0.02)
UsBM 9.9 (0.9) NA

*Numbers in parentheses are standard deviations of the
data sets x 106 psi
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7.0 IN SYTY STRESS MEASUREMENT RESULTS

A total of 53 USBM gage and 37 CSIRO ¢c11 overcare tests were
attempted during this study. Good test data were obtained for 43 USBM
gage attempts (81% success ratip) and 25 CSIRD cell attempts (663
success ratio). Unusable USBM gage data resulted from loose or
sticking contact buttons, poor contact of the buttons with the borehole
wall, poor temperature stabiljzation after the overcore test, gage
slippage during overcoring, tore breakage during overcoring, and
damaged signal cables. One CSIRO cell failure resulted from signal
cable damage. The remainder of the unsuccessful CSIRO cells failed
because of gluing problems during installation: five cells that
were improperly glued were not overcored, and six overcored cells were
later found to have large voids in the glue between the strain gages
and the rock, which significantly affected the response of a larse
enough number of sirain gages so that too few valid measurements were
available to permit calculation of the stress tensor.

The data for each successful overcore test were analyzed by the
methods presented in Section 5.0, Table 7.1 summarizes the selected
miiiaY and final USBM gage overcore test output readings and their
differences (deltas), The delta values are multiplied by the approp-
riate USBM gage calibration factors, given in Table B3.Z2, Appendix B,
to calculate the diametral deformation values given in Table 7.2, which
are used in analyzing USBM cvercore tests, The modulus values used
are given in Table 6,1, The valug of Poissan‘s ratio for USBM gage
data analyses is 0.29, the average from all of the CSIRO hiaxial
compression tests. Initial and final CSIRO cell overcore test output
readings and the strain changes used in analyzing CSIRO cell tests,
are given in Table 7,3. Modulus and Poisson's ratic values are given
in Table 6,2, A1l overcore and bjaxial test data from which these

tables are derived are presented in raw, reduced, and plotted form in
Appendix G.

Axial strain values used in computing USBM gage secondary princi-
pal stresses in rib boreholes 1S5-8, 9, 10, and 11 were derived from

-b3-
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Table 7.2
SUMMARY OF USBM GAGE UVERCORE DATA

Diametral Deformation,

Depth, Orientation, microinches** Axial Strain,
Test No. ft Degrees* CH-1  CH-2  CH-3 microstrain***
4.3-B 9,8 174 417 301 - 40 8
4-5-8 13.7 47 305 40 n 8
5-3-8 6.8 154 254 596 66 8
5a5-R 13,6 87 -238 326 457 8
6-1-8 3.6 23 293 - 65 680 8
6-2-B 5.5 106 154 537 -100 8
6-3-8 7.3 15 286 -174 424 8
6-4-8 10.0 4 379 - 50 80 8
6-5-f 11.9 114 - 73 31 - 37 8
6-7-8 15.0 123 108 246 - 47 8
7-1-8 4.0 108 204 700 224 8
7-3- 7.4 139 498 520 - 15 3
7-5-8 10.6 157 525 298 72 8
7-6-8 13,8 155 394 213 126 8
7-7-B 15.3 98 - 74 497 98 8
8-1.8 3.7 143 232 521 111 -64
8-3-8 10.3 165 508 83 216 -28
8-5-8 15,2 154 665 364 162 -12
g8-6-8 16.8 77 68 405 355 -7
8-8-B 28,4 166 488 507 355 12
8-10-8 43.8 6 216 236 142 30
§8-12-B 61.1 14 413 432 327 43
8-14-B 75.4 121 268 361 368 51
8-16-8 78,9 147 362 202 349 53
8.18-8 82.6 173 228 325 207 58
8-19-8 86.1 162 34l 442 214 56
8-20-B 95,2 94 164 170 365 60
9-2-8 3.7 21 30 336 417 50
9-4-8 41.1 115 237 199 234 51
9-6-8 44,9 64 113 226 281 51
9-8-B 48.9 171 610 211 514 52
9-10-8 53.6 167 213 354 2138 52
9-12-8 57, 28 252 118 346 53
10-3-8 66.3 14 59 574 326 60
10-5-B 69.6 86 836 19 327 n
10-7-B 75.0 28 354 560 170 86
10-8-8 76.4 35 438 620 232 89

*Qrientation in degrees clockwise from vertical-up to Channel 1.
#*Positive defarmations are increases in Ex hole diameter during over-
coring.
#*%ya] 05 used in computing secondary principal stresses.
Positive values are core extension during overcoring.
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Table 7.2 Continued
SUMMARY OF USBM GAGE OVERCORE DATA

Diametral Deformation,

microinches *#

Depth, Orientation, Axial Strain,

Test Mo, ft_ _ Degrees* i1 CH-2  CH-3 microstrain**

Pt

11-2-8 63.6 8 L) 609 153 52
11-3-8 6.9 30 209 78 365 50
11-5.8 73.4 10 632 309 248 4
11-8-B 82.4 3 523 830 338 43
11-17-8 81.4 105 328 599 817 4
11-12-B Nn.4 5 952 394 - 57 34

* Qrientation in degrees clockwise from vartical-up to Channel 1.

** Positive deformations are increases in Ex hole diameter during over-
coring,

**Yalues used in computing secondary principal stresses,
Positive values are core extension during overcoring.

-7~
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Table 7.3

SUMMARY OF CSIRC CELL OVERCORE DATA

Strain Readings and Change, Microstrain¥*

Jrien-

Test Depth tation,
No. ft Degreas*
5-2-C 5.3 185
5-6-C 14.8 187
7-2-C 5.5 186
8-2-C 7.5 190
8-4-C 12.7 186
8-7-C 21.3 186
8-5-C 41.3 182

*Orientation in degrees clockwise from vertical-up to "B" rosette

Ch-1 Ch-2 Ch-3 Ch-4 Ch~5 Ch-6 Ch-7 Ch-8 Ch-9

Axi al Circ. q45° 45° 135° Circ. Axial Circ. 45°
Final -3463  -3266 -3505 3568 -3412 -34/8 -3407 -3248 -3071
Intial -3508 -3520 -3518 -3513 -3512 -3527 -3499 _3518 -3508
Delta 45»»+ oB4 13 3 i} 49 T oz 270 T 437
Final -3486 ~3311 -3473 3473 .3425 -3352 -3572 -3340 -3380
Initial -3502 -3500 -3492 -3508 -3490 -348% -3520 -3487 -3497
Delta T6**¥ 1390 19 35 137 =~ 52 147 — 117
Final -3072 -2857 -2872 -3052 <3050 3073 -3073 -2740 -3060
Initial -3069  -307% -3069 -0373 _-3068 3229 -3069 -3069 -3069
Delta - 3 214 197 A - TEG**%_ 4 — 379 —1
Final 490 914 525 524 494 552 233 712 653
Initial 496 757 505 496 502 502 248 492 498
Delta - & 157 20 28 T 8 B - 15 T 220 155
Final 1434 1688 1568 1534 1556 1669 1437 1837 1656
Injtial 1500 1502 1500 1500 1500 1500 1499 1502 1501
DeTta =~ 66 186 68 34 56 169 <= 62 335 155
Final 1530 1810 1570 1628 1706 1768 1497 1712 1732
Initial 1499 1499 1499 1501 1503 1498 1501 1500 1500
Delta 31 31 FIxx&x 127 203 270 = fwxk 12 T 232
Final 1014 1084 1030 1047 1060 110 0025 53 106
I:\iti al 998 998 999 . 1001 998 ;Qg 0004 ”300 94
Delta 16 85 31 46 62 102 29 153 120

#*Positive change is extension during overcore test
***Data not used in stress calculations
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Orien-
Test Depth * tation,
No. ft
8-13-C 67.8 2
8=17-¢C 81.0 187
8-21-C 96.7 180
8-25-C 109.4 192
9-3-C 39.1 180
9-5-C 42,6 175
9-7-C 46.9 178

*Qrientation in d

**Positive rha
***Data not use.

Degrees*

¢ is exten
1n stress

Table 7.3 Continued

SUMMARY OF CSIRO CELL OVERCORE DATA

Strain Readings ang Change, Microstrain*x

Ch-1 Ch-2 Ch-3 Ch-4 Ch-5 Ch~6 Ch~7 Ch-8 Ch-9
Axtal  Circ. 45° 45° 135° Circ. Axial Circ. _as5°
Finai -3930 ~3780 -3897 -3852 -3860 -3905 -3950  -3844 _391§
loitial -4000  -4001 =-4001 ~4001 ~4001 -4001 -4001 ~4000 -400]
Delta 70%%* TT5T 104 149 41 96 51 158 5
Final -2958  -2832 -2800 2948  _-2804 _2843 ~2945 ~-2906 -2959
Initial -3000 -2999 -2399 -3000  -3000 -3000 2999 -3001 ~2989
elta AZr* 157 159 52 196 157 )
Final -3452  -3376 -3384 -3434 -3427  -3432 ~3454 -3434 3482
initial -2502 ~3501 =3503  -3502 -3502 -3502 ~3501 -3503 -3503
Detta 50 125 119 68 75 70 a7 69 21
Final ~1902 ~-1793 -1754 ~1846 -1787 -1720 ~1883 -1992  _2004
Initial ~20Q00 -2003 -2003 2007 -2003  -2003 ~2003 -2003 -2001
Delta 28 210 249 1565 2163 w*""Z87 120%** 7171 - 3
Final ~-3518  -3467 ~-345] -3403 -3530 .3344 ~3504  -3374 _-3493
Initial ~3586 ~3536 -3536 -3543  _3582 -3558 3564 -3582 -354a
DeTta 68 69 85 BZaw* 2T Y 60 55
Final 1039 1128 1062 1146 1020 1125 993 1108 1025
Initial 1005 1012 1007 1000 1om 998 957 997 1007
Delta 34 176 55 T46 19 3 177 23
Final -2474  -242] -2M15  -2399 2535 _.7°76 -2464 -2367 -2532
Initia} -2502 = -2502 -2502 -2502 -2501 2502 _2501 -2502 -2 7
eita 28**% 4] 87 103 - 34 26 37 138 -7 3v

egrees clockwise fr
sion during
calculations

om vertical-up to "B" rosette
overcore test,



.OL-

Table 7.3 Continued

SUMMARY OF CSIRO CELL OVERCORE DATA

Strain Readings and Change, Microstrain**

Orien-
Test Depth tation, Ch-1 Ch-2 Ch-3 Ch-4 Ch-5 Ch-6 Ch~7 Ch-8
No. i Degrees* Axial Circ. 45¢° 45° 135° Circ. Axial Circ.
9-9-C 50.5 0 Final 935 994 942 925 963 1003 928 1080
Inttial 870 869 870 872 866 873 868 869
Delta b5 125 72 53 57 130 60 211
9-13-C 59.2 173 Final 776 842 889 839 748 351 753 903
Initial 702 706 706 701 700 700 700 702
10-2-C 64.4 296 Finai ~-3458 -3257 -3488 -3322 -3574 -3462 -3442 -3230
Initial -3504 -3504 -3503 -3503 -3505 -3505 -3503 -3502
Delta 46 Za7 TS 181 - &9 43 61 272
10-4-C 67.8 2 Final - 514 - 448 - 486 - 396 - 174 - 79 - 498 - 503
Initial ~ 601 - 601 - 601 - 6§03 - 602 - 60] - 604 - 600
Delta B7*x% T53 115 207 428 LYV JOB*** g7
10-c-C 73.1 180 Final - 496 - 481 - 4256 ° - 409 -~ 396 - 261 - 510 - 340
Initial - 581 - 533 - 580 - 592 - 584 ~ 588 - 581 - 583
TelTia &b 102 155 183 188 327 TTodexx
10-9-C 80.4 264 Final 1098 1249 1112 1170 985 1083 1099 1235
Initia) 997 1000 998 100% 1000 3000 1000 1000
Detta TOT 269 T 114 69 =~ T5*** (3 99 235

*Qrientation in degrees clockwise from vertical-up to "B" rosette
**Pysitive change is extension during overcore test
***Data not vsed in stress calculations
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Table 7.3 Continued

SUMMARY OF CSIRQ CELL OVERCORE DATA

Strain_Readings and Change, Microstrain**

Orien-

Test Depth tation, Ch-} Ch-2 Ch-3 Ch-4 Ch-5 Ch-6 Ch-7 Ch-8 Ch-9
No. ft Degrees* Axial Circ. 45° 45° 135° Circ. Axial Circ. 45°
11-4-C 70.6 190 Final - 552 -~ 455 - 551 - 457 ~ 960 - 457 - 530 - 402 - 480
Initial - 600 ~ BD2 - 599 - 599 - 993 - 594 - 595 - 597 - 5397

DeTta 48 147 L5 i 33 137 65**% 105 117
11~6-C 75.5 174 Final - 563 - 372 - 483 - 428 - 560 ~ 398 - 554 - 339 - 512
- Initial - 609 - b611 - 611 ~ 611 - 607 - 6§07 - 599 - 610 - 605

elta 233 128 17 209 45 271 gz
11-9-¢ 84.3 182 Final - 674 - 143 - 403 - 314 - 487 - 308 - 55§ - 300 - 398
Initial - 601 - 603 ~ 602 - 602 - 605 - 602 ~ 603 - 602 - 6§02

DeTta 2%+ 4B0**¥ 199 138 207 47 302 209
11-11-C  89.4 168 Final - 55 - 65 - 312 . 38 - 403 - 359 . 58] - 458 - 520
Initial - 598 - 601 = 60 - 601 - 605 - 600 - 604 - 607 - 601

DeTta 33 536 289 220 zZ0Z L Y| 53 T#3 g1

11-13-C 94.5 183 Final - 670 - 16 - 213 -~ 608 - 510 - 586 - 691 - §32 - 699
Initial - 702 - 69¢ ~ 708 - 708 - 710 - 708 - 706 - 699 - 703
Delta 683 195 100 ZO0**% 122 I5*xx" 167 )

*qrientation in degrees clockwise from vertical-up to “B" rosette.

**Positive change is extension during

***Data noc used in stress calculatians.

overcore test.



regression curves of all valid CSIRO cell axial strain measurements.
These data and curves are shown on Figure 7.1. The curve far borehole
[55-8 is logar;ihmic, while the other three are linear, Only four valid
CSIRO cell axial strafn measurements were obtained in the pillar bore-
holes. These show a great deal of scatter, so the average value of

8 microstrain was used in analyzing USBM gage tests in the piilars.

A sensitivity analysis of the chosen axial strain was performed, which
indicated that, as a rule~of«thumb, a change of 1 microstrain produced

a change of z psi in stress magnitude and did not affect the orientation
of the stress. If the differences between the measure. axial strain

and the regression curves shown on Fig. 7.1 are representative of the
real scatter of the data, then the errars introduced by using regres-
sion and average values are only a few percent of the total stress
magnitude. The axial strain values used in calculating USBM gage
Secondary principal stresses are given on Table 7.2,

7,7 Rib Stress Measurements -- Boreholes ISS-8, 9, 10, and 11
7.2.1 Secondary Principal Stress Solutions ~- Rib Boreholes
The results of all secondary principal stress calculations are

presented in Table 7.4 The secondary principal stresses for the rib
boreholes are presented graphically on Figures 7.2 through 7.6. The
orientations on Figures 7.2 through 7.4 are shown as if an observer were
Tooking into the borehole from the borehele collar. From inspection of
the table and figures, it s apparent that th. USBM gage and CSIRO cell
results agree fairly well with respect to secondary principal stress
orientation; however, the USBM gage stress magnitudes average about

30% higher than the CSIRD cell maanitudes.

In borehole 155-8, the maximum secondary principal stress is pre-
dominantly vertical in the 20-ft zone closest to the test facility
and ranges in magnitude from about 1,000 to 1,800 psi. The minimum
secondary principal stress appears to increase gradually as the depth
increases from about 5 to 20 ft.

72~
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Table 7.4
SUMMARY OF SECONDARY PRINCIPAL STRESSES

Orientation of

Major Minor Major Principal Stress,
Principal Principal Counterclockwise from
Test No. Depth Stress, psi  Stress, psi Right Horizontal .
4-3-B 9.9 1296 333 72
4-5.B 13.7 114 468 79
5-2-C 5,3 1362 674 87
5-3-8 6.8 17 547 66
5.5-B 13.6 1498 -111 88
5-6-C 14.8 781 629 57
6-1-B 3.6 2191 439 112
6-2-8 5.5 1506 51 114
6-3-B 7.3 14N 32 m
6-4-B 10.0 1030 51 95
6-5-B 11.9 676 -202 93
6-7-8 15,0 674 76 104
7-1-B 4.0 1914 77 102
7-2-C 5.5 1531 662 97
7-3-8 7.4 1818 579 100
7-5-8 10.6 1602 641 97
7-6-B 13.8 1332 696 106
7-7-8 15.3 1165 33 103
8-1-8 3.7 1464 527 76
8-2-C 7.3 826 378 91
8-3-8 10.3 1334 464 13
8-4-C 12.7 120 760 12
8-5-8 15,2 1969 929 102
8-6-8 16.8 1407 641 106
8-7-C 21.3 1477 1193 36
8-8-B 28.4 1900 1554 87
3-9-C 1.3 657 465 126
8-10-B 43.8 847 609 53
8-12-B 61.1 1528 1263 42
8-13-C 67.8 1099 722 72
8-14-3 75.4 1323 1109 59
8-16-B 78.9 1348 978 147
8-17-C 81.0 894 656 31
8-18-B 82.6 1059 812 40
8-19-B 86.1 1502 1013 66
8-20-B 95.2 1118 674 55
8-21-C 96.7 617 425 59
8-25-C 109.4 1399 574 11
-74-
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Table 7.4 Continued
SUMMARY OF SECONDARY PRINCIPAL STRESSES

Orientation of

Major Minor Major Principal Stress,
Principal Principal Counterclockwise from
Depth Stress, psi  Stress, psi Right Horizuntal
T 1238 527 185
39.1 1015 58 151
1.1 894 172 m
42,6 631 584 - 14
44,9 1042 670 101
46.9 610 307 107
48,9 2049 1168 121
50.5 967 618 12)
53.6 1119 810 45
57.9 1142 683 105
59.2 979 182 133
64.4 1383 646 157
66,3 1625 672 3
67.8 2061 m 2
69.6 243 681 15
73.1 1536 886 162
715.0 1868 1027 16
76.4 2075 1334 20
80.4 1293 m 4
63.6 2096 1000 60
66.9 1128 562 104
70.6 863 702 106
13.4 1778 1033 75
75,5 1440 1226 112
82.4 2966 1680 39
84,3 2110 1417 59
87.4 2659 1775 64
89.4 2080 947 65
9.4 2852 624 n
4.5 2491 734 59
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A low stress 2one of about 850 psi maximum was abserved from
about 40 to 45 ft depth in borehgle ISS-8. The secondary principal
ctresses at depths greater than 60 ft in borehole 135-3 appear fairly
constant, though significant local variations do occur. Beyond a depth of
60 ft, the magnitude of the maximum secondary principal stress has an
average value of about 1200 psi,

In borehole 155-9, the magnitude of the maximum secondary princ-
ipa) stress i5 fairly upiform, with an average valv: of about 1,000 psi.
This stress is oriented about 60° counter-clockwise from vertical
{as observed by someone Tooking down the borehole) from a depth of
about 37 to 42 ft, then changes orientation to about 30° counter-
clockwise from vertical out to 60 ft,

In borehole [85-10, the secondary principal stress orientations and
magnitudes shiow no trend with depth. The maximum secondary principal
siress is predominastly near-horizontal (referenced to the local
borehole coordinates) with an average magnitude of about 1,800 psi.

In torehole ISS-11, the secondary principal stress results are
somewhat variable up to a depth of about 80 ft. Beyond 80 ft, the
principal stresses are generally consistent, having a maximum secondary
principal stress orientation of about 30° counter-clockwise from vertical
{(referenced to lacal borehole coordinates) and an average magnitude
ot about 2,500 psi. Overall, the maximum secondary principal stress
in this borehole averages about 2,000 psi,

7,2.2 Principal Stress Solutions -- Rib Boreholes

7.2.2.1 (SIRD Cell Solutions

The principal stress orientations and magnitudes from indiviaual
CSIRO cell overcore tests in boreholes ISS-8, 9, 1G, and 11 are presented

in Table 7.5. These resuits arz presented graphically on Figures 7.7
through 7,11 on polar equal-area stereonets {upper hemisphere projection).
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TABLE 7.5 SUMMARY OF CSIRO CELL
PRINCIPAL STRESS SOLUTIONS

Test Azimuth, Inclination,
Test Depth, Stress, Degrees cw Degrees up
No. ft psi from North from horizontal
5-2-C 5.3 2290 37 40
836 273 kL]
433 158 32
5-6-C 14.8 822 338 68
674 108 16
-294 202 17
7-2-C 5.5 1838 13 64
668 126 B
254 22 24
8-2-C 1.5 882 27 n
385 128 4
147 214 19
8-4-C 2.7 1233 105 68
762 297 2
=20 206 4
8-7-( 21.3 1589 4 41
147 29 25
823 178 40
8-9-C 41,3 734 69 44
478 326 )
433 224 44
8-13-C 67.8 1263 236 22
1056 20 63
649 140 14
8-17-C 81.0 1304 238 28
124 141 12
589 30 60
8-21-C 9.7 903 210 27
577 327 4
397 98 36
Note: Positive stresses compressive
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TABLE 7.5 SUMMARY OF CSIRO CELL (continued)
PRINCIPAL STRESS SOLUTION

Test Azimuth, Inclination,
Test Depth, Stress, Jegrees cw Oegrees up
_No._ ft psi fron North from horizontal
8-25-C  109.4 1828 237 17
1271 146 1
515 52 73
Borehole 1S5S-8 1216 229 28
combined soiution 828 325 10
A1l tests beyond 60 ft 589 72 58
9-3.C 39.1 1275 259 28
781 167 ‘ 2
555 13 62
9-5-C 42,6 925 257 6
591 21 8
394 166 7
9-7-C 46.9 1083 268 34
432 69 55
99 172 9
9-9-( 50,5 1178 272 33
841 143 44
673 22 28
9-13-C 59,2 1494 265 R?
782 33 45
549 155 29
Barehole 1559 1153 262 8
combined solution 617 58 60
all tests 472 166 10
10-2-C 64.4 1670 215 55
1105 15 3
348 m 10
10-4-C 67,8 27173 244 44
1697 20 37
585 129 24

Note: Positive stresses compressive
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\ABLE 7.5 SUMMARY OF CSIRO CELL (continued)

PRINCIPAL STRESS SOLUTION

iest Azimuth, Inclination,
Test Depth, Stress, Degrees cw Degrees up
No. L psi from North from horizontal
10-6-C 73.1 1772 240 58
1433 6 20
799 106 24
10-9-C 80.4 1658 272 58
1273 29 16
693 127 21
Borehole 155-10 1907 238 49
combined sotution 1384 15 33
all tests 686 120 22
11-4-C 70.8 1020 11 45
863 277 43
586 177 10
11-6-C 75,5 1651 82 8
1357 337 60
956 177 29
11-9-C 84.3 2228 3 58
1448 261 8
1320 165 34
11-11-C 89.4 2080 335 42
1234 109 38
939 221 25
11-13-C 94,5 2668 33 22
118 8¢ 48
708 225 K1)
Borehole ISS-11 M3 333 4
combined soltuion 1364 88 21
all tests 919 200 38
Borehole 158~11 2298 359 40
combined solution 1272 99 ki
tests 158-11-3, 991 214 35

11 and 13

Note: Positive stresses compressive
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Principal Stresses, psi

Is5-8  Depth, s 1 4
Test No. _ ft 1 2 3
2 7.5 882 385 147
4 12.7 1,233 762 -20 LLNL Spent Fuel Test-Climax
7 21.3 1,589 1,471 823 GSIRO Cell Principal Stresses
9 11,3 734 478. 413 Borehole J35-8
13 67.8 1,263 1,058 649 AT Tests
17 81.0 1,304 724 589 i
21 86.7 963 577 397 Figure 7.7
25 109.4 1,828 1,271 515

NOTE: Compressive stresses positiv
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incipal Stresses, psi
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Depth,
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18§
Tes

LLM. Spent Fuel Test-Climax

g

724 589
577 397
2711 515

058 64

I,

1,263

8
0
7
4

67
8l.

13
17
21
25

304
903

1,
1

CSIROCell Principal Stresses

9%
109

Borehole 1S5S-8
Tests from 67 to 110 ft

828 1

Figure 7.8

ATl stresses compressive
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Principal Stresses, ps§i

1S5-9  Depth, g S
Test No. ft 1 2
3 39.1 1,275 781
5 42.6 925 591
7 46.9 1,083 432
9 50.5 1,178 84]1
13 59.2 1,494 782

NOTE: ATl stresses compressive

A
3
555
39
99
673
543

-87.

LLNL Spent Fuet Test-Climax

CSIRG Cell Princigal Stresses
Borehole 155-9

Figure 7.9
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Principal Stresses, psi

155-10  Depth, o no4

Test No,  ft %9 9% 9
2 64.4 1,670 1,105 348
4 67.8 2,773 1,697 585 LLNL Spent Fuel Test-Climax
6 73.1 1,772 1,433 799 CSIRQ Cell Principal Stresses
9 80.4 1,658 1,273 693 Borehole 1SS-10

Figure. 7,10

NOTE: ATl stresses compressive
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1S5-11 Depth,

Test No. ft
4 70.6
6 75.5
9 84.3
N £9.4
13 94.5

Principal Stresses, psi

[ ]

G
1,020
1,651
2,228
2,080
2,668

.
il
863
1,357
1,448
1,234
1,118

Note: Al1 stresses compressive
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Figure 7.7 presents solutions for all CSIRO cell tests in borehole }
[55-8, The arrow on the figure illustrates tha change in orientation 3
of the maximum principal stress as the test depth increases beyund the
zone of influence on the test facility. The major principal stress
orientations ip tests 2 and 4 are nearly vertical. Tests 7 and 9 show
a more inclined principal stress, which becomes nearly horizontal in
tests 13, 17, 21, and 25, Tests 2 and 4 exhibit minor principal stresses
which are near zero and are oriented along the axis of the borehole.

i1 three orincipal stress magnitudes in test 9 are relatively low,
though similar in orientation to other CSIRD tests, confirming the
observation of a Tow stress zone at about 40 to 45 ft,

Figures 7.8, 7.9, and 7.10 present individual CSIRO cell principal
stress solutions for borehgle 135-8 tests beyond a depth of 60 ft,
all borehole 155-9 tests, and all borehole 1S5-10 tests, respectively.
Differences in principal stress orientations are observed between the
different plots, but within an individual borehole, the princinal
stresses are generally similar. Beyond 60 ft in borehole IS5-8 and in
borehole 15$-9, the orientations of the intermediate and minor principal
stresses display wide variations within a plane. However, since the
difference in magnitudes between these stresses is usually small, their
orientatien within the plane is not well defined and for practical purposes
may not be significant. Plots of tests in borehole 155-10 exhibit good
agreement of all principal stress orientations, primarily because of
the larger differences in magnitude between the major, intermediate and
minor principal stresses.

Figure 7.11 presents individual CSIRO cell principal stress
solutions for all tests in borehole ISS-11. The plot appears to show
a rotation, with increasing depth, of the major and intermediate
principal stresses about an axis defined by the average minor principal
stress. The arrows on Figure 7,11 show the change of direction of .
the major principal stress. The grientations of the miner principal
stresses for al) tests plot relatively close together.
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Table 7.5 and “igure 7,12 present combined CSIRO cell principal
stress solutions for each borehole. The solutions from boreholes 155-8
and 9 are very similar in both vrientation and magnitude. The principal
stress orientations from borehole 155-10 are somewhat similar to those
from borehoies 1858 and 9, but the magnitudes are significantly higher.
The magnitudes from borehole I18S-11 are similar to those from borehole
185-10, but the respective orientations in borehole ISS-11 are signifi-
cantly different from any of the other boreholes.

7.2.2.2 USBM Gage Solutiong

Since only three non-paralle} boreholes {not in the same plane) are
required for a complete USBM gage principal stress solution, several
combinations of data from the four rib boreholes are possible. The
potentially available data includes: six tests from borehole I155-8
within +20 ft of the intersection with borehole 155-9; six tests trom
borghole 15°-8 within +15 ft of the intersection with borehole [§5-8;
tour tests from borehole 1SS-10 within +5 ft of a point about 55 ft
above the intersection of boreholes 185-8 and 155-9; and six tests from
borehole 1S8-11 within +20 ft of a point about 55 ft below the inter-
section of boreholes 155-8 and 9, for a total of 66 individual defor-
mation measurements (three per test).

The results of USBM gage principal stress solutions for several
borehole combinations are listed in Table 7.6 and shown graphically
on Fiqure 7,13, Because of the close proximity of tests made in boreholes
[SS-8 and 9, and *he similarity of the CSIRO cell solutions from these
borehotes, it s 1ikely that these tests are measuring the same stress
field. Based on the CSIRD cell results, it appears that tests in
boreholes I85-10 and 11 are measuring different stress fields. There-
fore, to maximize the validity of assuming the same stress field in
each of the combined boreholes, barehales 155-8 and 9 were both
included in each USBM gage solution.
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Principal Stress, psi

[ ] ] A

Borehole No. 9 % %
185-8* 1,216 828 589

I55-9# 1,153 617 472

185-10%* 1,907 1,384 686

155-17#* 1,713 1,364 919

*  Solution from a11 CSIRO cell tests
beyond depth 60 ft

**  Solution from all CSIRO cell tests
in horehole,

-07.

LLNL Spent Fuel Test-Climax
Combined CSIRO Cell Principal Stresses
Boreholes 155-8, 9, 10 and T

Figure 7.12




Table 7.6

USBM GAGE PRINCIPAL STRESS SOLUTIONS

Azimuth Inclination
Borehole Stress, psi Degrees cw Degrees up
Combinations (+ 95% conf. limits) from North from Horizontal

155-8, 9, 10 1795 (343) 248 18
1081 (314) 59 72
714 (202) 157 3
158-8, 9, 1 1844 {363) 338 13
1287 (245) 21l 69
557 {386) 72 i6
1s5-8, 9, 10, 1 1654 (316) KK} 35
1195 (261) 227 26
992 (302) 109 43

Note: A1l stresses compressive

Borehole ISS-8, includes all USBM gage tests
beyond depth 60 ft.
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Principal Stresses, psi

Borehnie ¢ * A

Combinations 2 93

155-8,9,10 1,795 1,081 714 LLNL Spent Fuel Test-Climax,
155-8,9,11 1,844 1,287 557 USBM Gage Principal Stresses
155-8,9,10,11 1,654 1,195 692 Boreholes 1S5-8, 9, 10 and 11

Note: ATl siresses compressive

Borehole 15S-8 includes all US™M gage

tests beyond depth <0 ft.
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The various borehole combinations all result in similar USBM gage
principal stress magnitudes (and similar magnitudes for the uncertainties);
however, the orientations vary significantly between the different
solutions.

7.3 Pillar Stresz Measurements -- Boreholes 188-4, 5, 6, and 7

7.3,0 Secondary Principal Stress Solutions -« Pillar Boreholes

The secondary principal stress magnitudes and orientations for the
pillar boreholes are presented on Table 7.4 and Figqures 7.14 and 7.15.
The maximum secondary principal stress appears to be predominantly
vertical and has a magnitude of about 2,000 psi near the heater drift
vall, which decreases progressively toward the canister drift wall to
values in the range of 700 to 1.00C psi, Minimum secondary principal
stresses are nearly horizontal and are generally less than 700 psi.

7.3.2 Principal Stress Solutions -- Pillar Boreholes

figure 7,16 presents the principal stressas calculated from three
CSIRG cell tests conducted in boreholes 1SS-5 and 7. These resulis
indicate that the major principal stresses in the pillars are on the
order of 1,800 to 2,300 psi, and are oriented at an angie of 20 to 50°
from vertical, As would be axpected, the minor principal stresses are
low and are oriented across the short dimension of the pillar.
The intermediate principal stresses are nearly horizontal, oriented
along the long axis of the pillars, and are on the order of about 700 psi.,

7.4 Stress Measurements - Discussion and Conclusjons

7.4.1 Quality of Test Results

7.4.1.1 General

The results of stress measurements made in the four rib boreholes,
185-8 through 11, indicate significant variations in stress conditions
in that region, Since no physical mechanisms that would cause these
variations have been identified or are readily apparent, these resuits
appear to contradict the assumption of uniform stress conditions which
would otherwise be expected to exist. The major guestion raised by
these resu’ts is whether the differences in measured stresses are caused
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by uncertainties and Vimitations of the test methods, or whether they
reflect real variations in the state of stress in the rock mass.

During this program, great care was taken to standardize test
procedures, perform tests ascording to these procedures, and to reduce
and ana'yze the test data. Spacial “achniques were developed to
ninimize test-related uncertainties associated with the relatively
great depths of testing irn the boreholes ind the thermal effects assoc-
fated with testing in artificizlly heated rock. In general, the apgroach
taken rasulted in a state-of-the-art program with strong quality contrs).

Secondary principal stress selutions from USBM gage data are about
30% higher in magnitude than those from CSIRO cell dats. However, the
ratip of the maximum and minimum secondary stress magnitudes in a
given test and orientations sf the stresses are similar for both gage
types. In addition, variations of strass within a boreiole, e.q.
high or low stress zones, were measured by both types of instruments,
Therefore, except for a “scaling factor® the USBM gage and CSIRO cell
results present essentially the same picture of in sitv stress conditions.

Comparisons of CSIRG cell principal stress solut®ans in divferent
borehole:z indicate that the variaticas in measured stress between the
various boreholes is much greater than the variation within an individ-
ual borehole. Also, USBM gage peincipal stress solutions for various
borehole combinations are not consistent, Figure 7.13, with weighted
averages of the CSIRO cell combined borehole principal stresses,

Figure 7,12,

Based on these considerations, we believe that the data produced
by this study are of sufficiently high quality and quantity to conclude
that the indicated test results are geperally correct and fhat the
in situ stress field around the Spent fuel Test Facility is not simple
or upiform, Pdditional evidence for zhis conclusion is in Section 7.4.3.
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7,4.1,2 Quality of USBM Gage Data _

The USBM gage has a relatively long history of successful use
in other stress measurement programs, and the results have generally
been accepted as reasonably accurate, The USBM gage measures borehole
deformations through direct physical contact between the sensing buttons
and the rock. Also, the theoratical derivation of the data reduction
equations is relatively straightforward with a minimum of uncertainties
involved in the solutions, provided the fundamental assumptions of
isotropic, homogeneous, elastic rock, and, for the three dimensional
solution, & uniform stress field are met. For these reasons, we believe
that the stress magnitudes and orientations of the USBM gage secondary
principal stresses are generally accurate. However, based on a comparison
of results from the various rib boreholes, the assumption of a uniform
stress field does not appear to be valid, For this reason, the accuracy
of in situ principal stresses calculated from the combination of USBY
gage tests in different boreholes should be considered low., Since the
USBM gage principal stress solution is a linear least-squares-regrassion
method, combining test data from different stress states )asults in a
solution that is an average of these different states, weighted in
proportion to the relative number of tests included from each stress
condition, This is apparent in the results.

7.4.1,3 Quality of CSIRD Cell Data

The record of use and validity of resulis for the CSIRO cell are
not as well established as for the USBM gage. In addition, the in
situ mechanical properties of the CSIRD cell, the epoxy cement, and the
rock significantly affect the responses of the nine individual strain

gages. Factors accounting for these properties and the geometry of the
CSIRO have been derived, but their precision is not known. Therefore,
the mechanics of the CSIRD cell and the theoretical derivation of the
CSIRG cell principal stress solution are more complex than for the USBM
Gage. For these reasons, the CSIRO cell results have been carefully
assessed in light of the total bndy of data from this study.
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As discussed in Section 7,4.1.1, USBM gage secondary principal
stresses average about 30% higher than CSIRO cell stresscs, Also, the
same 30% difference exists between the two instruments when three-
dimensional principal stress sglutions are compared.

Some uncertainty in the orientations given by CSIRO cell solutions
5 suggested by comparing the principal stresses in boreholes IS$5-8
and 183-9 on Figures 7.8, 7.9, and 7.i2, Since the tests represented
by thesa stresses were performed in close proximity to sach other, near
the intercection of the twoa boreholes, it is reasonable to assume that
the average stress field should be uniform for the two Sets of stres.
measurements. Figure 7,12 shows that the major principal stresses
agree well with respect to magnitude, but the orientations of each
are displaced toward their respective borehole axes from an "average"
direction midway between the two. This displacement, or apparent bias,
is on the order of 10°. As discussed in Section 7.2.2.1, the inter«
mediate and minor principal stresses for boreholes 155-8 and 9 are
simi.ar in magnitude and can be defined within.a plane. These two
planes on Figure 7.12 are also rotated away from an “average” orien-
tation by about 10°.

The other problem observed with the CSIRO cell is the negative
hysteresis exhibited by the Phase II biaxial tests, as discussed in
Section 6.2.

The reasons for the Tow CSIRO cell stress magnitudes, the directional
bias, and the negative hysteresis during Phase II biaxial tests are
not clear. It is possible that the complex relationships between gage
response and material properties of the cell, the epoxy cement, and the
rock may not be accurately modeled by the K factors (equations 5.3.1
and 5.3,3). Also, the differences between Phase I and Phase 11 biaxial
test results suggest that the epoxy cement may not be completely
cured by the time the gage is overcored. If this is true, then it is
possible that deformations in the rack care during overcoring are under-
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estimated because the epoxy creeps as the rock strains and complete de-
formation is not measured. This could also affect the values of the

K factors used in data reduction. Finally, geometric factors, such as
the relative balance in the directional sensitivity of the individual
strain gages to the different companents of the in situ stressvtensor
could systematically induce a directional bias in the calculated prin-
cipal stress orientations, which is dependent on borefole orientation.
Additional work will be required to more fully define and explore the
variables affecting the results of CSIRD cel] stross measurements.

The most positive aspect of the CSIRO cell is tne ability-to calculate
a compleio stress tensor from one overcore test with a redundancy in ‘
strain measurements, When the ninc strain gage deltas from a single over-
coie test are combined in a least squares regression to calcuiate an
average stress tensor, and the tensor in turn is used to predict each
0. the nine delta values, the measured deltas agree guite well with the
predicted deltas. The deviation between the two sets is generally
within 1 to 4 microstrain. This indicates that all nine strain gages
are responding in a uniform manner consistent with the actuai defor-
mations in the rock core. A sensitivity analysis performed by entering
known "bad' data into the regression confirms that deviations between
measured and calculated deltas are in fact highly reflective of the
quality of the original data.

Visual inspection of Figurés 7.8 through 7.12 reveals that the
scatter of CSIRO cell principal stress magnitudes and orientations within
a given borehole is smalier than the difference in average stress mag-
nitudes and orientations between the borehcles. In other words,
corresponding principal stresses form distinct populations in the dif-
forent boreholes. Furthermore, the differences between principal
steesses in boreholes [55-8 and 9, which logically would be expected to
exist in a uniform stress field, is small, and is probably related more
to a directional bias in the CSIR0 cell results than to a real veriation
in stress field., However, variations between these two boreholes and
the other rib boreholes are moré significant.
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Based on these observations, we conclude that CSIRO ¢ell probably
underestimates stress magnitudes. It also appears that the orientations
of the CSIRQ cell solutions are biased to a minor degree by the borehole
orientations. In spite of these deficiencies, we believe that for this
study, the errors associated with the CSIR0 cell are minor and that
the ability to completely determine the state of stress with one tast
significartly improves our understanding of the in situ stresses in the
different zones of stress encountered. In our opinion, the CSIRO
principal stress orientations given on Fiqures 7.7 through 7,12 are
reasonably accurate within normal data scatter and probably do not exhibit
more than about 20° of systematic directional bias. Also, the apparent
error in stress magnitude is less than the indicated differences
between stress zones. For these reasons, we believe that the results of
the CSIRO cell solutions present a reasonably accurate representation
of in situ stresses at discrete locations. We recommend, however, that
the stress magnitudes presented on the figures and tables in this
section be increased by 30% to account for the probable underestimation
of stress magnitude.

7.4.2 Stress Gradijent into Rib from South Heater Drift

In Borehoie 155-8, the major principal stress within 20 ft of the south
heater dri.t ic predeminately vertical and is on the order of about
1,500 psi. The minor principal stress is small (near zero) and is

oriented in a nearly horizontal direction perpendicular to the axis of the
south heater drift, as would be expected. These results indicate that
there is no large concentration of vertical stress caused by the test
facility. Beyond depth 20 ft, the minor principal stresses increase

and the major principal stresses rotate away from vertical. A low stress
zone of about 900 psi maximum stress was observed from about 40 to 45 ft
depth in borehole I5S-8. Both USBM and CSIRO tests show the same low
stress, so it is probably real. The cause of the Yow stress zone is

not clear, but it may be reTated to two open, weathered joints, that

were seen in the core to intersect at & depth of about 40 ft. Beyond

a depth of 60 7t, the princinal stresses are relatively consistent in
orieptition and magnitude.
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7.4.2 In Sity State of Stress -- Rib Boreholes

As previously discussed, we conclude that the differences in measured
stresses between borehole 15S-10, borehole 1SS-11, and boreholes 155-8 and ©
reflect real stress variation in the rock mass surrounding the test
facility, This conclusion is based on comparisons of CSIRD cell princi-
pal stresses in Figures 7.8 through 7.12, ccmparisens of CSIRQ cell
and USBM Gage principal stress solutions in Figures 7.72 and 7.13, and
analyses of secondary principal stresses from both gage types. Compar~
isons of principal stress solutions have been discussed in preceeding
sections. Analysis of secondary prircipal stresses and the vertical
components of CSIRO principal stresses are presented below.

Secondary principdl stresses suggest a variation in stress field,
with both types of stress-measuring devices giving similar resulis.
Since borehales 188-9, 10, and 11 lie in the same vertical plane, the
average horizontal stress component of each borehole sheuld be about the
same, assuming & uniform stress field, Summing the horizontal components
of the secondary principal stresses in each borehole (CSIRO cell results
are increased 30%) results in the following average values:

Borehole Horizonta) Stress, psi
158-9 ' 1250
155-19 2200
155-11 2050

Clearly, the horizontal stresses measured in horeholes 153-10 and 11 are
significantly greater than in borehole 185-9.

A comparison of the average vertical stresses measured in the rib
borenoles can be made using the vertical components of the CSIRO
principal stresses given on Figure 7,12 (increased 30%):

Borehole Vertical Stress, psi
155-8 1000
155-9 900
I55-10 2050

[85-11 1700
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Oniy the average vertical stress measured in borehole [8$-11
ayrees with the expected overburden value of 1600 psi (Heuze, et al.,
1981). Average vertical stresses for boreholes 155-8 and 9 together,
and borehola 13$-10, are about 60% and 120% of the expected value,

respectively.

The results presented in this section indicate that three zones
of significantly different in situ stress were encountered in the
four rib boreholes. Only tests in boreholes [SS-8 and 9 appear to be
measuring the same state of stress. In addition to the large variations
in stress between zones, smaller but significant variations in stress
were measured within individual zones. Some of these variations
probably result from normal measurement error and are not significant,
but other variations were measured by more than one test and likely
indicate actual stress differences. In particular, tests in borehole
ISS-11 indicate significant changes in stress magnitude and a regular
rotation of stress orientation about the miner principal stress axis
with increasing test depth.

We believe that the stress conditions in the rib are best represented
by the averages of the stresses measured in each of the three stress
zones encountered during this study. Therefore, we recommend that the
combined CSIRO cell principal stresses for individual boreholes, given
on Figure 7.12, be used tu determine the average state of stress in
each of these zones. MWe also recommend that magnitudes on that figure
be increased 30% to account for the probable underestimation of stress
by the CSIR0 cz1l, In the case of boreholes 1S5S-8 and 9, where two
sets of principal stresses are given for the same stress zone, an average
of the orientations and magnitudes (increased 30%) is probably a good
estimate of the stress state at that Tecation., The summary principal
stresses presented on Figure 2.1 incorporate these recommendations.

The reasons are not obvious for the apparent changes in the average
stress field over the relatively short distances between boreholes, the
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indicated regular rotation of stresses in borehole ISS-11, or the other
smaller but significant variations in stress within a general stress
zone. Possible hypotheses include the effects of joints and shear zones
in the rock mass, thermally induced stresses from the Spent Fuel Test,
cooling history of the quartz monzonite, bnrecogn1zed effects of the
test facility itself, influences from nearby nuclear detonations, and
other geologic/tectonic mechanisms that may be recognized in the

future as work at the test facility progresses.

7.4.4 Pillar Stresses

Stress measurements made in the four pillar boreholes present a
relatively consistent profile of secondary principal stresses, as
presented in Section 7.3, Maximum secondary principal stresses are
near vertical and are highest near the heater drifts, decreasing
toward the canister drift. CSIRO cell tests also indicate predominately
vertical major principal stresses, The intermediate and minor principal
stresses are oriented parallel and transverse to the pillar axis, resp-
ectively, Conclusions concerning stress concentration effects are
difficult to make, due to the variability of the surreunding in situ

stress state,
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The Spent Fuel Test-Climax (SFT-C) is being
conducted under the technical direction of the
Lawrence Livermore National Laboratory for the
U.S. Department of Enerqy. As part ¢i the Nevada
Nuclear Waste Storage Investigations, it is managed
by the Nevada Operations Office of the DOE.
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