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PREFACE

This report is one of a series documenting the results of the Swedish-American.cooperative research
program in which the cooperating scientists explore the geological, geophysical, hydrological, geo-
chemical, and structural effects anticipated from the use of a large crystalline rock mass as a geologic
repository for nuclear waste. This program has been sponsored by the Swedish Nuclear Power Utilities
through the Swedish Nuclear Fuel Supply Company (SKBF), and the U.S. Department of Enerqy (DOE) through
the Lawrence Berkeley Laboratory. . _

The prﬁnc1na1 investigators are L.B. Nilsson and 0. Degerman for SKBF, and N.G.W. Codk,
P.A. w1therspoon, and J.E. Ga]e for LBL Other participants will appear as authors of the individual
reports. S T .

Previous technical reports in this series are listed below.

1.  Swedish- Amer1can Cooperat1ve Program on Rad1oact1ve Waste Storage in M1ned Caverns by .
P.A. Witherspoon and 0. Degerman. (LBL-7049, SAC-0I).

2. Large Scale: Permeab111ty Test of the Granite in the Stripa M1ne and Thermal Conduct1v1ty Test by
Lars Lundstrom and Haken Stille.” (LBL- 7052 SAC-02).

.3.  The Mechanica] Properties of the Stripa Gran1te by Graham Swan. (LBL-7074, SAC-03).

4, Stress: Measurements in the Str1pa Granite by Hans Car]sson - (LBL-7078, ‘SAC-04)

5. Boreho]e Dr1111ng,and Related Activities at the Str1pa Mine by P.J. Kurfurst, T. Hugo- Persson,
and G. Rudo]ph (LBL 7080, SAC 05).

6. A P110t Heater Test in the Str1pa Granite by Hans Carlsson. (LBL-7086, SAC-06).

7. An Analysis of Measured Values for the State of Stress in the Earth's Crust by Dennis B. Jamison
and Neville G.W. Cook. (LBL-7071, SAC-07).

8. Mining Methods Used in the Underground Tunnels and Test Rooms at Stripa by B. Andersson and P.A.
Halen. (LBL-7081, SAC-08).

9. Theoretical Temperature Fields for the Stripa Heater Project by T Chan, Neville G.W. Cook, and
C.F. Tsang. (LBL-7082, SAC-09).

10. Mechanical and-Thermal Design Considerations for Radioactive Waste Repositories in Hard Rock.
Part T: An Appraisal of Hard Rock for Potential Underground Repositories of Radioactive Waste
by N.G.W. Cook; Part TI: 1In Situ Heating Experiments in Hard Rock Their Objectives and Design
by N. G W. Cook and'P A. W1therspoon (LBL-7073, SAC-10). :

11. Full Scale and T1me Scale Heating Experimeénts at Stripa: Pre]iminary Results by N.G.W. Cook and
M. Hood. (LBL-7072, SAC-1T}. s

12. Geochemistry and ‘Isotope Hydrology of ‘Groundwaters in the Stripa Granite: Results and Preliminary
Interpretation by P. Fritz, J.F. Barker, and J.E. GaTe. (LBL-8285, SAC-12).

13. Electrical Heaters for Thermo-Mechanical Tests at the Stripa Mine by R.H. Burleigh, E. P -Binnall,
A.0. DuBois, D.0. Norgren, and A.R. Ortiz. {LBL-7063, SAC 13}.

14. Data Acqu1s1t1on, Hand1ling, and Display for the Heater Exper1ments at Stripa by Maurice B. McEvoy.
{UBL-7063, SAC-14).

15. An Approach to the Fracture Hydrology at Stripa:v’Preliminarx Results by J.E. Gale and P.A. wither-
spoon (LBL-7079, SAC-I5).

'

16. Pre11m1nary Report on Geophysical and Mechanical Borehole Measurements at Stripa by P. Nelson,
B. Paulsson, R. Rachiele, L. Andersson, T. Schrauf, W. Hustrulid, 0 Duran, and K.A. Magnussen.
(LBL-8280, SAC-16).

17. Observations of a Potential Size-Effecf in Experimenta] Determination of the Hydraulic.Properties
of Fractures by P.A. Witherspoon, C.H. Amick, J.E. Gale, and K. Twai. (LBL-8571, SAC-17).

18. Rock Mass Characterization for Storage in Nucler Waste in Granite by P.A. Witherspoon, P. Nelson,
T. Doe, R. Thorpe, B. Paulsson,vJ.E.:Gale, and C. Forster. (LBL-8570, SAC-18).

~19. Fracture Detection in Crysfaliine Rockasing Ultrasonic Shear Waves by K.H. Waters, S;P. Palmer,

and W.F. Farrell. (LBL-7051, SAC-19).
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Instrumentation Evaluation, Calibration, and Installation for Heater Tests Simulating Nuclear
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ABSTRACT

The state of stress:at the Stripa test mine in Sweden has been:
studied through a program of hydraujic fracturing and overcoring stress
measurements performed both in a 38l meter deep vertical borehole drilled
from the surface and from shorter boreholes drilled around the heater

experiment- drifts.

Far-field meésufements Qeré obtained in the deep vertical hole by
usihg the Swedfsh State Power Board's Leeman triaxial cell and hydraﬁaic
fracturing. The two methods agree well on thevorienfatioh of the'haximum
» horfzonta] stress and on the interpolated stress values for the depth of
the test facility. On the basis of a regression analysis of the stress
data versus depth, the following conc]usfonsvhave been reached: (i)
determination of stress at a particular depth should be made by inter-
polation oghdata from well above and below the depth of interest; (2)
extrapolation of values beyond the‘depth range df the data cannot be qone
with confideﬁce§ and.(3)vsfress determinations should be based on more

‘than just a few measurements.

- The hydraulic fracturing experiments were interpreted by using fhe
first breakdown pressure and a tensile-strength term. The tensile-
strength term is based:onvan ana]ysfs of laboratory tensile-strength data
and compénsates for the size effect through mé£hods‘of statistical

fracture mechanics.
e

Near-field stress measurements were made from one vertical and two
horizontal boreholes in the heater test area. ’The vertical hole was used

for both Swedish State Power Board Leeman cell measurements and hydraulic |
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fracturing. One horizontal hole was used for hydraulic fracturing, the
other for overcoring. Overcoring measurements employed the University of
Luled (LuH) triaxial cell, the USBM borehole deformation gauge, and the
CSIRO hollow inclusion triaxial cell. All the data are in-éxce]]ent
agreement that the near-field maximum stress roughly parallels the drift
and is horizontal. All methods agree on the magnitudes of the stresées;
The shut-in pressure values and the overcoring results both 1ndicate that
" the 1ntermed1afe and ieastvpkincipal stresses are skewed about 45° from

the stress measurement holes in the plane of the boreholes.

Acoustic emissions from the hydraulic fractures were monitored in
the heater test area to determine their location and orientation. The
emissfons were successfully monitored for only one test, which showed
that the fracture propagated primari]y from one_side of tﬁe hole in the -

direction of the heater drift axis.

The maximum stress direction at Stripa rotates from northwest in the
far field to northeast in the near field. This rotation appears to be
due to the influence of the mine as a whole rather than to the experi-

mental drifts.

Statistical‘analysis of the'stress meaSurement.dAta may help to
design stress measurement programs for other sites. If the variance of
the data is assumed to be similar to that at Stripa, stress measurement
programs should include at least 20 measurements by both overcoring and

hydraulic fracturing. We consider these two methods to be comp1emeﬁtary.
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Overcoring can indicate where the borehole direction does not coincide
with a principa] stress (such coincidence is an important assumption ‘in
hydrofracture ana1ysis), while hydraulic fracturing provideé a measure of

the in situ stress on a larger scale than overcoring.



1. INTRODUCTION
(T. W. Doe)

1.1 Purposes . : , N -

~ For the past several years, the Stripa Mine in-central Sweden
~has been the site of hydrologic and rock mechanics field- testing to
eva]uatejthe’feasibility of storing radioactive wastes in granitic
rocks. Data on the state of stress has been recognized as necessary
for the analysis of fhe field testing data at the sife, and over the past
two suhmerS‘(1981-1982)'we have been GArryihg out a program of in situ
h’stréss'méasu;éméhtﬁ by'hydrbfracturfng and a variety of overcoring

techniques.

_Whj}gldepgrmjning the state of stress for the analysis of the heater
test data:was the primary purpose of these experimental measurements, the
work also provided an opportunjt& to compare the results of several
\techniqﬁesigt,a common site, and to evaluate the effect of .a large mine
on the state of stress. . This work might. thus help to.resolve some of the
controversy surrounding stfess measurement techniques. Hydraulic frac-
turing, which has become very popular for measurements at depth, has been
qﬁestioned‘ovek such issues as thé noncoiTinearity of the hole with
principal stress directions, the role of rock tensile strength, and the
’interpretation of:shut-ih bressuré feco}ds.» Ovédering méasu}ements have
been ndtoridhs for a large degree of scatter 1n.the data and have been
cha]lenged'over duestions about the inf{uéhce:of smai]-sca]e, iocé]
hetekogeheities on the results of strainucé11 measurehents; Hydraulic
fracturing and overcoring have.not been cérried 6ut'ih é common borehole,
nor have mahybmeasurements by the twoﬁhetﬁbds been made in the immediate

vicinity of one another underground.
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Another purpose has been to devé]op a measurement data set suf-
ficiently Targe to allow statistical treatment of the unéertainties
associated with stress determinations. 1In particu]ar,‘we:wished to
determine how accurately the in situ stresses need to be known for
repository design, and how many measurements hust be made to achieve the

desired accuracy.

1.2 Geo]ogic Setting

The geology and fractufe system of the Stripa area have been de- .
scribed by 01k1ewicz et al. (1979) and is briefly summarized below. The
host rock for the heater experiments is the Stripa granite, a small
pluton with a monzogranitic composition and a Precambrian age. The
granite was post-tectonically intruded into étrongly folded leptite
(undifferentiated metésediméntafy and metavolcanic rocks of Precambrian
age). The leptites are predominantly metavolcanic in origin with inter-
bedded carbonates and iron formation. The granite is for the most part:
concordantly intruded into the leptite sequence, which has been folded

about NE-SW axes gently plunging to the northeast.

The Sfriba mine was developed to exploit the iron formation, and
most of the workingslfo11ow the strike and dip of the bedding. The
contact between the granite and the leptite strikes NE-SW and dips to the
southwest, following tHe structural trend. As the iron formation often
occurs near the granite contact, haulage ways commonly pass through the
granite. It was off of such_workings that the:drifts for the Stripa
experiments were excavated. The experimental driffs lie within the

footwall of the contact; hence the experimental areas lie beneath the
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'majbr stopes and other_workings @f tﬁe mine (Fig. 1.1). Figure 1.2 shbws
the surface geology of the grahife and leptite, é]ong wjth the location
of stress measurement boreholes and thé experimental drifts. The granite
outcrops north of the miqe were'chosen'as the site of the borehole for

far-fie]d measurements, SBH-4.

1.3 Stress Measurement Methods Used

The Stripa stress measurement program employed both hydraulic

fracturing and overcoring-methods.

The h}drau]ié fracturfng waélperfbrmed in accordance with methods
deveToped by Haih$on'<1978) and'Zoback et al. (1980) over the last 10
years. A sectipn of borehole is isolated with 1nf1atab1é pdckers, and
- the interval is pressurized'unti1'fhe rock fractures. The magnitude of
the stresses is determined from the pressure at which the rock fractures
and from characteristics 6f the subsequent pressure-time record. The
orientation of the maxfmum_horizonta] stress is determined from the

orientations of the fracture} Details are discussed in Chapter 2.

Hydraulic fracturing measures the complete state of stress only when
the borehole directionvcoincides with ‘the orientation of the minimum or
intermediate principal stress. This usually requires the boréhoTe to be
vertical to a]]ow‘dne stress to be assumed from the overburden weight.

If the borehole is skewed with respect to one of these principal stresses,
interpretation would at beét be limited to fhe stress normal to the hole
and possibly the minimuh stress, although this would not include its

‘orientation.
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Interpreting hydraulic fracturing records when the hole is not
coincident with a principal stress direction is easier if the orientation
of the fractube is known. It is generally thought that fractufés will |
initiate coaxia]]y with the bbreho]e and change oriéntation away from the
»_holé to be normal to the minimum stfess. Chapter 9 describes an attempt

to map the fracture acoustically to determine its true orientation.

- The overcoring ﬁethods included the following: The U.S. Bureau of
Mines (USBM) borehole deformation géuge, the Universify of Lu]e& (LuH)
triaxial cell, the CSIRO (Australian Cohnci] of Scientific and Indus-
trid] Research Organizations) ho]]bw inclusion gaﬁge, and the Swedish
State Power Board deep—hole Leeman triaxial cell. Figure 1.3 illustrates

the basic configurations of these methods.

A1l the overcoring hethods determine thé stress from the strain
or deformation of an overcored pilot borehole. The USBM géuge (Chapter
: 4)vmeasures thé dfametra] deformation of the borehole, using strain-
gauged cantilevers. It cannot measure the complete state of stress from
a single boreho]e; but it is rapid and simple to operate. The other
overcoring methods\ére adaptations of the original Leeman triaxial cell,
which measures the strain at nine or more positions on.or near the wall
of the pilot borehole. The Leeman gauge configuration allows the com-
plete state of stress to be calculated from a single borehole. The LuH
ce]]k(CHapter 3) is very similar to the original Leeman cell. The basic
procedure cbnsists of bonding three strain-gauge rosettes containing four
gauges each to the wall of the pilot bore. The University of Luled's

contribution consists of improving the emplacement of the gauges and
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better cleaning of the pilot bore. The Swedish State Power Board's
Leeman cell (Chapters 2 and 5) is a wire-line adaptation of the original
.ce11 for use in 76-mm holes (the standard NX hole diameter used in most
site exploration). The Power Board's arrangements a]]bw‘measurements to
be made in holes as 1ong~as 5OQ meters. The CSIRO hollow inclusion cell
(Chapter 6) buts the straiﬁﬂgauées into a hollow epoxy inclusion that is
grouted into the rock. Interpretation is similar to that of other
triaxial cell metﬁods except for adding éa]ibration factors to account

for the material betweeh the gauges and the rock.

1.4 Experimental Approach

The stréss measurement program was carried out in two stages.
The first stage was to determine the state of stress at.a location
where the influence of the mine openings would be small (the far-field
stress). A 381 m borehole, SBH-4, was dri]led about 300 m north oflthe
mine (Fig. 1.2). The locations of this énd other stress measurement
boreholes are given in mine coordinates in Table 1.1. During the dril-
Ting, the Swedish State Power Board made 17 stress measurements with its
deep-hole triaxial cell. These measurements were performed in groups of
four of five at four depths: 100, 200, 300, and 380 m. After the hoTe
was completed, 16 hydrofracturing tests were performed between 25 m and
369 m depth, with a majority made around the depth of the test facility
(about 320 m). This work was the first to combine deep-hole over coring

with hydraulic fracturing at a common site or in a common hole.

The second stage was to measure the in situ stress in the immediate

vicinity of the full-scale heater experiment (Figs. 1.2 and 1.4). For
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Table 1.1. Collar locations of stress measurement holes.
(Stripa mine coordinates, meters)

Borehole : X Y Z
BSP-1 315.57 © 992.48 - 338.80
BSP-2 309.2 - 1002.5 - 344.8

BSP-3 311.92 1007.80 . 344.80

SBH-4 . 674.4 1001.2 29.1
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Fig. 1.4 Relative positions of the full-scale drift, the extensometer drift,
and the stress measurement boreholes. Orientations of typical
hydraulic fractures are shown for the 76 mm holes, BSP-1 and 2.
Swedish State Power Board overcores were taken in BSP-3.
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this stage, three holes were drilled. A hole for hydrofracturing. and

Power Board overcore measurements, BSP-1 (BSP stands for bergspﬁnhing,

"rock stress" in Swedish), was drilled vertically downward from the
center line of the full-scale drift to a depth of 25 m. BSP-2, a hori-
'zonta] ho1é, was 76 mm in diameter and 20 m long, and was used exclu-
sively for hydrofracturing tests. Hole BSP-3 had.a diameter of 150 mm
vand was drilled to a length of 12 m for USBM, CSIRO, and LuH traxial cell
measuremenfs. It was drilled at a small angle upward from the horizontal
so that water, which affects the bonding of triaxial strain cells, would

drain from the hole.

An acoustic emission experiment was set up to detect the propagation
of the hydraulic fracture and map its location; it is discussed in

Chapter 9.

Besides making a simple comparison of the stress values from the
various overcoring techniques, the underground experiment had the follow-
ing objectives:

e investigating the effect of the hole orientation on the hydro-
fracture results;

o measuring the influence of the extensometer and full-scale
drifts on the in situ stress orientations and magnitudes; and

e investigating the correspondehce of 'the acoustically mapped
hydrofracture plane with the plane normal to the least principal
stress, as determined by overcoring.

Plans called for making the sha11owest overcoring measurements

close to the collar of the holes so as to measure the magnitude of the

stress concentration around the tunnel. To predict the possible magni-

tude of the stress concentration and plan the location of the boreholes,
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Chan et al. (1981) performed a series of two-dimensional boundary element
calculations of the stress field in the area of the full-scale drift,
based on the far-field measurements. The results, shown in Fig. 1.5,
allowed some idea of what should be expected from the field measurements.
ATdng BSP-1, the‘vertical hole drilled downward from the center line

of the full-scale drift, the principal stress orientations and magnitudes
variéd little from the far-field values. Along the horizontal holes,
BSP-2 and BSP-3, there was a considerable change in the stresses, owing
to the influence of the extensometer drift. The maximum stress was
vertical near this drift, but it rotated towards the horiéonta] as the

holes approached the full-scale drift.
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2. FAR-FIELD HYDRAULIC FRACTURING AND.OVERCORING MEASUREMENTS IN SBH-4
(T.W. Doe, K. Ingevald, and L. Strindell)

2}1 Introduction

- The importance of’ in situ stress ﬁeasurements for predicting fhe '
behavior of underground openings is widely recognized, but the methods.
have long been the subject of controversy. Besides being generally
Timited to holes only tens of meters in length, overcoring methods have
been_surroundedey questions as to the cause of data scatter, roles of
vresiduél stresses, and apbropriate scale over which to measure strains,
The only alternative method for deep measurements, hydraulic fracting,
has gained increased acceptance, but questions remaih, particularly those
concerning noncoincidence of the borehole with one of the principal
stresses, the role of tensile strengthtin data interpretation, ‘and the

determination of fracture orientation away from the borehole.

The Swedish State Power Board has re;ent]y developed a workable:
method of performing overcoring measurements in holes hundreds of meters
in length. With the need to obtain in situ stress values for the Stripa
expefiments, we undeftook the task of running both the Power Board's
Leeman triaxial cell and hydraulic fracturing in:the same hole. The
objective was therefore twofold--to provide in situ stress data-for
analysis of the heater test results and to-perform basic research on
appropriate methodé of measuring in situkstress in deep ho]es; Alfhough
ovefcoring mgasurements have been made from underground openings at sites
where hydraulic fractures had been made from the surface (Haimson, 1981),
this work is the first to measure stress in the same deep hole by hy-

draulic fracturing and overcoring.
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2.2 Description.of Borehole and Testing .

The borehole for the stress measurements, SBH-4, is located approxi-
mately 250 m north of the experimental test area at the 348 m level of
the.mine'(Fig. 2.1). The'borehOTé‘penetratéd only medium-graihed'grénite.
The collar of SBH-4 at the surface had a vertical mine coordinate of
+29.4. ‘The total depth was 381 m or +410.4 in mine coordinates. The
borehole §hdwed‘on1y slight deviétion from the vertical, having a'dis;"
placement of 4.9 m to the southwest at 372 m dépth. The hole was drilled
with a 76-mm ‘diameter, double-tube core barrel. The core was contin-
uously logged ‘for fractures to help identify suitably unfractured test

zZones.

. Qvercoring measurements were made in groups of four or five evéry
100 m in the hole. Hydraulic fractures were made roughly every 50 m, .

with additional measurements below 300 m.

2.3 Qvercoring Measurements

2.3.1 Background

Overcoring measurements used the Swedish State Power Board's
deep-hole Leeman triaxial cell. The technique measures the complete
state of stress from a single hole by overcoring a setrbf 3 three-
component strain-gauge rosettes cemented to_thevwa1i of a 38-mm pi]ot}
ho]ef, Each rosette has an axial, a tangentia],ﬂandvan oblique (45°) -
component. Although}the tpols and_theory of thehLeeman triaxial cell .
were,deve]qped_pver 10 years ago‘(Leeman and Hayes, 1966; Leeman, 1971), .

earlier versions required dry boreholes and could only be emplaced in

holes a few tens of meters Tong. The Swedish modifications include
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design of a wire-line emplacement tool for the gauges and development of

an underwater cement. Further details may be found in Hiltscher et al.

(1979).

2.3.2 Performance of the Measurements

Figure 2.2 shows schematically the course of the measurement procedure.

(1)

(3)

A borehole with a diameter of 76 mm is drilled to the desired

depth. The last core must be broken by pulling and not by

twisting. -This breaks the core perpendicular to the borehole
axis, which greatly facilitates drilling of the smaller bore.

The small bore (36 mm diameter) is centered on the bottom of -
the larger bore and drilled for about 400 mm.

From the small core, it can be judged whether the rock and the

- pilot borehole wall are suitable for stress measurement. If

the proper conditions are not fulfilled, the 76 mm bore must

be continued and the -procedure repeated further down. The

bore must be thoroughly washed (about 30 minutes at 2 MPa
overpressure in a hole 300 m in depth) before the small core is
hoisted to remove all drill cuttings. Otherwise, the cuttings
will settle, become attached to the bore walls, and disturb the
cementing of the gauge. The success of the washing can be
checked by inspecting the bottom of the small bore and the glue
pot after the overcored gauges have been recovered. The probe,
strain-gauge chamber, and glue pot are shown in Fig. 2.3.

While the probe is hanging over the borehole, the acrylic glue
is mixed, the glue pot is filled, the strain-gauge rosettes are
submerged in the glue, and air bubbles are pressed out of the
polyurethane foam layer within the glue pot. Then the probe is
Towered into the borehole, rather quickly at first (it is
slowed by the water in the hole) and very carefully for the
last few meters. Finally, the glue pot and the strain-gauge
carrier are inserted into the pilot hole. -

‘When the correct position for cementing is reached (this

position is adjustable), two pinpoints touch the bottom of the
large bore. The weight of the probe then pushes the glue pot
downward, 1iberating the tongues of the gauge carrier, and the
downward-moving, central cone presses the strain gauges
against the bore wall. During the hardening of the cement
(about 2 hours), the compass is heated electrically, so that
the fluid is melted and the compass needle can adjust itself.
After the heat is turned off, the fluid solidifies, thus
locking the compass (Fig. 2.4) into its downhole orientation.

After the cement has hardened, nine strain gauges are measured
for the first time. :
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(8) removal of strain gauges and second strain measurement (from

Hiltscher, et al., 1979).
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Fig. 2.3 Leeman cell stress gauge.
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Fig. 2.4 Compass for orienting Leeman stres measurement probe.
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(6) The probe is hoisted. At the start of the movement, the gauge
carrier is detached and the wires cut off. The carrier is left
in the borehole with the gauges, fixed to them by a soft
butyl-rubber tape.

(7) By overcoring with the 76 mm b1t, a destressed, ho]]ow core
containing the gauges is obtained. :

(8) As soon as this core has been hoisted, the wires of the gauges
are reconnected to those of the probe. The gauges on the
relaxed core are measured again, using exactly the same wiring
as before. During this second measurement, the core must be
carefully kept at the same temperature as in the borehole. In
order to observe any creep or the influence of any water
trapped in the cement, the measurements are continued for about
half an hour. Barr1ng complications, one measurement at a
depth of 200 m requires about 5 hours, including all drilling
and hardening time. :

In all, 17 measurements were made at 110, 200, 300, 325 and 380 m
depth. The rock contained relatively numerous joints,'but most of these
were healed. In two cases, the measurements were complicated by the
filling of the pilot hole with debris from zones of severely fractured
rock. These zones were found at ‘depths of about 90 and 340 m. The

fracture zones were grouted with cement, and the measurements were

carried out without difficulty.

2.3.3 Gauge Calibration and Stress Calculation

Before the result of a measurement can be accepted, tests must
ascertain that the prerequisites for a correct measufement have been
fulfilled. Strain gauges glued in a moist atmosphere or underwater onto
a cylindrical borehole wall of possibly unsuitable quality must alway be
regarded with suspicion. If the gauges show a large amount of creep
aftek re]axafion, that is, after the second measurement, intruding water
will usually be found to be the cause, and the measurements must be

rejected.
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The reliability of the gauges and the stress-strain of the rock are
:checked by cutting the strain cell-bearing cores to a length of 300 mm.
The cores are then loaded both in uniaxial compressiqn and with external
hydrostatic pressure. JThis doUb]e ca]ibratidn checks the 1ineaf1ty of
‘the stréss-strain relatibhship of the rock and gives its Poisson's ratio
'~ and modulus of elasticity in both axial.and transversal directions.
Simultaneously, possible creep of the rock can be observéd.J:Laboratory
tests further verify the prober bondihg of the gauges to the borehole
Vwa]l. Such calibrations have Been carried out on six cores, and an

example of the results is shown in Fig. 2.5.

Finally, the magnitudes and directions of‘fhe three principal

| stresses can be ¢a1cu16ted fof the ﬁoré from the measurement data ac-
cording to the formulae of Leeman and Hayes (1966). In mo§tvcases,

the rock matéria]'is;notvquite 1sofropic, but more or less orthotropic as
regards its modulus of elasticity and Pofsson's ratio. This orthotropy
could be qohsidered appkoximate]y‘in the éa]cuiation of the stresses.

The simp]ést approXimation, howéver, is to use mean values of the é]astic
constanté invthe calculations, as if the material were 1sotropic.) This
approximation has been made in the present report. iThere'are, however,
differences in- the modulus of e]asticity and the Poisson's ratio between
measuring depths. These values, shown in Table 2.1, were used in calcu- -

lations for the respective levels.

At gréater depths, it is necessary to introduce a correction for the
additional stresses caused by the water column above the measuring point,

stresses that are unloaded while the core is being hoisted. These values



-24-

A
loo . L - ‘ T ) T _ 1
Trcnsvers% o
Ole——— e :
£
<
£ -100 |
1
c
g ~200 Longitudinal gauges
& | .

-300+ E
~4005 10 20 30 30
‘ Axial force, kN
B
e O_ T ongitudinal strain gauges
=
-100F
3. e | |
c Transversal gauges
5 -200} |
N - |
- 1 "
3005 2 a6
Hydrostatic pressure,, MPa

XBL8211-2617 -

Fig. 2.5 Calibration of strain gauges in core (from overcoring test 109.2):
(a) axial loading, (b) hydrostatic loading. Points represent
average of three gauges. ‘



-25-

Table 2.1. Measured primary strains and calculated corresponding stresses.

Strain (um/m)-

Compass

Point “Rosette no. 1 Rosette no. 2 Rosette no. 3
Bearing
. e1ong. €trans.  45° _ e]ong' “Ctrans. ©a5° §1ong. €trans. ©45°- ,

108-1 155 33 36 73 146 15 112 254 232 257
109-2 42 107 68 =21 -60 -4 10. - 15 58 158°
110-3 40 - 54 100 88 444 128 64 117~ " 141 247°
112-4 62 14 -6 31 -2 90 46 134 73 358°
198-5' '30 1256 143 - -14 -60 29 8 441 199 252°
199-6 108 467 338 . 171 519 . 770 139 446 387 o3
200-7 63 576 303 -10 343 166 26 223 ‘104 345°
201-8 -21 661 375 -22 750 340 -22 12 =29 330°
300-9 84 459 448 85 581 278 85 209 3% --a
302-10 89 250 107 92 550 - 288 90 305 145 313°
303-11- “2 590 651 -5 274 250 -1 - 309 225 --a
304-12 205 650 334 44 204 103 124 347 104 232°
326-13 92~ 402 100 10 123 100 50 - 348 219 79°
374-14 =44 187 199 18 . 439 162 -13  -.325 . 105 325°
379-15 43 772 574 39 249 155 41 - 374 15 349°
381-16 51 823 591 35 710 357 43 =232 -250 331°
381-17 . 123 - 414, 452 126 680 - 364 -125 . 85 -14 314°

Vertical Bearing

) Principal stresses stress  Sec. stresses? for B
Point  Depth (MPa) (MPa) (MPa) %Hmax (6Pa) v
(m) % 9 %3 9y “4min “Hmax

108-1" 108.47 - 15.8 6.8 2.3 I 2.7 102 36 66 0.18
109-2 109.72 3.4 1.1 -1.3 1.2 -1.2 3.2 55°
110-3 110.49 . 18.3 ‘6.0 4.3 - 9.0 4.4 15.2 42°
112-4 - 112,75 ~ 6.8 4.1 -0.7 5.0 -0.7 4.5 31°
198-5 198.39 14.1 - 3.2 2.8 3.3 2.8 14.0 121° 58 0.16
199-6 199.65 29.1 18.8 8.3 16.9 18.8 20.5 176°
200-7  200.28 19.1 11.1 6.9 6.9 11.1 19.1 85°
201-8 201.79, 27.5 . 9.7 4.0 4.2 9.6 '27.4 93°
300-9 300.72 27.6 20.1 9.3 15.6 15.6 25.8 . --b 70 0.19
302-10 302.53 23.0 15.2 14.0 15.3 *14.1 22.9 109°
303-11 303.15 26.2 14.7 474 6.9 14.6 23.7 --b
304-12 304.25 26.8 19.6 13.5 19.2 14.1  26.5. 133"
326-13  326.02 19.7 11.1 8.1 10.1 10.4 18.4 144° 70 0.19
374-14 374.27 19.5 .14:0 2.7 4.7 12.1 19.5 132; 73 0.19
379-15 379.10 34.4 18.7 7.0 12.9 15.9 31.4 72°
380-16 380.10 39.1 16.2 1.3 12.5° 5.7 38.4 88°
381-17 381.20 30.6 22.6 8.3 19.9 12.5 29.2 88° .

aThe compass was not functioning for the measuring points

300-9 and 303-11.

bcgmax and oHmin are Secondary principal stresses in the horizontal piéne.
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should be subtracted from the measured strain values before the calcula-
tion of the stresses is carried out. These corrections are about 5 % of

the actual strains at 300 m depth.

2.4 Hydraulic Fracturing Stress Measurement Procedures

2.4.1 Fracturing Equipment

The complete system for hydrofracfuring is shown in Figs. 2.6 and
2.7.' The system uses a straddle packer assembly consisting of two 67 mm
diameter Lynes packer elements separated by perforated tubing sufficient
to gfve a straddle interval of 0.6 m. Mounted above the packer assembly
was a watertight housing confaining two pressure transducers, one to
monitor thevpreséure in the injection test zone and the other to monitor
the packer pressure. Both transducers were of a strain-gauge type with a
pressure rating of 34 MPa. A nine-conductor electrical cabie manu-
factured by Advanced Cable Co. transmitted signals from the transducers

to the surface.

Water for fracturing was conducted through Hydril 1-inch (25-mm)
tubing, which had a threaded joint capable of sealing to 70 MPa. The
Hydril tubing also supported hoisting of’the packer assembly. The
packers were inflated through two 3/16-inch (4.8 mm) Eastman Hytron
hydraulic hoses strapped to the Hydril tubing along with the electrical
cable. Two hoses weré provided as a precaution againsf prob]ems in
deflating the packers, which were water-inflated. In wells where the
water level is depressed--as it is at Stripa, because of drainage by the
mine--packers may ndt completely deflate. In that event, the second
inflation line would have blown the water out of the first inf]ation Tine

with compressed air.
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Fig. 2.6 Schematic of packer system for hydraulic fracturing stress
measurements. »
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Fig. 2.7 Photograph of straddle packer system for hydraulic fracturing.
Foreground: wupper and lower straddle packers; background: pressure
transducer housing. Hytron tubing on reels and ends of Hydrill rod
can be seen 1in upper right.
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Fracturing wasvaccomp1ished‘by a Haskell, air-actuated hydraulic
pump capable of developing.a flow of about 4 Titers per minute at .40 MPa.
It was also used to inflate the packers in most tests. The pump was .

equipped with an air charged accumulator to dampen the préssure surgésy

" In addition to the pfessuré transducers downhole, a pressure
transducer Was mounted in the flow manifold on the surface to serve as a
back-up in case of electrical failure of the d6tho1e‘instruménfs. A
Flow Teéhno]ogies Omniflow turbine flowmeter was’a1so‘moun£ed in the

manifold. The flowmeter was rated for 1 to 20 liters/min.

Data from the pressure transducers and flowmeter were recorded on
two time¥ba$ed'stfip-Char£ recorders--one recording packer:pressure;‘test
zone presSufé, and flow rate and the other kecordihg the test zone

pressure and manifold pressure.

As the packer assembly was lowered into the hole, the lengths
of each pipe placed in the tube string was tallied. These lengths were
recorded to the nearest millimeter to assure location of the packers at
the desiredvtest zones. The fracture tests were condqcted from the top
of the hole down so that the time to remove the.packers would be minimal
" had probiems arisen. Test zones were selected to be free of pre-existing

fractures.

Once the packers had been lowered to the desired zone, they were |
inf]ated,to a pressure excéeding the expeqted breakdown pressure. For
most tests, this pressure was_about_17 MPa. AOrjginal]y we had expected

to set the packers at a lower pressure, relying on the pressure increase
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in the zone between the packers to increase the pressure of the seal.
Such interaction of packer and injection-zone pressures has been observed
by others also engaged in hydraulic fracturing for stress measurement
(Kim and Smith, 1980). The correspondence of ione and packer pressure
only occurred when we used packer§ that did-not contain bands of carbide
- grit at the ends of the elements. These bands are welded to some packers
to improve their grip on the borehole wall. When we used packers con-
taining the grit bands, the packer pressure would not increase with the

Z0ne pressure.

Once the packers were set, pressure in the test zone was raised at a
rate of 14 MPa/minute until fracturing was indicated by an increase in
the pumping rate; As soon as fracturing was felt to have occurred,;the
manifold was shut in and the pressure monitored for 2 to.4 minutes.

This procedure was repeated two to four fimes to observe secondary
breakdown pressures, and to obtain more shut-in pressure values.

One test, in which the test zone was s1ow]y pumped up to the pressure
where the fracture would just begin to open, was run at each test level
to further set the value of the of the shut-fn pressure. A typical

record is shown ﬁn»Fig. 2.8.

When the fracturing experiment was cqmp]eted, the pressure on the
packers was released at the surface, and the hole was filled with water
to speed deflation. Since the packer pressure was being monitored
downhole, the release of the packers could clearly be seen by the equi]i-
bration of the packer and zone pressures; hence, damage to the packers

from premature hoisting was easily avoided.
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2.4.2 Impression Packer Equipment and Procedures

Once the fracture experiments were completed, impressions of the
test zone were carried out to determine the orientation of the fractures.
The equipment consisted of a TAM International Inc., 1-7/8 inch (48 mm)
packer element with a removable sleeve coated with a soft rubber. This

rubber was capable, under pressure, bf extrusion into the fracture. The
.packer was placed below a Sperry Sun 35 mm, single shot, magnetic bore-
hole survey compass modified to screw directly into the packer end cap.
The compass was sebaratéd from the packer by 3 feet of nonmagnetic tubing
to eliminate any effect the packer might have on the compass. This
assembly was attached to a wire line, inflated pneumatically through
the hydraulic tubing that was used in the fracturing experiment, and
hoisted. The wire-1ine hoist included a cable counter tovassure proper

depth of emplacement.

Once the packer sleeve was in place, a film disc was inserted into
the camera on the borehole compass. The camera was set by a timer to
record compass orientation after lowering and inflation of the packer.
For the greatest depths, this delay was only 45 minutes, including 15
minutes for inflation of the packer. Packer pressure was set between
the shut-in pressure and the secondary breakdown pressure to assure
opening of the frabture and extrusion of the packer rubber into the
créck. The packer was left inflated during the exposure of the film disc
in the compass (about one half hpur). Retrieving the impression packer
from the deepest tests took about 25 minutes, a considerab1evsaving of
time over conventional emplacement of packers on rigid tubing. Once the

impression system was out of the hole, the film disc was immediately
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developed and stored. Most of.the impressidn sleeves were used two or’
three times, and the impressions.from each test were painted with dif-
férent Colors as soon as the packér was dry to avoid confusion. Figure
2.9 is a schematic of the system, which hangs from the tower_ofvthe drill

rig in Fig. 2.10.

2.4.3 Hydrofracturing Data AnalysiS: Basic Relationships

Thfée methbds of analyzing hydrofracture data have been proposed.
The first is the elastic so]ution based on a hole in an infinite plate .
(Haimson and Fairhurst, 1970)f
+T-P | | (2.1)

Hmax = 3Hmin ~ Pb1
where OHmax - Mmaximum horizontal stress
g, . = minimum horizontal stress = P_., the shut in-pressure
Hmin S
P,y = first breakdown pressure
T = hydrofracture tensile strength
P = pore pressure

The locations of Phy and Pgj on the pressure-time record are shown in
Fig. 2.8, and the values for the SBH-1 data are given in Table 2.2.
Determination of Pgi and T are discussed further in Sections 2.4.4 and

2.4.5.

The second mgthod.arises from the difficulties of obtaining reliable
tensile strength data. Bredehoeft et al. (1976) suggested that tensile
strength should be the difference between the first and subsequent
breakdoWn pkessdres, SO thaf from»Eq. (2.1) the stress formu1a‘wou1d

be:

Symax - Hmin " P2 P - | (2.2)
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Fig. 2.9 Diagram of impression packer system.
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Surface installation of impression packer system.

Fig. 2.10



Table 2.2. Hydrofracture results, SBH-4.

Field

pPore First Second Tensile Shut-in Vertical In Situ Stresses In Situ Stresses

Pressure.  Breakdown Breakdown Strength Pressure Stress Second Breakdown First Breakdown

: Method Method

Test © Depth Py Phi Ph2 (Py1-Pha) Ps oy %Hmax ®min . “Hmax®  Hmin
(m) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 28.5 0.3 4.1 2.6 1.1 1.4 0.7 1.8 1.7 10.6 1.7
4 52.2 0.5 6.9 4.8 2.1 3.7 1.3 6.6 4.1 14.9 4.1

5 101.2 1.0 9.9 6.2 3.7 5.2 2.6 10.3 6.1 16.9 6.1
6 153.2 1.5 7.7 5.2 2.6° 4.1 3.9 8.7 5.6 16.6 5.6
7 203.8 2.0 13.6 6.5 7.1 4.5 5.2 9.0 6.5 12.0 6.5
19 201.4 2.0 9.7 6.6 3.1 5.4 5.2 11.6 7.4 18.8 7.4
. 8 251.6 2.5 14.4 13.2 4.1 9.9 6.5 18.8 12.3 25.7 12.3
18 279.6 2.7 16.1 . 9.7 6.5 8.0 7.1 17.1 10.8 20.8 10.8
17 304.9 3.0 20.0 10.1 9.9 6.6 7.8 - 12.8 9.6 13.2 9.6
9 308.6 3.0 11.7 7.6 4.1 6.1 7.9 13.7 9.1 19.9 9.1
10 318.1 3.1 18.6 13.0 5.6 8.6 8.1 15.9 11.7 20.7 11.7
16 325.8 . 3.2 16.0 11.6 4.9. 10.5 8.4 23.0 13.7 29.0 13.7
11  328.6 3.2 14.4 8.3 5.2 7.9 8.5 18.8 11.2 23.9 11.2
-13  356.7 3.5 14.8 12.6 2.3 8.8 9.1 17.4 12.3 26.9 12.3
14 367.1 3.6 14.5 10.3 4.1 7.0 9.4 14.4 10.6 20.6 10.6
15 369.7 3.6 15.0 11.3 3.7 8.6 9.5 18.2 12.3 24.9 12.3

I = 10.3 Wpa.

_98_
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It should be recognized that this formula is applicable.only for
OHmax € 20Hmin. -If OHmax = 2 OHmin = 2 Psi, EG. (2.2) becomes (for
zero pore pressure): |

2Pgy =3 Pgi = P
or

Pbé - Psi' ;
hence the second breakdown wou]d be ]ess than the shut in pressure
Such ratios of SHmax to on1n are common, and errors in ana]ys1s
cou]d arise 1f the second breakdown were strong]y 1nf1uenced by such

factors as pump1ng rate

A third method was proposed by Abou-Sayed et al. (1978) and is
based on fracture mechanics. Although it is an e]egant treatment
of the prob]em, so]ut1on depends on know1ng fracture toughness and the
size of the critical f]aw from which the fracture 1n1t1ated Because the
latter cannot eas1]y be determ1ned Abou-Sayed's fracture mechan1cs -
approach was not used except as a method for 1nterpret1ng size effect

data for the tens11e tests (Sec. 2,4.6).

2.4.4 Shut-in Pressure

The breakdown pressures were readily determined from the pressure-
time records (ng. 2.8); however,'determination of the shut-in pressures
required‘some subjectivity Preuious ana1ysts of hydrofracture data have
used such cr1ter1a as the va]ue to wh1ch pressure rap1d1y drops after
breakdown has occurred or ]ong term stab]e pressure va]ues | Both cond1-
t1ons are affected by 1nstrumentat1on factors, such as the speed of the

chart recorder, as well as by cond1t1ons in the rock, such as a connection
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of the hydrofracture to another fracture. The approach used in selecting
shut-in pressures in this work is based on the pressure-pulse perme-
ability test in a single fracture (Wang et al., 1977). One can consider
the post-breakdown pressure behavior as being similar to a pulse test
where the fracture aperture is 1afge at pressuresigreater than the in
Situ stress andwsma11ervwhere pressures are less. The pressure-time
record should then behave as aitwo-stage pulse test. The shut-in
pressure could then be taken as a sharp b;eak in the semi-]ogarithmic
plot of pressurevversus time; an example of such a plot is shown in Fig.
2.11. Shut-in pressures obtained by this technique were in excellent |

agreement with the pressures required to open the_fracture by slow

pumping.

2.4.5 Tensile Strength

Tensile strength is a major soﬁrce of controversy in hydrofracture
analysis. Tensi]e'strengths genera]iy have been obtained for cores from
small-sca]g hydraulic ffacture experiments (Haimson, 1978), The holes .
are typicai]y 10 mm or less. It is well-known that tensile strength is
size-dependent, but it has not been clear how to extrapolate the small-
core data to the expected tensile strength of rock from the 76 mm holes

used in field experiments.

Laboratory tensile strength tests were run on 44 samples of core
taken from stress measurement zones in SBH-4. Roughly half were from 7
mn (1/4 inch) holes, the other half from 15 mm (1/2 inch) holes. Strength
values were inf]uenced by both hole diameter and £he preseﬁce of healed

fractures. Of the healed joints, only epidote or calcite fractures had
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any effect; chlorite- or quartz-healed fractures showed no reduction in
strength in the intact samples. Table 2.3 summarizes the tensile test
‘results.v’Figure 2.12 shows examples of failure on both an intact rock

and a healed joint.

Acoustic emissions were monitored for each teSf to determine the
onset of failure. Zoback et al. (1977) had found pre-breakdown écoustiq
behavior, which suggested to them that failure preceded loss of fluid
pressure. However, we found little or no acoustic activity before

breakdown. Figure 2.13 shows a typical record.

The Tlaboratory tests reaffirmed findings by other investigators
that hydrofracture tensile strength is dependent on size. Since the
1aboratory»va1uesvare for hole diameters smaller than the 76 mm diameter
used in the field, it is necessary to extrapolate these results to the
larger diameter. We used two approaches»to do this. The first was the
determinfstic fracture mechanics. approach to tensile fai]ure of Paris and
Sih (1965)} The second was a statistical fracture mechanics approéch

developed by Ratigan (1981), based on the methods of Weibull.

2.4.6 Deterministic Fracture Mechanics Approach to Tensile Strength

For a sample under no radial load, Abou-Sayed's breakdownvequation

(1978, Eq. (17)) reduces to:

K. |
Py =l , (2.3)
F(LYr)/ml : v
where ch = critical stress ihtensity
L = crack length
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Table. 2.3. Hydrofracture tensile strength data.

Ho]é Diameter

1/4-inch holes (7 mm) 1/2-inch holes (13 mm)

No. MPa - No. MPa
Intact rock 12 15.8:1.5 6 12.210.6
Chlorite-quartz jointed 5 17.420.9 12 13.2+1.7

Epidote-calcite jointed 5 13.0+1.2 4 10.8+0.4

e L S |

|
|
}
i
|
]

Fig. 2.12 Hydrofracture tensile-strength test specimens: Left, intact rock;
right, epidote-coated, jointed specimen.
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r = hole radius ‘
F(L/r) = stress intensity coefficient (from Paris and Sih; 1965,
| Table 7).. ‘ |
Grain sizes of the Stripa granite are 1 to 5 mm (Olkiewfcz‘et al.,
1979). Assumingrthat failure will occur on the larger grain boundary
cracks, we can use an L of 5.5 mm'(0.25~incH);  The;rafio of.the’tenéile

strengths for two borehole diameters can feadﬁly be obtained from Eq. (2.3)
as - ’ - Db L.

VPb at rq i F(L/rz),
P, at T, F(L7r{)

For a crack size of 6 mm, we can use Eq. (2.4) and,Tab]e 7 of Paris |
and Sih to predict size effects in 13 mm and?ZG mm holes for a single
crack under uniaxial load. Given a tensile strength 6f 16 MPa fof the
6 mm hole, we get the following tensile strengths for the other hole

sizes:

Hole Size - - LUr F(L/r) - o T(MPa)
3" o .0;08 - 2.84 - 8 MPa
1/2" 0.5 173 - 13 MPa
/4" 1 1.37 16 MPa

The calculated strengths for the larger laboratory test holes agree well
with the observed strengths. The strehgths of 3-inch holes are then
calculated as 54% of the 0.25-inch holes; Rummé1 and~Jung‘(1975) ob- .
'servéd that the ratio in their tests in limestone Was ébout 45%. Whereas
the failure should be expected to occur on tHeITargest flaws available
rather than on.the average-sized flaw, one might expect tensile strengths

in the larger holes to be smaller than those calculated above.. Given the
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existing uncertainties in tensile strength, there may be no substitute
for tensile tests on large cores. The possibility of using core from the
large-scale heater holes at Stripa for such tests is currently being

investigated.

2.4.7 Statistical Fracture Mechanics Approach to Tensile Strength

Ratigan (1981) has devé]oped an approach to evaluating the hydro-
fracture tensile strength of rock based on Weibull's weakest Tink model
(Weibull, 1939). For details of its application to the Stripa granite,

see Ratigan (198l); a brief summary is presented below.

Ratigan's modification to Weibull's three-parameter model is based
on the strain energy release rate rather than on tensile stress. The

~ model gives the apparent tensile strength, Ty, as

/2, f e ar,

1/2
Gy

where G, is the threshold strain energy release rate and B is the risk

of rupture, a term dependent on three laboratory testing parameters and
the volume or area over which the stresses are applied. The parameters
were determined from a series of over 350 indirect tensile strength tests
and are: -

2

= 110 MPa

4 MPaZ _‘mZ/a

G
u .
G, (sealing factor) = 0.159 x 10~

a (modified Weibull modulus ) = 0.525
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As the volume or surface area under load increases, the number of
flaws and the risk of encountering a large flow increases.. Thus, for ..
tests that affect large surface_areas, the risk of rupture becomes very
high. Ratigan showed that for the field tests at Stripa the surface area
was sufficient to effectively reduce the exponential term in the apparent
tensile strength equation to a negligib1e quantity. The apparent tensile
strength used for the analysis of.the Stripa stress measurement data was

‘thus the square root of G, or 10.5 MPa.

2.5 Discussion of 0vercor1ng and Hydraulic Fractur1ng Resu]ts

Many kinds of stat1st1ca] treatments are poss1b1e and an exhaust1ve
treatment of the statistics of field rock mechanics data is beyond the
scope of this report. Here, we will analyze the principal stress data
from overcoring only in a descriptive way. Statistical analysis ‘and
comparison of -the results for overcoring and hydraulic fracturing are
made on the basis“o6f the magnitudes and'orientationSfof the vertical and
horizontal components of the principal stresses. These components are
referred to as secondary stresses. . A major reason for using only the
secondary stresses is’that hydraulic fracturing is.not a true three-
dimensional technique, and there is general agreement on]y on the ab111ty
of hydrofractur1ng to measure stresses norma] to the boreho]e wh1ch in
this case is vert1ca1 The secondary stresses measured by the two
techn1ques w111 be compared us1ng 11near regress1on Conf1dence 1nter-
va]s w111 be computed for the magn1tudes of the secondary stresses at a
depth of 320 m, c]ose to the depth of the underground test fac111ty |

(348 m) in the Str1pa mine.
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No attempt is made to separate the effect of instrumental vari-
abi]fty from that of natural variability in the in situ stress field.
Such an analysis is hot straightfofward since the true magnitude of the
in situ stress field at the Stripa mine is not known. Furthermore, :
little is currently known from field measurements about the natural
.variability of in situ streés fields in.either magnitude or orientation.
Numerical models usihg uniform far-field stresses and}randomly varied:
material properties (LaPointe, 1981) have shown that the variaBi]ity of
the rock mass modulus can have a great effect on the in situ stress field
at specific locations within the rock. Thus a highAdegree of natural

variability in the stresses should not be surprising.

How many stress measurehents_shou]d be made is-ah important question
both for the comparison of the two techniques and for the execution of a
site exploration program. The answer is necessarily arbitrary, because
it depends on the dégree of uncertainty acceptable to the designer ahd
operator of a facililty. For this study, + 10% is used-aéwthe confidence
interval for predictions of mean stress magnitude; and + 10° s used for

orientation of the maximum horizontal principal stress.

2.6 Results of Stress Measurements

2.6.1 Principal Stress Data from Overcoring

The results of thé'overcoring’measurements are given in Table 2.1.
The drientations qf the principa1 stresseé are shown in stereographic
projections in Fig.,2.14.' The principal stress -data show a large degree
of scatter in their magnitudes. for exampie, meéSurements‘performed in

consecutive one-meter intervals of the hd]e may diffenwby(TOO%'oerOre in
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Fig. 2.14 Lower hemiéphere equal-area projections of overcoring stress oL 914-8968
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their magnitudes. The source of this data scatter is not clear; it may
reflect either the natural variability of the stress field on the small
scale of the ovércbring strain gauges or errors by the instrument itself.
Calibration of the strain-gauged‘cores in the laboratory, however, wbu]d
seem to limit instrument variabi]ity, unless there are time-dependent

aspects to the gauge cements that are not allowed for in the data reductions.

The orientation data fdr the 100 m depth measurements show a con-
sistent NW-SE orientatioh for the minimum principal stress. Two of the
four measuremehts éven'show the minimum stress to be tensile. The
orientations of the other two principal stresses at that depth do not

show any preferred orientation.

At the 200 m depth, the principal stresses are close to horizontal

and vertical with the maximum principal stress oriented in an E-W direction.

The 300-326 m depth measurements consistently show that the maximum
principé] stress is close td horizontal and oriented in a NW-SE direc-
tion. The other principal stresses do not appear to have consistent

- orientations, nor are they generally vertical or horizontal.

At the 380 m depth, the maximum principal stress is still hori-
zontal, but with an E-NE orientation. The other principal stresses are
skewed with reépect to the horizontal and vertical, the minimum principal

stresses possibly being oriented toward the mine openings.

2.6.2 Vertical Stress Data from Qvercoring
The mean values of the vertical stresses at the depths of the

overcoring measurements have been calculated and are generally greater
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* than the calculated stress based dn,the weight of the overburden. For
the depths of 110, 200, and 300 m, the measured vérfica] stress varied
from 1.5 to 2.3 times the overburden weight. At 380 m, the mean vertical

stress is in close correspondence with the overburden weight.

The amplification of the verticalvstr¢Ss over lithostatic values is
consisfent with calculations of the effect of thé mine openings on the
.stresses at SBH-4 performed by Chan et al. (1981). Unlike the horizontal
stress daté,.the vertical stress has an insignificant correlation co-
efficient with'réspect to‘debth such.that ca]cd]atioﬁs'based on iinear
regression have ﬁo Stafisticélﬂva1idity.v Thié 1éck 6f corré1ation may
further reflect the influence of the mine on the stresses.

2. 6 3 Or1entat1on of the Maximum Hor1zonta1 Stress from Overcor1ng
and Hydrofracturing

The orientation data have been analyzed to compare hydrofracturing
and overcoring, using only the secondary principal stresses.. The
data are assumed ‘to follow a half- c1rcu1ar normal distribution, since they
start repeating with a.180- -degree per1od For statistical analysis, the
data are converted to a circular distribution by doubling each value.
This a]]owé the circular normal distribution (also known aé the Von Mises

distribution) and its associated significance tests to be used.

The méan orientation is determined by vector summation, using
procedures described by Pincus (1953) and Mardia (1972}. The mean . .

orientation, d, is given by:
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[ n
“d = 1/2 tan""| ) sin 20./) cos 26,
i

i=1 i=1
~The norma]iied vector length, R, provides an estimate of the dispersion
of the sample and is given by
n n
R = (1/n) (Z sﬂmZ@% +(},c052®§ l/j
i=1 i=1

where n is the number of readings.

Mardia (1972) provides charts for determining 95% confidence levels
for the mean direction of circular normal distributions when the Samp]e

size and the normalized vector length are given.

The orientations and magnitudes of the sécondary principal stresses
as determined by overcoring are shown in Fig. 2.15. The hydrofracture
orientations are shown‘in stereographic projections in Fig. 2.16.

To compare.the data, both the overcoring and hydrofracturing data for the
direction of the maximum horizontal stresses are plotted as a function of

depth in Fig. 2.17.

For the hydrofracturing data, the orientation of the maximum se-
;ondary principal stress is:

d =N73 Wzt 20° (n=8).

R(20) = 0.69
For the overcoring data, the values are:

d =N71° W% 23° (N=11).

R(20) = 0.56



-51-

ISP ATREPESS —N/”n/l_\\///lfu% V) v
[\ Scale of stresses Rock surface
N 0. 70 20 30 40 MPa

— Compression
<--- Tension

/ o / | 'y‘ - 100

lo8-1  109-2  110-3  l12-4

NOT ¥

- 198-5  199-6  200-7 201-8

300-9 =
____
X' 302-10 303-1l  304-12 H—

326- l3

X)( Tlé 380

374-14 379-15 380-16 38I-17 30 20 10 O

o, ,vertical stress MPa

XBL8I5-2944

Fig. 2.15 SBH-4: Sécondary principal stresses g3 and op in the horizontal
- plane and the vertical stress oz in relation to depth from.

Leeman ce]] overcoring.



-52-

XBL 8010-739Q

Fig. 2.16 Stereographic lower hemisphere projection of hydrofracture planes.
Numbers refer to tests (see Table 2.2).
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The hydrofracture value 1s'based on all measurements,_aé is the
overcoring value, except for those measurements made around the depth of
100 m, which had a strong northeast direction. Confidencé}]imits are for
the 95% level. It is significant that on the basis of the relatively
small number of samples, the confidence intervals are well within a 45°

band of the mean directions for both overcoring and hydrofracturing.

Analysis of the confidence intervals for the orientations provides a
useful means of determining the sufficiency of the amount of data. If we
assume that additional hydrofracture'orientafions were obtained and that
the data had the same‘degree of dispersion, i.e., the same vector length,
about 30 meaéqrements would have been required for a +10° confidence
1nferva1 for the mean. For overcoring.40 to 50 measurements would have

been required to meet the same confidence interval.

Since only a limited number of test zones were amenable to either
overcoring or hydraulic fracturing, it seems doubtful that a sufficient
number of measurements could have»been made by either technique to meet
the suggested confidence interval for the orientation. Furthermore, the

cost would have been prohibitive.

By increasing the number of measurements taken by each technigque
to 20, the confidence limits could have been reduced to + 15°, a more

practically attainable goal.

2.6.4 Analysis of the Magnitudes of the Secondary Principal Stresses

The in situ stress values most important for the analysis of the

heater test data are the horizontal stresses at the depth of the test
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facility. Since the 1n’$itu stresses have an approximately Tinear
relationship with depth; the most straightforward way to obtain the
needed stress va]uesvis by interpolation based on a linear regression.
The statistics of the regression lines have been calculated using methods
presented in Crow et al. (1960). Since the northeast trend to the
maximum horizontal stress sdggests that the mine might be having an
influence on the stress values, regression éna]ysesvwere’performed both
on the data from 200 m depth and on all of the data.. Exclusion of the
shallow data did not affect the stréss values interpo]ated to the depth
of the test faci]ity for either the overcoring or the hydrofracturing‘
techniques; however, the confidence intervals were improved for the

analyses performed on the entire data sets.

The horizontal stfesé data and regression lines are showﬁ in
Fig. 2.18 for the overcoring data and in Fig. 2.19 for the hydrofracturing
data. The statistics for the regressions are given in Table 2.4. Three
measures of }eliab111ty are given: the confidence interval for the
ordinate to the regression line, the confidence interval for the slope of
the regression line, and the standard error of estimate. Each is dis-

cussed below.

2.6.5 Confidence Limits of Interpolated Stress Values

The confidence interval for the ordinate of the'regreésion Tine
is a measure of.fhe reliability ‘of an estimate of the meén stress value
at any pafticu]ar\depth. Tﬁe 90% confidencevbands for the.stre§$ va1ues
afe shown on either side of the regression line in Figs.'2;18 and 2.19.

At the depth of the Stripa test facility, the regression values are:
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Fig. 2.18 Magnitude of maximum and minimum horizontal stress vs. depth
determined by overcoring. Solid circles show minimum horizontal
stress values, solid triangles show maximum horizontal stress
values. (Open symbols are the interpolated stresses at the depth of
the test facility and are given with bars showing * one standard
error of estimate. Curved lines are the 90% confidence limits for
the position of the regressive line.
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Fig. 2.19 Magnitude of maximum and minimum horizontal stresses vs. depth
‘ determined by hydrofracturing. See Fig. 2.18 for explanation of
symbols. :
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Table 2.4. Regression data for horizontal stress data vs. .depth.

Standard
: , error of
Slope Intercept Correlation Estimate
b a - coefficient Sylx
(MPa/m) (MPa) r (MPa)
Hydrofracturing
(n=16)
O Hmax '0.0341.016 11.3 0.70 4.1
Opmin 0.023+.005 2.1 0.91 1.5
Overcoring
(n=17)
Ohmax 0.072+.026 2.3 0.81 4.8
Ohmin 0.037£.021 0.3 0.64 5.5
oy 2 - - 0.40

dCorrelation coefficient fails significance test.
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 %4Max S %M
Hydrofracturing =~ 22.1t2.1 = 11.1%0.8
Overcoring 0 25.8%29 T 12.1% 2.4

The stress values used in design of a repository will most likely be
" the mean values predicted for a given depth; thus these confidence limits
are probably the most important for design purposes. The confidence
1imit$ arevwithin'lo% for:the hydrofracturing data, 12% for the over-

coring maximum stress, and 20% for the overcoring minimum stress.

The confidence Timits are curved rather than straight Tines, and .
the tightest confidence limits occur for the middle depths. This sug-
gests that a higher degree of confidence can be obtained by making

measurements over an equal range above qnd below the depth of interest.

If cost is not a consideration, the stresses should be measured to twice.

the depth of interest to ensure the best reliability in the stqus
estimate. Although we cannot say that performing measurements to 640 m
in SBH-4 wou]d‘have‘inqregsed confidence in the data sufficient]y to
Jjustify the added expense, it is clear that measurements must bg madg at
least to the depth of the proposed underground structure, and preferably

somewhat deeper.

2.6{6_ Standard Errorvof Estimate

The confidence intervals discussed in the previous section perpajn_
only to the cqnfidence in the position of the regression line and do not
reflect either the uncertainty of an individual measurement or the
scaffer'of the data about the regression Tine.’ Thé standard error of

estimate, Sy|y, provides a measure of the dispersion of the data and“is =
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analagous to a standard deviatioﬁ. The + Syjx limits for the inter-

polated stresses at the test facility depth are shown in Figs. 2.18 and

2.19 for both measurement technigues. The standard errors given in Table 2.4
reflect the large amount of scatter in the data. The errors are smaller

for hydrofracturing than for overcoring, particularly for the minimum-stress

hydrofracturing measurements.

The error in the maximum stress for hydrofracturing is'higher than
that Qf thé.corresponding minimum value because of the use of three times
the minimum stress in the calculation of the maximum stress. Whatever
variability occUrs in the shut-in pressure data is thus‘amp]ified in the

calculation of the maximum stress.

In the overcoring data, the minimum stress has a larger standard
error than the maximum stress;v This'may-reflect the-fact that the
greatest principal stress values were consistently close to horizontal,
whi]etthe other two pfincipa] stresses variedvconsiderably in orienta-
tion. This variability may have'affected the calculated values of

the secondary stresses.

The large values for the standard error of estimate show clearly
that a stress measurement program consisting of only a few measurements
may not be capable of.providing reliable in situ stress data for reposi-

tory design.

2.6.7 Confidence Intervals for the Regression Slope
The 90% confidence intervals for the s]bpéé df the regression lines

are given in Table 2.4. The slopes are not knbwn with a very high degree
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of confidence, as all of the Timits, except.for:thatgof_the.hydrofractur-
ing opymin data, are greater than *35%. Attempts to estimate the stress
vélues at depths greatef than 380 m by. extrapolation are c]ear]y subject

to error.

2.7 Conclusions

2.7.1 Agreement of Hydrofracturing and'Ové%édeng'Résulfs"

In comparing the two methogs of mgasuremept, it must be remembered
that the true state ofvstress‘ispnééﬂknoWn, and;thét’tﬁere is no “indepen-
dentrbasis'for determining whether either is correct. ~If‘the_methods
compare favqhablx,‘one oﬁ]y_has more qertain?y tha?athey_are_providing

reliable data.

The overcoring and hydraulic fracturing methods have been compared
mainly with respect to the orientation of the‘secondary'pkihcipaT’strésses
and the magnitude of the horizontal stress at the depth of the test.

facility.

The orientation of the maximum-horizontal stress fortuitously
agrees within a degree for the two techniques. The confidence levels are
both about *20°; thus one can conclude that the correspondence between

overcoring and hydraulic fracturing is quite good.

The horizontal stress magnitudes also agree closely when the hy-
dkéu]ic fracturing data are interpreted using first breakdown methods.
The hydraulic fracturing has somewhat Better confidence intervals than
the overcoring, particularly for the horizontal minimum stress; but both
methods provide estimates for thevstreés values at the depth of the test

facility within 20% or better.
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2.7.2 Inf]uence of the Mine on Stress State

The rotation of the least principal stress from the vertical toward
the mine openings may indicate the influence of the mine. Vertical
stress values from overéoring are consistent with two-dimensional
numericé] Ca]cu]ations (Chan et al., 1981) that show the vertical

stress exceeding lithostatic values at about 200 m depth.

2.7.3 Analysis of Hydrofracturing Data

The appropriate tensile strength for calculating the max imum
horizontal stress can be obtained from 1aboratory tests, Using a sta-
tistical fracture mechanics approach to account for the effect of the
borehole size. Thé tensile strength approach may be more reliable than
second-breakdown methods, particularly when the horizontal stress ratio

is greater than 2.
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3. STRESS DETERMINATIONS WITH THE LuH GAUGE
(B. Leijon and W. Hustrulid)

3.1 Description of Technique

The Leeman triaxial strain cell (Leeman, 1971) was developed in 1965
to provide the complete state Qf streﬁs in a rock mass from measurements
in absfng]e‘hole. Leehén's cell qdntéined three 3Ac0mponenf strain gauge
rosettes cemented to the wall of éh EX piTot borehd]e. Each gaugev |
rosette was,p1aced to pré&idéiékiaig‘tanggntia1? apd oblique strains at
a pbint. The changes 1n§the str@ih gaugé readings after dvercoring are
’ used‘tq»;ajcg]atgwtheisfﬁess from the»formu1as of Leeman K1971}5

The véiueg.fék-Youngfs mbdu]us:énd.Poisson's ratio required in the
calculations couid be obtained from Taboratory tests conduéted on pieces
of core or by inserting the tdkejCOntajnihg-the sfraiﬁ ¢e11-1nva biaxié]
chamber. By monitoring the'stréin'changesfas a function of‘app]jedv
pressure, one can obtain thevreqUired'e1a§t1cjébnstant$‘és Qé]]‘as-a

check on the gauges.

The University of Lu]és (LuH) géﬁgé is a modified version of the
original Leeman cell. Improvements have been made in the-hole cleaning
technique, the installation tod], and the readout equipment. Also,
four-component strain gauges are substitutéd for three-component gauges.
This }a§t modification provides greater redundancy in the strain data
(only sfx independent strain readings being required for solution),
allowing a more reliable measurement of the stress field. A schematic
diagram of the LuH‘gauge is shown in Fig. 3.1; a complete descrip-

tion is given in Stillborg and Leijon (in press).
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Fig. 3.1 Diagram of LuH stress measurement gauqe.
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The position of the rosettes within the hole and of the gauges in
each rosette are shown 1n‘Fig. 3.2, with the angular values tabulated in

Table 3.1.

lThe LuH:gaugekis/norma11y overcoréd with an 82 mm (3.2 inch) dia-
'meter'bit,'But, fn théée measurements; therovercoring bit had a 142 mm
diameter because USBM gauge measurements were run in'thé same hole. An
advantage of the largér bit is a'1owéf'risk of breaking the core during

overcoring.

3.2 Installation Procedure

After drilling the 38 mm diameter bi]ot hole, the hole is cleaned
twice with acetone and dry air, using a CpmpreSSed-éir-driven injector
designéduafaLdléé. fhe strafn ce]]‘body éQntains three oval pistons
whosevsurfaces are matchedvtqithe ﬁurvature df'the borehole wall, to
which have been cemented the threeA;train rosettes. - After the gauges are
carefufﬁyﬁcféahed with acetone, a répid—sefting cement (Schnellklepstoff
X-60, manufactured by Hottinger) ié applied. With special installing
tools, the cell is inserted into the hole to the proper depth. A mercury
switch assures proper orientation in the hole. When lowering is com-
pleted, compressed air forces the pistons and gauge§ against the wall of"
the_bofeho]e; The pressure is maintained unt11.the cement has cured
(approximately 45 minutes). . At this point, the initial strain cell
readings are taken. The installing tool is then disconnected frdm the
strain cell and removed. Since there is no cable in the.ho1e, a plug can

be inserted in the collar to prevent the entry of drilling water.
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Table 3.1. Angular orienfationfof the: strain gauges.

within the LuH gauge.

Gauge R . B
(degrees) (degrees)
1 270 90 .
2 270 . 45
3 270 0
4 270 | - 135
5 30 | .90 -
6 30 45
7 30 C
8 30 135
9 150 90
10 150 45
11 150 0
12 150 135

Angle © is the rosette position measured clockwise with

respect to the vertical.

Angle 8 is the gauge orientation measured c]ockw1se w1th

respect to. the hole axis.
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Overcoring now cdmmences. Wnen the proper depth is reached (ap-
proximately 20 cm past the gauges), the dri]] is stopped. The core is
broken off and removed and the installing tool is reconnected to the
strain cell for,fina] reading of the strains; using a data logger. .The
data logger is designed especially for the LuH gaugé and provides output
readings in strain units on aﬁ LED display or on paper tape. The readout
cable is attached to the strain indicator in a quarter bridge, three-wire
circuit. The-electrical stabi]ity of each channel is noted. The mercury
switch is again attached to the ce]],_gnd core's true orientation is

determined.

3.3 Field Results -
The hole depths at which LuH gauges were installed are shown in

Table 3.2 and Fig. 3.3.

Because of the LuH cell's short length and the absence of a cable,
both a USBM gauge and an LuH gauge could be installed in the pilot hole
during an overcoring run. This was done during LuH tests 4 and 7. Table

3.3 provides a summary of installation and overcoring comments.

3.4 Biaxial Testing of the Qvercores.

To convert the strain changes obtained during overcoring into
stress.magnitudes and dikections,'dne needs to know appropriate values of
Young's modulus and Poisson's ratio. The cores from tests 2, 6, and 8
were suitable for tests to derive these values. These cores were placed
in the biaxjal chamber, and the applied pressure was increased from 0 up

to 21 MPa in increments of 2.1 MPa. The strain readings were recorded by
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Table 3.2. Hole depths for the LuH gauge tests.

LuH Test ' Hole Depth (B)
1 ' 2.5
2 . | o 5.09
3 7.02
4 7.62 *
5 8.1
6 9.23
7 | 9.81%
8 11.16

*Doné in conjunction with the USBM. tests.
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Table 3.3 Summary of the LuH gauge installation and oVechring;-"

Overcore Depth (m) =~ -~ -~ Comments

tuH 1. - = .2.50 . The end of the 142 mm hole was at a depth of
, ) - 2.18 m. The gauge was installed at 2.50 m and
the cement allowed to dry overnight. Overcoring
- was: successfully completed to a depth of 2.79 m.
When- the gauge and core were removed, a natural
- joint was found .at the -gauge position.

.- The' 6" .core was broken approximately 7 cm from
‘the gauge position and-no biaxial testing was
possible. ‘ ' :

LuH 2 .+ 5.09 - © The end of the 142 mm hole was at a depth of
IR 7 7 -4.83 m: - The gauge was installed at a depth of
5,09 m. Cementing “and overcoring were- done
within 2 hours. The core broke along a joint
(depth 5.31 m); however, the results appear
good. :

LuH 3 - 2 7.02° v It was initially pltanned to install this gauge
oo . . - at ‘a depth of -6.48 m. However, the pilot and
“overcore holes were not sufficiently concentric,
so the position was moved to 7.02 m. The
initial face of the 142 mm diameter hole was
6.28 m. The cement was allowed to dry overnight.
-Overcoring: to a‘depth of 7.12 m was successful.

The 6" éore WAS'brOKEn Qltm-behind and 5 cm
ahead of gauge position, so no biaxial testing
was possible.

LuH 4 7.68 This gauge was overcored at the same time as
USBM gauge 7, and because of the cable no
plugging of the 38 mm hole was possible. There-
fore, the cell was water filled. Channels 6, 8,
and 9 were unstable (+ 15pe) after overcoring.
The 6" core was broken 5 cm from the gauge
position, so biaxial testing was possible.
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Table 3.3 Summary of the LuH gauge installation and overcoring.

(cont inued)

Overcore

Depth (m)

Comments

LuH 5

8.11

‘The initial 142 mm hole face was at 7.90'm. The
- gauge was installed at a depth of 8.11 m

Overcoring was to a depth of 8.30 m. However,
the core broke along a natural joint during

~removal at about 8.14 m. The remaining core

had to be removed in a second step.

Channel 3 unstable when compressed air was

switched off and on (= 100 ue). Everything else
was satisfactory.

LuH 6 -

9.23

The initial 142 mm hole face was at 8.89 m. The
gauge was installed at 9.23 m and allowed to set

~over the next 48 hours. Overcoring continued to

a depth of 9.38 m.

LuH 7

9.81

Installation was satisfactory. The gauge was
overcored together with USBM gauge 9 and hence
the 38 mm hole could not be plugged. The gauge
filled with water. The 6" core broke off along
a joint very close to the gauge position (front
edge of rosette 1). The readings were, however,
stable. ~

LuH 8

11.16

The initial large ho]é face was at a depth of
10.94 m. Gauge was installed at 11.16 m and
overcored to a depth of 11.29 m 1 1/2 hours.
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the data Togger at each pressure, and the results are presented in

Tables 3.4-3.6.

The isotropy of the rock éan be checked by comparing the folldwing
gauge pairs: 2 and 4, 6 and 8, and 10 and 12. The closeness of the

results show that the assumpt1on of 1sotropy is va11d

The pressUre-strain curves‘are,quitev1ﬁnear and for gauge ltot
overcore 2, the stra1n returns to zero after comp1et1ng the 1oad1ng-
un]oad1ng cyc]e The average rat1o of the un]oad1ng and 1oad1ng moduli
qis 1.03. The -same. rat1o was found in a test of -an .LuH gauge in an
aluminum cylinder. Th1s s1m1]ar1ty suggests that the remaining strains
~are attributable to'plastTC'effects in,the?cement;rflt'WOqu therefore
appear that the Str1pa gran1te sat1sf1es very we]] the assumpt1ons of

being 11near e1ast1c, and 1sotrop1c

The e1astic'medu1us can'beiobfainéd from ‘the nressurgsstrain reiae
tionships of the fo110w1ng stra1n gauges
| gauge 1 in rosettell
“gauge 5 in rosette 2.
..gauge 9 in rosette 3
through the equation |

Er Ly (7).
1-(D;/D)" -

- 2. 157 (P{e)

where

m
]

Young's modulus

B
il

biaxial pressure



Table 3.4. Biaxial testing results for LuH overcore #2 (strain-gauge outputs are in microstrains).

Gauge Number

Pressure : _ : ) :
wa) 1 2 3 4 5 6 7 8 9 10 1 12
o 0o o o o o 0o o 0 0 0o 0 0
2.0 <101 -26 13 -38 79 -30 23 -33 -79 -28 24 -.29
4.1 208 -52 24 -70 ~-158 -6l 46 -65 -157 -48 47 -6l
6.2 -309 -78 35 -104 236 -92 66 -98 -234 -71 69 - 9
8.3 -406 -104 57 -13 -315 -123 & -129 -309 -95 90 -126

10. -494  -129 59 -167 -390 -152 108 -160 -384 -118 111 -157

3

3

12.4 -578 -154 72 -197 -464 -183 128 -190 -457 -140 132 -187
14.5 -659 -177 85 -225 -536 ;211 - 148 -218 -576. -162 152 | -216
16.6 -734 -200 98 -253 -606 -240 167 -246 -594 -184 172 -245
18.6 -808 -223 111 -280 -676 =267 'v186 -273  -661 -205 192 -273
20.7 -880 -244 124 ‘—305 ~ -743  -293 204 -298 ;727 - =225 - 211 -300

0 -132 -11 -19 - 25 9 5 3 6 6 10 4 1

..-b[-



Table 3.5.

Biaxial testing results for LuH overcore #6 (strain-gauge outputs are in microstrains).

Gauge Number

Pressure :

MPa) 1 2 3 4 5 6 7 8 9 10 1 12
0o 0 o 0o o 0 0o 0 0o 0 0 0 o0
2.1 -76 -2 24 -28 -77 -34 26 -2 -71 -2l 24 +.26

4.1 -157 -5 46 -6l -157 -73 51 -48 -l42 -42 45 - 54

6.2 -239 -8 68 -93 239 -114 75 --75 -216 -63 67 - 83

8.3 -323 -113 ~ 90 -127 -322 -155 100 ~-102 -290 -8 88 -113

10.3 400 -141 113 -160 -404 -195 124 ~-127 -365 -107 110 -143

12.4 - -480 -168 134 -101 -483 -234 149 -153 -438 -129 130 -173

14.5 556 -193 156 -223 -558 -270 172 -178 511 -150 151 -202

16.6 -634 -221 178 -255 -634 -306 - ‘195 -202 -583 -172 171 -230

18.6 -703 -243 198 -283 -703 -336 218 - -224 -651 -193 191 -257

20.7 -772 266 219 -311 -769 -366 240 -246 -718 -214 210 -282
0 -45 -2 9 -2 -6 -4 3 0 =2 5 5 1

=G/~



Table 3.6. Biaxial testing results for LuH overcore #8 (strain-gauge outputs are in microstrains).

- Gauge Number

Pressure - ' .
(MPa) 1 2 3 4 5 6 7 8 9 10 11 12
0 0 0 0 0 0 0 0 0 0 0 0 0

2.1 -8 -29 21 -34 -103 - 49 28 -29 -79 -31 23 - 28

4.1 ' -160° - 55 -‘ 47 -64 -207 -102 54 -56 -156 - 61 46 - 55

6.2 -239 -84 170 -95 -308 -154 78 -8 -23 -92 70 -84
3 -319 -113 92 -127 -401 -203 101 - -108 -312 -122 - 94 -113
10.3 -395 -141 115 -158 -491 -249 123 -132 © -391 -152 117 -142
12.4 -472 -170 137 -188 -577 -292 145 -155 -466  -180 | 140 -171
14.5 -545 -197 158 -217 -658. -332 | 165 -178 -539 -208 162 -198
16.6 -616 -224 179 -246 -735 -370 | 184 -198 -609 -236 184 - -224
18.6 -686 -250 199 -275 | 811 -406 204 -218 -678 -262 - 204 '-249

| 20.7 -755 -275 219 -302 -884 -441 223 =237 -745 .-289 224 -273

=9/~
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e = strain
- Dj = inner core diameter = 38.2 mm -
B = outer core diameter = 141.5 mm

Values for Poisson{s-ratiob(vj)'cén-be determined from the strain

outputs of the éxialAand circumferentia1‘strain.gaugeé.;

Rosette 1: vi = -(e3/e1)
Rosette 2: vy = -(e7/e5)
Rosette 3: wv3 = —(ell/eg)

The values obtained will of course depend on the pressure range:
considered. Three ca1cu1a£ions have been made to illustrate this
point:

Calculation 1 - Linear fit over the.range 0 to 20.7 MPa

- Calculation 2 - Linear fit over the range 6.2-20.7 MPa

Calculation 3 - Secant value using the origin and the strain af

20.7 MPa.

"The results are presented in Tables 3.7 through 3.9. As can
be seeh, the secant fit and linear fit over the entire range are in.close
agreement, reflecting the linearity of the curves. The linear fit over
the higher pressure range gives higher values of the stress as might.
be expected. For the stress calculations, the results of the linear fit
betwéen 0 and 20.7 MPa will be used, since it more clearly fits the

requirements of the theoretical equation.
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Table 3.7 Young's modulus and Poisson's ratio determinations

for LuH overcore 2.

Ybung's modulus (GPa)

Rosette
Calculation 1 Calculation 2 Calculation 3
, E v E v E v
1 50.7 0.139 - 55.0 0.158 51.9 0.141
2 .59.9 0.273 61.9 0.273 60.1 0.275
3 61.3 0.289 63.4 0.289 61.2 0.290
Average 57.3 0.234 60.1 0.240 57.3 0.235



Table 3.8 Young's modulus and Poisson's
for LuH overcore 6.
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ratio“determinations”

Young'é modulus’ GPa

1 0.292

Rosette - .
Calculation 1 Calculation 2 Calculation 3
E v B . v B v
1 '57.2 7 0.280 58.5 ° '0.283 57.7 0.284
2 57.2  0.308 - 58.8 . 0.310 58.1  0.312
3 61.6  0.289 62.0  0.284 62.1  0.292
Average - 59.7 . 0.292 59.3  0.296
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Table 3.9 Young's modulus and Poissdn's ratio determinations

for LuH overcore 8.

Young's modulus GPa

'Rosette
Calculation 1 Calculation 2 Calculation 3
E v E \Y E v
1 59.0  0.291 ~ 60.6  0.289 59.1 0.290
2 50.6 0.250 54.3  0.251 50.5 0.252
3 59.6 - 0.302 61.2  0.302 59.9  0.301
‘Average 56.3 0.281 58.8  0.281 56.5 0.281
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The modulus values obtained with the:.lLuH ‘gaugeagree very well with

those determined from the USBM gauge (Chapter 4).

3.5 In Situ Stress Results
The strains resulting from overcoring (ae), obtained for each

channels in each overcoring run,. are given-in Table 3.10.

A computer program deve]oped by R G Fr1day of CSIRO for use w1th |
the CSIRO ce]] has ca]cu]ated the stress magn1tudes and d1rect1ons
from the stra1n changes For overcores 2 6, and 8 the average e1ast1c
propert1es obta1ned from b1ax1a1 test1ng were used For the rema1n1ng

overcores, the values E = 55 4 GPa and v >= O 277 were assumed

'Only six of the 12:gauge readings are'required to:calculate the
in situ stress."Friday's'program'ealeulates‘the‘stress'using a multiple
'Teast squares fit to the possible solutions. Since individual gauges may
be untrustworthy because Qf rock conditions or the cement bond, the data
reduction program repeats the calculation several times, each time
discarding the gauge with the worst fit to the solution. The results of
computer runs 1 (all strain values included) and 5 (the four strain
values with the highest deviations removed) are given in Tables 3.11 and
3.12 respectively. As cdn be seen, the difference is small. The princi-
pal stress directions for run 5 are given in Fig. 3.4. Principal stress
magnitudesvare plotted against the hole depth in Fig. 3.5.
It would appear that
"0 The direction of o1 is very consistent.
0 The magnitude of o] appears to decrease as the full-scale drift

is approached (overcores 5 and 6). The stress cont1nues to
decrease as the hole passes under the dr1ft
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Table 3.10. Strain changes recorded during overcoring of LuH gauges.

Strain by gauge number (microstrains)

Over-

core '

No. Depth 1 2 3 4 5 6 7 8 9 10 11 12
1 2.50 -141 184 2 -277 694 213 -74 460 707 360 -61 354
2 5.00 -53 153 46 -127 435 32 23 448 567 337 36 270
3 7.02 -5 72 7 -131 512 138 33 515 488 364 4 148
4 7.62 -68 75 -13 -177 589 32 -87 367 405 348 17 241
5 8;11 -144 46 -106! : 67' 745 147‘ -31 593 825 590 29 254
6  9.23 -296 -5 58 -246 720 264 32 562 945 566 68 439
7 9.8l -116 40 60 25 641 250 14 515 633 382 77 309
8 11.16 -183- 34 85 -126 828 360 31 519 564 403 67 256
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Table 3.11. LuH principal stress results from-run L. .

Over- - " o1(MPa) B op(MPa) - a3(MpPa)
core ' . e

No. ' ' '
. Mag. Dip Bearing Mag. Dip. ~ Bear. -Mag. ~~ Dip . Bear.

1 21.36 - 0.5 68.0 - . 9.07 46.5 158.5 -0.58 -43.5  157.6

2 16.88 -1.1 ~ 8l.1 -~ 9.15 42.4 172.1 . 1.51 -47.5.° 169.8
3 17.16 = 6.4 82.7 6.54° 36.7 177.5 ~-2.79 -52.5.  164.3
4 15.61 6.1 .~ 76.3  5.59° 49.4 173.5 -0.65 -39.9 .161.2
5  25.05 0.1 260.4 8.9 26.1 170.3.5.11 . -63.9 170.7

6 28.38. . 3.0 "7 252.0 12.75- 18.9  161.0 - 2.25 -70.9 " 170.6 -

7 . 20.28 .2.3 .. 74.8  10.21 11:5 165.3 .5.28 -78.3 153.7
8 +.22.90 7.9 - 72.3 . 10.93 9.4 163;6”"3.78, -17.7 2 123.1
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Tab]é 3.12. LuH principal stress results from run 5.

Over- o1(MPa) = . o7(MPa) o3(MPa)
core ' v

No. '
Mag. Dip  Bearing Mag: Dip. Bear. Mag. Dip Bear.

1 20.94 0.1 67.

4 7.01 51.7 157.6 -0.53 -38.2 157.4
2 16.90 . 2.2  81.8 - 9.66 41.6 173.8 .»0.93 -48.3  169.3
3 16.31 5.3  8l.8 5.94 | 45.9 177.3 1.89 -43.6 166.7
4  .14.99 9.0 66.4 - 6:17- 42.8 164.8 0.80> -45.8 - 147.0
5 25.08 0.5 . .259.0 = 8.39 14.2 .168.9 5.15 -75.8 170.9
6. 28.25 - 3.1 253.2 - - 12.71 19.6- 162.1 2.18 -70.1  171.9
7 19.81 1.7 - 72.4 9;90v 17.5  162.9 4.15 -72.4 156.9
8  23.59 - 8.9 78.0 - 11;87 10.3 169.7 3.68 -76.3  128.2
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o The magnitude of op is very consistent.

0o In relation to magnitude, o3 varies more than o1 and op. This may
be due to the presence of joints along the borehole.

0 The directions of op and o3 appear to rotate from measuring point
1 to 8 by about 45° . ‘ ‘ '
Another way of presenting this data is to calculate the'principal‘stresses
and directions in the plane perpendicular to the boreho]g. In this way; the
values will be directly comparable to those obtained with the USBM borehole
deformatfon gauge. The LuH gauge results are givén in Table 3.13 and plotted

against hole depth in Fig. 3.6.
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Table 3.13. Secondary principal stresses in plane normal

-.89--'

to the borehole, LuH gauge.

Overcore P (MPa) Q(MPa)

No .

1 21.36 4.47 - 5.43

2 15.89 4.51 5.88

3 15.73 4.07 -2.66
4 14.88 3.38 -2.54

5 23.47 5.69 2.45

6 27.94 3.00 4.52

7 19.80 5.41 1,03
8 22.51 3.92 -6.94
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4.0 STRESS DETERMINATIONS WITH THE USBM BOREHOLE DEFORMATION GAUGE
(W. Hustrulid and B. Leijon)

4.1 Description of Technique

The U.S. Bureau of Mines (USBM) borehole deformation gauge was de-
veToped in the early 1960s for stress measurement. It has been extensively
uséd_in the United Statés since theﬁ, andvprocedures for its use have |
been standardized by Hooker and Bickel (1972). In this gauge, cantilevers
measure the diameter change of the pilot hole during overcoring. AUnlike
the other strain cells déscribed in thié report, the USBM gauge does
not require bonding of strain gauges to the rock, thus eliminating the
tricky and time-consuming work of downhole cementing. As the gauge
measures deformation only in the pTane normal to the hole, measurements
in more than one hole are réquired to obtain the complete state of
stress. USBM gauge measurements were performediat Stripa only in BSP-3,
and the results are thus restricted to thé components of the prﬁncipal
“stress in the plane normal to the hole. These components are referred to

" as P and Q, the maximum and minimum secondary principal stresses.

The basic sensing-e1eménts consist of three pairs of strain-gauged canti-
levers (Uj, Up, U3) deflected by tungsten carbide-tipped pistons that
contact the hole wall .(see Fig. 4.1.) Edch of the pistons can be removed from
the cell body and 1engthened or shortened by adding or removing shim washers. In
this way, the "preset" or deflection of the cantilevers can be adjusted so that
they will follow motion both thard and away from the hb]e center. The max imum

deflection of one cantilever pair is about 0.71 mm (or 0.36 mm per cantilever) and
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Fig. 4.1 (a) Orientation of the USBM borehole deformation gauge as
_installed in BSP-3. (b) Diagrammatic view of the USBM
gauge in the hoje.
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the.preset3shouid take -this into account. -The exact shape of ‘the hole at the
test location :is of course unknown and. a couple of trials (chang1ng washers)
- may be required to obtain the proper interference. The abrasiveness of the |
rock produces wear,on the buttons as they arerpushed into the hoie,hthereby
reducing the initial interference. | N o

The stra1n gauges on each pa1r of cant11evers are w1red to form a comp]ete
br1dge c1rcu1t Carefu] gauge match1ng and app11cat1on compensates for tempera-
ture effects. 'Hence, one on]y needs to supp1y a bridge vo]tage and read the |
brtdge-output.r ’

| Standard procedures for stress measurement w1th USBM gauges ca11 for read-

ings during overcor1ng, us1ng e1ther a s1ng1e stra1n 1nd1cator w1th a sw1tch1ng
and baTancing box (Budd Type 350, for example). or:three ‘Separate strain indicators.
The internal power -supply for the -indicator. is 1.5 V. -The strain indicator system
- has the following advantages::

o It is inexpensive, portable,” and rugged (suitable for mine use).

o It provides a good visual indication of stradn changes. |

0 .Its output is in strain units. :
A maJor d1sadvantage is that an observer must cont1nua1]y fo]]ow the stra1n changes
with the d1a1 and must wr1te down the read1ngs Read1ngs cannot be taken more fre-

quently than about one per m1nute, and there is a poss1b111ty of error 1n recording

the numbers.

In the present USBM and CSIRO experiments, the bridge used a 6-volt HLAB

model 6244A power supply. The bridge output was recorded on paper tape by a
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Fluke model 2240B data logger. Using a data logger has these following advantages:

0 The data collection rate is limited only by the scan rate (one scan per
3 seconds). ' -

0 Data are printed on paper tapes.
o Time and other data are given.

o The printer output provides a visual indication of changes.

The disadvantages are that it relatively expensive, and is'less portab]e and less

rugged than the strain indicator system.'

In the present application, however, no portability was required, and an en-
vironmental case protected the data logger and power supply. This system's overall

advantages far outweigh those of a strain indicator system.

The equations for translating the measured hole deformatibns into the desired
values of principal stress and.principal stress directions require that the material
be isotropic and linearly elastic. Furthermore, the standard solutions assume plane
stress behavior; i.e.,vthe axial stress in the section of rock being overcored is

zeko. The basic equation:
U= ¢ [(PrQ) + (P-Q) cos 26] (4.1)

yields the deformation of a circular hole in a thin plate produced by the principal

secondary stresses P and Q acting normal to the axis of the hole, where:
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U = diametral hole deformation (outward = +)

d = hole diameter

E = Young's modulus

P = maximum secondary principa1 stress (+'= tension)
Q = minimum secondary principal stress (+ = tensidn)
o = angle between the direction of U and P. |

The three diametra] measurements are made at 60° intervals, and one can

solve for P, Q, and o.

The appropriate equations become (Obert and Duvall, 1967):

p =L {Ful +Up +U3) + 75 [(y0,)2 +(U,3) +ug0? | 1/2} (4.2)
Q= %—'{(U_l*Uz*%) '3 [(U-l U,)% (Uz'U3)2+(U3'l_Jl)2] 1/2} 43
(U,-Usy
1, -1 3'°2703) (4.4)
6 = > tan"+ 2l :

where U is positive for an increasing diameter and op is measured from

Uy to P (counterclockwise is positive).

Note that the inverse tangent operator in Eq. (4.4) yields two possible
angles. Selecting of the correct angle requires analyzing the relative

magnitudes of the displacements, Ui’ according to Table 4.1.
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Tab]e'4.1. Table for determining correct quadrant of Op - .

Case - Constraints Op
I U2>U_3 'U2+U3<2U1 | 0 Spp <45
II U2>U3, U2+U3>2U1 45 Spp '590,
I1I | U2<U3 U2+U3>2U1 90 gpp <135
Iv u,<u U,+U,<2u 135°<0 5}80°

273 27371 ¢
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- At Stripa, all USBM gauges were installed so that the Uj position was ver-

tical. The direction of ©p is therefore determined with respect to the vertical.

4.2 Calibration
Each USBM gauge was céTibrated before use, several times durihg actual test-
ing, and after completion of the program. The calibration schedule is shown in

Table 4.2.

| The 6a1ibratioh procedufe is as follows. The USBM gauge is inserted into a
calibration fixfﬁre equipped with a micrometer. A cap]e was attached to the
input términa]s of the Fiuke data logger, and thé pbwer supply was adjusted to
provide 6 vo]ts. The gauge was oriented to align one set of buttons with the
micrometér plungers. Initial contact of the plungers and buttons was made, andi

a slight preload (cantilever displacement) was applied.

The initial reading was taken with the data 1ogger.‘ Each micrometer was
then extended by 0.05 mm and a scan made. This was repeated until each canti-
lever had been deflected by about 0.65 mm. Readings were done in the same way

during unloading.

Linear curves were fitted to the loading and unloading portions of
each calibration. As each gauge was calibrated fouf times, eight values for
the slope of the voltage/displacement curve.were obtained for each set of
cantilevers. There was little variation in the slope va]ués between cali-

brations, and it was decided that average values of the.s1opes of each
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Table 4.2. Calibration schedule for the USBM gauges.

Gduge 1A(Ser1a] No. 414)

Calibration Date Comment
1 o - June 16, 1981 Prior to overcore 1
2 June 17, 1981 After overcore 2
3 Jdune 22, 1981 Prior to biaxial testing

4 : June'25, 1981 . After biaxial testing
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cantilever set would be used for calculating the stresses. These calibra-
tion values are given with their standard deviations in Table 4.3. The

complete calibration data are available in Hustru]idvet'ala (1982).

4.3 Installation Procedure

The installing tool attaches to two pins at the back offthe_gauge.
During insta]fation, the—toéi and the gauge’are»oriented'sovthat; when
the desired;depth is réached,-é'slight clockwise rotation is needed to bring
the Ulgbosition vertical (Fig. 4.2). The 6rientation is controlled by a
spirit. level held on the handle pf the too]¢ The torsion of the installing'
rods reéﬁ]ts fh sbme uncertainty over the true orientation of the gauge. Al-
- though the accuracy is fe1t to be fairly good (<5?), mgéh of this uncertainty
by including a mercury sWifch in the iﬁsta1ling tool similar to that of the

LuH gauge (Chapter 3).

Once the gauge has been emplaced, the installing tool is &1sengaged
by turning counterclockwise and pulling backward. Once detached, the rodé
are removed from the hole. The transmission cable is strung thfoUgh the drill
rods and the water swivel and connected to the data logger. Initially, we
attempted to remove only the water swivel and install the USBM gauge.through
the drii] string (which thus‘not be removed from the hole each time). This
would have saved time and allowed the drill string to center the gauge in
the hole. Unfortunately, a small 1ip between the drill string and the 150 mm

overcoring barrel caused the installing tools to hang up. Hence, the drill
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Initially Installed = - Finally Installed

Up direction

XBL 8211-2603

Fig. 4.2 Diagram of installation procedure for the USBM gauge.
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Table 4.3. Calibration values used for reducing the USBM
borehole deformation gauge .data.. e

' S]Ope'(v/ﬁh)"
Gauge . . - Channel - o

Mean. . .S;D.
T U 0.0244  0.0004
- Uy ¢ 7 0.02447 0.0004
U 0.0224 0.0004
2 e up " 0.0240 ~'0.0001
10.0240 . . 0.0001 .

2
Uy 0.0241 . 0.0001
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string was removed each time, and installation was through the empty 150
mm diameter hole with the EX hole at the end. A wooden sied rode.a1ong

the bottom of the hole. Ité width aligned the gauge with the EX hole. A
second set of installing rodsvpushed the sled down the hole while maintain-
ing orientation control of the gauge. With a little’practice, this system
worked very well. Once the gauge was installed, the sled was pulled by a

cable from the hole.

During installation, the USBM gauge was connected to the data logger so

| that the readings revealed whether the pre]oéd on the cantilevers was satis-
factory. Sometimes an ihitia]]y undesirable gauge placement could be improved .
by movihg the gauge inward or outward from the initial position, the readings
changing because of varying hole diameters. If the gauge réadings were still
not satisfactory, the gauge was‘removéd frdm the hole, the washers on the
pistons adjusted, and the process repeated. If the readings were satisfactory,
then the cable was detached from the data logger, inserted through the drill

string and water swive],'and reattached to‘the datavlogger.

The gauge was positioned in the hole so that the plane of the buttons
was about 20 cm away from the initiation of overcoring. In general, over-
coring would continue about 20 cm past the button plane. The U.S. Bureau of

Mines has shown that these distances are needed to avoid end effects.

4.4 Qvercoring

A scé]e was formed by marking 1 cm increments on strips of masking tape
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attached to a section of the dri]]»stringbnear the machine.  The progress of
the marks with respect to a fixeq referencevpojnt was noted, gnd the data
logger scan wasﬁihitiateduas.each mark passed the reference.IWThe data ]oggef
recorded the t.ime, bridge voltage,. and output from the three bridge chan-

nels.

Before to beginnihg an overcoring run, the drill water was turned on
for 5 to 10 minutes, and readings were made:tovcheck for bridge drift due
to temperature effects. No temperature effects were observed. The same

procedure was followed at the end of a test.

- During the overcoring, five peopﬁe were normally ith]ved: the driller,
the driller's helper, the cable ho]dér,ﬁthe.data logger attendant, and
drill advance observer. The functions of the driller, advance observer, and
data logger attendant are obvious, but it is perhaps worthwhile to discuss
the funcfions‘ofvtheidri11er's helper and the cable holder. Because of the
high rotational speed used in the overcoring, high vibration could arise
in the dfill‘strfhg even with the stabilizing effect of fhe core barrel at
the front and the use of stabilizers along the string. These stabilizers
acted like lumped masses that produced high vibrations in the drill string
near the collar. This could be overcome somewhat by controlling dri]] rota-
tion and thrusf, but the most effective technique was to stabilize fhe string
at the co]]ar-through.wooden wedges. The driller's helper maintained the
integrity of this "wooden stabilizer" during overcoring. The high rotation

rate also required a cable holder to maintain a uniform tension on the cable
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coming through the swivel. If the cable somehow became slack, it could

be damaged by rotating with the drill string. Another danger was that

the core would break along a joint and turn along with the core barrel.
This did occur from time té time, but with fast response by all involved no

damage occurred.

The only serious mishap during overcoring was the failure of a drill
rod. The broken rod sliced through the cable of USBM gauge 1, thus requir-

ing completion of the program with gauge 2.

Aftervovercoring was completed, the cable was disconnected from the
data logger and run thrbugh the drill string as it was from the hole.
Sometimes the gauge was removed from the core with the installing tool
before the core was broken off; at other times, it remained fn the hole.
When a core was removed, care was taken to maintain its hole oriehtatioh.

This allowed a check on the orientation of gauges left in the hole.

The Tlocations of the USBM borehole deformation gauge measurements are
shown in Fig. 4.3. Some pertinent observations made before, during, and

after overcoring for all 9 overcores are summarized in Table 4.4.

4.5 Biaxial Chamber Tests

4.5.1 Theory
An appkopriate value of the elastic modulus is required in determining

stresses from changes in deformatioh. The technique employed in these tests
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Table 4.4. Comments on USBM overcoring.

Overcore

Depth (m)

Comments -

1.15

Gauge installed with buttons at 1.15 m. The
end of the large hole was at 0.90 m and over-
coring continued until 1.35 m. Overcoring
successful.

1.75

Gauge installed with buttons at 1.75 m. The
end of the large hole was at 1.58 m and final
depth was 1.95 m. Overcoring successful.

3.00

The end of the large hole was initially at

2.79 m. Trouble was experienced in installing
the gauge but installation finally succeeded at
about 3.0 m. Overcoring continued to 3.20 m.
Upon removing the core, it was found that the
buttons were within 3 cm of a joint. Stress
relief occurred.

3.75

The end of the large hole was at 3.20 m. A
drill pipe was selected so that about 75 cm of
overcoring could be accomplished. Gauge was
installed at 3.75 m. Initial overcoring was
rough due to a high drill stem vibration.

This was overcome by stabilizing the string

at hole collar using wood pieces. Overcored
to a depth of 3.90 m. Overcoring successful.

6.23

The end of the large hole was initially at
6.05 m where it had broken along a joint. The
gauge was installed at 6.23 m and no problems
were experienced. Qvercoring continued to a
depth of 6.23 m. The plan was then to rein-
stall the USBM gauge at 6.43 m. On reconnecting
the installing tool to the back of the gauge, it
was found that the Uj axis was oriented about
45° clockwise from the vertical. (It had been
improperly in stalled). The overcoring was

- successful and this angle correction. should be

applied to the final results.
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Comments on USBM overcoring.(continued)

Overcore.

Depth (m) . -

Comments

6.43

" The gaUge'Weélmoved ahead in the hole to

6.43 m. Overcoring continued to a depth of 6.60 m.

- The overcoring was successful.

7.44

LuH gauge 4 was installed at a depth of 7.62 m.

+ USBM gauge 7 was then installed at 7.44 m to

compare readings. The initial end of the large
hole was at 7.12 m. Overcoring proceeded to a
depth of 7.55 m, at which point the large core
broke along a joint. The core and gauge were
rotating in the hole but the drill was: stopped
before serious damage occurred The cable was
quite twisted but intact. - After the gauge

and core had been recovered from the hole,

it appeared as if the,gauge had not rotated .
with respect to the core. This was checked
with the LuH gauge and found to be-correct.
Overcoring was good. Due to the high rpm

and water pressure it was necessary to hold
tightly on the cable. Prior to strain re-
lief slipping of the gauge in the hole was
observed and the tension was reduced.

8.60

Initial hole bottom was at 8.30 m. The gauge
was installed at 8.60 m and overcoring was
initiated. Initially the drillers were

using a high rpm and, due to its twisting

-from the previous test, the cable was being

pulled into the swivel. This required a
higher tension on the cable moving the gauge.
The drill was stopped and the problem cor-
rected. Overcoring continued at a Tower

rpm. The overcoring was successful, and,
upon retrieving the core and gauge from the
hole (together), it was found that the Uj
axis was rotated 8° clockwise from the
vertical. This correction should be made.
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was to apply a uniform pressure upon the core with a biaxial chamber and
to monitor the borehole deformation with the USBM gauge. The core and

the gauge are oriented as closely as possible to their in situ cohdition.

The appropriate formula (plane stress conditions) is:

)2 i (&) (4.5)
rz-rg E :
01 -
where:
U = diametral deformation.
ry = inner radius of coré
r, = outer radius of core
= Young's modulus
P = applied pressure on outer radius.

The modulus can be written as:

2 _
4r.r v
- io/P
- - B (5) | (4.6)
2D . .
or _ | _P_ '
ST (D;/D,)2} (u) - &7

where:

= jnner diameter

outer. diameter
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The most appropriate E for the overcoring data is.the average of the

values obtained’durihg the unloading of the core from the approximate in
situ cond1t1on of ‘stress to zero stress, as this 1is the un]oad1ng cond1t1on
for the in situ stress measurement. The usual pract1ce, however, is to use
the loading modulus (some investigators use a tangent modulus, others a se-
cant modulus). In th1s app11cat1on the average modulus, including the. po1nt

at zero stress, was used.

4.5.2. Results from the Biaxial Tests

Unfortunate]y,‘becaUSe of the presence of joints; 1f was not possible
to test all of the USBM overcore segments in the biaxial chamber, and even
for some cores that could be_]oaded,’the USBM gauge had tobbe translated

from its actual in situ position.

Table 4.5 lists the locations in the core where biaxial tests were
performed and the corresponding numbers and depths of the stress measurements.
Most biaxial tests used USBM gauge 2, as gauge 1 was damaged during stress

measurement 8.

Detaﬁ]s of the biaxial testing are described in Hustrulid et al. (1982),
and only a summary is presented here. Biaxial tests were conducted {n 2.1
. MPa pressure increments from O to 21 MPa and back to 0. The modulus values
were calculated from the average of the slopes of the loading and unloading
curves. The ratio of two slopes was 1.06; hence the error in selecting one

curve over the other 1is considered small.
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Table 4.5. Locations of biaxial tests.

: -Position in Corresponding Stress

Biaxial Test USBM Gauge Core Measurement no. with
v - (m) -~ . Depth (m)

1 1 0.6 -

2 | 1 . 1.10 1 (1.15)
3 1 1.75 2 (1.75)
4 2 1.12 1 (1.15)
5 » 2 _ 1.71 2 (1.75)
6. 2 3.50 - 3 (3.00)
4 (3.70)
7 2 | 6.23 5 (6.48)
8 2 6.43 6 (6.48)
9 o2 ‘ 7.36 7 (7.44)
10 | 2 , 8.60 - 8 (8.60)

11 : 2 9.66 9
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The anisotropy ;atio (defined as the ratio of the moduli calculated.
from the cantilever pairs with greatest and least displacements) ranged
between 1.08 and 1.23. This observation, along witﬁ the ]ﬁneqfity of the
pressure-diSplacemeﬁt:curves, sﬁggests that the assumptions of Tinear elas-

ticity and isotropy are generally valid for the stress calculations.

The modu]i values used in calculating the sfresseé are&gjven in Table
4.6. Table 4.5 shows which biaxial test was used“f;r each stress measure-
ment. The modulus Va]ue for stress measurement 1 ig the average of biaxial
téstsw2 and 4; the modulus value for streés measurémentJZ isfthe average

of biaxial tests 3 and 5.°

4.6 In Situ Stﬁéss:ResuTtS

Stress measurement$ uéiné the USBM gauge yielded two types of results:

the performance of the gauge and the resu1fs.of.stréss calculations.

The USBM géhge'perfofmed very,Qeil, as all attempted measurements were
successful. The outputs of thé st}ain-gauge:bridges were stable and showed
negligible drift with time. An'ex;mple of this stability is shown in Fig. 4.4.
The deformation of the borehole was readi]y,@btﬁjned from plots of bridge
output versus dri]11ng penetration. Deformatioﬁ; along the axes; Uj, U2
and U3 (Table 4.7) were calculated usfng‘the'dﬁéiling data of Table 4.4 and the
bridge outputs df Table 4.7 and are liétéd in.iable 4.8. The sign convention fqr

deformations is that increases in diameter. are positive.

Table 4.9 gives the in situ stress va]ue§~ca1gu1ated~from the displace- |

ments of Table 4.8 and the moduli of Table 4.6. The results of Table 4.9
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Table 4.6 Elastic moduli values for reducing overcoring data. " @i

Stress ' ' Depth (m)  Young's Modulus (MPa)
Measurement . oo ; o

T s ae
2 s R 59.7
| .00 - s0.

o (ool

4 | R W N -
/ S 6.23-'* 52.2
| 6.48 57.9

7 . ‘-'f .‘_ j _ 7.44 'AJ, _ ,\‘;‘ 50.6'-
s se s

s 967 ~ 58.6
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Table 4.7. Summary of the U.S.B.M. gauge output voltage changes (10-3 V)
obtained during overcoring.

Position Gauge Depth Ug Uy Us
(m) (mv) (mV) (mV)
1 1 1.15 . 0.05 0.495 0.43
2 1 1.75 0.025 0.705  0.58
3 1 3.00 -0.15 0.66  0.645
4 1 3.70 0.025 0.69  0.65
5 1 6.23 0.365  -0.020 0.735
6 1 6.8  -0.065 0.39  0.575
7 1 7.44 -0.08 © 0.655  0.515
8 1 8.60- .14 0.59  0.63
9 1 9.67 -0.225 0.675 0.665

Positive values indicate that the

hole increased

in diameter. -



Table 4.8. Summary of the borehole stréss deformation,

=115-

Stress . USBM . Depth U, _ U,y

Measurement = Gauge (m) ,4%m5 ‘gm) (%m)
1 1 1.15 2;05” 20.5 19.23
2 1 | 1.75 1.02 29.2 25.95
3. | 1 | .3.00‘» -6.15 | 27.4 28.86
4 1 3.70 1.02 28.6. 29.08
5 1 6.23 14.96 -.83 32.89
6 - 1 ~ 6.48 ,-2-66 - 16.2 25.73
7 1 7.44 . -3.28 27.2 23.04
8 1. 8.60 -5.74 24.5 28.12
9 - L 9.67 -9.38 28.3 27.50
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Table 4.9. Principal stresses and directions as determ1ned from_the USBM
borehole deformation gauge overcoring.

Principal Stresses (MPa)

Depth (m) P Q | Op(degrees) ¢
S 1.15 1347 5.5 | 86.7 -3.3
1.75 © 216 7.7 84.6 5.4
3.00 18.7 3.5 W 1.7
3.70 S 19.2 6.8 ' 90.6 0.6

6.23 17.3 2.5 135.52 0.5
6.48 . 16.2 3.6 ~105.5 10.5
7.44 169 4.1 83.7 -6.3
8.60  20.1 3.7 93.720 3
9.67 21.5 2.3 - 89.1 - 0.9

a Th1s gauge was indvertently installed with the Uj axis rotated approx1mate1y
45° clockwise from the vertical. The corrected value is 90.5°. -

b This gauge was installed with the Uj axis rotated approximately 8° clock-
wise from the vertical. The corrected value is 85.7.
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are plotted against hole depth in Fig. 4.5. Some general characteristics of
the results follow. First, orientation of the maximum stress is consistently
close to horizontal, as shown by the ¢“dﬁg1é‘va1ues,‘ The largest deviation

from the horizontal is 10°, and most values are less than 5°.

The maximum stress fises sharply 1n_the first 2 m of the:ho1e,‘which
may ref]ectva stress concentration around the extensométer dkift; it then
- declines to a minimum value at 6.5 m, approximate]y at thé edge of the full-
scale drift. Thé stress value then riﬁes, possibly because of stress concen-

trations ardund the fullfscalendrift.

‘Minimum stréssjshows'a gradual decline with hole depth. -As this stress
is generally vertical, the decline may reflect the stress relief of the full-

scale drift. .

Comparison of the USBM gauge results with those of other measurements are

presented in Chaptef 10.
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Fig. 4.5 Secondary principal stresses from USBM gauge stress

measurements, BSP-3.
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5. STRESS DETERMINATIONS IN BSP-1 WITH THE SWEDISH STATE POWER BOARD
DEEP-HOLE LEEMAN CELL : ‘
(K. Ingevald and L. Strindell)

5.1 Introduction'

Six stress measurements using the Swedish State Power Board's deep
hole Leeman triaxial cei] were performed in BSP-1 between the depths ofﬁ
1.30 andv9.97 meters. The Power Board Deep Hole cell uses fhree strain-
gauge rosettes. Each rosette contains three gauges with different‘
orientations: axial, tangential, and oblique. Figure 5.1 shows the
location of the hole and the measurement points. Originally, the six
measurements were to be one metef apart, but closely spaced fractdres
near the top of the borehole forced us to use slightly longer intefva]s.
The purpose was to compare the BSP-1 Leeman Ce]] results with both
hydraulic fracturing and other, more conventional overcoring methods.

.As this cell is emplaced by a wire line, it was not feasible to perform

the measurements in a nonvertical hole such as BSP-2 or 3. While this
prevented performing all the overcoring methods in the same hole, it was
still possible to compare the BSP-3 and BSP-1 overcoring data because

these measurements were performed in the same vicinity undér_the full-scale
drift. All but one of the six Leeman cell measurements were successful;
at point 4, the compass failed and the cell could not be oriented.

Stress values have been calculated for point 4, but only the vertica1.

stress is properly oriented.

5.2 Field and Laboratory Procedures

The procedures used in the Power Board overcoring measurements are
the same as those followed for the deep surface hole, SBH-4, described. in
Chapter 2. The elastic properties of the rock were determined for each

overcored sample by applying both biaxial and uniaxial loads. Biaxial
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Fig. 5.1 BSP-1: Location of the borehole and power board stress
measurement points. ' '
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]oading was performed in a cell similar to that used for the other
overcoring tests. The biaxial pressure ranged from.0 to 6 MPa. The
uniaxial loads varied from 0 to 40 kN, or,'in units of stress, from 0 to
11.4 MPa. A typical set of calibration curQes is shownvin Fig.a5.2. The
elastic constants determined from laboratory testing are given in Table.
5.1. The Young's modulus variéd between 50 and 65 GPa, and Po{ééon's |
ratio va]ﬁes varied between 0.13 and 0.16. In éddition to providing the
e]astic data for the stress calculations, the laboratory testing Was a |
valuable means of determining the quality of the rosette cementing to the

borehole wall.

5.3 Calculation of Stress

As in all Leeman cell measuréments, the stresses are calculated on the
bésis of the strains resulting from the overcoring. Because the cable is
detached from the cell during drilling, strain readings are taken only
before drilling and after the core is removed; thué no determination of drift .
“similar to that made for the CSIRO-and USBM gadges'can be made. The strain

changes observed for each gauge are given in Table 5.2.

Stress calculations used the same formulae of Leeman (1971) as the LuH
and CSIRO measurements. The Young's modulus values came from the laboratory
tests on the cores; and the Poisson's ratio was taken as 0.15. The calcula-
tions also used a least-squares regression of the strain-gauge data>sim11ar
to that of used for other overcoring methods. The principal stresses and
their orientations arelgiven in Table 5.3 ahdvshowﬁ in steréographic projec-

tion in Fig. 5.3}"The secondary principal stresses, which are the vertical
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Table 5.1 Depth and bearing of triaxial cell .and summary of biaxial test

results.
. : Compass Young's

Point -~ Depth Bearing Modulus “Poisson's
. . (m) (degrees) . GPa . Ratio

1 130 333 56.0 0.15

2 5.30 : 135 64.0 1 0.15

3. 6.05 214 60.0 0.15

4 - 6.60 - a - 60.0 0.15

5 .7.45_ 78 56.0 0.15
-6 | 9.97 36 56.0 0.15

dCompass damaged

Summary of strain changes after overcoring (in microstrains).

Table 5.2
Rosette 1 RoSette 2 Rosette 3
Point €a g €45 “a 9 .£45 a o €45
1 57 691 425 154 88 35 36 141 188
2 46 1014 357 60 570 428 61 -288 -73
3 131 24 151 133 336 . 21l 196 1172 854
.4 93 915 666 85 736 114 133 -276 34
-5 ] 1 -39. 100 40 791 389 38 426 83
6 100 430 559 135 54 -9 41 805 266
€, - axial strain; €y - tangential strain; €45 " oblique strain
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Principal stress data, BSP-1, overcoring (in MPa).

Table 5.3

°1 Plunge Trend %2 Plunge  Trend 3 Plunge  Trend

¢ 6 ¢ C] ¢ ;]

1 15.5 5.5 62.8 9.2 61.7 - 163.2 - 2.4 27.6 - 329.9
2 29.4 13.0 64.6 7.6 74.5 211.4 4.2 8.2 332.7
3 28.9 11.4 55.9 14.4 76.1 . 217.1 5.9 7.8 147.7
4 29.8 a a 10.2 a a 1.6 a a
5 19.3 4.2 66.2 8.7 46.3 160.6. 1.0 43.4 332.2 -
6  22.5  25.6  89.2 10.9 37.4  200.6 2.7 333.8

41.8

aCompass damaged
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XBL 8211-2635

Fig. 5.3 Lower hemisphere étereographic projection of the principal stress
directions determined by overcoring in the vertical borehole,
- .BSP-1. Identification numbers are given for each test.



-126-

‘stress and the maximum and minimum horizontal stresses, are given in

Table 5.4 and shown in Fig. 5.4.

5.4 Discussion

The maximum principal stress was found to be oriented parallel to the axis
of the fu]]-sﬁa]e drift and inclined less than 25.6° from the horizontal. As
the maximum priﬁtipa] stress, o, is nearly horiiontal, its values and orien-

tations are close to those calculated for the maximum horizontal stress, P.

The intermediate and least principal stresses are inclined with respéct
to the horizonfai and vertical. The intermediate principal stresses are
oriented off the vertical an avérage of about 60°. The minimumvprincipal
stresses are within 30° of the horizontal. There is little discernible
trend to the changes in orientation of the minor principal stresses with
depth. Surprisingly, the least stress is the closer of the two to being
horizontal, contrary to what one wou]d expect from the proximity of the
the full-scale drift.: This. stress re]afionship is reflected invthe con-
sistently higher value of the vertical stfesses relative to the minimum
horizontal stresses. The vertical stresses are also in excess of the 1litho-
static stress calculated from the weight of the overburden (8.4 MPa based on
a 24.9 kPa/m stress gradient). Conversely, the minimum horizontal stress
values seem to be Tow, particularly the four shallowest values, whicﬁ would
be within the zone of tangential stress concentration due to the full-scale
drift. If the far-fie]d minimum horizontal stress were equal to the 1itho-
static pressure, then this stress concentration would be twice the value of

the lithostatic stress at the floor of the drift (or 16.8 MPa) and would
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‘Table 5.4. Secondary principal stresses, BSP-1, overcoring (in MPa).

L Vo B
1 15,5 3.9 7.8 61.5
2 28.3 4.2 8.6 64.3 -
3 o ®3 6.0 - 14.8 | 56.4
4 7 3.4 11.1 o
5 . 19.2 46 5.1 . 65.1

6 197 6.9 9.4 81.1

aCompass damaged
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Fig. 5.4 Secondary stresses measured in BSP-1 using Power Board overcoring.
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fall rapidTy to 9.9 MPé.at a depth of 6.0 meters. .The values for the minimum
horfzonté] stress within 6.6 m of the drift vary from 3.4 to 6.0 MPa suggest-
ing either that the far-field horizontal minimum stress is much less than
lithostatic or that the stresses have been partially relieved, possibly by

fracturing.

Although the ca]cu]ationé of the maximum principal and horizontal
stresses for the Power Board overcoring and the other overcoring measurements
are similar, the orientation of the other stresses are not consistent, as the
BSP-3 result with the LuH cell showed minimum stresses closer to the vertical.
Furthef discussion df the Power Board results compared with those of the other

methods is contained in Chapter 10.
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6. CSIRO STRAIN CELL MEASUREMENTS
(W. Hustrulid and B. Leijon)

6.1 Introduction

In 1972, the Australian Council of Scientific and Industrfa] Research
Organizations (CSIRO) began to develop a strain cell that would provide
the complete state of stress'from measurements performed in a single bore-
ho]e; It was to be of the same basic design as the CSIR (Leeman) triaxial
strain cell in that it employed three 3-element strain-gauge rosettes,
but withbmodificafions so'thafv(l) fu1]'Pf;tECtiéﬁAWOﬁ1d,be gjven tOythe'
electric circuitr& and (2) strain'obseryaiions céU}d*bé'maqé_dﬁfingfover-

coring.

The fjna] result was the CSIRO hollow inclusion (H.I) gauge (Fig. 6.1).
It is constructed as follows: the strainagauge rosettes aré glued to a thin-
walled (35 mm 0.0., 32 mm I.D.) epoxy pipe W1th an epoxy cement. After the
leads have been attached, a thin coating of Araidite D is applied

to protect the gauges. The final cell diameter is 36 mm.

The strain cell is g]ded to the wall of the nominal 38 mm diameter bore-
hole with a special Araldite-based cement. The strain gauges are thus sepa-
- rated from the wall of the borehole by an epoxy-fi]]edbgap 1.5 mm in thickness.
Worotnicki and Wa1ton (1976) -have shown that this epoxy gap does nqt affect
the measured value of_the axial strain but that the circumferential and off-
axial strains are slightly higher than if the strain gauges had been glued
directly to the rock surface. As a resﬂ]t, four correction factors (K1
through Kg) must be used to convert the measured strains into their equi-
valent values at the borehole wall. Once these strains have been determined,

the equations developed by Leeman (1971) for interpreting triaxial cell
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Fig. 6.1 Photograph of CSIRO gauge for use in horizontal holes.
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- triaxial cell strain resultslcanﬂbe app]ied.~'Tab1é 6.1 shows that the
Valués of'ihe‘K factors depénd on the'rétio of the elastic moduli of
the rock and strain cell (Er:Ep1), énd on the rédiuS’(rSg) to the

strain gauge position.

The e1ast1c properties for the epoxy pipe and the cement, Epy and Vp1s
are assumed to be the same and equal to:

Ep1 = Young's modulus = 2.8 to 3.5 GPa.

vp] = Poisson's ratio = 0.35 to 0.40. |
Since the rock has an elastic modulus.(E,) of about 55 GPa, and rgqg - 17.5 mm,
the correction factors become:
Ky =1.12 - K3 = 1.08 .- .
Kp=1.13  Kgq =0.91
To“speéify the.1oca£ion énd,orientationrof the gauge in the hole, two angles

(« and 8) are required where

a = angle of the rosettejin the hole, measured clockwise from north

or up, looking down the hole.

hos]
H

angle of gauge in the rosette, measured clockwise from down

hole axis. = |

For the Sfripa measdrements, rqsette B was installed on the bottom side of
the horizontal hole as shown in Fig. 6.2; the o and g angles are given in

Table 6.2. The rock should be isotropic‘and Tinearly elastic.
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Table 6.1. Variation in K factors for modifying the CSIRO strain readings
: ~ with rock-cell modulus ratio and strain gauge radius (rgq).

E D1 rsg (mm) Ky K, Ky Kyg
20 - 17.0  1.18 1.20 L 1.11 0.88
20 17.5 1.12 1.13 . - 1.08 0.91
20 18.0 1.07 1.07 - 1.05 _0.95
10 : 17.5 1.10  1.08 1.08
5 . 17.5 . 1.08 S 1.02 1.08

3 17.5 1.04 1.00

Table 6.2. Location and orientation of the strain gauges in the CSIRO cell.

Rosette | Gauge a(deg) 8(deg)

A B 1 o 322.9 . 0

2 300.0 90

3 300.0 45

B 4 163.6 45

5 163.6 135

6 . 180.0 o 90

C 7 82.9 0

8 60.0 90

9 60.0 45
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Fig. 6.2 Location and orientation of the strain gauges in the CSIRO cell.
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A diagram of the gauge is shown in Fig. 6.3. The recommended\fie]d
procedure is summarized in Fig. 6.4. Some major points regarding installation,
data collection, and data analysis taken from the instruction manual (CSIRO,
no date) are summarized as follows. The pi]of (38 mm) hole in which the
gauge is to be installed is drilled approximately 60 cm deeper than the large-
diameter hole. At least 18 cm bf full-diameter core bounding the CSIRO gauge
must be recovered for representative resh]ts. The epoxy grout requjres a
minimum of 12 hours and preferably 16 hours to cure and must be blended dif-

ferently for different rock temperatures (see Table 6.3).

The readout cable is attached to a strain indicator in quarter-bridge
configuration. Once the initial set of readings are taken, the drilling
water is turned on. Readings are taken at 5-minute intervals until con-
secutive readings are repeatable to within 5 microstrains (this normally

takes 10 minutes).

-Ovércoring begins once the base readings are established.. Drilling
should proceed at about 2 cm per miﬁuté, without pausing for strain readingé;
Overcoring should continue well past tﬁe gauge positions (30.cm is a reason-
able 1imit). Final readings are taken 5 and 10 minutes after drillng ceases

with drilling water turned off.

/

A "typical" overcoring result reproduced from the CSIRO manual is shown
in Fig. 6.5. The strain change for each channel is taken as the microstrain
change in output between readings taken 10 cm before and 15 cm after the gauge

position.
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Fig. 6.3 Schematic layout of CSIRO cell.
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Fig. 6.4 Field procedure for stress measurement with CSIRO cell.



-139-

Table 6.3. Epoxy grout mixtures for various rock tempertures.

Roc5 Temperature Araldite Resin (g) Araldite Hardener (g)  Hardener (g)

C F LC 230 "D LC 230 " HY 956
10-15  50- 59 . 100 100 120 | 20
15-20 59- 68 100 100 90 18

t

.20-40  68-104 - 100 95 60 | 17

Note: These components are unavailable in the U.S; Araldite 1255 can be
substituted for LC230 and Araldite 502 for "D".
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Like the LuH cell, a.minimum of six strains is required for the measure-
ment, and elastic constants are obtained by biaxial testing of the core with

the cell intact.

6.2 Field Overcoring Results

6.2.1 General Comments:

The récommended procedures for_iﬁstaT]ing the€CSIRQ gauges as outlined
in the CSIéO 1hstruction manaal Wéfe fo]]éwed for the BSP-3 méasurements. For thé
strafn readout, a bridgé comp]etfon circuit (Fﬁg. 6,6),Tan HLAB power supply,
and a'Fluké data 1ogger'were used 1n-b1ace of é.strainjfndicétor~system. As
a result, each‘of the nine strain channels plus the bridge vo1tage were read
and retorded on paper tabe for every 1 cm of dfi]]ﬂadvance. This was a very
coﬁvenient method for obtaining the déta.’ The']ocatiqp:of the CSIRO, tests is

shown in Fig. 6.7. -Specific remarks on each'test can be found in Table '6.4.

It is susééctéd'thaf thé ceménthSedffor 6yerébring tests 1 and 2 (10-15°C
temperature range, as shown in Table 6.3) did not propér]y set even though
the time allowed should have been adequate and the proportions of the compo-
nents followed CSIRO procedures. The estimated rock temperature of 10-12° was
possibly too-cold.: No strain relief was ‘observed with overcoring test 2, and
the fesu]ts have not been analyzed or included. Because of these difficulties,
the cement was replaced by a low-temperature type supplied by the Swedish
Mining Research Foundation. The cement consisted of the fo]]owing'mixture:

Araldite BY154 50 g

Hardener. MY2992 15 g
Silica flour KB or KIN8 70 g
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Table 6.4. = Comments on the CSIRO overcoring.

Overcore

Depth (m)

Comments

CSIRO 1

4.62

The end of the large hole was at 4.39 m. CSIRO
Gauge 1 (Serial No. 136201) was installed at a
depth of 4.62 m at 7:00 p.m. The 38 mm hole was
cleaned first with the LuH device and then with
degreaser-impregnated gauze wrapped around the
installing tool. The four-component (pre-measured)
Araldite cement supplied with the gauges was

used. The "B" rosette was oriented in the down
position in the hole with the orientation
controlled using the mercury switch. At 6:20

the following morning, ‘the cement remaining in the
mixing dish was solid but not hard or brittle.

The mine air and rock temperature was about 10-11°C
and possibly this was the reason. The gauge was
connected to the data logger via the bridge. The
power supply was set at 6.00. With the water turned
on, the gauge readings appeared to drift. After
about 20 minutes drift was still present; however,
the rate was fairly low and constant. Overcoring
went smoothly with readings being taken every 1 cm
of advance. Strain relief occurred as the bit
passed at a depth of 4.83 m. The water was allowed
to continue running for 20 minutes with readings
being taken. The drift was very large. An examin-
ation of the core and gauge revealed that much of
the cement appeared to move backward rather than
foward over the gauges. It was not possible to
ascertain which gauges were good.

- CSIRO 2

5.83

The face of the large hole was at 5.68 m. CSIRO
2 (serial no. 1362801) was installed at a

depth of 5.83 m using the four component cement.
The gauge was installed later in the afternoon.
At 6:40 the following morning, the cement

in the mixing dish was solid although the

surface was a little tacky. The water was

turned on, readings were taken for approximately
20 minutes. Drift occurred as in CSIRO 1. Over-
coring commenced and was completed successfully.
Drift continued after the drill was stopped while
leaving the water running. The core broke along
a natural joint (depth about 6.0 m).
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Overcore Depth

Comments

CSIRO 3 10.12

.The CSIRO #3 (serial rumber 1362101) was in-

stalled at a depth of 10.12 m using the special

" cold temperature cement supplied by the Swedish

Mining Research Foundation (SMRF). Gauge instal-

Jation was completed at 7:15 p.m. and the cement

allowed to dry overnight. Upon returning to the
mine at 6:20 a.m., the cement remaining in the
mixing dish was hard and brittle. The gauge was
connected to the data logger, and overcoring to a
depth of 10.44 m was completed at 8:00 a.m. to
study any drift. The core was then removed from
the hole. -

CSIRO 4 10.44

With the end of the large hole at 10.44 m, the
pilot hole was extended to a depth of 11.90 m.
CSIRO gauge 4 (1363101) was installed at a depth
of 10.74 m at 12 noon, using the same cement as
CSIRO #3. The next morning the cement was hard.

- At 7:20 a.m. the gauge was connected to the data

logger and the water turned on.. Overcoring was

“completed at 8:00 a.m. and the core was removed

at 8:40 a.m. The end of the large hole was at

- 10.96 m. During this test as in ‘the others,

changes in the initial zero readings were observed

- without any drilling taking place but with the

water turned on.. This may be due to changes in
the drill water temperature. Initially water is
taken from a 55 gallon drum which is then reple-
nished from the mine supply.

CSIRC 5 11.61

The bottom.of the Targe hole was at 11.29 m and
gauge was installed at 11.61 m in the afternoon
using the SMRP cement. The following morning
the Teftover cement was observed to be quite
hard.” The gauge was connected to the data
logger and overcoring was completed by 8:50
a.m. . The hole bottom was at 11.9 m. Changes

in the bridge output suggested that strain

relief had been accomplished.
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This cement has been found satisfactory for temperatures down to 3°C. No

hardening problems were encountered during the remaining measurements.

. 6.2.2 Analysjs of the Strain Relief Records

A typ1ca1 output vo]tage (strain) t1me curve for overcores 3 4, and 5
is shown in Fig. 6.8. The curve can be broken down into five sections: pre-
test; pre-relief overcoring; strain relief; post-relief overcoring; and post

test.

During pretest, the drf]]ing water has been turnedvon, but driiling has
not commenced. As Fig. 6.8 shows, there is a 1arge change (112 ue apparent
compression) during the first 5 minutes; then the bridge output changes at
a steady rate (rj) with time. For the case shown:

ri = 0.016 mV/min-= 5.1 pe/min* "

This is much higher than the suggested acceptable drift rate of 1 pe/ min

in the instruction manual.

Pre- re11ef overcor1ng beg1ns when the dr1111ng starts and cont1nues to a
point about 8-10 cm in front_of the gauge The curve in F1g 6. 8 departs from
the "typica]"‘curves-in.th 6 5 in that the br1dge output continues to change,
suggest1ng apparent tens1on w1th both t1me and dr1111ng d1stance Because the
drilling proceeded at a constant rate the rate of dr1ft can be expressed 1n
terms of either time or distance. The rate of drift for sect1on 2 (ro) is:

ro = 0.0087 ‘mV/cm = 2.8 ue/cm.

*The conversion from millivolts to pue is 1 mV = 319 ue.
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Strain_re]ief occurs within £ 10 cm of the gauge's center line. The
curve shows a compressive strain as the bit approaches the gauge, tensile
relief during its passage past the gauge position, and then a compressive
rebound. This is very similar to the "typical" cufve shape of Fig.>6.5 as
well as that obServed during the overcoring of the USBM borehole deformation

gauges.

During post-relief overcoring, output voltage, in theory, should not
change with time. Instead, Fig. 6.8 shows the output changing at a constant
rate (r3) with overcoring distance: ' - |

r3 = 0.0145 mV/cm = 4.5 pe/cm.

Finally, in post-test, the dr111 is stopped, but the water is allowed
to run. During-the first 5 minutes there is a considerable change (175 ue),
which is an apparent compresSion;- Then the drift with time continues, but
“in a tensile direction: | |

rq = 0.020 mV/min = 6.4 ue/min.

Two approaches were used to determiﬁe the strain relief. The first
was to 16caté the pbsitioné 15 cm on each side of the gauge.center line.
The étrains at each point were read from the paper -tape record and the dif-
ference was obtained by subtraction. For tﬁe ﬁurve‘shbwnbin Fig. 6.8:

e = 0.99,mV = 316 ue.

For CSIRO 1, each curve was examined, the more-or-less flat portions

prior to and after strain relief were selected by eye, and Ac was calculated.
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The second approach was to inc]udé the effect of "the "apparent ‘drift.
" The drift }ate, both before 6v¢rcoring,(r1) and‘dufihgmffﬂ(e{théf ré or r3,
whichever period was longer) .was ca]cu]éted. The results are presented in’
' Tab]e 6.5. The ca1cu]atth§ u$ed the ayerageAdki1]_rates,_which are also

given..

From the tables and the overcoring records, it is found that:
o The initial drift when turning on the water is typical for

temperature effects on ill-balanced bridge circuits.

o With the exception of overcore 1, the direction of the drift changes

from apparent compression to apparent tension as*dki]]inglbégins.

0 The drift rates during overcoring are very similar for overcorings
. 3, 4,;and 5. They are also much higher than before 0vercor1ng (on a

~average, by a. factor .of 6).

o0 - For overcorings 3-5, all gauges behave similarly until drilling is
completed. The post-overcoring drift varies considerably, as some
| gauges appear to stabilize, while others continue to drift.
0o Overcoring 1 (standard cement) is different from the others
(SMRF cement) in that drift rates during overcoring are

negative (apparent compression) and much lower.

Clearly, the strain records demand further explanation with respect .

to the complicated drift behavior found.
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Table 6.5 Drift rates prior to and during overcoringd.

Drift Rate (ue/min)

Gauge
No. N .
oc 1 oc 3 - oc 4 ocs
Prior  During Prior During Prior During Prior During
1 7.3  -1.0 54 57 61 59 5.7 5.9
2 80 2.0 51 45 6.4 5.0 5.1 5.5
3 8.6 2.1 3.2 48 6.4 4.8 4.5 5.9
4 89 2.2 3.8 43 61 45 3.8 4.8
5 7.0 -1.8 4.8 4.4 6.1 4.6 4.8 5.1
6 7.0 2.4 57 45 6.1 3.6 6.1 3.4
7 80 2.0 51 6.2 5.7 6.0 1.8 5.7
8 8.9 -2.3 3.8 4.6 6.4 4.7 4.8 5.7
9 8.9  -1.7 4.5 6.3 6.1 5.1 4.5 6.6
Avg 8.0 -1.9 4.5 6.1 4.9 4.9 5.5

dNo strain relief was observed for OC 2; hence, results are not ‘included.
Average drill rates were: OC 1, 5.53 cm/min; OC 3, 5.05 cm/min; OC 4,
6.77 cm/min; and OC 5, 6.33 cm/min.
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0ne-exp1anatibn~is in the bridge circuit developed for the data logger.
Unlike conventional strain;indicators, the data-logger circuit is not compen-
sated for changes in cable resistance with temperature. Thus, the drift
observed in CSIRO 3, 4, and 5 may reflect chenges in cable temperature caused

by circulating drill water.

Strain va]uesjcomhbnlybeak;es therdr11]‘passes the gauge center line
because of the'sttess‘conCehtratiOn:arbUnd the bit kerf, but the magnitude'of
the peak in Fig. 6.§'is much greater thanbwou1d be expected from this effect.
An alternative exp]anatton is that large borehole deformations bhokevthe_cement

bond between the cell and the rock.

The consequences of 1gnor1ng'or accepting the peak value are considerable.
The gauge 6 strains, if the peak is ignored, are 258 ue without drift or 26 ue with
drift. If we use the peak Value, these strains are 1034 ue without drift

and 1008 ue with drift.

It is useful to summarize the problems of interpreting the CSIRO data

given so far. The besic ana]ytica1 method described in the CSIRO manual calls
forvtakihg”the ditfehencejbetweenﬂthe bridge outputs 15 cm before and after the
gauge center line; Ne‘question.this abphoach for our data because of the large
drift rate. To solve this problem, we draw para11e1 stra1ght lines through the
pre-relief and post-relief drift curves If these 11nes have a slope angle, o,
and if the y axis separat1on of the 11nes is f " then the br1dge vo]tage change
for strain calculations will be x/coso On one test, CSIRO 5, there is a large
peak at strain relief. We feel this peak may reflect decoupling of the gauge;
thus strain re11ef shou]d be based on-the’ peak va]ue The peak-value strain

relief may be calcu]ated e1ther w1th or, w1thout the effect of dr1ft
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The app11cat1on of these methods to ca]culat1ng stresses is d1scussed

further 1n Sect1on 6.4.

6.3 Biaxial Testing Results
 The cores obtained during the overcoring process were inserted into the
biaxial chamber, and strains were recorded for_2.1 MPa pressure increments from -

0 to 21 MPa and back to 0.

If the rock is e]ast1c, 1sotrop1c, and homogeneous and if the cement—
ing of each overcore is 1dent1ca1 then the s]opes of the curves obta1ned during

biaxial testing from similarly oriented gauges should be identical.

But gaugesvthat should have recbrded equal strain often did not give
equal results. To improve the qua]ity of the field resu]ts; we used a
"calibration" technique, in which the rosette providing the most linear data
is se]ected for ca]cu]at1ng "ca11brat1on factors" relating the b1ax1a1 test
'outputs of the gauges in this rosette with gauges of correspond1ng orienta-
tion. These factors can then be app11ed to the f1e1d overcor1ng stra1ns

This process 1s descr1bed further 1n Sect1on 6. 4

Poisson's ratio can be obtained by plotting the'output'Of gauge'1

against that of gauge 2 as well as gauges 7 and 8.
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Young's modulus can be determined from examining the applied pressure

and the dutpdfs of circumferential gadges 2, 6,"andv8, using thevformula:

E = 5.22x 1072 P/v

where:
E =‘Youhg'§ moduTus (GPa)
p = applied biaxial preﬁsure (MPa)
V = output voltage (mV)

These calculations are based on the following parameters:

' briage vo1tége e 6.04
gauge factor = 2.09
inner diameter = 38.2 mm
outer core diameter = 141.5 mm
gap factor = 1.12

 A.SQmmary 6f'the results of biaxial'testing data is givén in Table 6.6.
Besidesxbroviding'needéd e]éétic'broperty data, the biaxi&] cUrves (a) gfve
an 1ndi¢étidn as tb the Tinearity of the gauge-fdck intereaction, (b) help
to suggest which gduges are most ré]iab]e, and (c) allow a "calibration"

adjustment to be made.

6.4 Principal Stress Magnitudes and Directions

Section 6.2 described two methods of interpreting the bridge output

voltages to obtain strains: (1) the standard CSIRO procedure and (2) a
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Table 6.6 Biaxial elastic property determinations using the CSIRO overcores.

Strain Gauge. Load{L) . Poisson's  Young's Modulus

Overcore. . of Pairs - - Unload (V) Ratio. (GPa) - Linear?
1 1-2 _ L 0.315 Yes
U 0.320 - ~ No
7-8 Lo 0.235 Yes
u- 0.231 : | Yes
2 L » 721  Yes
U o 70.3  Yes
6 L 59.6 Yes
U 59.0 Yes
8 L ; : ' 62.0 ' Yes
U _ , 61.5 Yes
30 S L '0.268 " Yes
U 0.296 . Yes
7-8 L 0.265 " Range
' SR o of 8.3 to
U 0.323 3000 psi
2 L o 1 63.9 Yes
U 67.4 ~ Yes
6 | L | . 53.5 Yes

U ' . 56.1» Yes
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Table 6.6 (Cont'd)

Strain Gauge Load(L)  Poisson's  Young's Modulus
Overcore of Pairs Unload (U) Ratio (gpa) . Linear?
8 L 87.0 No
U 94.1 No
4 1-2 L .0.322 | Yes
U 0.350 . Yes
7-8 L 0.204 Initial
' portion
0.228 nonlinear
2 L 70.90 ~ Nonlinear
' as the
67.1 beginning
6 ' L : 91.0 ‘Very non-
~linear at
U _ 79.3 beginning
8 L | 54.3 Yes
U : 56.9 .~ Yes
5 1-2 L S 0.322 Yes
i 0.350 Yes
7-8 N L 0.205 . Initial
portion
U 0.229 is non-
linear
2 L . 75.4 Yes

u _ 75.2 Yes
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Table 6.6 (Cont‘d)
 Strain Gauge Load(L) -  Poisson's  Young's Modulus :
Overcore of Pairs Unload (U) Ratio (GPa) Linear?
6 L 99.9 - Initial’
portion
U 73.9 is non-
linear
8 L 72.6 Initial
o : portion
U 75.0 - is very

nonlinear




-158-

modified procedure that allows for drift. Section 6.3 described two methods
of applying the biaxial chamber modulus test data: (1) using all gauge data
and (2) weighting thé gauge outputs in faQor of those that appear to be |
working properly. |

Thus, there are four combinations of analyses that can be done:

A = strain changes obtained using the measured strains
at points > 15 cm from the gauge center Tline.

B = strain changes obtained by applying calibration
factors to the "A" strains.

C = observed strain changes when bridge drift is in-
cluded. :

D = strain changes obtained by applying calibration

factors to the "C" strains.
The basic data for calculating principal streés magnitudes and directions for
CSIRO overcores 1, 3,_4, and 5 are given in Tables 6.7 through 6.10. In addition,
a separate analysis of CSIRO 5 has been made in which values for fhe "corrected"
curves (gauges 6, 8, and 9) have been substituted for those. in Tab]e 6-10. These

substitutions appear in Table 6.11.

As indicated earlier, only six values of strain chahge are needed to
solve for the magnitudes and directions to the principal stresses. To assist
in identifying the gauge readings that might be the best, a qualitative
summary of the biaxial and field results has beeh constructed (Table 6.12).
In the calculation of the stresses, the quality of the gauge readings is
evaluated by a computer program'(described in Chapter 5) that compares the
predicted strains according to a least squares fit of all the data with the
actual values and rejects the one‘showing the largest deviation. This is

successively repeated until the minimum number of six values remain.
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Tablé 6.7._ Strain changes during the overcoring of .CSIRO 1 as a .function
‘ of selection procedure and data interpretation.

~ Strain Changés During Overcoring (ue)

Gauge - A B - C D
1 57‘- = b6 - 49 48
2 93 -iO4 160 - 179
3 '108. 119 - 137 151
4 57 - 71 93 .. 116
5 54 42 96 75
6 o “85"" 82 '; 160. 156 |
7 73 74 67 68
8 112 - 168 b. - 172 166
9 83 - 712 : ,105 : 9

A = center line i 15 cm, e
B = calibration factor appljed to A

C = bridge drift included

D = calibration factor' applied to C

Calibr%tion Young's ModuTus ﬁ Pdissbn's.Ratjo
Factor ' (GPa) ’ . v

o 640 0.275

Yes . _64.0 0.275
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Table 6.8. Strain changes during the overcoring of CSIRO 3 as a function of
selection procedure and data interpretation.

Strain Changes. During Overcoring (ue)

Gauge A B C D
1 223 223 - 51 6
2 316 M4 169 184
3 236 206 70 73
4‘ 842 868 689 710

5 526 16 399 369

6 . 1285 1168 1155 1050
7 255 190 71 53
8 380 - 559 216 318
9 309 621 102 205

A = center line = 15 cm

B = calibration faétor applied to A
C = bridge drift included

D = calibration factor applied to C

Calibration Young's Modulus - Poisson's Ratio

Factor (GPa)
No | 60.4 | .288

Yes ' 58.7 .266
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Table 6.9. Strain changes during the overcor1ng of CSIRO 4 as a funct1on of

se]ect1on procedure and data 1nterpretat1on
¢ L

Strain Changes_Dur1ng_0vercorlnggjue)

1 182 170 s T 42
2 166 183 19 2
3 - -7 - 18 _%‘186V: o
4 520 832 783 617 .
5 242 B2 ) 97 133
6 584 749 | - 456 585
7 l66 175 18 19
s a9 29 114 105
9 255 ‘.a, 255 _‘ 120 120

A = center line t 15 cm

B = ca]1brat1on factor app11ed to A

C = bridge dr1ft 1nc1uded

D. = calibration factor app]ied to C
Calibration Ybung's Modulus-. = Poisson's Ratio .
Factor .. v . "GPa o
No - - - 65.7 - o - 0.265

Yes 62.3 _ - 0.265
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Table 6.10. Strain changes during the overcoring of CSIRO 5 as a function of
selection procedure and data interpretation.

Strain Changes During Overing (se)

Gauge A B - C D
1 - 198 198 20 20
2 . . 278 280 113 114
3 26 262 05 104
4 616 456' - 458 339
5 651 602 455 421
6 258 256 126 125
7 450 332 291 215
8 57 57 -102 - =102
9 217 235 ¥ 40

A = center line £ 15 cm’
B = ca}ibration factor applied to A

C = bridge drift included

D = calibration factor applied to C
Calibration Yodng‘s Modulus Poisson's Ratio
Factor . GPa '
No 74.4 - 0.277

Yes 74.4 o 0.277
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‘Table 6.11. "Corrected" strain changes for CSIRO 5

Strain changes Duriné Overcoring (ue)

Gauge _ ,

— : - —c 5
6 1034 1026 1009 1001
8 +~494 494 408 = 408

9 303 328 109 118
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The principal stress magnitudes and directions have been calculated for
each of the four cases (A, B, C, D) for overcores 1, 3, 4 and 5. The "starred"
values for overcore 5 are those calculated using the corrected strains of
Table 6.11. The results are shown in Tables 6.13 through 6.16 and in
Figures 6.10 through 6.14. As can be seen, the choice of technique has a.
great effect on the results. In evaluating them it is most helpful to keep in

mind those obtained with the LuH and USBM techniques.

For case A the magnitudes an& directions of the principal stresses vary
widely even over the short distances between CSIRO tests 3, 4, and 5. The
addition of calibration factors (case B) improves the consistency of results
over the depth range of 10.12 to 11.61 m, but those for CSIRO 1 are still much
lower than the others. This might be thought due to the effect of depth, but
no such effort has appeared with the other techniques. Rather, cement 1 pro-
bably did not allow the full transmittal of strains fo the gauge. The
inclusion of drift (case C), yields directions for overcores 3.and 4 that
are similar to those determined by the LuH gauges, but the direction of
CSIRO 5 is still very different. The magnitudes found from CSIRO 3 are also
very close to the LuH results. The magnitudes suggested by CSIRO 4 are
approximately one-half of those for CSIRO 3 even though the tests are
only separated by 30 cm of hole length. Again, poor cementing may have been
the reason. The use of the calibration factors (case D) seems to improve

the agreement of CSIRO 3 with the LuH results.

As indicated eariler, a "shift" apparently occurred in the readings for

gauges 6, 8, and 9 of CSIRO 5. Results using "corrected" readings and moduli
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13.20

8.78

'Eva]uat1on 6f strain-gauge data for stress determ1nat1ons from
field and laboratory records (X = yes, N = no).
. overcore: 1 “overcore 3 . overcore 4 overcore 5
Gauge . — — — -~ - _
field lab field . -lab field. - lab field lab
1 X X X X X X
-2 X X X X X X
3 X X X X X X
4. X X X X X N
5 X X X X X X
.6 X X X? X X ?
7 X X X X? X? X
8 X X X N X ?
9 X X X N X N?
Table 6.13. Pr1nc1pa1 stress magn1tudes and d1rect1ons for the CSIRO overcores:
Case A.
Over oi(MPa) oZ(MPé)" o3 {MPa)
core Depth v
No. (m) Mag. Dip Bear. Mag. Dip Bear. Mag. Dip Bear.
1 4.62 6.71 -11.2 . 338.6 3.74 -58.5 229.7 3.23 29.0 . 254.9
3 10.12  31.12 0.2 88.7 23.86 6.7 358.7 11.26 83.3 180.6
4 10.44 19.95. - 9.7 115.3 13.36 -23.4 209.5 5.38  64.5 184.3
11.61 42.57 -0.2 322.2 -37.2 52.3 52.8  52.0
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Table 6.14. Principal stress magnitudes and directions. for the CSIRO overcores:

Case B.
Over- ol(MPa) 02(MPa)‘ o3 (MPa)
core Depth . _
No. (m) Mag. Dip Bear. Mag.  Dip Bear. Mag. Dip Bear.
1 4.62 7.03 -14.3 333.7  3.72 74.5 358.5 3.34 6.3 245.3

3 10.12.  27.49 4.3 69.2 26.41 24.9 337.2 10.32 -64.6 348.3
4 10.44 26.64 -10.1 110.2 12.86 -32.1 206.6 3.25 55.9 184.9
5 11.61 33.02 -1.3 146.2 12.82 -33.4 55.3 7.96 56.6 58.3

Table 6.15. Principal stress magnitudes and directions for the CSIRO overcores:

Case C. ,
over- cl(MPa) GZ(MPa) 03(MPa)
core Depth ,
No. (m) Mag. Dip Bear. '~ Mag. Dip Bear. Mag. Dip Bear.
1 4.62 7.42 -17.6 342.0 5.68 -34.8 239.3 5.25 -49.8 94.1
3 10.12 25.24 1.3 75.6 11.84 6.0 345.4 5.78 - -83.8 357.5
4 10.44 11.14 0.7 82.2 6.40 30.0 351.8 0.59 -60.0 353.5
.5 11.61 26.87 - 0.2 137.7 6}00 -35.4 47.5 1.68 54.6 48.0

Table 6.16. Principal'stress magnitudes and directions for the CSIRO overcores:

Case D.
OverQ ol(MPa) oZ(MPa) 03(MPa)
core Depth : : :
No. (m) Mag. Dip Bear. Mag. Dip Bear. Mag. Dip Bear.
1 4.62 7.89 -21.6 330.0 5.70 -49.3  87.5 5.37 - 32.5 45.4
3 10.12 22.60 3.4 72.2  11.37 21.8 340.8 6.38 -67.9 350.5

4 10.44 13.14 0.0 80.5 6.69 28.6 350.5 0.32 -61.4 350.5
5 11.61 20.02 -1.3 139.7 .5.80 -31.4 49.0 1.13 58.6 51.8
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_F1g 6.11 .Principal stress directions for Case B analysis of the CSIRO
 measurements. Numbers 1dent1fy test Aster1sks indicate
““corrected" analyses:



-169-

- Hole direction N
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Fig. 6.12 Principal stress directions for Case C analysis of the CSIRO
measurements. Numbers identify test. Asterisks indicate
"corrected" analyses.
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Hole direction N

XBL82I1-268I

Fig. 6.13 Principal stress directions for Case D analysis of the CSIRO
measurements. Numbers identify test. Asterisks indicate
"corrected" analyses.
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Fig. 6. 14 Pr1nc1pa1 stress directions for the Case D analysis of the CSIRO
overcoring data for measurements 3, 4, and "corrected" values
of 5. Numbers identify test. Aster1sks indicate "corrected"
analyses.
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of 42.0 GPa and 56.4 GPa are shown in Table 6.17. The apparent modulus from
the biaxial tests is 74.4 GPa psi, considerably higher than values observed
from other CSIRO tests as well as from the LuH and USBM cores. Hence, an

average modulus value of 56.4 GPa is considered more appropriate.

The results for the "corrected" analysis of CSIRO 5 are denoted by the
asterisks (*) in the stress direction plots (Figs. 6.10-6.13). As can be
seen in Fig. 6.14, the stress directions for overcores 3, 4, énd 5 now corre-
spond very well. A comparison of these directions with those obtained using the
LuH gauge reveals éood agreement. The magnitudes of CSIRO gauges 3 and 5 are

also in good agreement.

In order to compare the CSIRO and USBM results, the’magnitudes and
directions of the printipa] stresses in the plane of the borehole have been

calculated for cases C (Table 6.18) and D (Table 6.19).

6.5 CSIRO Measurement Summary.

Compared with other overcoring methods, the CSIRO measurements were
more time-consuming, and the strain relief was difficult to interpret.
On the first point, the CSIRQ ce]T required at least 17 hours of curing
time in the hole, making it difficult to conduct more than one measure-
ment per day. For the cold conditions in the Stripa mine, even this length of

time was insufficient for the recommended cement to cure.
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Table 6.17. Principal stress magnitudes and- d1rect1ons us1ng Mcorrected" strain
g changes for CSIRO 5.

gizmpaf_ | oZ(MPa) o - K (MPa)
| Mag.  Dip Bear. 'Mag. . Dip  Bear.  Mag. ~ Dip Bear.
ARG 32.2 - 9.5  89.3 28.1 - 2.1 - 179.6 15.4 -80.3 101.8.

Case

B2 3.0 6.3 48.9  23.4 10.2 140.0 14.5 -78.3 107.5
c@  27.8 10.4 68.8  12.2 30.7 165.1 7.7  -57.3 142.2

2 2.1 9.4 6l.3 9.2 65.2  172.4 3.8 -22.7 147.3
¢ 21.1 20.4 68.8 9.3 307 1651 5.8 -57.3 142.2
2 2.2 9.4 6.3 7.0 65.2 172.4 2.9 -22.7 147.3
3 = 42.0 GPa
bE = 56.4 GPa

Table 6.18. Principal stress magnitudes and directions in the plane normal to
the borehole: Case C.

Principal Stress

Over- (MPa) Direction
core (_)p .
No. P Q (degrees)
1 5.67 . 5.45 37.37
3 24.50 5.85 1.23
4 10.37 2.07 5.98
5 - 7.25 1.88 -28.94
- 58 27.6 8.8 9.5
5b 20.9 6.7 v 9.5
aF = 74.4 GPa
bE = 56.4 GPa
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Table 6.19. Principal stress magnitudes and directions in the plane normal to
the borehole: Case D. -

Principal Stress

Over- ' (MPa) Direction
core B op
No. P Q - (degrees)
1 5.9 5.4 17.6
3 22.2 7.2 4.1
4 12.4 2.0 4.0
5 6.5 1.2 - -29.1
52 26.7 8.1 9.5
5b 20.2 6.2 9.5
af = 74.4 GPa
bE = 56.4 GPa
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Analysis of the strain relief records was hampered by several factors,
such as:
o large drift rates in the gauge outputs,
o apparent decoupling of the gauge from the borehole on some measurements,
and

0 high apparent modulus values.

The high drift rates were thought at first to reflect the curing of
the cement;ahowéver, on re-examination of the wiring of the Qauges and the
data logger, it appeared that the.cables were not compensated for resistance
changes with temperature. The drift thhs may have been caused by the cooling
effect of drill water with on cable resistance. This effeét would not have
arisen with conventional strain indicators. Such strain indicators,'how-
ever, cannot take readings with sufficient frequency to captqré the peaks
observed for CSIRO Measurement 5. The data logger system thus remains pre-

ferred for its ability to sample all gauge outputs with high frequency.
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7. HYDRAULIC FRACTURING STRESS MEASUREMENTS IN BSP-1 AND BSP 2
(T. W. Doe)

7.1 Introduction

| The.second_phase of the Striba stress measurement‘program was to méasure
the in situ stress in the immediate.vfcinity of the fu]]-sca]é.héater'experi-
ment (Fig. 7.1). Two holes for hydraulic fracturing S£ress measurements wére
drilled. BSP-1 Qas vertical and drilled along the cehtervline of the drift to
a depth of 25 m. This hole, 76 mm in diameter, was also used for overcoring
by thenSwedish State Power Board method.‘ BSP-2 was drilled from the.extenso-
meter.drift under the full-scale drift; The hole Had a diameter of 76 mm, was
20 m long, and was used exc]usiQe]y for hydrofracturing.. The hole was.drilled
3° downward from the horizonta]‘td}asSure’that,it would remgin full of‘w§ter

during the hydrofracturing tests.

An acoustic emission experiment was -set.up by Ernest Majer of LBL to detect

the bropagation of the hydraulic fractures and to map their 1o¢ation (Chapter 9).

In addition to provfding daté for comparison with overcoring techniques, the
hydraulic fracturing éxperiments ianSP-l and BSP-2 were'Qeéigned to resolve some
pf the controversies surfoﬁnding the interpretation of hjdfau]ic fracturing results.
The main question coricerns interpretating the records when the borehole is not dril-
led in the direction of the intermediate principa]lstress. If a borehole has been
drilled in the diréction of a principal stress otherithan the intermediate stress,
Zoback and Pollard (1978) have suggested that the fracture will initiate parallel
to the borehole (normal to the intermediate stress) and then rotate to be perpen-
dicular to the least principal stress (Fig. 7.2a). The resu]ting'préssure-time

’ record fdr the fracture should show a decrease in the shut-in pressure with
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Fig. 7.1 Location of stress measurement holes.
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pumping cyc]é. Shut-in pressures for the early cycles would indicate

the intermediate sfreés, and shut-in pressUres'for pumping cycles occurring
after the fracture has rotated shou]d.indicate the least principal stress
(fig. 7.2b)l 'It has been claimed that this method could obtain the complete
state of stress from hydraulic fracturing, and it has been applied by
Haimson (1978) as well as by Zoback et al. (1980). Unfortunately, these
methods have not been'applied Where 0vechring methods have'indepehdent]y
given the complete state of stress, nor have methods been available to
~confirm whether a fracture indeedvchanéed_ifsaorféhtation away from the

hole.

The experiments- in the full-scale drift. area provided an oppoftunity to
test the Zoback-Pollard hypothesis under conditions where all three priﬁcipal
stresses and and their orientations would be known from overcoring and where
the true”posifion of the fracture away from the borehole would be known from

-acoustic emission mapping.

7.2 -Locations, Equipment, and Procedures

Nine hydraulic fracturing stress measurements were carried -out in\BSP-l
over 0.6 m test 1ntervals at.depths.ranging from 2.3 m to'ZO.i mlfrom the full-
sca]e drift. Eight measurements wefe»performed in BSP-2 uéing fhé same test in-
terval over distances from the extensometer drift“walls of 3.8 m to 16,7 m. The

‘locations of the holes and the measurements are shown in Fig. 7.3.

The equipment and procedures for conducting the tests and evaluating
the results were essentially the same as those for the far-field stress

measuremenf work in SBH-4 discussed in Chapter 2. 'A straddle packer system
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Fiq. 7.2 (a) Hypothetical rotatjon of hydrofracture away from borehole.
(b) Hypothetical pressure-time record for test with rotating
fractures. Note Tower shut in pressure for late cycle.
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Fig. 7. 3 Location of stress measurements in BSP 1 and BSP 2. Power Board
overcores. denoted.with "0".
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using two Lynes elements isolated the fracturing zone. The packers were
inflated with a sma]]-diameter high-pressure hose. Above the packers was a l
housing containing pressure transduéers for monitoring both the injection pres-
sure and the packer inflation pressure. For the horizontal hole, sets of
rollers were made to 1ift the packers off the borehole wall, thus elim-

inating unnecessary abrasion to the packer and making the system easier the -
move in and out of the hole. The roller system (Fig. 7.4) was uséd on both

the straddle packer and impression packer assemblies.

"Unlike the measurements in SBH-4,vwe found that we could set the packers
at a low initial pressure and that this pressure would automatically build up
along with the injection pressure to maintain the seal. The SBH-4 used carbide
grit embedded into the ends of the packers, and we feel that the grit prevented
adjustments in the position and shape of the packers that would have allowed
them to respond to the injection pressure. The packers in the BSP holes did not
have these grit inserts, and the pressure in the packers readily adjusted to the

changes in the injection pressure.

A typical pressure-time record is shown in Fig. 7.5. It is similar to the
pressure-time curves of the SBH-4 work, except that we added a long, fast pumping
cycle to extend the fracthre as far as practicable. If the hole were not oriented
in the direction of the intermediate principal stress, this extension would ensure
that the fracture would be propagated far enough from the b&reho]e to change its
orientation. The shut-in pressures before and after the fast pumping cycles were
expected to reflect the change in fracture orientation. The rate for the fast
pumping cycle was 4.5 liters pér minute, the capacity of the air-driyen, positive-

displacement pump. In contrast to this rate, our first and second breakdowns
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Fig. 7.4 Photograph of roller system used to keep packers from rubbing walls
of horizontal borehole.
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were performed‘at about 1 liter per minute. The slow pumping cycle for deter-

mining the fracture re-opening pressure was run at about 0.25 1/min.

7.3 Stress Magnitude Results

The breakdown‘and shut-in pressures and the stress results are given -in Table
7.1. The stresses were calculated using the formula given in Chapter 2. The mini-
mum stress normal to the hole is based on the first shut-in pressure; the absolute
minimum stress is based on the shut-in pressuré determined in a slow pumping cycle
after the fast-cycie. In contraét to SBH-4, the shut-in pressures decreased with
additional pumping cyc]es‘in most tests; hence.a determination of thé minumum
stress using Zoback;s hybothesis was possible. The maximum stresses normal to
the borehole were determined from the first breakdown pressure and the tensile -
strength vaIue obtained by Ratigan (1981), discussed in Chapter 2. The area of the
full scale drift was considered to be drained of Water, so the pore pressure tefm~>

was zero.

The magnitudes of the calculated stresses are shown as a function
of hole depth in Fig; 7.6. In both BSP-1 and BSP-2, the stress values do not
vary greatly along the length of the holes. Confidence intervals for the

stress values are mostly within £ 10% of the mean.

The stresses hokma] to -the boreholes calculated for BSP-1 and BSP-2 are
surprisingly similar, even though that the holes are nearly perpéndjcu]ar to

one another. This similarity is discussed in Section 7.5.
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Fig. 7.6 Stress vs. depth: (a) BSP-1, (b) BSP-2.
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Table 7.1. Hydraulic fracturing data for BSP-1 and BSP-22,

Depth -~ : ' v
(meters) Test Py <l Pis SHmax SHnin  Omin
' (MPa) (MPa)
BSP-1
2.3-2.9 1-6 11.7 7.9 4.5 - 26.6 7.9 4.5
3.7-4.3 . 1-5 8.6 8.6 5.5 27.6 8.6 5.5
4.6-5.2 1-9 9.3 7.2 5.0 22.8 7.2 5.0
6.6-7-2" 1-4 8.6 5.2 4.1 17.2 5.1 4.1
11.8-12.4 1-7 7.6 © 6.6 - 22.4 6.5 -
12.7-13.3 © 1-3 10.8 9.7 6.2 28.5 9.7 6.2
18.8-19.4 1-2 9.5 8.6 - 26.8 8.6 -
20.2-20.8 1-1 12.1 7.2 - 20.0 7.2 -
Averageb o 24 .0% 7.6% 5.1%
“ 2.7 1.0 0.8
BSP-2
8-4.4 2-6 12.1 - 8.6 5.2 24.1 8.6 - 5.2
5-6.1 - 2-5 12.1 7.9 - 22.1 7.9 .-
:3-7.9 2-4 11.9 7.7 4.3 21.7 7.7 4.3
.7-9.3 2-8 9.3 7.2 6.0 22.3 7.2 - 6.0
2.5-13.1  2-3 12.1 8.3 6.1 26.9 8.3 6.1
3.8-14.4 2-7 10.7 7.6 6.9 21.0 7.5 6.9
4-9-15.5 . 2-2 9.7 7.6 5.4 23.4 7.6 5.4
16.7-17-3 2-1 12.1 6.2 - 16.9 6.2 -
AverageP ’ 23.3% 7.6% 5.7
' 1.9 0.5 0.7

aNumber on shut in pressures refer to initial pumping cycle and final pumping |
cycle. Hmax and Hmin refer to stresses norma] to borehole axis and not
necessarily horizontal stresses.

bGiven with 90% confidence interva]s;
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7.4 Orientation
The orientations of the hydrofractures at the boreho]e wall were obtained

using Lynes 5.7 cm (2 1/4'inch) 1mpress1on packers Since‘the hb]es were
- short, we felt a compass was unnecessary and used scr1bed tub1ng to orient the
packer. Each tube length carried a scribe 11ne mach1ned on each end. The scribes

were a11gned with one another as the tubes were p1aced in" the ho]e For the ver-
tical hole, BSP 1, a 11ne was pa1nted on the f]oor of the full- sca]e drift a]ong
its axis. A rod about 1 m 1ong was p]aced in a ho]e dr111ed a]ong the scr1be in
the top coupling of the tubing. A]]gnment of th1s rod w1th the 11ne on the dr1ft

floor was used tovOrﬁent the.packer scribe w1th reSpect to the drift’ ax1s.

We used the'same scribed'tuoes'tor.the horizontal hole, BSP-Z.n Rather
than use a scribe line on.the drift}wa]]s we inserted a pin with a flat plate
attached into the,ho1e atvthe‘end‘of the tubtng. ‘A bubbie 1eve]hwas_p1aceo on
the plate and rotated until horiiontal' Thus thevpin and-the packer scribe-nere.
vertical.for each test (Fig 7‘7) The 1mpress1on packer assemb]y was equ1pped
with rollers to keep the packer from rubb1ng the wall of the borehole and damag1ng
the 1mpress1on F1gure 7.8 shows a typical impression packer as it was removed
from BSP-1; the fmpression has been traceo with paint to makelit nore visibie..
Figure 7.9 shows the orientation of the hydrofracture planes at the boreho]e wall
for the vertical hole, BSP 1, and Fig. 7.10 the orientations for the horizontal.

hole, BSP- 2

The fracture orientations in BSP-1 are strongly aligned parallel to the

axis of the full-scale and extensometer drifts, and thus agree closely in
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~ Impression packer from BSP-1 showing hydraulic fracture trace;

Fig. 7.8

fracture has been highlighted with white paint.
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XBL 8212 - 12486

Fig. 7.9 Lower hem1sphere stereographic prOJect1on of the hydrofracture
planes in the vertical borehole, BSP 1 Ident1f1cat1on numbers
are given for ‘each test ' : o
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XBL8212- 12487

Fig. 7.10 Lower hemisphere stereographic projection of the hydrofracture
- planes in the sub-horizontal hole BSP-21 Identification numbers.

given for each test. Case 1, ' parallel to BSP-1, o parallel

BSP-2; Case 2, 3 parallel to BSP-1, , parallel BSP-2; Case 3,
principal stresses parallel to neither hole. ' '
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orientation with the maximum principal stress direction determined by the over-

coring measurements.

The fractures created from BSP-2 are generally subhorizontal with a shallow
dip towards the extensometer drift. A few fracture planes are nearly perpen-
dicular to the mjnimum principal stress»directidn as determined by the LuH cell
in BSP-3. Since the_fractures are_ngar]y horizonta], they are fo]}owing the plane
that contains the directions of the boréholeﬂaxjs'and_;he maximqm principal stress

as determined by the overcoring measurements and the hydraulic fracturing in BSP-1.

The results of the ‘impression packer surveys in BSP-1 and BSP-2 suggest
that the borehole axis strongly affects the orientation of the fracture, as
most fractures are coaxial with boreholes. The measurements are consistent
betweén BSP-1 and BSP-2 in that both p]angs contain the:djrectioniof maximum
principa] stress, which,pverc@ring,measurements 1ndicat¢ ig,rodgh]y parallel
to the axig'qf:the_fujlfsca]e drift._xC1¢§r1y,lhowéygr, it is not_possib]e |
for both the BSP-l_and,the BSP-Z,fractures to be perpendicular to the minimum

stress, particularly in the area beneath the full-scale drift.

7.5 Discussion of Resulfé

The overcoring results indicate strongly that the maximum principal
stress is aligned with the axis of the full-scale drift and is nearly hori-
zontal. The orientations of the hydraulic fractures support this conclusion,
as the planes of the hydrofractures of both BSEfl and BSP-2 contain thgvmaxi-
mum stress directjon._ One can therefore conc]ude that the plane containing
the two,borehq]esvis normal to the maximum stress and contains the diréctions

of the intermediate and least principal stresses.
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Having determined that the maximum principal stress is normal to
the plane containing BSP-1 and BSP-2, let us consider how the intermediate
and least principal stresses lie within that plane. There are three possible

stress configurations (Fig. 7.11).

The fifsf possibi]ity is that-the‘intermediate and least principal
stresses are‘equall If this were the case, the first shut-in pressures
méaSQred'in BSP-Zvahd BSP-3 should be equal, but thefe should not be a
'ééEOnd shuf-{n présshre for either hole. As there are clear second shut-in
pressures -observed in both holes, we can dismiss the hypothesis that the

lesser principal stresses are equal.

The second possibi]ity (Fig. 7.11; Cases 1 and'é) is thdt the intermediate
and least stresses are unequal in magnitude and parallel to the tWo holes.
This stress condition should give first shut-in pkessurés that are unequal,
and the 1argek shut-in pressure should be recorded in tHe ho]e drilled parallel
to the least stress and normal to the intermediate stress. This hole should
also show a second shut-in pressure equal to the first shut-in pressure
measured in the hole drilled normal to the least principal stress.r This
hypothesis can also be dismissed as inconsistent with the fier dafa, és
both BSP-1 and BSP-2 have clear second shut-in pressures and the ffrst

shut-in pressures in the two wells are equal.

The third possibility is that neither hole is parallel to a principal stress
(Fig. 7.11,'Case 3). In this case,'two_shut-in pre§sures should be measured in
both ho]és. The first would reflect the stress normal to the fracture and the

second would reflect the minimum principa] stress. This hypothesis is consistent
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Casel

O, vertical
, .

O3 horizontal 2l

Case 2
Oo horizontal
O vertical ,

o
2}45° to
Oz vertical

XBL 834-1760

Fig. 7.11 Possible stress conditions between full scale and extensometer
drifts. Case 1, 5 parallel to BSP-1, 5 parallel BSP-2;
Case 2, 3 parallel to BSP-1, 5 parallel BSP-2; Case 3,
principal stresses parallel to neither hole.



-196-

with the field data, which did exhibit two shut-in pressure values for each
hole. Furthermore; if the intermediate and least principal stress directions
are oriented 45° from the borehole directions, the first and second shut-in
pressure values measured in BSP—l should be the same as those measured in

BSP-2. Such correspondence between the two holes was indeed observed.

The hybothesis that the intermediate and least principal stresses are
oriented at 45° to the directions of BSP-1 and BSP-2 can be checked by éa]cu-
1ating the values of thé intermediate and least principal stresses and comparing
the results with the stresses measured by overcoring. The least principal stress
can be taken as the second shut-in pressure, and the intermediate principal stress
can be calculated as follows. The stress, o, normal td the hydrau]ic fractures
generated in the two boreho]és is equal to the first shut-in pressure and can be
related to the intermediate and least principal stresses by

o = o sin?e + 03 cos? 8

where op ‘and o3 are the intermediate and least stresses and 6 is the angle
between the direction of o and 0p.  The-average first shut-in pressure, o, is

7.6 MPa,: and the average‘setondfshUiFin pressure is 5.4 MPa. For 6 = 45°,

o, _ o - 7.6
2= ———'=g, = - 5.4
© sin% 3.“ 0.5

9.8 MPa

This value of op compares well with those obtained with the LuH gauge in

BSP-3 (9.2 MPa) and by the Power Board (10.0 MPa) in BSP-1.
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Thus the pressuré records and the fracture orientations support this inter-
. pretation of the stress field: the maximum stress is normal to the plane of the
boreholes, and the .intermediate and least stresses are oriented about 45° from

the boreholes.

This interpretation only shows that the intermediate and least stresses are
at 45° relative to the boreholes; it does not indicate which stress has which of
the two possible orientations. The orientations of the minor stress'couid have
been determined from acoustic mapping of the orientation of the fracture, but the

acoustic work (Chapter 9) was unable to locate the events with sufficient accuracy.
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8.0 STRESS DETERMINATION IN THE LULEA DRIFT
(B. Lejon and H. Carlsson)
8.1 Introduction
Stress measurements were conducted in the Lu]eg drift as part of a
pilot heater test program conducted by the University of Lulea. Although

the results have been previously reported (Carlsson, 1978), they are included
here for two reasons: (1) the data are valuable for comparison with the stress
results from the full-scale dfift area; and (2) a minor error was discovered
in the compgten’program used to réduce the previously reported results. The
error affecfed only the orientation data. The mean orientation of the stress

data remain unchanged, but the Tatest calculations have reduced the data scatter.

The Leeman cells used in the measurements were manufactured in South Africa.
The design is;a,prédecessor of the LuH Qauge described in Chapter 4. The Leeman
cells differ from the LuH gauge in the following wayS: |
o Use of 3-component strain gauges
0 Overcore.diameter of 32 ﬁm

.-0 Less effective methods of-hole cleaning.

8.2 Description of Tests

Carlsson (1978) performed a series of 19 stress measurements in a 20 m Tong
hole (location, Fig. 8.1). This subhorizonta] hole had an approximate bearing
of N64°S. In his calculations, geographic north rather than mine north was
chosen as the reference. Geographic north is about 10° east of mine north,

a difference that must be taken into account when comparing results. In
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Fig. 8.1 Location of Lulea drift stress measurements (348 m level).
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the analysis of Carlsson's results, the elastic properties were derived

from axial compression tests (Table 8.1).

The borehole was collared in a diabase dike that ended after 0.87 m. To
check the influence of the dike on the stresses in the granite, the first mea-
suring location was placed at a debth of 1.55 mm.in the boreho]e;. Unfortunate]y,
the diabase again pécurred at 2.05 m. At.2.87 m the diabase ended, aﬁd the gra-
njte‘persisfedT%hrbyghout.the fémainder:of:the borehole. Close to:thefdike, the
granite wasﬁhiéhi&:fréctuFed;'théh madé“itibeOSéiblé tbvpefforﬁ any measurements.
As a fesqit; the second strain measurement was- at 4.411m. The last strain measure-

ment was at of 19.63 m.

8.3 Stress Results

Tab]e 8.2 gives the‘;a]cu]atedfprincipa] stresses. for each location.. Figure
8.2 plots the principal stresses as a function of borehole depth, and the orienta-

tion of the principal stresses is shown in Fig.-8.3.

The mean values for the magnitudes and directions of the principal stresses
over the length of 6.03-16.53 m, initially reported by Carlsson in 1978, are given

with the corrected values in Table 8.3.

-

The biaxial horizontal components, op and og, of the pkﬁncipa] stresses
have also been computed. These are called 'secondary horizontal principal
stresses" and are listed in Table 8.2. The mean value for op is 15.58 MPa;

and for og, 8.68 MPa.

The azimuth of thé maximum principal stress in the Luled hole is close
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Fig. 8.2 Variations of principal stress magnitudes with depth, Luled hole.



203

XBL 8212-12494

Fig. 8.3 Lower hemisphere stereographic projection of principal stress
data from Luled drift. Numbers of test given beside points.
Mean orientations shown by "M" and solid symbols.
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Table 8.1. Mechanical properties of the Stripa granite cores.
(core diameter = 72 mm, length = 180 mm).

Depth Young's‘Modulus Poisson's Ratio Failure Stress
(m) (GPa) o u (MPa)
6.03 59.97 0.19 | 151.39
7.68 56.46 | 0.17 . 140.40
8.53 59.94 0.9 152.50

10.10 61.68 o2 141.40

11.44 © 59.06 0.19 154.70

Avg.  59.42 0.19 148.01
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Table 8.2. Calculated principal stresses (after Carlsson,-1978).

Depth Principal Stresses Vertical Stress | Secondary Horizontal
(m) - (MPa) (MPa) Principal Stresses
, ) (MPa)
0'1 . 02 0'1 O'V OA 0'b
1.55 13.46 6.08 3.92 11.58 616 5.70
4.41 12.28 7.98 2.26 6.02 11.06 5.44
6.03 15.00 5.50 1.80 '4.86 13.37 4.04
6.53  13.86 5.26 ~1.88 6.94 10.24 3.31
7.68 19.36  8.44 4.06 °  11.56 11.88 8.40
8.53 18.58  10.84 316 12.22 14.40 5.9

9.08 27.28 21.38 3.48 17.20 . 23.66 11.29
9.60  23.06 -_’ 12.26 5.18 14.04 15.02 11.45
10.93 28.96 18.30  6.10 10.62 24.63 18.10
11.44  29.80 16.88 10.40 18.26 22.19 16.26
1222 29.52 11.74 6.88 10.68 25.69 1176
13.31 9.78 6.44 3.28 482 987 4.80
13.87 16.96 12.30 5.62 14.62 14.65 5.63
14.37 17.36 13.14 7.26 10.48 15.75 11.51
15.43  16.60 9.42 4.2 11.74 10.62 8.08
16.54 27.50  12.68 10.30 - 11.56 26.70 12.21
17.02 14.18 8.70 3.30 5.98 11.85 8.34
17.83 21.58  6.48 4.08 11.62 14.68 5.86

19.63 13.94 6.98 2.78 . 3.70 13.64 6.36
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Table 8.3. Mean stresses in. Lules drift (Carlsson, 1978, and cornécted).

Principal Stresses Magnitude Bearing Dip

- (MPa)
o 20.0 osesW 31
Carlsson, 1978 o, - 11.4 $32°E 13°
| oy 5.4 N29°E  56°
o] - 20.0 $69°W 24°
Corrected '92 11.4 | S34°E | 23°
o 5.4 - N2O°E 53°
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_to that found in the full-scale drift area, but the direction of the stress is
rotated from the vertical. Likewise, the other principal stresses are skewed
with respect to horizontal and vertical. Unlike the LuH gauge results in the
full-scale area, the orientations do not smoothly change with depth. This
1rrégu1arity suggests tha? the variation in orientation reflects ihstrumentation

variability or small-scale rock heterogeneity rather than larger features such

as underground openings.
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9.0 LOCATION OF HYDRAULIC FRACTURES BY ACOUSTIC EMISSION
(E. Majer)

9.1 Introductidn

Determﬁning principal stress directions in a rock masé by hydraulic frac-
turing requires accerate location and orientation Of the Qenerated fracture.
The uSua]lpractice employs post-fracturing downho]e ﬁeasurements with impression
packers or borehole televiewing equipment. HoweQer, such mefhods do not define
the fracture away from the borehole. Inhomogeneities in the stress field and/or
rock mass may produce a different fracture pattern from the often—assuﬁed sym-
metric double-winged vertical cféck. As- a f{rsf sfep'fnstesting this assumption,
an exper1ment was set up to mon1tor the acoust1c emission (AE) assocﬁated with‘
hiydrofracturing. The exper1ment sought to determine (1) the existente‘ef detec-
tabie_aeoustic emissions asédgfated”with hydrau]ic fracturing; (2) if these
emission existed, their magnitude and occurrence relative to:pressurizatioﬁ;
-breékdown, and fracture propagation; (3) the character of the AE activity (were
discrete events or near-continuous sWarms?) (4) g1ven d1screte events, whether
the signa]-io-hoise ratio was sufficient fb"Qeterm1ne the.event s orientation,
- magnitude, and source chéra;tefistics; and (5)ﬁgﬁven an affirmative answere to
‘ questioh (4) the.number of AE.sensors needed to'app]y’practically these tech-

niques in a hydrofracturing exercise.

9.2 Procedure and Results

A 12-element Yerticel erray of piezoelectric transdqeers was deployed in a
three-dimensional eOnfiguration around one vertical and one“yertica1 and one hori-
zontal hydrofraeture hole (Fig. 9.1). The specificatioeSfof the AE sensors
and amplifiers are given 1n.Tab1e 9.1. These instruments are 1denticai in

gain and frequency to'thOSe monitoring AE activity in the Climax Stock
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Fig. 9.1 Plan view of experimental area showing stress measurement holes
and associated sensor locations. Stations 1 and 3 are emplaced
from the Extensometer drift 5 m below the floor of the full-scale
drift.
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Table 9.1. Specifications of acoustic monitoring. instruments.

ST
A

Columbia 5002 Transducer

- Sensitivity o “13‘pcou1/g

Frequency Response .2 Hz to 10 kHz, % 5%
Resonant Frequency - 50 kHz ©
Capacitancevl_j | o 850,pF
Outpt_Resistanée “' o ‘Z_xi1010>ohm§

Columbia 9021 Charge Amplifier

Source Impedance =~ = Capacitive device, 500 pF max
Charge Gain 100 mV/pcoul (40dB)

Qutput Impedance’ ‘ 125 ohms
Frequency Response © 1 kHz to 10 kHz, * 5%

1 pole rc' filter at 10 kHz

g = acceleration of gravity
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repository, an experiment also in granite using similar array dimensions
(Majer et al. 1981). The coordinates of the stations and of the vertical
hydrofracture in BSP-lare listed in Table 9.2. Experience at the Climax
Stock site with this equipment (Columbia 5002 transducer and 9021 chakge
amplifier) has shown that serious noise problems éan be introduced by
ground loops (the transducers being undergrbund, multiple grounds in the
system can occur). To avoid this problem, the transducers were mounted on
non-conducting material (epoxy discs) before mounting on the rock. The
sensors were mounted in several ways. The "surface" stations (i.e., nos.
2, 4, and 5) were attached to the rock by epoxy cement. Stations 1 and 3
in the vertical borehole were secured with a b]aster compound (Hydrocol).
The remaining stations in the horizontal hole were clamped tightly to the
rock by using a spring arrangement (Fig. 9.2). Because of time constraints
(five 7-hour days}for setup, experiment, and removal), not all of the
sensors could be attached with epoxy cement for the best coupling. Conse-
quently, the besf data (and, in most cases, the only usable data) weré

obtained from the surface stations.

Data were recorded on a.Honeywe11 5600 C 14-channel tape recorder with
frequency response of 300 to 20,000 Hz. Care was taken to properly adjust
and balance all tape recorder channels, yielding a 54 dB dynamic range and
using one channeT as compensation. Uhfortunately, this primary recorder
developed a malfunction after arriving at the Stripa mine, and another tape
recorder with only 40 dB dynamic range (also 5600 C) had to be substituted;
this resu]ted in a substantial degradation of the data quality. Time was
recorded simultaneously on the tape and on the pressure logs, allowing cor-

relation between AE activity and various states of the hydrofracture process.



-213-

[

- Table 9.2. Stripa station coordinates (in meters).

Statiqn X Y z

1 - 315.823 990.576 ~ 345.889
2 320.634  996.587 338.761
3 323.050 1003.999 345.876
4 316.649 1000.704  338.783
5 314.752 997.642 338.758
6 320.800 11000.750 344.300
7 317.950  1000.150 344.500
8 313.500 . 1006.550  344.700
o 320.250 1006. 350 342.350
10 314.850  1004.850 342.350
11 310.110 996.850 342.350
12- 311.500  991.150 382350
BSP-1 . 315.570 992.48 © 343.80-

- 344.30




-214-

Fig. 9.2 Spring-loaded acoustic sensor for use in boreholes.



-215-

Figure 9.3 shows one of the‘larger'events recorded from the vertical
.hydrofracture hole. Although the'signal-to-noise ratio is bare1y adequate,
several significant points can‘be‘noted:‘.(l)ldiscretevevents occur during_tv
the hydrofracture,process; (2)'a11.eventsxrecorded_are similar, i.e., impul-
sfve]y beginning P and S waves (S-P ttnes'giue reasonab]e source distances);
and.(3) time separat1ons between events are enough for us to analyze each
one for 1ocat1on, s1ze, and source type If not for the prob]ems with the
substitute tape recorder, it appears that the data qua11ty would have been

. sufficient'to adequately define the fracture characteristics. .The poor data

'qua11ty was due not to no1se generated by the hydrofracture process, but to

the record1ng 1nstrument

-;Figure 9.4 gives the rate of AE activity versus pumping rate through
breakdown. Note that no AE activity was detected during the-initiai break-
down. The on]y s1gn1f1cant act1v1ty occurred when fast pump1ng (4 5 liters/
minute) was under way From F1g. 9.4 1t a]so appears that AE act1v1ty (or
" rock fracture)'occurred severa1 minutes after pressurization. The threshold
of AE detection was approximately 10-2 g (g = acce]eration of gravity)
at 10 kHz. Most of the-events shown predominate at frequencies near 10 kHz.
If these events fol]ow the sca11ng theories of convent1ona1 earthquake
source mechanics, the s1ze of the fracture shou]d be severa] centimeters in
length. Futherfore, jf AE activity indicates fracture growth, then hydro-
fracturing produces a series of discrete fractures that combine to create a
larger fracture. Thus, even on a scale of centimeters, theylocaT fracturing

- process is a response to the overall applied stress field.
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Fig. 9.3 Seismic record of acoustic event recorded from BSP-1.
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The recorded events typically had shear-wave amplitudes that were large
compared to those of the compressional wave (Fig. 9.2)._ The large shear-wave
amplitude suggests that the source of the activity is shear failure rather
than purely tensile failure, which occurs in principal stress planes and would
therefore have no shearidisp]acement. Pearson (1981) also concluded that the
events most likely to be‘detected during hydrofracture operation are shear
failures induced by increased pore pressure. These shear'events are not on
the same plane as the tensional'fai]ures induced by high deid pressures but
are c]oseiy associated with the.main'fracture. Therefore, by locating the

shear events, the growth of_tne hydrofracture can be traced.

Another indieation-that;theievents‘detected are shear fai]ures from in-
creased pore pressures is the t1me lag between pressurization and the initia-
tion of the events. Severa] m1nutes e]apsed between "breakdown" and the beg1n-
ning of the aceustic emissions. This indicates that a threshold of pressure
must be reached in the formation before shear failure is initiated. This lag
time is undoubtedly a function of fluid volume, permeability, and the stress field.
A careful study of the lag time and the rate of AE act1v1ty may y1e]d important

1nformat1on on these critical parameters

Unfortunately, accurate source locations and fault-plane soTuthns could
not be obtained for most events. Several larger events that occnrred during fast
pumping were analyzed for locations, as shown in Fig. 9.5. The locations indicate
that the fracturing process is'not'symmetrica1 ThiS'asymmetry was'determined from
the S-P times and the f1rst stat1on of arr1va1 Symmetry is usua11y-assumedAin

the hydrofracturing process, but these resu]ts, although somewhat inconclusive
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because of poor data, seem to contradict the symmetry hypothesis. However, as
noted earlier, the wave forms suggest that the events located were the shear
failure events associated with the build-up of pore pressure, rather than the
tensile events associatéd with the initial breakdown. What we may be observing
is asymmetry in the rock properties, i.e., permeability, rathef than asymmetry
in the initial breakdown fracture. ATmost all events occurred in the northeast
side of the hydrofracture hole. That is, station‘2‘was a]ways.the_locétion of
the first arrival (station 1 failed). Although the events appear to line up in
a NE-trending plane, the location data are not of sufficient quality to prove
that the fracture prppagated in this direction; Impression packer work indicated
a double-wing fracture propagation, almost on the axis qf the drift. There were
not enough good data to detect ahy change in first-motion patterns with time,
which would have indicated a fracture "turn-over." The fault plane solution
would also help resolve the questionvwhether shear failure or tensional failure
was detected. Although there was a definite amplitude distribution,

the poor dynamic range prevented calculation of a meaningful b-value.

9.3 Summary ahd Conclusions

Detailed mapping of the fracture procésé was not achieved in this experiment,

but several resu]ts_are noteworthy.

(1) If the lack of AE activity during breakdown is characteristié,
the initial breakdown represents (a) one large crack with frequency
content much less than 1 kHz, (b) a slow (aseismic) process of crack
growth, or (c) a radiation of energy too hﬁgh jn frequency to detect
with our 20 kHz bandwidth tape recorder, i.e., the signal from the

crack tip in a tensional failure is on the order of 100 kHz.
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(2) ‘0; the basis of both the strong S-wave generation relative to P-
- wave amplitude and the time history of AE response, it appears that
tﬁé observable AE activity is due to shear failure from resulting

from pore pressures generated by the fluid injection.

(3) The AE activity siowly builds durihg fast pumping after pressdr-
_1zafion'pumbing to a more or 1e§s constant level. Thisblag time
may be a function of.berméability, in that all the permeable
cracks may have to'bé pnessurized.before significéh; fracture
activity occyrs} Other -evidence for this may be in the faster
,décay of activity after.pumping is stopped but as shut-in pressufe
is held. It is not clear how to scale the time coﬁstant with the

size of the fracture produced.

(4) The determination of hydrofracture growth and 10cation.details by
seismological methods appears quite.feasiﬁle. If not for the
time and equipment constraints on this project, the data qua1ity
would probably have allowed the location and characteristics of

jndividua] fractures to be calculated.

(5) The few source locations determined are consistent with data from
the impression packers, but with the major fracture propagating'in'

an asymmetrical fashion mainly in the NE direction from the hole.

It is hoped that an experiment similar to the one described here can be

carried out again. However, several modifications to the proceduré should be .
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made. The data should be recorded digita]ty with at least 12 bits of resolution.
Also, the lower band edge should be reduced to 100 Hz. = If the initial breakdown
is generating lower frequency signa1s (100 - 500 Hz), they should be detected
with cbnventiona] high frequency geophones. It is important, though, to retain
the high frequency content of the sjgﬁa])(lo to 20 kHz)bin prder to'completely
characterize the fracturing proceee. 'Retainjngbhigh frequencies, HeWever,

limits the distance at which detectoré can be placed from the hydrofracture‘hole.

" A new instrument may be needed.

Ideally, one would like to monitor the hydeofractﬁring process from the
same hole as the fracture. This expefiment indicates that the noise problems
associated with acoustically monitoring the hydrofracture from the same hole-
are not insurmountable. It appears quite possible to_deve]op a sonde that
that -would co]TeCt wjdefband, thfee-cemponent date teneath the hydrofracture

~zone. Each component would be a sma]]\érray of sensors tuned to detect signals
from the rock formation and ignore unwented signals from the hole (1.e;, hoise

from pumping, tube waves, etc.).

If successful on a small scale, this techno]ogy might be expanded for use
with massive hydrofracturing in cqmmercia1 app1ieations. Determininguthe hydro-
fracture path seems to be ef critical importence, not only for understanding
stress measurements but fof determining the success of wei] stimulation operations.
With the recent advence of in-field seismic processing and high-speed, low-power-
consumption computers, now is the time to'bring all the techniques of fracture
characterization in earthquake seismology to beaf upon the problem of hydrofracture

monitoring.
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'10.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
' (T. W. Doe)

10.1 Introduction )

This.chapter summarizes and draws conc]usions from the stress measurement
data discussed in the preceding'chaptekg; The conclusions can be related to
the following key questidns: |
0 How do the overcoring and'hydrau11c fracturing data compare in SBH-4
in the undérground area, and what is the state of stress at the depth
of the test facility (348 m)?
0 On the basis of these results, what recommendations can be made concerning
the design of stress measurement programs and the procedures to be used

ét waste repository sites?

10.2 Comparison of the Far-Field Hydrofracturing and Overcoring Results

Two bases for comparing the results 6f the overcoring and hydraulic
fracturing have been used in this report: the orientation of the maximum
horizontal stress, and the magnitudes of the maximum and minimum horizontal
stresses at a depth of 320 mvin the SBH-4, the depth of the test facility.

The horizontal stresses are used for comparison because the hydrofracture test
méasufes mainly the stress components normal to the borehole. The stress magni-
tude at the test facility depth has been determined by interpolation of a linear

regression of stress versus depth.

The data for the orientation of the maximum horizontal stress versus
depth are shown in Fig. 10.1. The mean orientations of the maximum hori-

zontal stress directions are N83°W for both techniques. The 95% confidence
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Fig. 10.1 Orientations of maximum horizontal stress versus depth as
determined by hydraulic fracturing and overcoring in SBH-4.
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levels for the means are both about % 20°; thus one can conclude that the
correspondence between the overcoring and hydraulic fracturing is quite good.
The confidence interva1s could have been improved to about * 15; had more than
20 measurements been made. Further jmprovemént in the statistics with larger
numbers of measurements is probably not practical because of cost and fhe |

lack of suitable test zones.

The magnitudes of the horizontal stresses for the overcoring and the
" hydrofracturing agree closely (Figs. 10.2 and 10.3). The hydraulic fracturing
has somewhat better confidence intervals than the overcoring, particularly for

the horizontal minimum stress, but both metﬁods provide estimates for the mean

stress values at the depth of the test facility within = 20% or better. At this

depth, the regression values are:

OHMax 9HMin
(MPa) - (MPa)
Hydrofracturing o 22.1+ 2.1 . 11.1% 0.8
(first breakdown method) v
Hydrofracturing ' 16.3 £ 2.2 11.1 + 0.8
(second breakdown method)
Overcoring | 25.4 + 2.9 12.1 £ 2.4

The standard errors of estimate for all the measurements and the confidence
intervals for the regression slopes are as high as * 50% for the magnitude

data.

_ The-]arge standard errors of estimate and fhe-]argegéonfidence 1htervals
for the slopes of fhe regfession lines shbw that reliable predict{ons of the
in situ stresses‘at depth cannot be made either on the basis of a few measure-
| ments or by extrapolating the results of a set of measurements taken at shallow

depth.

N~
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Fig. 10.2 Magnitudes of horizontal stresses determined by hydraulic
fracturing in SBH-4. Curved lines are the 90% confidence
intervals for the ordinate to the regression line. Large,
open data points are the values of stress at the depth of . the test
facility as predicted by the regression. Error bars on either
side of the open points are equal to the standard error of -
estimate.
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Fig. 10.3 Megnitudesﬂof’herizonta1 stress determined by’dVefcofing in
SBH-4. Triangles are maximum horizontal stress, circles are
minimum horizontal stress. See Fig. 10.2 for explanation.
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10.3 Comparison of Near Field Overcoring and Hydraulic Fracturing Results

10.3.1 Measurements in BSP-1

The stress measurements in BSP-1 by hydraulic fracturing andvovercoring_in
BSP-1 agree well with one another, barticu]ar]y in the magnitude and orienta-
tion of the maximum stress. Figure 10.4 shows the orientations of the principal
stresses obtained by overcoring and the orientation of the hydrau]ic‘fracture
impressions at the borehole wall. The hydrau]ic‘fractures‘afe mostly vertical
and striking parallel to the maximum principal stress direCtion obtained by
fhe overcoring. The data agree strongly that the maximum principal stress

direction is oriented parallel to the axis of the full-scale drift.

For the overcoring, the intermediate principal stresses are oriented
of f the vertical an aVerage of about 60°. The minimum principal stresses
are within about 30° of the horizontal. There is little discernible trend to

the changes in orientation of the minor prihcipa] stresses -with depth,

The magnitudés of the stresses calculated by-hydraulic fracturing and
overcoring do not vary systematically along the borehole. This was expected
from the calculations of Chan et al. (198l), which showed that the stress in
the full-scale drift did not strongly affect stress orientations aldng BSP-1,
and that the stress concentration due to the drift decreased rapid]y within the

first few meters of the hole (Fig. 10.5).

The magnitude of the maximum principal stress agrees well between the
overcoring (24.0 MPa aVerage) and the hydrau]ic'fkactdring (24.2 MPa); however,
the hydraulic fracturing results are more consistent, having 90% confidence

intervals of £ 2.7 MPa against = 5.0 MPa for the overcoring.
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XBL 8210-2971

Fig. 10.4 Lower hemisphere stereographic projection of the hydrofracture
planes and the principal stress directions determined by over-
coring in the vertical borehole, BSP-1. Identification numbers
are given for each test; o - triangle, op - square, o3 - circle.
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Fig. 10.5 Stress distributions around the full-scale and extensometer

drifts, as predicted by boundary element calculation based on the
far-field stress results (Chan and Saari, 1981). -
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The minimum horizqnta] stress determined from the eer]y time shutfin
pressure and the minimum stress determined from the*iate time shut-in’ pressure
do not correspond well with the values determfned by ovefeoring; The average
value of the minimum seCoﬁdary stress determjnedfby ove?ebring is 4.8 + 1.1 MPa
compared to 7.6 + 1.0 MPa for the hydraulic fracturing. The minimum stress
determined by hydraulic fracturing was 5.1 + 0.8 MPa compared with 3.4 + 1.3

MPa for overcoring.

The lack of correspondence of the lesser stress magnifudes between fhe.‘
overeoring and hydfaulic fracturing would not greatly affect calculations of
stress ratios, nor would it strongly influence desighyStrategies were Stripa
an actua] repository. But, if we assume the overcoring data are correcf,ian
the analysis based on hydrauiicnfracturing records in a case where the 1essef-

stresses are not coaxially oriented with the borehole may give stress values

that are too high.

10.3.2 Measurements in BSP 2 and BSP 3

BSP- 2 and BSP .3 were hor1zonta] holes drilled under the full-scale
drift from the extensometer drift. BSP-2 was used for hydraulic fractur-
ing and BSP-3 for overcoring using the USBM, LuH triaxial cell, and CSIRO
triaxial cell. Numerical models of the full-scale drift area'prebered by
Chan et aT. (1981) based on the SBH-4 measurements showed that a rotation
of the principal stresses should be found along the hor1zonta1 "holes (F1g
10.5). ThlS rotat1on is related to the presence of the exper1menta1 dr1fts o
In the first few meters of the holes, the calculated minimum stress iSadirecied
towards the free surface of the extehsometer drift wall. As the hole passes
under the fu]T-sca]e drift, the influence of the drift floor becomes more pro-

nounced and the minimum stress rotates to become vertical.
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Table 10.1 Average values of principal and secondary}stresses at Stripa.
Values given with 90% confidence interval. -

Principal Stresses

Secondary Stresses?

Power Board

. (MPa) (MPa).
% % . 93 %Max Min °Ax
SBH-4P - - - 22.1¢2.1 11.1x0.8 -
Hydrofrac _
SBH-4P - - - 25.4¢2.9 12.1t2.4 -
Power Board
BSP-1 - ' - - 24.0£2.9 7.6x1.0 5.1£0.8
Hydrofrac : '
BSP-1 - 24.2%5.0 10}011;9 1.9£1.6 23.04.5 4.8+1.1 9.5t0.8
Power Board .
BSP-2 - . - - 22.3t1.9  7.8+0.5  5.7%0.7
Hydrofrac ‘ S
BSP-3 : 20.8%3.1 9.2%1.1 1.9+1.6 20.2+3.2 4,3x0.7 -
LuH ' .
BSP-3 18.7£5.5 8.0%3.4 2.6x1.2 18.3%6.0 5.1¢3.2 -
CSIRO L -
BSP-3 - - - . 18.3t1.7  4.4x1.2 -
USBM
- Lulea Drift  19.5%2.9 8.0t3.2 4.8t1.2  15.6%2.8 8.7t1.9  10.4%1.9
Leeman Cell ,
V1-150m 27.9%5.0 19.1#5.3 11.4¢1.0 26.0t5.1 18.3%5.9 13.4x1.4
Power Board : o
V1-300m . 22.7%6.3- 13.0%4.0 9.2%2.4 19.7+£7.1 11.7£3.3  13.6¢1.4

a Max and Min are the stresses normal to the borehole, Ax is the stress along
the borehole axis. Ax is vertical except for BSP-2, BSP-3, and Lulea Drift.

D Interpolated values at depth of test facility (338 m level).
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- The average values of the ‘principal stresses are givennin Table 10.1,
and the orientations are shown in.Fig;‘tQ.S. The magnitudes ot the principal
stresses vary along the length of the hole, but,not tqvthe extent predicted
by the modeling. - The maximum principa]estress is consistently parallel to
the axis of the drifts and coincides closely w1th the d1rect1on measured by
the Power Board The intermediate and minor pr1nc1pa1 stresses are nearly.
45° off -the vertical and horizontal directions near the collar of the hole.
As the hole approaches the full-scale drift,_the intermediate stress rotates
toward the horizontat, and the least stress rdtates toward the'uertica1.
This_rotatidh is consistent with the predictions of the boundary element :

model shown in Fig. 10.5.

- The mean orientations of the principai.stresses agree.we11 with those
.measured by the Power Board in BSP-1; however, one would expect'that the
Luleg measurements c1osest to the end of the hole--which is near the center
line of the fu]] scale dr1ft--wou1d be those most closely co1nc1d1ng w1th

the Power: Board resu]ts,_ Instead they, show the greatest divergence.

The USBM borehoie deformation gauge uas used in the_Same:ho1e_as the LuH
cell and CSIRO cell measurements. Unlike the’triaxjai strain cells, the USBM
gauge measures only the stress components norma1 to the hole axis. This dis-
advantage is balanced against the greater rapidity and reliability of the
USBM gauge. Strain-cell measurements and deformat1on gauge measurements
complement one another when used in the same ho]e The straln ce]]s prov1de
‘the three- dimensional 1nformat1on,‘and the deformat1on gauge prov1des the
larger number of measurements necessary for conf1dence in the stress deter-

mination for a site.
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"XBL 8210-2970

Fig. 10.6 Lower hemisphere stereographic projection of the hydrofracture
planes and the principal stress directions determined by the
LuH cell (solid symbols) and CSIRO (open symbols) overcoring in
" the sub-horizontal holes, BSP-2 and 3. Identification numbers
given for each test; triangle - o], square - o2, circle - o3.
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© The results of the USBM measurements are plotted along with the second-
ary stress data for the LuH cell measurements jnﬁFig,_10.7,v_The agreement
is excellent for both magnitude and orientation. The mean secondary stresses

with 90% confidence levels for the means are:

OHmax 9Hmin

(MPa) - (MPa)
LuH 20.0 * 3.3 4.5 % 0.8
USBM gauge 17.5 = 3.3 4.5 £ 0.8 -

- The max imum secondary stress, which is very close to being the maximum prin-

cipal stress, is horizontal for both techniques.

“The CSIRO cell has several pract1ca1 advantages over the Leeman cell, in-
;c1ud1ng the protect1on of the electronic c1rcu1try from dr11]1ng fluids and the
capab111ty of mon1tor1ng the stra1n gauge outputs durlng overcor1ng Its d1s-
‘vadvantagevls that the cements-requ1re 17 hours or more to cure to an acceptable

hardness.

Five‘CSIRO measurements were made in BSP-3. Even though curing times
exceeded 17 hours, the first two measiirements did not appear to be adequately
bonded to the pilot bOrehole walls. Even after switching to a faster curing

| cement for the final three measurements, the gauge values showed an average
‘drift'rate'df about 5 microstrains per miuute before and after the overcoring.
The orientefion andgmagnitude data are calculated using strain data from which
the linear drift has been subtracted. The data, shown in Fig. 10.6, are consis-

V‘teht with the LuH results in bothrorientatiqn,and“magnifudei

The hydraulic fracturing stress measufements in BSP-2 yielded results
comparable to those obtained by overcoring in BSP-3. The fractures were sub-

horizontal and generally coaxial with the borehole. There was a slight dip
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toward the extensometer drift such that some. of the fractures were approximate]y
normal to the minimum stress directions determined with the LuH cell (Fig..10.6).
The maximum horizontal stress-values of the hydraulic fracturing average 24.0 £ 2.7

MPa versus .20.8 £ 3.1 MPa for the LuH cell in BSP-3.

In summary, the agreement between the resu]ts of the overcor1ng and
the hydrau]1c fracturlng for the near-f1e1d measurements is best in the
magnitude and or1entat1on of the max1mum pr1nc1pa] stress A]] the tech-
niques are in agreement that the d1rect1on of the max1mum stress 1s hori-
zontal and para11e1 to the axis of the full- sca]e and extensometer dr1fts

The magn1tudes for the stresses cover a range w1th1n about * 20% of 22 MPa

The values for the magnitudes. of the intermediate and,least‘Stresses
are in general agreement; however -two inconsistencies exist in.the results.
‘The first is the d1fference in m1nor stress or1entat1ons between the BSP-1
Power Board resu]ts and the BSP- 3 LuH resu]ts The magn1tudes and mean orien-
tat1ons are in genera] agreement but the Power Board S 1east stress is or1ented
more towards the extensometer drift, and the LuH 1east stress is oriented more
towards the full-scale drift. The second 1ncons1stency is in. the shut-in pressure
values for the orthogonal holes; BSP-1 and BSP-2. The pressure-time records for
hydrofractures in both holes show two shut-in pressures, and these pressures have
the same values in each hole. As discussed in Chapter .7, the only resolution to
this paradox is that the principal stresses are oriented»at,45’ to the two ho]es,,
Fortuitousty, this interpretation is-consistent with both the orientation and the

magnitude data from the overcoring. - - -
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10.4 Comparison of A1l Stripa Stress Measurements

Stress measurements have now been performed in four: areas of the Stripa
mine, the full-scale/extensometér drift area, the Luled drift (Carlsson,
1978), the far-field area north of the mine (SBH-4);-and in the deep borehole,
V1, drilled 505 m downward from the 360 m 1eve] of the mine (Strinde11 and
.AndersSOn, 1981). The average d1rect1ons and magn1tudes of the stresses de;v
termined 1n each of these areas are shown 1n F1g 10 8 The most str1k1ng |
feature of the data is the d1fference in max1mum stress or1entat1ons between
the underground stress measurements and SBH 4. A]though there is cons1derab1e
scatter in the magn1tude data of Vl and of the Lu]e& dr1ft the or1entat1on of
the maximum stress is cons1stent1y in a NE-SW d1rect1on On the_other hand,
the SBH-4 measurements indicate that the maximum stress is oriented WNW-=ESE,”

a 45° to 60° difference from the underground measurements.

The agreement between d1fferent stress measurements in the or1entat1ons of
the maximum stresses suggests strong]y that the rotat1on of the stresses is rea]

and not an art1fact of the measurements.

The most apparent source of this rotation is perturbation from the mine
itself. The strike of therorebody and the associated stopes s perpendicular to
the direction ofithe stresses measured in SBH-4. -In-the vicinity of the openings,
the minimum stress should be normal to their walls. The resulting streses concen-
tration might cause the maximum stréss to be parallel to the trend: of the workings.
By this line of reasoning, the stréss measurements performed near the mine workings

should show the influence of these stress perturbations.

This explanation is not entirely satisfactory, as stress concentrations

around openings generally die out within a few tunnel radii. The only way
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that the mine's influence can be demonstrated is to prepare a three-dimensional
model of the mine workings; because of their geometric complexity, this would be
a very major undertakfng.‘ éhan et al. (1981)vmade“a s{mplified tWofdimensional
model of the mine Their'plane-strain model ca]cu]atedfthe stress concentrations
as 1f the entlre orebody had been removed as a s1ng]e s]ab These ca]cu]at1ons
showed that the m1ne wou]d have a re]at1ve1y sma]] 1nf1uence on the stresses at

SBH 4 except at shal]ow depths

Another poss1b1e explanation for the stress rotation between the test and far-
field area is that -the changes ref]ect var1ab111ty in the geology and in the e]ast1c
properties of the rocks. An argument against. this hypothes1s is that, in. areas of.
the United States such-as'the Upper Midwest, .the maximum stress direction is very
vcons1stent over areas of: hundreds of square k11ometers Nonetheless,Jthis géo]ogio '
1hypothes1s cannot be conf1rmed or reJected without appropr1ate numer1ca1 ca]cu]a-

t'IOHS.

Stress variabi]ity due to 1oca1 geology would have important implications
- for repository site characterization Stress measurements made in a single
exploration hole m1ght not be representative of the areas where the excavat1on

would take p]ace, SO that several holes might have to be tested

10.5 Recommendations.for Stress Measurement Programs in Hard Rock Sites

On the basis of the work on stress measurement that hasaoeen completed
at Stripa, we conclude that the design of stress measurement programs for nuc]ear
waste repository sites'shouid answer threetbasie’questﬁons:

0 At what stage shou1d stress measurements be done?

0 What methods should be used?

0 How many measurements should be performed?
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Qur recommendations regarding the answers to these questions are given below.

10.5.1 Timing of Stress Measurement in Exploration Programs
and Selection of Methods v

Stress measurements shou]d be performed before the construct1on of
underground work1ngs beg1ns The stress data should be used to determ1ne
whether the stress cond1t1ons are unfavorab]e for the stab111ty of open1ngs and

to determine what measures should be taken to assure proper work1ng conditions.

In the past the de51gn stages of many underground prOJects used assumpt1ons
of stress magnttudes that were based on gravity 1oad1ng alone. For examp]es, He1m S
rule states that stresses should be hydrostat1c and equa] to the stress generated
by the welght of the overburden Th1s assumpt1on is based on the prem1se that
creep w111 br1ng a]l the stresses into equ111bru1m Another grav1ty based pre-
.d1ct1on states that on]y the vert1ca1 stress shou1d be equa] to the overburden |
pressure and that the hor1zonta1 stress shou]d be due on]y to Poisson's effectt
For a Po1sson S rat1o of 0. 25 the hor1zonta1 stress wou]d be one- th1rd of the

vert1ca1.stress.

Predfetions.of’the stress state based on gravity would be in error if
applied at Stripa. - The maximum horizontal stress is at least a factor of
2 greater-than the theoretical gravity-induced value. This condition is
simi]ar.to that observed in stress measurements in the Canadian Shield rocks’
of the Un1ted States (Ha1mson, 1978) Repos1tory des1gn shou]d therefore
be based on actual stress measurements rather than on assumpt1ons of the

stress state based on theory

Stress measurements should be performed as part of ‘the early borehole

exploration of a candidate site;’ Hydraulic fracturing should be comple-
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mented by overcoring measurements from the surface : In-genera] hydrau]ic
fracturing is capable of prov1d1ng suff1c1ent data on the stress rat1os and
or1entat1ons But, in cases where the stress rat1os are 1arge or the
principal stresses are not para]]e] w1th the boreho]e the 1nterpretataon of

the hydrau11c fractur1ng records may ‘be in error.

The goa] of the stress measurement program shou]d be to obtain the

value of the stresses at the depth of the repos1tory These va]ues can be

obtained e1ther by (15 perform1ng a number of measurements at the depth of
$'1nterest or (2) 1nterpo]at1ng the va]ue from 11near regress1on over a range

" of -depths.” In either case the number of measurements will be about the same.
‘As- there ay not be enough su1table test zones in the depth range of 1nterest
one’ may need to use the 11near regress1on approach It is difficu]t to |
’jspec1fy a number of tests requ1red to obta1n a part]cu]ar conf1dence 1nterva]
hoecause the qua]1ty of the est1mate will depend on ‘how the data are_d1str1buted
with respect to depth. A program where the stresses are measured from the
surface to a depth twice as great as the horizon of interest will provide data
with the highest degree of .confidence for designing the underground facility,
.but if that is not practical, tests should be made at least as deep as the

target depth.

The f1rst stress‘measurements--from boreho]es dr111ed from the surface--
can be used to qua11fy a cand1date s1te and to des1gn the 1n1t1a1 shaft and
underground test facilities. Once the shaft is- comp]eted these surface-
hole measurements should be confirmed underground using reliable overcoring -

methods such as the USBM gauge or the Leeman triaxial cell. These may be :



~243-

complemented by hydrau]jé fracturing. Hydraulic fra;turing will be especié]]y
useful if an acousfic experimenf.is péfformed to map the prqpagatjoh of"the
hydrau]icvfracture; Past experienée_has shownbthathavercoring_reSUItS can be
highly variab]é. Causeé of this variability may be‘due to the short ]éhgths”
over which straiﬁs are measured and to 10051 heterdgeneitfes: HydragTic
fracturing,von‘the‘dther hand,‘providesta 1argér sca]e of measurémén£. Aﬁ
acoustic determination of.the orientatﬁon of the hydrauiic fréc£dre éhould be

a re]iab]e ind{catorjbfjfhévplané of the méximum and intermediéte prinéjpé] “

stresses and thus provide a valuable confirmation of the overcoring results.

The Stripa experiments showed that principaT stress directions can vary -
considerably.over hundreds of meters (the distance between SBH-4 and the full-
scale drift). - It is therefore 1mporfant that stress measurements continue to
be carried out as new areas of the rock mass are opened during the development
of a repository, particularly if major variations in rock material properties or

lithology are discovered at- the site.

10.5.2 Required Numbers of Measurements .

In situ stress data--both orientation and magnitude——ére notorious‘for having |
considerable scatter.  Repository designs will most likely use the mean values of
the stress determinations. Given the scatter in the stress’measurements,-itpis
important to have enough~measurements performed so that the confidence intervals
for the means will be marrowly defined. No guidelines for confidence intervals
in stress data currently exfst, however. We suggest.that the-magnitudes be

known within = 10% of the mean and that the orientation of the maximum horzontal
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stress be known within * 15°,

These cdnfidehte'limits are based on the following considerations. A
complete stress aha1}§is ofva repository site cannot be made at.present,abut for
purpoéés of considering the‘requ%fed reliability of the data, one can consider a |
simple case such as the stresses arodﬁd‘$ single tunnel. In general, 1t.is
preferable to avoid having 1argefdifférentiélAStre$ses'in the plane normal to the
tunnel axis. If a granite site had a ratio of the maximum horizontal to vertical
stress dréater than 2.ii1, pbrtiohs‘bf the sidewé]] might be in a state of
tension (Hoek and Bkowﬁ,11980). If the rock is unjointed, tensile failure might
occur, 6?;'if;£hé'rddk is jéihted,'fﬁe joiﬁts mayvopen'to b}ovidé 1ééka§e pafhé
for the waste. The,in situ stress ratio in the.plane normal to the tunnel axis
can be minimized by;orienting the tunnel in the direction of the maximum horizon-.
tal stress... If one were to make an adjustment of the é]ignment of the tunnels to
avoid unfgvorab]e sidewall stress, it would be very.important to know the mean.
direction of the maximum horizontal stress with a high degree of confidence,
perhaps aboﬁt + 15°. Data with coﬁfidence limits approaching 45° would be
virtuai]y_use]ess as the limits would include both the most favorable and least

favorable tunnel directions.

If the confidence intervals for the stress magnitudes are large, the stress
ratios cannot be very accurately defined. For example, if the -mean quimum:and
minimum horizontal stresses at the depth of interest were 20 and 10 MPa with a .
confidence interval of * 5 MPa, the stress ratio could be anything from 1 (hydro-
static) to 5. Conservative]y designing around the higher ratio might entail. -
considerable additional expense in the excavation .and-operation of the repository.
By designing the stress measurement program so as to obtain data with tighter

confidence limits, the stress ratios would be restricted to a smaller range,
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thus allowing use of a simpler, less costly repository design. There. are
therefore important economic reasons for having tight confidence'intervals for
the stress magnitudes, barticu]ar]y since the ratios of the marimum horizontal
stress to the minimum horizontal stress and the vertica]'stress are commonly in

the vicinity of 2:1.

.Using the standard error ot estimate va1ues for the SBH-+4 measurement
and the standard deviation values for the underground measurements, we have
constructed graphs show1ng the var1at10n in conf1dence 1nterva1 with the
number of measurements (Fig. 10.9). For the stress magn1tudes, '20 measure- .
ments shou]d be sufficient to def1ne the mean va]ues within 10% of the max imum
stress va1ue S1nce the 1mprovement in the conf1dence interval is not great with’
additional data points,. perform1ng many more tests does not appear Just1f1ed
Fifteen measurements are sufficient to ‘define the maximum stressvor1entat1on
within 20°, and again therehts little improvement that can be attained with

additiona]’data'pdints.

In general, the underground test data were more consistent than the data
from SBH-4. The recommended confidence intervals should be attainable with ten
measurements by each techn1que for s1tes where the data are as var1ab1e as that

’ of the full-scale drift area.

10.6 Recommendations»for Stress Measurement Procedures

10.6.1 Overcoring Measurements

The use of a data logger to directly record the output voltages of the
strain gauges was found to have advantages over the conventional strain in-
dicator system. The relative ease of reading all the strain data channels

made it easier to record the strain changes as a function of drill penetration
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during the overcoring. The data logger's printer was very useful for providing
a permanent record of the strains.

The USBM gauge and the LuH cell could-be used very easily in the same
pilot borehole, thus allowing two overcoring measurements to be performed

simultaneously.

10. 6 2 Hydrau11c Fractur1ng

The calcu]at1on of the stressesAus1ng‘the~f1rst breakdown pressure and:il
the tens11e strength was found to be 1n better agreement w1th the overcor1ng”
than the ca]cu]at1on us1ng the second breakdown pressure The f1rst break- |
down method has been out of favor for severa] years due to prob]ems 1n f1nd—ﬁ:“.
:1ng an appropr1ate tens11e strength value Rat1gan (1981) has deve]oped d |
statistical fracture mechanics methods for determ1n1ng va]ues of tens11e i

strength, and these have been applied in the Stripa work.

The shut 1n pressures were determ1ned by 1ow f]ow rate pressure bu1]d-
up and sem1 1ogar1thm1c p]ots of post breakdown pressure versus t1me The:

agreement of the two methods was very good

Because of equipment problems, the acoustic emission mapping was not suc-
cessful in accurately Tocating the hydraulic fractures. However, the experi-
ment successfully showed that fracture propagation occurred in discrete, re-
cognizable events that can be analyzed for 1ocation.4The results were therefore

encouraging and the method should be applied where possible in the future.
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