
/ . I 

" 

LBL-15009 ".d..._ 
SAC-44 
UC-70 

SWEDISH-AMERICAN COOPERATIVE 
PROGRAM ON RADIOACTIVE WASTE STORAGE IN 

MINED CAVERNS IN CRYSTALLINE ROCK 
RECEIVED 

LAWRENCE 
BERKELEY LABORATORY 

[Yi'~Y J u 1984 

LIBRARY AND 
DOCUMENTS SE9Ti0N 

Technical Information Report No. 44 

IN SITU STRESS MEASUREMENTS 
AT THE STRIPA MINE, SWEDEN 

T.W. Doe, K. lngevald, L. Strindell, B. Leijon, 
W. Hustrulid, E. Majer, and H. Carlsson 

Lawrence. Berkeley Laboratory 
.. )t\l:Jj)._iyersity of California 

.. L ~ ... -
l.l-~----.......,·· ·Ber}(eley, California 94720 

. ~;~· ·. -

March 1983 
rWO-WEEK-·LOAN COPY 

•, 

This is a Library circulati.~g Copy I 

which may be borro:wed for two weeks. '1-------------------l 

-For ~·personal ret~ntion copy} call 

. Tech. Info.· Division} Ext. 6782. 

Swedish Nuclear Fuel Supply Co. 
Fack 10240 Stockholm, Sweden 

· Operated for the Swedish 
Nuclear Power Utility Industry 

A Joint Project of 

Lawrence Berkeley Laboratory 
Earth Sciences Division 
University of California 
Berkeley, California 94720, USA Cj) 
Operated for the U.S. Department of C 
Energy under Contract DE-AC03-76SF00098 P _:1 

r 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



• 

• 

IN SITU STRESS MEASUREMENTS 
AT THE STRIPA MINE, SWEDEN 

LBL-15009 
SAC-44 
UC-70 

T.W. Ooe, K. Ingevald, L. Strindell, B. Leijon, W. Hustrulid, 
E. Majer, and H. Carlsson 

March, 1983 

This work was supported by the Assistant Secretary for Nuclear Energy, Office 
of Civilian Waste Management of the U.S. nepartment of Energy under Contract 
DE-AC03-76SF00098. Fu~ding for this report i~ administered by the Oftice of 
Crystalline Repository Development at ~attelle ~emorial Institute. 



iii 

PREFACE 

This report is one of a ser-ies 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 Energy (DOE) through 
the Lawrence Berke 1 ey Laboratory. 

The principal investigators are L.B. Nilsson and 0. Degerman for SKBF, and N.G.W. Cook, 
P.A. Witherspoon, and J.E. Gale for LBL. Other participants will appear as authors of the individual 
reports. · 
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1. in Mined Caverns by 

2. Large Scale Permeability Test of the Granite in the Stripa .Mine and Thermal ·conductivity Test by 
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3. The Mechanical Properties of the Stripa Granite by Graham Swan. (LBL-7074, SAC-03). 
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5. Borehole Drilling and Related Activities at the Stripa Mine by. P.J. 'Kurfurst, T. Hugo-Persson, 
and G. Rudolph. (LBL-7080, SAC-05). 

-6. A Pilot Heater Test in the Stripa 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. P.A. 

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

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

14. 1 ay for the Heater Ex eriments at Stri pa by Maurice B. Me Evoy. 

15. 

16. Preliminary 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. 

18. 

19. Fracture Detection in Crystalline Rock Using Ultrasonic Shear Waves by K.H. Waters, S.P. Palmer, 
and W.F. Farrell. (LBL-7051, SAC-19). 
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20. Characterization of Discontinuities in the Stri a Granite~-Time Scale Heater Ex eriment by R. Thorpe. 
LBL-7083, SAC-20 . 

21. Geology and Fracture System at Stripa by A. Okliewicz, J.E. Gale, R. Thorpe, and B. Paulsson. 
(LBL-8907, SAC-21). 

22. Calculated Thermall 
T. Chan and N.G.W. 

Heater Ex eriements at Stripa by 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 
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Validity of Cubic Law for Fluid Flow in a Deformable Rock Fracture by P.A. Witherspoon, J. Wang, 
K. Iwai, and J.E. Gale. (LBL-9557, SAC-23). 

Determination of In-Situ Thermal Pro~erties of Stripa Granite from Temperature Measurements in 
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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 hydraulic fracturing and overcoring stress 

measurements performetl both in a 381 meter deep vertical borehole drilled 

from the surface. and from shorter boreholes drilled around the heater 

experiment drifts. 

Far-field measurements were obtained in the deep vertical hole by 

using the Swedish State Power Board's Leeman triaxial cell and hydraulic 

fracturing. The two methods agree well on the orientation of the maximum 

horizontal 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 conclusions have been reached: (1) 

determination of stress at a particular depth should be made by inter-
r· 

polation of data from well above and below the depth of interest; (2) 

extrapolation of values beyond the depth range of the data cannot be done 

with confidence; and (3) stress determinations should be based on more 

than just a few measurements. 

The hydraulic fracturing experiments were interpreted by using the 

first breakdown pressure and a tensile-strength term. The tensile

strength term is based.on an analysis of laboratory tensile-strength data 

and compensates for the size effect through methods of statistical 

fracture mechanics. 
( 

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 

Lule~ (LuH) triaxial cell, the USBM borehole deformation gauge, and the 

CSIRO hollow inclusion triaxial cell. All the data are in excellent 

agreement that the near-field maximum stress roughly parallels the drift 

and is horizontal. All methods agree on the magnitudes of the stresses; 

The shut-in pressure values and the overcoring results both indicate that 

the intermediate and least principal 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 

emissions were successfully monitored for only one test, which showed 

that the fracture propagated primarily from one side of the 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 tne 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 complementary. 
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Overcoring can indicate where the borehole direction does not coincide 

with a principal stress (such coincidence is an important assumption in 

hydrofracture analysis), while hydraulic fracturing provides a measure of 

the in situ stress on a larger scale'than overcoring. 



1. INTRODUCTION 
( T., W .. Doe) 

1.1 Purposes 

For the past several years, the Stripa Mine in·central Sweden 

has been the site of hydrologic and rock mechanics field· testing to 

evaluate the feasibility of storing radioactive wastes in granitic 

rocks. Data on the state of stress has been recognized as necessary 

for the analysis of the field testing data at the site, and over the past 

two su~mers (1981-1982) we have ·been Carrying out a program of in situ 

stress· measurements by hydrofracturing and a variety of overcoring 

techniques. 

Whi}~ det(:!rmining the state of stress for the .analysis -of the heater 

test data was the primary purpose of these experimental measurements, the 

work a 1 so provided an opportun.ity to compare the results of sever a 1 

techoiques ~t,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 stress measurement techniques. Hydraulic frac-

turing, which has become very popular for measurements at depth, has been 

questio~ed"ove~ such issues as the noncoilinearity of the hole with 

priricipal stress directions, the role of rock t~nsile strength, and the 

interpretation of shut- in pressure records. Overcoring measurements have 

been notorious for a large degre~ of scatter in the data and have been 

challenged over questions about the influence of small-scale, local 

heterogeneities on the results of strain cell measurements. Hydraulic 

fracturing and overcoring have not been carried out in a common borehole, 

nor have many measurements by the two methods been made in the immediate 

vicinity of one another underground. 
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Another purpose has been to develop a measurement data set suf

ficiently large to allow statistical treatment of the uncertainties 

associated with stress determinations. In particu}ar, we wished to 

determine how accurately the in situ stresses need to be known for 

repository design~ and how many measurements must be. made to achieve the 

desired accuracy. 

1.2 Geologic Setting 

The geology and fracture system of the Stripa area have been de

scribed by Olkiewicz 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 ~ntruded into strongly folded leptite 

(undifferentiated metasedimentary 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 Stripa mine was developed to exploit the iron formation, and 

most of the workings follow 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 ~rifts for the Stripa 

experiments were excavated. The experimental drifts lie within the 

footwall of the contact; hence the experimental areas lie beneath the 
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major stapes and other workings of the mine (Fig. 1.1). Figure 1.2 shows 

the surface geology of the granite and leptite, along with the location 

of stress measurement boreholes and the experimental drifts. The granite 

outcrops north of the mine were chosen as the site of the borehole for 

far-field measurements, SBH-4. 

1.3 Stress Measurement Methods Used 

The Stripa stress measurement program employed both hydraulic 

fracturing and overcoring methods. 

The hydraulic fracturing was performed in accordance with methods 

developed by Haimson (1978) and Zoback et al. (1980) over the last 10 

years. A section of borehole is isolated with inflatable packers, and 

the interval is pressurized until the rock fractures. The magnitude of 

the stresses is determined from the pressure at which the rock fractures 

and from characteristics of the subsequent pressure-time record. The 

orientation of the maximum horizontal 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 direction coincides with the orientation of th~ minimum or 

intermediate principal stres~. This usually requires the borehole to be 

ve.rtical to allow one stress to be assumed from the overburden weight. 

If the borehole is skewed with respect to one of these principal stresses, 

interpretation would at best be limited to the stress normal to the hole 

and possibly the minimum 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 fracture is known. It is generally thought that fractures will 

initiate coaxially with the borehole and change orientation away from the 

hole to be normal to the minimum stress. Chapter 9 describes an attempt 

to map the fracture acoustically to determine its t~ue orientation. 

The overcoring methods included the following: The U.S. Bureau of 

Mines (USBM) borehole deformation gauge, the University of Lule! (LuH) 

triaxial cell, the CSIRO (Australian Council of Scientific and Indus

trial Research Organizations) hollow inclusion gauge, and the Swed.ish 

State Power Board deep-hole Leeman triaxial cell. Figure 1.3 illustrates 

the basic configurations of these methods. 

All the overcoring methods determine the stress from the strain 

or deformation of an overcored pilot borehole. The USBM gauge (Chapter 

4) measures the diametral deformation of the borehole, using strain

gauged cantilevers. It cannot measure the complete state of stress from 

a single borehole, but it is rapid and simple to operate. The other 

overcoring methods are 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 

cell (Chapter 3) is very similar to the original Leeman cell. The basic 

procedure consists of bonding three strain-gauge rosettes containing four 

gauges each to the wall of the pilot bore. The University of Lule!'s 

contribution consists of improving the emplacement of the gauges and 

0 
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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 

cell for use in 76-mm holes (the standard NX hole diameter used in most 

site exploratirin). The Power Board's arrangements all6w measurements to 

be made in holes as long·as 500 meters. The £SIRO hollow inclusion cell 

(Chapter 6) puts the strain gauges into a hollow epoxy inclusion that is 

grouted into the rock. Interpretation is similar to that of other 

triaxial cell methods except for adding calibration factors to account 

for the material between the gauges and the rock. 

1.4 Experimental Approach 

The stress 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 381m borehole, SBH-4, was drilled about 300m north of the 

mine (Fig. 1.2). The locations of this and other stress measurement 

~oreholes are given in mine coordinates in Table 1.1. During the dril

ling, the Swedish State Power Board made 17 stress measurements with its 

deep-hole triaxial cell. These measurements were performed in groups of 

four or five at four depths: 100, 200, 300, and 380m. After the hole 

was completed, 16 hydrofracturing tests were performed between 25m and 

369 m depth, with a majority made around the depth of the test facility 

(about 320m). 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 bergspanning, 

11 rock stress 11 in Swedish), was drilled vertically downward from the 

center line of the full-scale drift to a depth of 25m. BSP-2, a hori-

zontal hole, was 76 mm in diameter and 20m long, and was used exclu-

sively for hydrofracturing tests. Hole BSP-3 had a diameter of 150 mm 

and was drilled to a length of 12m for USBM, CSIRO, and LuH traxial cell 

measurements. 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 ~· 

Besides making a simple comparison of the stress values from the 

various overcoring techniques, the underground experiment had the fol.low-

ing objectives: 

• investigating the effect of the hole orientation on the hydro
fracture results; 

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

• investigating the correspondence of the acoustically mapped 
hydrofracture plane with the plane normal to the least principal 
stress, as determined by overcoring. 

Plans called for making the shallowest 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. 

Along BSP-1, the vertical hole drilled downward from the center line 

of the full-scale drift, the principal stress orientations and magnitudes 

varied 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 horizontal 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 o~ in situ stress measurements for predicting the 

behavior of underground openings is widely recognized, but the methods 

have long been the subject of controversy. Besides being generally 

limited to holes only tens of meters in length, overcoring methods have 
\ 

been surrounded by questions as to th~ cause cif data scatter, roles of 

residual stresses, and appropriate scale over which to measure strains. 

The only alternative method for deep measurements,_ hydraulic fracting, 

has gained increased acceptance, but questions remain, particularly those 

concerning noncoincidence of the borehole with one of the principal 

stresses, the role of tensile strength in data interpretation, and the 

determination of fracture orientation away from the borehole. 

The Swedish State Power Board has recently 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 

experiments, we undertook 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 methods of measuring in situ stress in deep holes. Although 

overcoring measurements 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 locat~d approxi

mately 250 m north of the experimental test area at the 348 m level of 

the mine (Fig. 2.1). The borehol~ penetrated only medium-grained granite. 

The collar of SB~~4 at the surface had a vertical mi~e coordinate of 

+29.4. The ~otal de~th was j31 m or +410.4 in mine coordinate~. The 

borehole showed only slight deviation from. the vertical, having a dis

placement of 4.9 m to th~ southwest at 372m depth. The hole w~s drilled 

with a 76-mm diamet~~' double-tube core barrel. The core was contin

uously logged ·for fractures to help identify suitably unfractured te~t 

zones. 

Overcoring measurements were made in gr?ups of four or five every 

100 m in the hole. Hydraulic fractures were mad~ roughly every 50 m, 

with additional measurements below 300 m. 

2.3 Overcoring Measurements 

2.3.1 Background 

Overcoring measurements used the Swedish State Power Board•s 

deep-hole Leeman triaxtal cell. The technique measures the complete 

state of stress from a single hole by overcoring a set of 3 three

component strain-gauge rosettes cemented to the wall of a 38-mm pilot 

hole. Each rosette has an axial, a tangential, and an oblique (45°) 

componen,t. Although the tools and theory of the Leeman triaxial cell 

were developed over 10. years ago (Leeman and Hayes, 1966; Leeman~ 1971), 

earlier versions required dry boreholes and £ould only be emplaced in 

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

an ~nderwater 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) 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. 

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

{3) 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 ·pfocedure repeated further down. The 
bore must be thoroughly washed (about 30 minutes at 2 MPa 
overpressure in a hole 300m 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. 

{4) While the probe is hanging over the borehole, the acrylic glue 
ts 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 
lowered 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. 

{5) 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, liberating 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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CBB 809-11101 

Fig. 2.3 Leeman cell stress gauge. 
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CBB 809-11095 

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 bit, a destressed, hollow 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. Barring complications, one measurement at a 
depth of 200m requires about 5 hours~ including all drilling 
and hardening time. · 

In all, 17 measurements were made at 110, 200, 300, 325 and 380m 

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 340m. 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 measurement 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 

' after relaxation, 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 compression and with external 

hydrostatic pressure. This double calibration checks the linearity of 

the stress-strain relationship 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 observed.J Laboratory 

tests further verify the proper bonding of the gauges to the borehole 

wall. Such calibrations have been carried out on six cores, and ~n 

example of the results is shown in Fig. 2.5. 

Finally, the magnitudes and directions of the three principal 

stresses can be calculated for the core from the measurement data ac

cording to the formulae of Leeman and Hayes (1966). In most cases, 

the rock mat@rial is not quite isotropic, but more or less orthotropic as 

regards its modulus of elasticity and Poisson's ratio. This orthotropy 

could be considered approximately in the calculation of the stresses. 

The simplest approximation, however, is to use mean values of the elastic 

constants in the calculations, as if the material were isotropic. This 

approximation has been made in the pre~ent report. There are, however, 

differences in· the. modulus of elasticity 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 gr~ater 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 
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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. 
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Table ·2.1. Measured primary strains and calculated corresponding stresses. 

Point Compass 
Bearing 

e:long. e:trans. . 045° e:long .e:trans. e:4s· e:long. e:trans_. e:45" ,· 

loB-I Iss 33 36 73 l46 15 112 254 232 25" 
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 -16 31 -2 90 46 134 73 358" 

198-5 30 256 143 -14 -60 29 8 441 199 252" 
199.,-6 108 467 338 . 171 519 770 139 446 387 31" 
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 36 -- 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-,17 123 414 452 129 680 364 125 85 -14 314" 

Vertical Bearing 
Principal stresses stress Sec. stressesa for E 

Point Depth (MPa) (MPa) (MPa) 0Hmax (GPa) v 
(m) 01 02 03 a 0Hmin 0Hmax v 

Io8-1 108.47 . 15.8 6.8 2.3 12.1 2.7 10.2 36" 66 0.18 
109-2 109.72 3.4 1.1 -1.3 1.2 -1.2 3.2 ss· 
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 as· 
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 4:4 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 sa· 
381-17 381.20 30.6 22.6 8.3 19.9 12.5 29.2 as· 

arhe compass was not functioning for the measuring points 300-9 and 303-11. 

baHmax and oHmin.are secondary principal stresses in the horizontal plane. 
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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 300m depth. 

2.4 Hydraulic Fracturing Stress Measurement Procedures 

2.4.1 Fracturing Equipment 

The complete system for hydrofracturing 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 give a straddle interval of 0.6 m. Mounted above the packer assembly 

was a watertight housing containing two pressure transducers, one to 

monitor the pressure 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 cable manu

factured by Advanced Cable Co. transmitted signals from the transducers 

to the surface. 

Water for fracturing was conducted through Hydril l-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 were provided as a precaution against problems 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 not completely deflate. In that event, the second 

inflation line would have blown the water out of the first inflation line 

with compressed air. 
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Fig. 2.6 Schematic of packer system for hydraulic fracturing stress 
measurements. 
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CBB 809-11091 

Fig. 2.7 Photograph of straddle packer system for hydraulic fracturing. 
Foreground: upper and lower straddle packers; background: pressure 
transducer housing. Hytron tubing on reels and ends of Hydrill rod 
can be seen in upper right. 
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Fracturing was accomplished by a Haskell, air-actuated hydraulic 

pymp capable of developing a flow of about 4 liters per minute at.40 MPa. 

It was also used to _inflate the packers io most tests. The pump was. 

equipped with ~n air charged accumulator to dampen the pressure surges. 

In additio~ to ihe pressure transducers down~ole, a pressure 

transducer was mounted in the flow manifold on the surface to serve as a 

back-up in cas~ of electrical failur~ of the downhole instruments. A 

Flow Technologies Omniflow turbine flowmeter was also mounted 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-based strip-~hart recorders--one recording packef pressure, test 

zone pressure, and flow rate and the other recording 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 desired test zones. The fracture tests were conducted from the top 

of the hole down so that the time to remove the packers would be minimal 

had problems arisen. Test zones were selected to be free of pre-existing 

fractures. 

Once the packe~s had .been lowered to the desired zone, they were 

inflated_to a pressure exceeding the expected breakdown pressure. For 

most tests, this pressure was about 17 MPa. Originally 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 zone and packer pressure 

only occurred when we used packers 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 

zone 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 times to observe secondary 

breakdown pressures, and to obtain more shut-in pressure values. 

One test, in which the test zone was slowly 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-in pressure. A typical 

record is shown in Fig. 2.8. 

When the fracturing experiment was completed, 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 equili

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, of 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 separated 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-line hoist included a cable counter to assure 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 fracture and extrusion of the packer rubber into the 

crack. The packer was left inflated during the exposure of the film disc 

in the compass (about one half hour). Retrieving the impression packer 

from the deepest tests took about 25 minutes, a considerable saving 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 impression sleeves were used two or 

three times, and the impressions from each test were painted with dif-

ferent colors as soon as the packer was dry to avoid confusion. Figure 

2.9 is a schematic of the system, which hangs from the tower of vthe drill 

rig in Fig. 2.10. 

2.4.3 Hydrofracturing Data Analysis: Basic Relationships 

Three methods of analyzing hydrofracture data have been proposed. 

The first is the elastic solution based on a hole in an infinite plate 

(Haimson and Fairhurst, 1970): 

where 

0Hmax = 30Hmin - pbl + T - p 

o = maximum horizontal stress Hmax 

OH . m1 n 

pbl 

= minimum horizontal stress = 

= first breakdown pressure 

P ., the shut in-pressure 
Sl 

T = hydrofracture tensile strength 

p = pore pressure 

The locations of Pbl and Psi 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 Psi and T are discussed further in Sections 2.4.4 and 

2.4.5. 

(2.1) 

The second method 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 pressures, so that from Eq. (2.1) the stress formula would 

be: 
(2.2) 
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Fig. 2.9 Diagram of impression packer system. 
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C813 809-11089 

Fig. 2.10 Surface installation of impression packer system. 



Table 2.2. Hydrofracture results, SBH-4. 

F1e d 
Pore 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 PH pbl pb2 (Pbl-Pb2) Ps 0 0 Hmax 0 Hmin . 0 Hmaxa 0 Hmin v 
(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 lo.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 I 

w 18 279.6 2.7 16.1 9.7 6.5 8.0 7.1 17.1 10.8 20.8 10.8 0'1 
17 304.9 3.0 20.0 10.1 9.9 6.6 7.8 12.8 9.6 13.2 9.6 I 

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 

To = 10.3 MPa. 
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1t should be recognized that this formula is applicable.only for 

oHmax ' 2oHmin· -If oHmax = 2 oHmin = 2 Psi, Eq; (2.2) becomes (for 

zero pore pressure): 

or 

hence, the second breakdown would be less than the shut-in pressure. 

Such ratios of oHmax to oHmin are common, and errors in analysis 

could arise if the second breakdown were strongly influenced by such 

factors as pumping rate. 

A third method was proposed by Abou-Sayed et al. (1978) and is 

based on fracture mechanics. Although it is an elegant treatment 

of the problem, solution depends on knowing fracture toughness and the 

size of the critical flaw from which the fracture initiated. Because the 

latter cannot easily be determined, Abou-Sayed•s fracture mechanics 

approach was not used except as a method for interpreting size effect 

data for the tensile tests (~ec. 2.4.6). 

2.4.4 Shut~in Pressure 

The breakdown-pressures were readily determined from the pressure

time records (Fig. 2.8); however, determination of the shut-in pressures 

required some subjectivity. Previous analysts of hydrofracture data have 

used such criteria as the value to which pressure rapidly drops after 

breakdown has occurred or long-term stable pressure values. Both condi-

tions are affected by instrumentation factors, such as the speed of the 
. . 

cha~t recorder, as well as by conditions 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 large at pressures greater than the in 

situ stress and.smaller where pressures are less. The pressure-time 

record should then behave as a two-stage pulse test. The shut-in 

pressure could then be taken as a sharp break in the semi-logarithmic 

plot of pressure versus 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 source of controversy in hydrofracture 

analysis. Tensile strengths generally have been obtained for cores from 

small-scale hydraulic fracture experiments (Haimson, 1978). The holes. 

are typically 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 

mm (1/4 inch) holes, the other half from 15 mm (1/2 inch) holes. Strength 

values were influenced by both hole diameter and the presence 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. Figure 2.12 shows examples of failure on both an intact rock 

and a healed joint. 

Acoustic emissions were monitored for each test to determine the 

onset of failure. Zoback et al. (1977} had found pre-breakdown acoustic 

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 laboratory tests reaffirmed findings by other investigators 

that hydrofracture tensile strength is dependent on size. Since the 

laboratory values are 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 

deterministic fracture mechanics approach to tensile failure of Paris and 

Sih (1965). The second was a statistical fracture mechanics approach 

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 breakdown equation 

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

pb = 
Klc 

(2.3) 
F(Lir)llf[ 

where K1c = critical stress intensity 

L = crack length 
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Table. 2.3. Hydrofracture tensile strength data. 

Hole 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 12.2±0.6 

Ch 1 or ite-quartz jointed 5 17.4±0.9 12 13. 2±1. 7 

Ep i dote-c a 1 cite jointed 5 13 .0±1.2 4 10.8±0.4 

,.------------~--------·---------·- -, 

' 
' 
I 

1 

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 (frOrl) Paris and Sih, 1965, 

Table 7)., 

Grain sizes of the Stripa granite are 1 to 5 mm (Olkiewicz et al., 

1979). Assuming that failure will occur on the larger grain boundary 

cracks, we can use an L of 5.5 mm (0.25 inch). The ratio of the tensile 

strengths for two borehole d1ameters can readilY be obtained from Eq. (2'~3-) 
as ' :r· 

For a crack size of 6 mm, we can use Eq. (2.4} and Tabl.e 7 of Par.is 
--

and Sih to predict size effects in 13 mm and 76 mm holes for a single 
'·. ( 

crack under uniaxial load. Given a tensile strength of 16 MPa for the 

6 mm hole, we get the following tensile strengths for the other hole 

sizes: 

Hole Size L/r F(L/r) T(MPa) ---
311 .0.08 2.84 8 MPa 

1/2 11 -0.5 1.73 13 MPa 

1/4 11 - 1 1.37 16 MPa 

The calculated strengths for the larger laboratory test holes agree well 

with the observed strengths. The strengths of 3-inch holes are then 

calculated as 54% of the 0.25-inch holes; Rummel and Jung (1975} ob~ 

(2 .4) 

served that the ratio in their tests in limestone was about 45%. Whereas 

the failure should be expected to occur on the largest flaws available 

rather tha~ 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 un~ertainties 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 developed an approach to evaluating the hydro-

fracture tensile strength of rock based on Weibull 1 s weakest link model 

(Weibull, 1939). For details of its application to the Stripa granite, 

see Ratigan (1981); a brief summary is presented below. 

Ratigan•s modification to Weibull•s three-parameter model is based 

on the strain ene~gy release rate rather than on tensile stress. The 

model gives the apparent tensile strength, Ta, as 

T = G 1/2 + 
a u 

00 

J -B e dTa 
G 1/2 

u 

where Gu 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: · 

Gu = 110 MPi 

G
0 

(sealing factor) = 0.159 x 10-4 MPa2 - m2/a 

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 suff1cient to effectively reduce the exponential term in the apparent 

tensile strength equation to a negligible quantity. The apparent tensile 

strength used for the analysis of.the Stripa stress measurement data was 

thus the square root of Gu, or 10.5 MPa. 

2.5 Discussion of Overcoring and Hydraulic Fracturing Results 

Many kinds of statistical treatments are possible and an exhaustive 

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 hydraul.tc fracturing are 

made on the basis·'Of the magnitudes and orientations of the vertical and· 

horizontal components of the principal stresses. The~e components are 

referred to as secondary st~esses .. A major reason for usi·ng only the 

secondary stresses is·that hydraulic fract~ring is not a true thr~e-

dimensional technique, and there is general agreement only on the ability 
''. " . . ~ 

of hydrofracturing to measure stresses-normal to the borehoie, whiCh in 

this case is vertical. The secoridary stresses measured by the two 

techniques will be compared using linear regression. Confidence inter-

vals will be computed for the magnitudes of the secondary stresses at a 

depth of 320 m, close to the depth of th,e underground test facility 

(348 m) in the Stripa mine. 
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No attempt is made to separate the effect of instrumental vari

ability from that. of natural variability in the in situ stress field. 

Such an analysis is not straightforward 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 stress fields in either magnitude or orientation. 

Numerical models using uniform far-field stresses and randomly varied 

material properties (LaPointe, 1981) have shown that the variability of 

the rock mass modulus can have a great effect on the in situ stress field 

at specific loiations within the rock. Thus a high degree of natural 

variability in the stresses should not be surprising. 

How many stress measurements should be made is an 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 degree of uncertainty acceptable to the designer and 

operator of a facililty. For this study,! 10% is used as t~e confidence 

interval for predictions of mean stress magnitude, and + 10° is 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 the overcoring measurements are given :in Table 2.1. 

The orientations of the principal stresses are shown in stereographic 

projections in Fig. 2.14. The principal stress -data show a large degree 

of scatter in their magnitudes. For example, measurements-performed in 

consecutive one-meter intervals of the hole may diffe.r by .too%· or ·more in 

/ ' 
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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 overcoring strain gauges or errors by the instrument itself. 

Calibration of the strain-gauged cores in the laboratory, however, would 

seem to limit instrument variability, unless there are time-dependent 

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

The orientation data for the 100 m depth measurements show a con

sistent NW-SE orientation for the minimum principal stress. Two of the 

four measurements even 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 

principal stress is close to 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 380m depth, the maximum principal stress is still hori

zontal, but with an E-NE orientati~n. The other principal stresses are 

sk~wed with re~pect to the horizontal and vertical, the minimum principal 

stresses possibly being oriented toward the mine openings. 

2.6.2 Vertical Stress Data from Overcoring 

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 sfress based on the weight of the overburden. For 

the depths of 110, 200, and 300 m, the measured vertical stress varied 

from 1.5 to,2.3 times the overburden weight. At 380m, the mean vertical 

stress is in close correspondence with the overburden weight. 

The amplification of the vertical stress ov~r lithostatic values is 

consistent with calculations of the effect .of the mine openings on the 

stresses at SBH-4 performed by Chan et al. (1981). Unlike the horizontal 

stress data, the vertical stress has an insignificant correlation co-

efficient with respect to depth such that calculations based on linear 

regression have no statistical validity. This lack of correlation may 

further reflect the influence of the mine ori the stresses. 

' 
2.6.3 Orientation of the Maximum Horizontal Stress from Overcoring 

and Hydrofracturi ng 

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-circular normal distribution, since they 

start repeating with a 180-degree period. For statistical analysis, the 

data are converted to a ci~cular distribution by doubli~g each value. 

This allows the circular normal distribution (also known as the Von Mises 

distribution) and its associated significance tests to be used. 

The mean 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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d = 1/2 tan-1( ~ sin 20/r cos 20i\ 

i=1 i=1 i' 
The normalized vector length, R, provides an estimate of the dispersion 

of the sample and is given by 

R = ( 1/n) [(L sin 26~) + ( r cos 26~ l/
2
)] 

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 sample 

size and the normalized vector length are given. 

The orientations and magnitudes of the secondary 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

condary principal stress is: 

d =·N 73° W ± 20° (n=8). 

R(20) = 0.69 

For the overcoring data, the values are: 

d = N 71o W ± 23° (N=11). 

R(20) = 0.56 
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~ Scale of stresses Rock surface 
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XBL 815-2944 

Fig. 2.15 SBH-4: Secondary principal stresses oa and ob in the horizontal 
plane and the vertical stress oz in relation to depth from. 
Leeman cell overcoring. 
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XBL 8010-7390 

Fig. 2.16 Stereographic lower hemisphere projection of hydrofracture planes. 
Numbers refer to tests (see Table 2.2). 
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Fig. 2.17 Orientations of the maximum-versus-minimum horizontal stresses 
vs. depth. 
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The hydrofracture value is based on all measurements, as is the 

overcoring value, except for those measurements made around the depth of 

100m, which had a strong northeast direction. Confidence limits 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 or.ientations were obtained and that 

the data had the same degree of dispersion, i.e., the same vector length, 

about 30 measurements would have been required for a ~10° confidence 

interval 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 technique 

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 

• I 



.. 

\ 

-55-

facility. Since the in situ stresses have an approximately linear 

relationship with depth, the most straightforward way to obtain the 

needed stress values is 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 suggests that the mine might be having an 

influence on the stress values, regression analyses were performed both 

on the data from 200m depth and on all of the data. Exclusion of the 

shallow data did not affect the stress values interpolated to the depth 

of the test facility 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 stress data and regression lines are shown in 

Fig. 2.18 for the overcoring data and in Fig. 2.19 for the hydrofracturing. 

data. Th~ statistics for the regressions are given in Table 2.4. Three 

measures of reliability 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 regression line 

is a measure of the reliabilitybf an estimate of the mean stress value 

at any particular depth. The 90% confidence bands for the stress values 

are 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: 



-en 
~ 
Q) -Q) 

E -
:I: ..... 
a.. 
ILl 
0 

100 

• 

2 

10.0 

-56-

STRESS (MPa) 
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XBL 8210-2537 

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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STRESS (MPa) 
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XBL 8210-2536 

Fig. 2.19 Magnitude of maximum and m1n1mum horizontal stresses vs. depth 
determined by hydrofracturing. See Fig. 2.18 for explanation of 
S}111bols. 
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Table 2.4. Regression data for hor i zont a 1 stress data vs. depth. 

Standard 
error of 

Slope Intercept Correlation Estimate 
b a coefficient Sylx 

(MPa/m} (MPa) 
Hydrofracturing 

r {MPa) 

(n=16) 

0 Hmax 0.034±.016 11.3 0.70 4.1 

OH . m1n 0.023±.005 2.1 0.91 1.5 

Overcoring 
(n=17) 

0 Hmax 0.072±.026 2.3 0.81 4.8 

OH . m1n 0.037±.021 0.3 0.64 5.5 

ov a 0.40 

acorrelation coefficient fails significance test. 
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Overcoring 
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22.1 ± 2.1 

25.4 ± 2.9 

11.1 ± 0.8 

12.1' ± 2.4 

The stress values used in desig~ of a repository will mo~t likely be 

the ~ean val~es predicte~ for ~given depth; thus these confidenc~ l~mits 

are probably the most impor~ant for design purposes. The confidence 

1 imits are within 10% for the hydrofracturipg data, 12% for the over-

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

The c6rifidence'limits are cur~ed rather than itr~ight lines, a~d 

the tightest co~fideri~e li~its occur for the middle depths. This s~~

gests that a higher degree of confidence can be obtained by making 

measurements over an equal range above and 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 t~e stress 
~ . . . . . •· . -.. ' : f : 

estimate. A l,though we cannot say that performing measurements to 640 m 

in SBH-4 would have increased confidence in the dat9 sufficiently to 

justify the added expense, it is clear that measurements must be made at 

least to the depth of the proposed underground structure, and preferably 

somewhat deeper. 
·~ . -

2.6.6 Standard Error of Estimate 

The confidence intervals discussed in the previous section pertain 

only to the confidence in the position of the regression line and do not 

reflect either the ~ncertairiij of an indi~idual m~asure~ent o~ the 

scat{er of the data a~o~t'ihe~regr~ssion 1ine. The standard error of 

estimate, Syl~~ proVides ~ ~easure of the disp~rsion of i~e data ~~~~{s 
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analagous to a standard deviation. The~ Sylx limits for the inter

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

2.19 for both measurement techniques. 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 of the 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 amplified in the 

calculation of the maximum stress. 

In the overcoring data, the minimum stress has a larger standard 

e~ror than th~ makimum stress. This may reflect the fact that the 

greatest principal stress values were consistently close to horizontal, 

while the other two principal stresses varied considerably in orienta

tion. This variabilitymayhave affected the calculated values of 

the secondary stresses. 

The 1 arge va 1 ues for the standard err·or of estimate show c 1 early 

that a stress measurement program consisting of only a few measurements 

may not be capable of providing reliable i~ situ stress data for reprisi

tory design. 

2.6.7 Confidence Intervals for the Regression Slope 

The 90% confidence intervals for the slopes of the regression lines 

are given in Table 2.4. The slopes are not known with a very high degree 
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of confidence, as all of the limits, except for .. that,of the hydrofractur-
: . . . . ··:. ·. ·~ ' . 

ing oHMin data, are greater than ±35%. Attempts to estim,ate the stress 

values at. depths great~r than.380 m by. extrapolation are clearly subject 

to error. 

2.7 Conclusions 
,. --· 

2.7.1 Agreement of Hydrofracturing and.OvercoringResults 

In comparing the two methods of m~asurement, it must be remembered 

that the true ,state of stress is not,known, c}n~Lthat, there is no 'indepen

dent basis for determini.ng whether either is correct. If the methods 

compare favorabl.>:,.one onlx has more certainty that,,they are providing 

rel iabl.e data. 

The overcoring andhydraulfc fracturing methods have been compared 

mainly with respect to the orient~tion of the secondary principar stresses 

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

draulic fracturing data are interpreted using first breakdown methods. 

The hydraulic fracturing has somewhat better confidence intervals than 

the overcori~g, particularly for the horizontal minimum stress; but both 

methods provide estimates for the stress values at the depth of the test 

facility within ±20% or better. 
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2.7.2 Influence 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 overcoring are consistent with two-dimensional 

numerical calculations (Chan et al., 1981) that show the vertical 

stress exceeding lithostatic values at about 200m depth. 

2.7.3 Analysis of Hydrofracturing Data 

The appropriate tensile strength for calculating the maximum 

horizontal stress can be obtained from laboratory tests, using a sta

tistical fracture mechanics approach to account for the effect of the 

borehole size. The 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 of stress in a rock mass from measurements 

in a single hole. Leem~n's cell contained three 3~component strain gauge 

rosettes cemented to the wall of an EX pilot borehole Each gauge 

rosette was placeo to provide axial, tangential, and oblique strains at 

a point. The changes in the strain gaug~ readings after overcoring are 

used ·to calculate the stress from the formulas of Leeman (1971). 

The values for Young's modulus and Poisson's ratio required in the 

calculations could be obtained from laboratory tests conducted on pieces 

of core or by inserting the core·:c~ntaining the strain cell in a biaxial 

chamber. By monitoring the strain changes as a function of applied 

pressure, one can obtain the required elastic constants as well as a 

check on the gauges. 

The University of Lulea (LuH) gauge is a modified version of the 

original Leeman cell. Improvements have been made in the-hole cleaning 

technique, the installation tool, and the readout equipment. Also, 

four-component strain gauges are substituted for three-component gauges. 

This last modification provides greater redundancy in the strain data 

(only six 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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Fiq. 3.1 Oiaqram of LuH stress measurement qauge. 
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The position of the rosettes within the hole and of the gauges in 

each rosette are shown in Fig. J.2, with the angular values tabulated in 

Table 3.1. 

The LuH gauge is normally overcored with an 82 mm (3.2 inch) dia

meter bit, but, in these measurements, the overcoring bit had a 142 mm 

diameter because USBM gauge measurements were run in the same hole. An 

advantage of the larger bit is ci lower risk of breaking the core during 

overcoring. 

3.2 Installation Procedure 

After drilling the 38 mm diameter pilot hole, the hole is cleaned 

twice with·acetone and dry air, using a compressed-air-driven injector 

designed at Lulea. The strain cell body contains three oval pistons 

whose surfaces ar~ matched to.the curvature of the borehole wall, to 

which have been cemented the three strain rosettes. After the gauges are 

carefu {ly c l·eaned with acetone, a rapid-setting cement ( Schne 11 k 1 epstoff 

X-50, manufactured by Hottinger) is applied. With ~pecial 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 gauges against the wall of· 

the borehole. The pressure is maintained until the cement has cured 

(approximately 45 minutes). At th.is poirit, the initial ·strain cell 

readings are taken. The installing tool is then disconnected from the 

strain cell and removed. Since there is no cable in the hole, a plug can 

be inserted in the collar to prevent the entry of drilling water. 



-66-

y 

Fiq. 3.2 Positions of the strain rosettes in the LuH cell and of 
the individual gauges within each rosette. 
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Table 3.1. Angular orientation bf the . strain gauges 
within the LuH gauge. 

Gauge 8 .f3 
(degrees) · (degrees) 

1 270 90. 

2 270 . 45 

3 270 0 

4 270 135 

5 30 90 
·' 

6 30 45 

7 30 0 

8 30 135 

9 150 90 

10 150 45 

11 150 0 

12 150 135 
i¥·· 

Angle 8 is the rosette position measu~ed clockwis~ with 
respect to the vertical. 

Angle i3 is the gauge orientation measuted clockwise w~th 
respect to. the hole axis. 

._ .. 
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Overcoring now commences. When the proper depth is reached (ap

proximately 20 em past the gauges), the drill is stopped. The core is 

broken off and removed and the installing tool is reconnected to the 

strain cell for, final reading of the strains, using a data log.ger. The 

data logger is designed especially for the LuH gauge and provides output 

readings in strain units on an LED display or on paper tape. The readout 

cable is attached to the strain indicator in a quarter bridge, three-wire 

circuit. The electrical stability of each channel is noted. The mercury 

switch is again attached to the cell, and 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 ce11•s short length and the absence of a cable, 

both a USBM gauge and an LuH gauge could pe 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 Overcores. 

To convert the strain changes obtained during overcoring into 

stress magnitudes and directions, nne 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 biaxial 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 (S) 

1 2.5 

2 5.09 

3 7.02 

4 7.62 * 

5 8.11 

6 9.23 

7 9.81* 

8 11.16 

*Done in conjunction with the USBM. tests. 
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Table 3.3 Summary of the LuH gauge installation and overco~ing; 

Overcore 

LuH 1 

LUH 2 

LuH 3 

LuH 4 

Depth (m) Comments 

2.50 The end of. the 142' mm hole was at a d~pth of 

5.09 ·. 

. 7.02 

7.68 

2.18m. The gauge was ·installed at 2.50m 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 ~auge position. 

The 6" .core was broken· approximate 1 y 7 em from 
the gauge position and no biaxial testing was 
possible. 

The end of the 142 mm hole was at a depth of 
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); howev~r, the results appear 
good . 

It was initially planned to install this gauge 
·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" core was broken 9 em behind and 5 em 
ahead of gauge position, so no biaxial testing 
was possible. 

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 em from the gauge 
position, so biaxial testing was possible. 
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Table 3.3 Summary of the LuH gauge installation and overcoring 
(continued) 

Overcore 

LuH 5 

Depth (m) Comments 

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 ~£). 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 

LuH 8 11.16 

Ihstallation 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 611 core broke off along 
a joint very close to the' gauge position (front 
edge of rosette 1). The readings were, however, 
stable. 

The initial large hole 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 logger at each pressure, and the results are presented in 

Tables 3.4-3.6. 

The isotropy of the rock can be checked b[comparjng the folldwing 
'.> ? 

gauge pairs: 2 and 4, 6 and 8, and 10 and 12. The closeness of the 

results show that the assumption of isotropy is valid.·_ 

The pressure-strain curves are quite linear and, for gauge r of 

overcore 2, the strain returns to zero after completing the loading

unloading cycle. The average ratio of the unloading and load1ng moduli 

is 1.03. The ·same cratio w_as found .in a_ test of an .LuH gauge in an 

aluminum cylinder. This similarity suggests that the remaining strains 

are attributable to pfasticeffects in.the~cernent;· It would therefore 

appear that the Stripa granite satisfies very well the assumptions of 

being linear, elastic, and isotropic. 

.... ' 

The elastic modulus can be obtain~d from 'the pressure-strain rela~ 

tionships of the f9llowing strain gauges: 

through the equation 

where 

E = Young's modulus 

P = biaxial pressure 

gauge 1 in r6sette 1 

-- gauge 5 in rosette 2<. 

gauge 9 in rosette 3 

E = 2 . . .2_ (P/£) 
1-( D;fD

0
) .. 

= 2.157 (P/£) 





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 11 12 

0 0 0 0 0 0 0 0 0 0 0 0 0 

2.1 - 76 - 26 24 - 28 -77 - 34 26 - 24 - 71 - 21 24 +.26 

4.1 -157 - 55 46 - 61 -157 - 73 51 - 48 -142 - 42 45 - 54 

6.2 -239 - 84 68 - 93 239 -114 75 . - 75 -216 - 63 67 - 83 
I 

-113 -127 -322 -'155 100 -102 -290 - 85 88 -113 
'-J 

8.3 -323 90 (.J1 
I 

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 -l93 191 -257 

20.7 -772 -266 219 -311 -769 -366 240 -246 -718 -214 210 -282 

0 - 45 - 20 9 - 25 -6 -4 3 0 -2 5 5 1 



Table 3.6. Bi ax i a 1 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 - 82 - 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 - 82 -236 - 92 70 - 84 

8.3 -319 -113 92 -127 -401 -203 101 -108 -312 -122 94 -113 
I 

'.J 
0'\ 
I 

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 

0 - 13 -7 -6 -8 - 13 10 -4 -4 -7 -6 -2 -7 



-77-

'€: = strain 

Di ... inner core diameter = 38.2 mm 

Do '" outer core diameter = 141.5 mm 

Val~es fo~ Poisson•s ratio {vi) tan be determined from the strain 

outp.uts of the ax i a 1 and c ircumferent i a 1 strain gauges .. · 

Rosette 2: v2 = -(e7/e5) 

Rosette 3: V3 = -( enhg) 

The values obtained will of course depend on the pressure range. 

considered. Three calculations 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 rang~ 6.2-20.7 MPa 

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

20.7 MPa. 

The results are presented in Tables 3.7 through 3.9. As can 

be seen, 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 

between 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. 

Young•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 
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Table 3.8 Young•s modulus and Poisson•s ratio determinations · 
for LuH overcore 6. 

Young•s modulus' GPa 
Rosette 

Calculation 1 Cal cui at ion 2 Calculation 3 

E \) E \) E \) 

1 57.2 . 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 · 58.7 0.292 59.7 0.292 59.3 0.296 
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Table 3.9 Young•s modulus and Poisson•s ratio determinations 
for LuH overcore 8. 

Young•s modulus GPa 
Rosette 

Calculation 1 Calculation 2 Calculation 3 

E \) E \) E \) 

1 59.0 0.291 60.6 0.289 59.1 0.290 

2 50.6 0.2'50 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-luH ~auge·a~ree very well with 

those d~termined from th~ USBM'g~uge (Chapter-4). 

3. 5 In Situ Stress Results 

The strains resulti'ng from overco_r.i~g J~e:_), obtained for each 

channels in each ov:ercoring run, are given in Table 3.10. 

A computer program·developed by R. G. Friday of CSIRO for use with 

the CSIRO cell has calculated the stress magnitudes and directions 

from the strain changes. For overcores 2, 6, and 8, th~ average elastic 

properties obtained from biaxial testing were used. For the remaining 

overcores, the values E = 55.4 GPa and v = 0.277 were assumed. 

Only six of the 12-gaugereadings are·required to,calculate the 

i~ situ stre~s. Friday's prog~am calculates th~ ~iress ~sing a multiple 

least squares fit to the possible solutions. Since individual gauges may 

be untrustworthy because of 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 can be seen, the difference is small. The princi-

pal stress directions for run 5 are given in Fig. 3.4. Principal stress 

· o The direction of o1 is very consistent. 

o The magnitude of o1 appears to decrease as the full-scale drift 
is approached (overcores 5 and 6). The stress continues to 
decrease as the hole passes under the drift. 
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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 5.09 - 53 153 46 -127 435 32 23 448 567 337 36 270 

3 7.02 - 54 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 9.81 -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 1. 

Over- ,. o1 (MPa) o2(MPa) o3(MPa) 
core 
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 81.1 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 8.94 26.1 170.3 . 5.11 -63.9 170.7 

6 28.38. 3.0 252.0 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. -77.7 ' 123.1 
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Table 3.12. LuH principal stress results from run 5. 

Over- cr1(MPa) cr2{MPa) cr3(MPa) 
core 
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 81.8 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 5.1.5 -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 9.90 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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Fig. 3.4 Principal stress directions for the LuH gauge overcorinq-data. 
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o The magnitude of o2 is very consistent. 

o Ir. !'elation to magnitude, o3 varies 'more thari o1 and o2. This may 
be due to the presence of joints along the borehole. 

o The directions of o2 and o3 appear to rotate from measuring points 
1 to 8 by about 45°. 

Another way of presenting this data is to calculate the principal .stresses 

and directions io the plane perpendicular to the borehole. In this way, the 

values will be directly comparable to those obtained with the USBM borehole 

deformati~n gauge. The LuH gauge results are given in Table 3.13 and plotted 

against hole depth in Fig. 3.6. 
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Fig. 3.6 Magnitudes of secondary principal stresses in BSP-3. 
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Table 3.13. Secondary principal stresses in p 1 ane nor:ma 1 
to the borehole, LuH gauge. 

Overcore Po (t~P a) 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-

veloped in the early 1960s for stress measurement. It has been extensively 

used in the United States since then, and procedures 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 .. Unlike 

the other strain cells described in this 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 plane normal to the hole, measurements 

in more than one hole are required to obtain the·complete state of 

stress. USBM gauge measurements were performed at Stripa only in BSP-3, 

and the results are thus restricted to the components of the principal 

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 elements consist of three pairs of strain-gauged canti-

levers (U1, U2, U3) deflected by tungsten carbide-tipped pistons that 

contact the hole wall (see Fig. 4.1.) Each of the pistons can be removed from 

the cell body and lengthened or shortened by adding or removing shim washers. In 

this way, the 11 preset 11 or deflection of the cantilevers can be adjusted so that 

they will fo.ll ow motion both toward and away from the hole center. The maximum 

deflection 6t one cantilever pair is about 0.71 mm (or 0.36 mm per cantilever) and 
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t A 
Vertical 

XBL 8211-2601 

B 

XBL 8211-2602 

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 hole. 
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the preset shou:ld take this into account. ·The ·exact shape: of the ho 1 e at the 
. -i.~~·: . ·. : .. · .. ·.:.·. 

test location. is of course unknown and a ~ouple of trials (ch~ngin~ washers) 

may be required to obtain the proper interference. The abrasiveness of the 

rock produces wear on the buttons as they are pushed into the hole, thereby 

reducing the initial interference. 
' ~- ' 

The strain gauges on each pair of cantilevers are wired to form a complete 

bridge circuit. Careful gauge matching and application compensates for tempera-

ture effects. Hence, one only needs to supply a bridge voltage and read the 

bridge output. · .. 

Standard procedures for stress measurement with USBM gauges call for read-

ings during overcoring, using either a single strain indicator with a switching 

and balancing box (Budd Typ~ 350, for example) ·or·:three separate strain indicators. 

The internal power supply for the indi'cator is 1.5 V. ·The strain indicator system 

has the following adv:antages,:-

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

o It provides a good visual indication of strain changes. · 

o Its output is in strain units. 

A major disadvantage is that an observer must continually follow the strain changes 

with the dial and must write down the readings. Readings cannot be taken more fre-
.. 

quently than about one per minute, and there is a possibility of error in 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 22408 data logger. Using a data logger has these following advantages: 

0 The data collection rate is 1 imited only by the scan rate (one scan per 
3 seconds). 

0 Data are printed on paper tapes. 

0 Time and oth.er data are given. 

0 The printer output provides a visual indication of changes. 

The disadvantages are that it relatively expensive, and is less portable 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 deformations 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., the axial stress in the section of rock being overcored is 

zero. The basic equation: 

d U = E [(P+Q) + (P-Q) cos 2ij] ( 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 principal stress (+ = tension) 

Q = minimum secondary principal stress (+ = tension) 

e = angle between the direction of U and P. 

' 

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

solve for P, Q, and e. 

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

Q E {(u +U +U ) _122 [(u -U )2+ (U -U )2+(U -U )2] 1/2} =6d 1 2 3 1 2 2 3 ·3 1 

1 -1 
G = -tan p 2 

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

u1 top (counterclockwise is positive). 

-

(4.2) 

(4.3) 

(4.4) 

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 1 e 4 .1. Table for determining correct quadrant of 0p. 

Case Constraints 0p 

I u~u 3 . U2+U/2U 1 
00<(:) 

-p <45° 

II u~u 3 u2+UJ>2U 1 45°<0 
:-P 

<90° 

III Uz<U3 U2+UJ>2U1 90°<0 -p <135° 

IV Uz<U 3 Uz+U/2U1 135°<0 -p <180° 
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At Stripa, all USBM gauges were installed so that the Ui position was ver

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

4.2 Calibration 

Each USBM gauge was calibrated before use, several times during actual test

ing, and after completion of the program. The calibration schedule is shown in 

Table 4.2. 

The calibration procedure is as follows. The USBM gauge is inserted into a 

calibration fixture equipped with a micrometer. A cable was attached to the 

input terminals of the Fluke data logger, and the power supply was adjusted to 

provide 6 volts. The gauge was oriented to align one set of buttons with the 

micrometer plungers. Initial contact of the plungers and buttons was made, and 

a slight preload (cantilever displacement) was applied. 

The initial reading was taken with the data logger. 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 four 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 values between cali

brations, and it was decided that average values of the slopes of each 
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Table 4.2. Calibration schedu 1 e for the USBM gauges. 

Gauge 1 (Serial No. 414) 

Ca 1 ibrat ion Date Comment 

1 June 16, 1981 Prior to overcore 1 

2 June 17, 1981 After overcore 2 

3 June 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 Hustrulid et al. (1982). 

4.3 Installation Procedure 

The installing too 1 attaches to two pins at the back of the gauge. 

During installation, the·tool and the gauge are oriented so that, when 

the desired depth is reached, a slight clockwise rotation is ~eeded to bring 

the U1 position vertical. {Fig. 4.2). The orientation is controlled by a 

spirit level held on the handle of the tool. The torsion of the installing 

rods results in some uncertainty over th~ true orientation of the gauge. Al

though the accuracy is felt to be fairly good (<5~), much of this uncertainty 

by including a mercury switch in the installing tool similar to that of the 

LuH gauge (Chapter 3). 

Once the gauge has been emplaced, the installing tool is disengaged 

by turning counterclockwise and pulling backward. Once detached, the rods 

are removed from the hole. The transmission cable is strung through 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 drill 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 lip between the drill string and the 150 mm 

overcoring barrel caused the installing tools to hang up. Hence, the drill 
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Fiq. 4.2 Diagram of installation orocedure for the USBM gauge. 
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Table 4.3. Calibration values used for reducing the USBM 
borehole deformation gauge .data .. 

'-~·· 

Slope (v/min) · 
Gauge . Channel 

~ ··: ·. 

Mean, S.D. 

1 u1 0.0244 0.0004 

u2 0.0244.; 0.0004 

u3 0.0224 0.0004 

2 u1 . 0.0240 0.0001 

u2 0. 0240 0.0001 
u . 
. 3 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 sled rode along 

the bottom of the hole. Its width aligned the gauge with the EX hole. A 

second set of installing rods pushed 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 preload on the cantilevers was satis

factory. Sometimes an initially undesirable gauge placement could be improved 

by moving the gauge inward or outward from the initial position, the readings 

changing because of varying hole diameters. If the gauge readings were still 

not satisfactory, the gauge was removed from 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 swivel, and reattached to the data logger. 

The gauge was positioned in the hole so that the plane of the buttons 

was about 20 em away from the initiation of overcoring. In general, over

coring would continue about 20 em past the button plane. The U.S. Bureau of 

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

4.4 Overcoring 

A scale was formed by marking 1 em increments on strips of masking tape 
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attached to a section of the drill string: near the machine .. The progress of 

the marks with respect to a fixec:J reference pojnt was noted, qnd the data 

logger scan was~ initiated. as each mark passed the reference .. The data logger 

recorded the time, bridge voltage, and output from the three bridge chan

nels. 

Before to beginning an overcorin~ run, the grill water was turned on 

for 5 to 10 min~tes, and readings were made to check 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 people were normally involved: the driller, 

the driller's helper, the cable holder, the data logger attendant, and 

drill advance observer. The functions of the driller, advance obseryer, and 

data logger attendant are obvious~ but it is perhaps worthwhile to discuss 

the functions of the driller's helper and the cable holder. Because of tHe 

high rotational speed used in the overcoring, high vibration could arise 

in the drill string even with the stabilizing effeci of the core barrel at 

the front and the use of stabilizers along t~e string. These stabilizers 

acted like lumped masses that produced.hig'h vibrations in the drill string 

near the collar. This could be overcome somewhat by controlling drill rota

tion and thrust, but the most effective technique was to stabilize the string 

at the collar through wooden wedges. The driller's helper maintained the 

integrity of this 11 WOoden stabilizer 11 during ov.ercoring. 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 to 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. 

After overcoring was completed, the cable was disconnected from the 

data logger and run through 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 in the hole. 

When a core was removed, care was taken to maintain its hole orientation. 

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

The locations 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 appropriate value of the elastic modulus is required in determining 

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

Overcore Depth (m) 

1 1.15 

2 1. 75 

3 3.00 

4 3.75 

5 6.23 

Comments 

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. 

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. 

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 em of a joint. Stress 
relief occurred. 

The end of the large hole was at 3.20 m. A 
drill pipe was selected so that about 75 em 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. 

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. Overcoring 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 U1 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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Table 4.4. Comments on USBM overcoring.(continued) 

Overcore. 

6 

7 

8 

Depth (m) ... · Comments 

6.43 The gauge was moved ahead in the hole to 
6.43 m. Overcoring continued to a depth of 6.60 m. 

,.The ov~rcor.ing was su~cessful. 

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 t~e gauge had not rotated 
with respect to the core. This was checked 
with the LuH gauge and found to be·co~rect. 
Overcoring was good. Due to the high rpm 
and water pressure it was necessary to hold 
ti9htly 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 a~d the proble~ cor
rected. Overcoring continued at a lower 
rpm. The overcoring was successful, and, 
upon retrieving the core and gauge from the 
hole (together), it was found that the U1 
axis was rotated 8° c~ockwise from the 
vertical. This correction should be made. 



-108-

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 condition. 

The appropriate formula (plane stress conditions) is: 

2 
_ 4r ir 0 ( P) U- -

r6-r~ E 

where: 

U = diametral deformation 

r. = 
1 

inner radius of core 

r = 
0 

outer radius of core 

E = Young's modulus 

p = applied pressure on outer radius. 

The modulus can be written as: 

E = 

or 

2 
4r { 0 (.!:) 

r2-r~ U 
0 1 

where: 

o. = inner diameter 
1 

0
0 

= outer diameter 

( 4. 5) 

(4.6) 

(4. 7) 
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The most appropriate E for the overcoring data is. the average· of the 

values obtained during the unloading of the core from the approximate in 

situ condition of stress to zero stress, as this is the unloading condition 

for the in situ stress measurement. The usual practice, how~ver, is to use 

the loading ~odulus (some investigators use a tangent modulus, 6thers a se

cant modulus). In this application the average modulus, including the.point 

at zero stress, was used. 

4.5.2. Results from the Biaxial Tests 

Unfortunately, because of the presence of joints, it was not possible 

to test all of the USBM overcore segments in the biaxial chamber, and even 

for some cores that could be loaded, the USBM gauge had to be 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. 

Details of the biaxial testing are described in Hustrulid et al. (1982), 

and only a summary is presented here. Biaxial tests were conducted in 2.1 

MPa pressure increments from 0 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 is considered small. 
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Table 4.5. Locations of biaxial tests. 

Position in Corresponding Stress 
B i ax i a 1 Test USBM Gauge Core Measurement no. with 

(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 2 7.36 7 (7.44) 

10 2 8.60 8 (8.60) 

11 2 9.66 9 (9.67)· 
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The anisotropy ratio (defined as the ratio of the moduli calculated 

from the cantilever pairs wit~ greatest and least displacements) ranged 

between 1.08 and 1.23. This observation, along with the linee~.rity of the 

pressure-displacement curv~s, suggests that the assumptions of 1inear elas-

ticity and isotropy are generally valid for the stress calculations. 

The moduli values used in calculating the stresses are given in Table 

4.6. Table 4.5 shows which biaxial test was used'for each stress measure-

ment. The modulus value for stress measurement J is the average of biaxial 

tests 2 and 4; the modulus value for stress measurement 2 is the average 

of biaxial tests 3 and 5. 

4.6 In Situ Stress 'Results 
' ( . . . 
Stress measurements using the USBM gauge yielded two types o_f results: 

the performance of the gauge and the results of stress calculations. 

The USBM gauge performed very. well, as a 11 attempted measurements were 

successful. The outputs of the strain-gauge bridges were stable and showed 

negligible drift with time. An example of th,is stability is shown in Fig. 4.4. 

The deformation of the borehole was readily pbtained from plots of bridge 

output versus drilling penetration: Deformations along the axes; U1, U2 

and U3 (Table 4.7) were calculated using the. dr'illing data of Table 4.4 and the 

bridge outputs of Table 4.7 and are listed in rable 4.8. The sign convention for 

deformations is that increases in diameter are positive. 

Table 4.9 gives the in situ stress valu~s·calculated.from ~he displace

ments of Table 4.8 and the moduli ~f Table 4.6. The results. of Table 4.9 
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Table 4. 6 Elastic moduli values for reducing overcoring data:'· .... ;.: .. i:·:·' 

r:· ,. .. ( 

Stress Depth {m) Young's Modulus ( MPa) 
Measurement 

1 1.15 52.6 

2 1. 75 59.7 

3 3.00 50.8 

4 3.70 50.8 

5 6.23 52.2 

6 6.48 57.9 

7 7.44 50.6 

8 8.60 54.1 

9 9.67 58.6 

·.~ . • .. 
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Table 4.7. Summary of the U.S.B.M. gauge output voltage changes (1o-3 v) 
obtained during overcoring. 

Position Gauge Depth u1 u2 u3 
(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 6.48 -0.065 0.39 0.575 

7 1 7.44 -0.08 0.655 0.515 

8 1 8.60 -0.14 0.59 0.63 

9 1 9.67 -0.225 0.675 0.665 

Positive values indicate that the hole increased in diameter. 
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Table 4.8. Summary of the borehole stress deformatibn •. 
' ,-, . 

Stress USBM Depth ul . u2 . u3 
Measurement Gauge (m) . (mm) (mm) (mm) 

1 L ~ .· . 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 1. 9.67 -9.38 28.3 27;50 

,_ ... 
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Table 4.9. Principal stresses and directions as determined from,the USBM 
borehole deformation gauge overcoring. 

Princip~l Stresses (MPa) 

Depth (m) p Q ep(degrees) 

1.15 13.7 5.5 86~7 -3.3 

1. 75 21.6 7.7 84.6 -5.4 

3.00 18.7 3.5 91.7 1.7 

3.70 19.2 6.8 90.6 0.6 

6.23 17.3 2.5 135.5a 0.5 

6.48 16.2 3.6 105.5 10.5 

7.44 16.9 4.1 83.7 -6.3 

8.60 20.1 3.7 93. 72b :..4.3 

9.67 21.5 2.3 89.1 -0.9 

a This gauge was indvertently installed with the U1 axis rotated approximate 1 y 
45° clockwise from the vertical. The corrected value is 

0 • 

90.5 . 

b This gauge was installed with the U1 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 .<Pangle values~ The.lar:gest 9eviation 

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

The maximum stress rises sharply in the first 2 m of the hole, which 

may reflect a stress concentration around the extensometer drift; it then 

declines to a minimum value at 6.5 m, approximately at the edge of the full

scale drift. The stress value then rises, possibly because of stress concen

trations around the full-scale drift. 

Minimum stress shows a gradual decline with hole depth. As this stress 

is §enerally 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 Chapter 10. 
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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 cell were performed in BSP-1 between the depths of· 

1.30 and 9.97 meters. The Power Board Deep Hole cell uses three 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 meter apart, but closely spaced fractures 

near the top of the borehole forced us to use slightly longer intervals. 

The purpose was to compare the BSP-1 Leeman cell 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 under 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 vertical 

stress is properly orfented. 

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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loading was performed in a cell similar to that used for the other 

overcor ing tests. The b i ax i a 1 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 curves is shown in. Fig. 5.2. The 

e 1 ast ic constants determined from 1 aboratory testing are given in Tab 1 e .. 

5.1. The Young's modul~s varied between 50 and 65 GPa, and Poisson's 

ratio values varied between 0.13 and 0.16. In addition to providing the 

elastic data for the stress calculations,·the laboratory testing was a 

valuable means of determining the quality of the rosette cementing fo the 

borehole wall. 

5.3 Calculation of Stress 

As in all Leeman cell measurements, the stresses are calculated on the 

basis 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; thus no determination of drift 

similar to that made for the CSIRO and USBM gauges 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 similar 

to that of used for other overcoring methods. The principal stresses and 

their orientations are given in Table 5.3 and shown in stereographic 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 1. 30 333 56.0 0.15 

2 5.30 135 64.0 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 

acompass damaged 

Table 5. 2 Summary of strai~ changes after overcoring (in microstrains). 

Rosette 1 Rosette 2 Rosette 3 

Point £ £8 £45 £ £(; ·£45 £ £8 £45 a a a 

1 57 691 425 154 88 35 36 141 188 

2 46 1014 357 60 570 428 61 -288 -73 

3 131 24 151 133 336 211 196 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 

£ a - ax i a 1 strain; £
8 

-tangential strain; £45 -oblique strain 
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Table 5.3 Principal stress data, BSP-1, overcoring (in MPa). 

01 Plunge Trend 02 Plunge Trend 03 Plunge Trend 
<j> e <j> 8 <j> e 

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 . l 

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 41.8 333.8 

acompass damaged 
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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 full-scale drift and inclined less than 25.6° from the horizontal. As 

the maximum priricipal stress, a, is nearly horizontal, its values and orien

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

The intermediate and least pr inc i pa 1 stresses are inclined with respect 

to the horizontal and vertical. The intermediate principal stresses are 

oriented off the vertical an average of about 60°. The minimum principal 

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 would expect from the proximity of the 

the full-scale drift. This stress relationship is reflected 1n the con

sistently higher value of the vertical stresses relative to the minimum 

horizontal stresses. The vertical stresses are also in excess of the litho

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 low; particularly the four shallowest values, which would 

be within the zone of tangential stress concentration due to the full-scale 

drift. If the far-field minimum horizontal stress were equal to the 1 itho

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). 
',, . -· 

aH a a Bearing of 
Max HMin v aHMax 

1 .. ·15. 5 3.9 7.8 61.5 

2 28.3 4.2 8.6 64.3 

3 28.3 6.0 14.8 56.4 

4 27.1 3.4 11.1 a 

5 19.2 4.6 5.1 65.1 

6 19.7 6.9 9.4 81.1 

acompass damaged 

: ··.. . ~ ' 

'.;· .. 
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fall rapidly to 9.9 MPa at a depth of 6.0 meters. The values for the minimum 

horizontal 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 calculations of the maximum principal and horizontal 

stresses fo·r 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. 

Further discussion of 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 Industrial Research 

Organizations (CSIRO) began to develop a strain cell that would provide 

the complete state of stress from measurements performed in a single bore-

hole. 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 with modifications so that (1) full protection. would be given to the · 

elect~ic circuitry ~nd (2) strain observa~ions c~tild be m~d~ during over

coring. 

The final result was the CSIRO hollow incluiion (H.I) gauge (Fig. 6.1). 

It is constructed as follows: the strain-gauge rosettes are glued to a thin

walled (35 mm 0.0., 32 mm I.D.) epoxy pipe with an epoxy cement. After the 

leads have been attached, a thin coating of Araldite Dis applied 

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

The strain cell is glued 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-filled gap 1.5 mm in thickness. 

Worotnicki and Walton (1976) have. shown that ~his epoxy gap does not 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 result, four correction factors (K1 

through K4) must be used to convert the measured strains into their equi

valent values at the borehole wall. Once these straihs 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 results can be applied. Table 6.1 shows that the 
., 

values of the K factors depend on the ratio of the elastic moduli of 

the rock and strain cell (Er:Epl), and on the radius (rsg) to the 

strain gauge position. 

The elastic properties for the epoxy pipe and the cement, Epl and vpl' 

are assumed to be the same and equal to: 

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

vpl =Poisson's ratio= 0.35 to 0.40. 

Since the rock has an elastic modulus.(Er) of about 55 GPa, and rsg- 17.5 mm, 

the correction factors become: 

K1 .= Ll2 

K2 = 1.13 

K3 1.08 

K4 = 0.91 

To specify the location and orientation of the gauge in the hole, two angles 

(a and a) are ·required where 

a= angle of the rosette in the hole, measured clockwise from north 

or up, looking down·the hole. 

a = angle of gauge in the rosette, measured clockwise from down 

hole axis. 

For the Stripa measurements, rosette B was installed on the bottom side of 

the horizontal hole as shown in Fig. 6;2; the a and a angles are given in 

Table 6.2. The rock should be isotropic and linearly elastic. 
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Table 6.1. Variation in K factors for modifying the CSIRO strain readings 
w'ith rock-cell modulus ratio and strain gauge radius (rsg). 

E r Epl rsg (mm) K1 K2 K3 K4 

20 17.0 1.18 1.20 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 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) e(deg) 

A 1 322.9 0 

2 300.0 90 

. 3 300.0 45 

B 4 163.6 45 

5 163.6 135 

6 180.0 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 field 

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 pilot (38 mm) hole in which the 

gauge is to be installed is drilled approximately 60 em deeper than the large

diameter hole. At least 18 em of full-diameter core bounding the CSIRO gauge 

must be recovered for representative res~lts. The epoxy grout requires 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). 

Overcoring begins once the base readings are established. Drilling 

should proceed at about 2 em per minute, without pausing for strain readings. 

Overcoring should continue well past the gauge positions (30 em is a reason

able limit). Final readings are taken 5 and 10 minutes after drillng ceases 

with drilling water turned off. 
' I 

A 11 typical 11 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 em before and 15 em after the gauge 

position. 
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Table 6.3. Epoxy rout mixtures for various rock tempertures. 
Rock Temperature Araldite Resin g Araldite Hardener g Hardener 

c Fo LC 230 non LC 230 HY 956 

10-15 50- 59 100 100 120 20 

15 ... 20 59- 68 100 100 90 18 

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 Aral'dite 502 for •.•on. 

g 
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Like the LuH cell, a mini~um 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 recommended procedures for installing the:CSIRO gauges as outlined 

in the CSIRO instruction manual were followed for the BSP-3 measurements. For the 

strain readout, a bridge completion circuit (Fig. 6 .. 6), an HLAB power supply, 

and .a Fluke data logger were used in place of a. strain indicator system. As 

a result, each of the nine strain channels plus the bridge voltage were read 

and recorded on paper tape for every 1 em of drill advance. This was a very 

convenient metho.d for obtaining the data. The location of the CSIRO, tests is 

shown in Fig. 6.7 .. Specific remarks .on each test can be found in Table '6A. 

It is suspected that the cement Qsed.for overcoring tests 1 and 2 (10-15°C 

temperature· range, as shown in Table 6.3) did not properly 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 ~vercoring te~t 2, and 

the results 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 following mixture: 

Araldite 
Hardener 
Silica flour 

BY154 
MY2992 

·KB or KIN8
0 

50 g 
15 g 
70 g 
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Fig. 6.6 Bridge completion circuit used with the CSIRO gauges. 
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Table 6.4. Comments on the CSIRO overcoring. 

Overcore Depth (m) 

CSIRO 1 4.62 

CSIRO 2 5.83 

Comments 

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 11 811 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 wa's about 10-11 oc 
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 em 
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. 

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 

CSIRO 3 10.12 

CSIRO 4 10.44 

CSIRa 5 11.61 
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Cormnents 

The CSIRO #3 (serial number 1362101) was in
stalled at a depth of 10.12 musing the special 
cold temperature cement supplied by the Swedish 
Mining Research Foundation (SMRF). Gauge instal
lation was completed at 7:1~ p.m. and the cement 
allowed to dry overnight. Upon returning to the 
mine at 6:20a.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. 

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 mat 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 re~oved 
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. 

The bottom of the large 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 leftover cement was observed t6 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 ac~o~pltshed. 
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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 Analysis of the Strain Relief Records 

A typical output ~oltage (strain}~time 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 drilling water has been turned on, but dri!ling has 

not commenced. As Fig. 6.8 shows, there is a large change (112 pE apparent 

compression) during the first 5 minutes; then the bridge output changes at 

a steadyrate ( q) with time. For the case shown: . 

q = 0;016 mV/miii= 5.1 J:IE/min* '· 

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

in the instruction manual. 

Pre-relief overcoring begins when the drilling starts and continues to a 

point about 8-10 em in front of the gauge. The curve in.Fig. 6.8 departs from 

the 11 typica,.. curves in Fig. 6.5 in that the bridge output continues to change, 

suggesting apparent tension with both time and drilling di~tance. Because the 

drilling proceeded at a constant rate, the rate of drift can be expressed in 

terms of either time or distance. The rate of drift for section 2 (r2) is: 

r2 = 0.0087:mV/cm = 2.8 pE/cm. 

*The conversion from millivolts to pE is 1 mV = 319 pE. 
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Strain relief occurs within± 10 em 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" curve 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 ~E/cm. 

Finally, in post-test, the drill is stopped, but the water is allowed 

to run. During·the first 5 minutes there is a considerable change (175 ~E), 

which is an apparent compression. Then the drift with time continues, but 

·in a tensile direction: 

r4 = 0.020 mV/min = 6.4 ~E/min. 

Two approaches were used to determine the strain relief. The first 

was to locate the positions 15 em on each side of the gauge center line. 

The strains at each point were read from the paper tape record and the dif

ference was obtained by subtraction. For the curve shown in Fig. 6.8: 

~E = 0.99,mV = 316 ~E. 

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

prior to and after strain relief were selected by eye, and 6E was calculated. 
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The second approach was to include the effect of th~~apparent'drift. 

The drift rate, both before overcoring (r1) and during it (either r2 or r3, 

whichever period was longer) was ca.lculated. The results are presented in 

Table 6.5. The calculations used the average drill 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-balan~ed bridge circuits. 

o With the exception of overcore 1~ the ditection of the drift changes 

from apparent compression to apparent tension as·drilling begins. 

o The drift rates during overcoring are very similarfor overcorings 

3, 4, and 5. They are also much higher than before overcoring (on a 

average, by a factor of 6). 

o. For overcorings 3-5, all gauges behave similarly until drilling is 

completed. The post-overcoring drift varies considerably, as some 

gauges appear to s~abilize, while others cont~nue to drift. 

o Overcor ing 1 (standard cement) is d iffererit fr·om 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 overcoringa. 

Drift Rate (lle:/min) 
Gauge 

No. 
oc 1 oc 3 oc 4 oc 5 

Prior During Prior During Prior During Prior Our ing 

1 7.3 -1.0 5.4 5.7 6.1 5.9 5.7 5.9 

2 8.0 -2.0 5.1 4.5 6.4 5.0 5.1 5.5 

3 8.6 -2.1 3.2 4.8 6.4 4.8 4.5 5.9 

4 8.9 -2.2 3.8 4.3 6.1 4.5 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 5.7 4.5 6.1 3.6 6.1 3.4 

7 8.0 -2.0 5.1 6.2 5.7 6.0 4.8 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 

aNo strain relief was observed for OC 2; hence, results are not included. 
Average drill rates were: OC l, 5.53 em/min; OC 3, 5.05 em/min; OC 4, 
6.77 em/min; and OC 5, 6.33 em/min. 



.-151-

One explanation 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 changes in cable temperature caused 

by circulating drill water. 

Strain values;commonly peak as the drill·passes the gauge center line 

because of the stress concentration around the bit kerf, but the magn1tude· of 

the peak in Fig. 6.9 is much greater than would be expected from this effect. 

An alternative explanation is that large borehole deformations broke the cement 

bond between the cell and the rock. 

The 'consequences of ignoring or accepting the peak value are considerable. 

The gauge 6 strains, if the peak is ignored, are 258 ~£ without drift or 26 ~£ with 

drift. If we use the peak value, these strains are 1034 ~£ without drift 

and 1008 ~£ with drift. 

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

given so far. The basic analytical method described in the CSIRO manual calls 

for taking the difference between-the bridge outputs 15 em before and after the 

gauge center line. We question this approach for our data because of the large 

drift rate. To solve this problem, wedraw parallel _straight lines through the 

pre-relief and post-relief drift curves. If these lines have a slope angle, e, 

and if the y-axis separat1on of the lines is 11 X, 11 then the bridge voltage 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 relief should be based on the peak-vill.ue.. The peak-value strain 
,. 

relief may be calculated either with or. without the effect ofcdrift. 
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The application of these methods tQ calculating stresses is discussed 

further in Section 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 elastic, isotropic, and homogeneous and if the cement-

ing of each overcore is identical, then the slopes of the curves obtained during 

biaxial testing from similarly oriented gauges should be identical. 

But gauges that should have recorded equal strain often did not give 

equal results. To improve the quality of the field results, we used a 

••calibration" technique, in which the rosette providing the most linear data 

is selected for calculating "calibration factors" relating the biaxial test 

outputs of the gauges in this rosette with gauges of corresponding orienta

tion. These factors can then be applied to the field overcoring strains. 

This process is described further in Section 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 outputs of circumferential gauges 2, 6, and 8, using the formula: 

E = 5.22 x 10-2 P/V 

where: 

E = Young's modulus (GPa) 

P =applied biaxial pressure (MPa) 

V = output voltage (mV) 

These calculations are based on the following parameters: 

bridge voltage = 6.04 

gauge factor = 2.09 

inner diameter = 38.2 mm 

outer core diameter = 141.5 mm 

gap factor = 1.12 

. A summary of the results of biaxial testing data is given in Table 6.6. 

Besides providing needed elastic property data, the biaxial curves (a) give 

an indicatirin as to the linearity of the gauge-rock intereaction, (b) help 

to suggest which gauges are most reliable, and (c) allow a 11 Calibration 11 

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· CSJRO overcores. 

Strain Gauge Load( L) Po is son,• s Young•s Modulus 
Overcore. of Pairs Unload (U) Ratio (GPa) Linear? 

1 1-2 L 0.315 Yes 

u 0.320 No 

7-8 L 0.235 Yes 

u 0.231 Yes 

2 L 72.1 Yes 

u 70.3 Yes 

6 L 59.6 Yes 
u 59.0 Yes 

8 L 62.0 Yes 

u 61.5 Yes 

3 1..:.2 L 0.268 Yes 

u 0.296 Yes 

7-8 L 0.265 Range 
of 8.3 to 

u 0.323 3000 psi 

2 L 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 Un 1 oad ( 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 

0.228 \ 
port ion 
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 0.322 Yes 

u 0.350 Yes 

7-8 L 0.205 Initial 
portion 

u 0.229 is non-
1 i near 

2 L 75.4 Yes 

u 75.2 Yes 
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Table 6.6 (Cont'd) 

Strain Gauge Load(L) Poisson's 
Overcore of Pairs Unload (U)' Ratio 

6 

8 

-... 

L 

u 

L 

u 

Young~s Modulus 
(GPa) Linear? 

99.9 

73.9 

72.6 

75.0 

·Initial 
portion 
is non-
1 i near 

Initial 
portion 
is very 
nonlinear 
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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 the gauge outputs in favor 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 em from the gauge center line. 

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 stress 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 the "corrected" 

curves (gauges 6, 8, and 9) have been substituted for those in Table 6-10. These 

substitutions appear in Table 6.11. 

As indicated earlier, only six values of strain change 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 been 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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Table 6.7. _ Strain changes dur.ing the overcor.ing of :CSlRO 1 as a .function 
of selection procedure and data interpretation, 

Strain Changes During Overcoring (lle:) 

Gauge A .. B c 0 

1 57 56 49 48 

2 93 104 160 179 

3 108 119 137 151 

4 57 71· 93 116 

5 54 42 96 75 

6 89· 82 , .. 160 156 

7 73 74 67 68 

8 112 108 172 166 

9 83 72 105 91 

A = center line± 15.cm 
B = calibration factor applied to A 
c = bridge drift included 
0 = calibration factor applied to C 

Calibration Young•s Modulus Poisson•s Rat.io 
Factor (GPa) 

No 64.0 0.275 

Yes 64.0 0.275 
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Table 6.8. Strain changes during the overcoring of CSIRO 3 as 
selection procedure and data interpretation. 

Gauge 

1 

2 

3 

4 

5 

6 

7 

8 

9 

A 

B 

c 

0 

Calibration 
Factor 

No 

Yes 

= 

= 

= 

= 

Strain Changes. During Overcoring {ll€) 

A B c 0 

223 223 51 51 

316 344 169 184 

236 246 70 73 

842 868 689 710 

526 486 399 369 

1285 1168 1155 1050 

255 190 71 53 

380 559 216 318 

309 621 102 205 

center line± 15 em 

calibration factor applied to A 

bridge drift included 

calibration factor applied to C 

Young•s Modulus 
(GPa) 

Poisson•s Ratio 

60.4 

58.7 

.288 

.266 

a function of 
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Table 6.9. Strain changes during the overcoring of CSIRO 4 as a function of 
. selection procedure and data iht~tpr~tation.· . 

. , ,,• .:J,: (-

Strain Changes During Overcoring (PE} 

Gauge A B c 

1 182 170 45 

2 166 183 19 

3 - 77 - 77 - 186 

4 520 832 383 

5 242 332 97 

6 584 749 456 

7 166 175 18 

8 249 229 114 

9 255 255 120 

A = center line± 15 em 

B = calibration fa,ctor applied to A 

C = bridge drift included 

0. = calibration factor applied to C 

0 

42 

21 

- 186 

617 

133 

585 

19 

105 

120 

Calibration 
Factor 

Young • s Modu.l us· Poisson's Ratio 

No 

Yes 

·,, .... 

. · GPa. . 

65.7 

62.3 

0.265 

0.265 



-162-

Table 6.10. Strairi changes during the overcoring of CSIRO 5 as a: function of 
selection procedure and data interpretation. 

Strain Changes During ·overing {llE} 

Gauge A B c D 

1 198 198 20 20 

2 278 280 113 114 

3 265 262 105 104 

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 37 40 

A = center 1 ine ± 15 em ' 

B = calibration factor applied to A 

c = bridge drift included 

D = calibration factor applied to C 

Ca 1 ibrat ion Young's Modulus Poisson's Ratio 
Factor GPa 

No 74.4 0.277 

Yes 74.4 0.277 
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Tab 1 e 6:11. . 
11 Corrected 11 strain changes· for CSIRO 5 

Strain changes During Overcoring (~e:) 
Gauge 

A B c D 

6 1034 1026 lo09 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 11 Starred 11 

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 and 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 to 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 em 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 11 Shift 11 apparently occurred in the readings for 

gauges 6, 8, and 9 of CSIRO 5. Results using 11 Corrected 11 readings and moduli 
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Table 6'.12 .- Evaluation Of strain-gauge- data for stress determinations from 
field and laboratory records (X= yes, N =no). 

Table 6.13. PrinCipal stress magnitudes and directions for the CSIRO overcores: 
Case A. 

Over- a1 ( MPa) a2(MPa) 0'3 (MPa) 
core Depth 

No. (m) Mag. Dip Bear. Mag. Dip Bear. Mag. · Dip 

1 4.62 6. 7.1 -11.2 . 338.6 3.74 -58.5 229.7 3.23 29.0 

3 10.12 31.12 0.2 88.7 23.86 6.7 358.7 11.26 83.3 

4 10.44 19.95 . - 9.7 115 . .3 13.36 -23.4 209.5 5.38 64.5 

5 11.61 42.57 - 0.2 322.2 13.20 -37.2 52.3 8.78 52.8 

Bear. 

254.9 

180.6 

184.3 

52.0 
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Table 6.14. Principal stress magnitudes and directions.for the CSIRO overcores: 
Case B. 

Over- a1(MPa) o2(MPa) 03 (MPa) 
core Depth 

No. (m) Mag. Dip Bear. Mag. D. . lp 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. Prine ipa 1 stress magnitudes and directions for the CSIRO overcores: 
Case C. 

Over- o1(MPa) a2(MPa) o3(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. 

Over- a1 {MPa) o2{MPa) a3{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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Fig. 6.10 Principal stress directions for case A analysis of CSIRO 
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Fig. 6.12 Principal stress directions for Case C analysis of the CSIRO 
measurements~ Numbers identify test. Asterisks indicate 
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Fig. 6.13 Principal stress directions for Case 0 analysis of the CSIRO 
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Fig. 6.14 Principal stress directions for the Case D analysis of the CSIRO 
overcoring data for measurements 3, 4, arid 11 COrrected 11 values 
of 5. Numbers identify test. Asterisks indicate 11 Corrected 11 

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, and 5 now corre

spond very well. A comparison of these directions with those obtained using the 

LuH gauge reveals good agreement. The magnitudes of CSIRO gauges 3 and 5 are 

also in good agreement. 

In order to compare the CSIRO and USBf~ results, the magnitudes and 

directions of the principal 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 CSIRO cell 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· directions ·using -"corrected" strain 

Case 

Mag. 
A a 32.2 

sa 31.0 

ca 27.8 

Da 21.1 

cb 21.1 

Da 20.2 

E - 42.0 GPa 
bE = 56.4 GPa 

changes for CSIRO 5. 

o1 (MPa) _ 

Dip Bear. ·Mag. 

9.5 89:3 -28.1 

6.3 48.9 23.4 

10.4 68.8 12.2 

9.4 61.3 9.2 

20.4 68.8 9.3 

9.4 61.3 7.0 

o2(MPa) - a
3 

(MPa) 

Dip Bear. Mag. Dip Bear. 
-'· 2.1 179.6 15.4 . -80.3 101.8 

10.2 140.0 14.5 -78.3 107.5 

30.7 165.1 7.7 -57.3 142.2 

65.2 172.4 3.8 -22.7 147.3 

30.7 165.1 5.8 -57.3 142.2 

65.2 172.4 2.9 -22.7 147.3 

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

Principal Stress 
Over- (MPa) Direction 
core Elp 

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 
sa 27.6 8.8 9.5 
5b 20.9 6.7 9.5 

aE = 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 0p 

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 
sa 26.7 8.1 9.5 
sb 20.2 6.2 9.5 

aE = 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 

o high apparent modulus values. 

The high drift rates were thought at first to reflect the curing of 

the cement; however, on re-examination of the wiring of the gauges and the 

data logger, it appeared that the cables were not compensated for resistance 

changes with temperature. The drift thus may have been caused by the cooling 

effect of drill water with on cable resistance. This effect would not have 

arisen with conventional strain indicators. Such strain indicators, how

ever, cannot take readings with sufficient frequency to capture 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 Stripa stress measurement program was to measure 

the in situ stress in the immediate vicinity of the full-scale heater experi

ment (Fig. 7.1). Two h-oles for hydraulic fracturing stress measurements were 

drilled. BSP-1 was vertical and drilled along the center line of the drift to 

~ depth of 25 m. This hole,. 76 mm in diameter, was also used for overcoring 

by the Swedish 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 exclusively for hydrofracturing. The hole was.drilled 

3° downward from the horizontal to· assure that ,it wo_uld remain full of water 

during the hydrofracturing tests. 

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

the 'propagation of the hydraulic fractures and to map their location (Chapter 9). 

In addition to providing data for comparison with overcoring techniques, the 

hydraulic fracturing experiments in BSP-1 and BSP-2 were designed to resolve some 

of the controversies surrounding the interpretation of hydraulic fracturing results. 

The main question concerns interpretating the records when the borehole is not dril

led in the direction of the intermediate principal stress. If a borehole has been 

drilled in the direction of a principal stress other than 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 resulting pressure-time 

record for the fracture should show a decrease in the shut-in pressure with 
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pumping cycle. Shut-in pressures for the early cycles would indicate 

the intermediate stress, and shut-in pressures for pumping cycles occurring 

after the fracture has rotated should indicate the least principal stress 

(Fig. 7.2b). It has been claimed that this method could obtain the complete 

state of stress from hydrauli~ 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 overtoring methods have indepe~dently 

given the complete state of stress, nor have methods been available to 

' confirm whether a fracture indeed changed. it:s ori'entation away from the 

hole. 

The experiments- in the full-scale drift area provided an opportunity to 

test the Zoback-Pollard hypothesis under conditions where all three principal 

stresses and and their orientations would be known from overcoring and where 

the true position 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-1 

over 0.6 m test intervals at depths ranging from 2.3 m to 20.1 m from the full-
. . . . 

scale drift. Eight measurements were performed in BSP-2 using the same test in-

terval over distances from the extensometer drift walls of 3.8 m to 16.7 ~. 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 

measurement work in SBH-4 discussed in Chapter 2. A straddle p'acker sy,stem 
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(a) Hypothetical rotat.ion of hydrofracture away from borehole. 
(b) Hypothetical press~re-time record for test with rotatinq 
fractures. Note lower shut in pressure for late cycle. 
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using two Lynes elements isolated the fracturing zone. The packers were 

inflated with a small-diameter high-pressure hose. Above the packers was a 

housing containing pressure transducers for monitoring both the injection pres

sure and the packer inflation pressure. For the horizontal hole, sets of 

rollers were made to lift 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 used on both 

the straddle packer and impression packer assemblies. 

Unlike the measurements in SBH-4, we 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 fracture 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 borehole 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 per minute, the capacity of the air-driven, 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 fvJagnitude 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 noimal to the hole is based on the first shut-in pressure; the absolute 

minimum stress is based on the shut-in pressure determined in a slow pumping cycle 

after the fast cycle. In contrast to SBH-4, the shut-in pressures decreased with 

additional pumping cycles in most tests; hence a determination of the minumum 

stress using Zoback•s hypothesis was possible. The maximum stresses normal to 

the borehole were determined from the first breakdown pressure and the tensile 

strength value obtained by Ratigan (1981), discussed in Chapter 2. The area of the 

f~ll scale drift was considered to be drained of water, so the pore pressure term 

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 normal to the boreholes calculated for BSP-1 and BSP-2 are 

surprisingly similar, even though that the holes are nearly perpendicular to 

one another. This similarity is discussed in Section 7.5. 
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Tab 1 e 7 .1. Hydraulic fracturing data for BSP-1 and BSP-2a. 

Depth 
(meters) Test pb Psil pi2 0 Hmax OH . m1n 0 . m1n 

. (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 l-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 .. 24.0± 7.6± 5.1± 

2. T 1.0 0.8 

BSP-2 

:3.8;;,4~4 2;,.6 12.1 8.6 5.2 24.1 8.6 5.2 
5.5-6.1 2-5 12.1 7.9 22.1 7.9 
7.; 3-7.9 2-4 11.9 7.7 4.3 21.7 7.7 4.3 
8.7-9.3 2-8 9.3 7.2 6.0 22.3 7.2 6.0 

. '12.5-13.1 2-3 12.1 8.3 6.1 26.9 8.3 6.1 
13.8-14.4 2-7 10.7 7.6 6.9 21.0 7.5 6.9 
14-9..:15. 5· 2-2 9.1 7.6 5.4 23.4 7.6 5.4 
16.7-17-3 2-1 12.1 6.2 16.9 6.2 
Averageb 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 normal to borehole axis and not 
necessarily horizontal stresses. 

bGiven with 90% confidence intervals. 
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7.4 Orientation 

The orientations of the hydrofractures at the borehole wall were obtained 

using Lynes 5.7 em (2-1/4 in~h} impression packers. Since the holes were 

short, we felt a compass was unnecessary and used scribed tubing to orient the 

packer. Each tube length carried a scribe line machined on each end. The scribes 
·' 

were aligned with one another as the tubes were plac~d in the hole. For the ver-
• I ; 

tical hole., BSP-1, a line was painted on the. floor of the full-s.cale drift' along 

its axis. A rod about 1m long was placed in a hole drilled along the scr.1be in 
• • '• • 1 

the to~ coupling of the tubing. Alignment of this rod with the line on the.drift 

floor was used to orient the packer scribe with respect to thedrift' axis. 

. . 
We used the same scribed tubes for the horizontal hole, BSP-2. Rather 

than use a scribe. line on the drift walls we inserted a pin with ~flat plate 

attached into the hole at the end of the tubing. A bubble level was placed on 

the plate and rotated until horizontal. Thus the pin and the packer scribe were 

vertical for each t~st (fig 7.7). The impression packer assembly was equipped· 

with rollers to keep the packer from rubbing the wall of the borehole and damaging 

the impression. Figure 7.8 shows a typical impression packer as it was removed 

from BSP-1; the impression has been traced with paint to make it more visible. 

Figure 7.9 shows the orientation of the hydrofracture planes at the borehole 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; 
fracture has been highlighted with white paint. 
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XBL8212-12486 

Lower hemisphere stereographic prqjection of the hydrofracture 
planes in th~ ~ertical borehole, BSP-1. · Identification numbers 
are given.for each test. · · · 
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N 

XBL8212-12487 

Lower hemisphere stereoqraphic projection of the hydrofracture 
planes in the sub-horizontal hole BSP-21 Identification numbers. 
given for each test. Case 1, 2 parallel to BSP-1, 2 parallel 
BSP-2; Case 2, 3 parallel to BSP-1, 2 parallel BSP-2; Case 3, 
principal stresses parallel to neither hole. 
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orientation with the ma~imum principal stress direction determined by the over-

coring measurements. 

The fractures created from BSP-2 are generally subh6rizontal with a shallow 

dip towards the extensometer drift. A few fracture planes ar~ nea~ly petpen

dicular to the minimum p~incipal stress direction as determined by the LuH cell 

in BSP-3. Since the fractures are nearly horizontal, they are following the plane 

that contains the directions of the borehole axis and the maximum principal stress 
' - . ·} . 

as determined by the _overcoring meas.urements .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 measurement~ are consistent 

between BSP-1 and BSP-2 in that ~oth planes contain the. direction of maximum 

principal stress, which overcoring measurements indicate is roughly parallel 

to the axis of the full-scale drift. Clearly,_. however, it is not possible 

for both the BSP-1 and_the BSP-2 fractures to be perpendicular to the minimum 

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

7.5 Discussion of Results 

The overcoring results indicate strongly that the maximum principal 

stress is aligned wfth the ·axis of the full-scale drift and is nearly hori

zontal. The orientations of the hydraulic fractu~es' support this conclusion, 

as the planes of the hydrofractures of both BSP-1 and BSP-2 contain the maxi

mum stress direction. One can thereJore conclude that the plane containing 

the two. boreholes is normal to the maximum stress _and contains the directions 

of the intermediate and least principal stresses! 



-194-

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 l~ast principal stresses lie within that plane. There are three possible 

stress configurations (Fig.·7.11). 

The first possibility is that the intermediate and least principal 

stresses are equal. If this were the case, the first shut-in pressures 

m~asured in BSP-2 and BSP-3 should be equal, but there should not be a 

second shut-in pressure for either hole. As there are clea~ second shut-in 

pressures observed in both holes, we can dismiss the hypothesis that the 

lesser principal stresses are equal. 

The second possibility (Fig. 7.11, Cases 1 and 2) is that the intermediate 

and least stresses are unequal in magnitude and parallel to the two holes. 

This stress condition should give first shut-in pressures that are unequal, 

and the larger shut-in pressure should be recorded in the hole drilled parallel 

to the least stress and normal to the interm~diate 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. This 

hypothesis can also be dismissed as inconsistent with the field data, as 

both BSP-1 and BSP-2 have clear second shut-in pressures and the first 

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 pressures should be measured in 

both holes. The first would reflect the stress normal to the fracture and the 

second would reflect the minimum principal stress. This hypothesis is consistent 



easel 
a-2 vertical 
cr3 horizontal 

,. ·;· 

Calse 2 
a-2 horizonta I 
cr3 vertical 

Case 3 

a-2}45° to 
CT3 vert ica I 

-195-

·, I 

XBL834-1760 

Fig. 7.11 Possible stress conditions between full scale and extensometer 
drifts. Case 1, 2 parallel to BSP-1, 2 parallel BSP-2; 
Case 2, 3 parallel to BSP-1, 2 parallel BSP-2; Case 3, 
principal stresses parallel to neither hole. 
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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 va 1 ues measured in BSP-1 shOuld be the same as those measured in 

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

The hypothesis that the intermediate and least principal stresses are 

oriented at 45° to the directions of BSP-1 and BSP-2 can be checked by calcu-

lating the values of the 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 to the hydraulic fractures 

generated in the two boreholes is equal to the first shut-in pressure and can be 

related to the intermediate and least principal stresses by 

o = o2 sin2 9 + o3 cos2 9 

where o2 and o3 are the intermediate and least stresses and 9 is the angle 
i 

between the direction of o and a2. The average first shut-in pressure, o, is 

7.6 MPa,;· and the average second shu-t-in pressure is 5.4 MPa. For 9 = 45°, 

0 7.6 
0.5 - 5.4 = 9.8 MPa 

This value of o2 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-~. 
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Thus the pressure 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 could 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 t~e Luleg drift as part of a 

pilot heater test program conducted by the University of Luleg. 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 drift area; and (2) a minor error was discovered 

in the computer program used to reduce the previously reported results. The . : . . . 

error affected only the orientation data. The mean orient at ion of the stress 
., 

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

The Leeman cells.used in the measurements were manufactured in South Africa. 

The design is-a predecessor of the LuH gauge described in Chapter 4. The Leeman 

cells differ from the LuH gauge in the following ways: 

o Use of 3-component strain gauges 

o Overcore diameter of 32 mm 

o Less effective methods of hole cleaning. 

8.2 Descr.iption of Tests 

Carlsson (1978) performed a series of 19 stress measurements in a 20 m long 

hole (location, Fig. 8.1). This subhorizontal 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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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 depth of 1.55 mm . ..in the borehole .. Unfortunately, 

the diabase again pccurred at 2.05 m. At.2.87 m the diabase ended, and the gra"" 

n.ite pe.rsisted 'throughou,t the remainder of the borehole. Close to the dike, the 
' ' . 

granite was~hi~hly fractu~ed, which made it impossible to perform any mea~urements. 

As a result", the second strain meas.urement was· at 4.41.m. The last strain measure-

ment was at of 19.63 m. 

8.3 Stress Results 

Table 8.2 gives the calculated .Principal 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 th~ 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, OA and oB, of the pr1ncipal stresses 

have also been computed. These are called "secondary horizontal principal 

stresses" and are listed in Table 8.2. The mean value for OA is 15.58 f~Pa; 

and for oB, 8.68 MPa. 

The azimuth of the maximum principal stress in the Lule~ hole is close 
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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) u (MPa) 

6.03 59.97 0.19 151.39 

7.68 56.46 0.17 140.40 

8.53 59.94 0.19 152.50 

10.10 61.68 0.22 141.40 

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) 
01 0"2 01 av a A O"b 

1.55 13.46 6.08 3.92 11.58 6.16 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 3.81 

7.68 19.36 8.44 4.04 11.56 11.88 8.40 

8.53 18.58 10.84 3.16 12.22 14.40 5.96. 

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 

12.22 29.52 11.74 6.88 10.68 25.69 11.76 

13.31 9.78 6.44 3.28 4.82 9.87 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 4.42 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 Luleg drift (Carlsson, 1978, and cornected) . 

Principal Stresses Magnitude Bearing Dip 
(MPa) 

cr1 20.0 S68°W 31° 

Carlsson, 1978 cr2 11.4 S32oE 13° 

cr3 5.4 N29oE 56° 

cr1 20.0 S69°W 24° 

Corrected cr2 11.4 S34oE 23° 

cr3 5.4 N20oE 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 

irregularity suggests that the variation in orientation reflects instrumentation 
~ 

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 Introduction 

Determining principal stress directions in a rock mass by hydraulic frac-

turing requires accurate location and orientation of the generated fracture. 

The usual practice employs post-fracturing downhole measurements with impression 

packers or borehole televiewing equipment. However, such methods do not define 

the fracture away from the borehole. Inhomog~neities in the str~ss field and/or 

rock mass may produce a different fracture pattern from the often-assumed sym-
. ' 

metric double-winged vertical crack. As a first step in testing this assumption, 

an ~xperiment was set up to monitor the acoustic emission (AE) associated with 

hydrofracturing. The experiment sought to determine (1) the existence of detec

table acoustic emissions associated with hydraulic fracturing; {2) .if these 

emission existed, their ~agnitude and o~currence relative to pressuriz~tion, 

breakdown, and fracture propagation; (3) the character of the AE activity (were 

discrete events or near-continuous swarms?) (4) given discrete events, whether 

the signal-io-nois~ ratio was sufficient t6 determine the event•s orientation, 

·magnitude, and source characteristics; and (5) g·iven an affirmative answere to 

question (4) the-number of AE. sensors needed to apply practically these tech-

niqoes in a hydrofracturing exercise. 

9.2 Procedure and Results 

A 12-element vertical array of piezoelectric transducers was deployed in a 

three-dimensional configuration around one vertical and one vertical and one hori-

zontal hydrofracture hole (Fig. 9.1). The specifications of the AE sensors 

and amplifiers are given in Table 9.1. These instruments are identical in 

gain and frequency to those monitoring AE activity in the Climax Stock 
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Table 9.1. Specifications of acous~jc mo~ito~~rg, instruments. 

Columbia 5002 Transducer 

. Sensitivity 

Frequency Response 

Resonant Frequency . . ~. . 

Capacitance 

Outpt Resistance 

Columbia 9021 Charge Amplifier 

Source Impedance 

Charge Gain 

Output Impedance· 

Frequency Respbnse 

1 pole rc' filter at 10 kHz 

g = acceleration of gravity 

.. ... .!.,. 

13 pcoul/g 

2 Hz to 10 kHz, ± 5% 

50 kHz 

850 pF 

2 x 1Q10 ohms 

Capa~itive device, 500 pF max 

100 mV/pcoul {40dB) 

125 ohnis 

1kHz to 10kHz, ±'5% 
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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-1are listed in Table 9.2. Experience at the Climax 

Stock site with this equipment (Columbia 5002 transducer and 9021 charge 

amplifier) has shown that serious noise problems can be introduced by 

ground loops (the transducers being underground, 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 11 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 plaster 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 best data (and~ in most cases, the only usable data) were 

obtained from the surface stations. 

Data were recorded on a Honeywell 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 channel as compensation. Unfortunately, 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 resulted 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. 
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Table 9.2. Stripa station coordinates (in meters). 

Station 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 · 10oo·.75o 344.300 

7 317.950 . 1000.150 344.500 

8 313.500 1006.550 344.700 

9 . 320.250 1006.350 342.350 

10 314.850 1004.850 342.350 

11 310.110 996.850 342.350 

12. 311.500 991.150 342.350 . 

BSP-1 315.570 992.48 343.80-
344.30 
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Fig. 9.2 Spring-loaded acoustic sensor for use in boreholes. 
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Figure 9.3 shows one of the larger events recorded from the vertical 

hydrofracture hole. Although the signal-to-noise ratio is barely adequate, 

several significant points can be not~d:. (1), discrete event$ occur during 

the hydr.ofracture process;, (2) al,l, events recorded are s.imilar, i.e., impul

sively beginning P and S waves (S-P times give reasonable source distances); 

and (3) time separations between events are enough for us to analyze each 
• 
one for location, size, and source type. If not for the problems with the 

substitute tape recorder, it appears that the data quality would have been 

sufficient to adequately define the fracture characteristics. The poor data 

quality was due not to noise generated by the hydrofracture process, but to 

the recording instrument. 

Figure 9.4 gives the ~ate of AE activity versus pumping rate through 

breakdown. Note that no AE activity was detected curing the initial break

down. The only significant activity occurred when fast pumping (4.5 liters/ 

minute) was under way. From Fig. 9.4 it also appears that AE activity (or 

rock fracture) occurred several minutes after pressurization. The threshold 

of AE _detection was a~proximately 1o-2 g (g = acceleration of gravity) 

at 10kHz. Most of the events shown predominate at frequencies near 10kHz. 

If these events follow the scaling theories of conventional earthquake 

source mechanics, the size of the fracture should be several centimeters in 

length. Futherfore, if 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, the local fracturing 

process is a response to the overall applied stress field. 
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The recorded events typically had shear-wave amplitudes that were hrge 

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 shear displacement. 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 failures induced by high flu'id pressures but 

are closely associated with the main fracture. Therefore, by locating the 

shear events, the growth of the hydrofracture can be traced. 

Another indication that Jhe ~vents detected are shear failures from in

creased pore pressures is the time lag between pressurization and the initia

tion of the events. Several minutes elapsed between 11 breakdown 11 and the begin

ning of the acoustic 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 activity may yield important 

information on these critical parameters. 

Unfortunately, accurate source locations and fault-plane sol~tions could 

not be obtained for most events. Several larger events that occurred during fast 

pumping were analyzed for locations, as shown in Fig. 9~5. The locations indicate 

that the fracturing process is not symmetrical. This ·asymmetry was determined from 

the S-P times and the first station of arrival. Symmetry is usually assumed in 

the hydrofracturing process, but these· results, although somewhat inconclusive 



/X 0 2 3m 

----------~----------~·------------------------~ 
u, direction 

.• . I 

B~P~I ~~~~~ .I • 

Zone of events/ : Fu II Scale Drift 
I / 

- J ~ -1 • A 
---- ---1~·· ------ ·-....L:JL.._--.'i"7---:r/- ---

I , 
-I 

Stations--~~! L: _________ _ 
------------- - t 

Extensometer Drift 

XBL 8212-12496. 

Fig. 9.5 Approximate location of acoustic events during hydrofracturing 
of BSP-1. 

! 

I 
N __., 
1.0 
I 



-220-

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 associated with the initial breakdown. What we may be observing 

is asymmetry in the rock properties, i.e., permeability, rather than asymmetry 

in the initial breakdown fracture. Almost all events oc~urred in the northeast 

side of the hydrofracture hole. That is, station 2 was always the location 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 propagated in this direction. Impression packer work indicated 

a double-wing fracture propagation, almost on the axis of the drift. There were 

not enough good data to detect any change in first-motion patterns with time, 

which would have indicated a fracture 11 turn-over. 11 The fault plane solution 

would also help resolve the question whether 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 and Conclusions 

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

but several results are noteworthy. 

(1) If the lack of AE activity during breakdown is characteristi~, 

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 high in frequency to detect 

with our 20kHz 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) On the basis of both the strong S-wave generation relative to P

wave amplitude and the time history of AE response, it appears that 

the observable AE activity is due to shear failure from resulting 

from pore pressures generated by the fluid injection. 

(3) The AE activity slowly builds during fast pumping after pressur-

ization pumping to a more or less constant level. This lag time 

may be a function of. permeability, in that all the permeable 

cracks may have to be pr-essurized before significant fracture 

activity occurs. Other evidence for this may be in the faster 

decay of activity after pumping is stopped but as shut-in pressure 

is held. It is not clear how to scale the time constant with the 

size of the fracture produced. 

(4) The determination of hydrofracture growth and location details by 

seismological methods appears quite feasible. If not for the 

time and equipment constraints on this project, the data quality 

would probably have allowed the location and characteristics of 

individual fractures to be calculated. 

(5) The few source locations determined are consistent with data from 

the ~mpressioh 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 procedure should be. 
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made. The data should be recorded digitally 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 signals (100- 500Hz), they should be detected 

with conventional high frequency geophones. It is important, though, to retain 

the high frequency content of the signal (10 to 20 kHz) in order to completely 

characterize the fracturing process. Retaining high frequencies, however, 

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

A new instrument may be needed. 

Ideally, one would 1 ike to monitor the hydrofracturing process from the 

same hole as the fracture. This experiment indicates that the noise problems 

associated with acoustically monitoring the hydrofracture from the same hole, 

are not insurmountable. It appears quite possible to develop a sonde that 

that ,would collect wide-band, three-component data beneath the hydrofracture 
' ' 

zone. Each component would be a small array of sensors tuned to detect signals 

from the rock formation and ignore unwanted signals from the hole (i.e., noise 

from pumping, tube waves, etc.). 

If successful on a small scale, this technology might be expanded for use 

with massive hydrofracturing in commercial applications. Determining the hydro-

fracture path seems to be of critical importance, not only for understanding 

stress measurements but for determining the success of well stimulation operations. 

With the recent advance of in-field seismic processing and high-speed, low-power

consumption computers, now is the time to br1ng all the techniques of fracture 

characterization in earthquake seismology to bear 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 conclusions from the stress measurement 

data discussed in the preceding chapters. The conclusions can be related to 

the following key questions: 

o How do the overcor ing and hydraulic fracturing data compare in SBH-4 

in the underground area, and what is the state of stress at the depth 

of the test facility (348m)? 

o On the basis of these results, what recommendations can be made concerning 

the design of stress measurement programs and the procedures to be used 

at waste repository sites? 

10.2 Comparison o.f the Far-Field Hydrofracturing and Overcoring Results 

Two bases for comparing the results of 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 320m in the SBH-4, the depth of the test facility. 

The horizontal stresses are used for comparison because,the hydrofracture test 

measures 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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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 intervals could have been improved to about ± 15° had more than 

20 measurements been made. Further improvement in the statistics with larger 

numbers of measurements is probably not practical because of cost and the 

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 methods 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: 

0 HMax 0 HMin 
(MPa) (MPa) 

Hyd rofr ac turing 22.1 ± 2.1 11.1 ± 0.8 
(first breakdown method) 

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 large standard errors of estimate and the large confidence intervals 

fof the slopes of the regression lines show that reliable predictions 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. 
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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 Magnitudes of horizontal stress determined by overcoring in 
SBH-4. Triangles are maximum horizontal stress, circles are 
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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 and overcoring in 

BSP-1 agree well with one another, particularly 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 hydraulic fracture 

impressions at the borehole wall. The hydraulic fractures are mostly vertical 

and striking parallel to the maximum principal stress direction obtained by 

the 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 

off 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 principal stresses with depth. 

The magnitudes 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. (1981), which showed that the stress in 

the full-scale drift did not strongly affect stress orientations along BSP-1, 

and that the stress concentration due to the drift decreased rapidly 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 hydraulic fracturing (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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far-field stress results (Chan and Saari, 1981). 
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The minimum horizontal stress determined from the early time shut-in 

pressure and the minimum stress determined from th~ late tim~ ~hut-ih pressure 

do not correspond well with the values determined by overcoring. The average 

value of the minimum secondary stress determined by overcoring 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 magnitudes between the 

overcoring and hydraulic fracturing would not greatly affect calculations of 

stress ratios, nor would it strongly influence design,strat~gies were Stripa 

an actual repository. But, if we assume the overcoring data are correct, an 

the analysis based on hydraulic fracturing records in a case where the lesser 

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 horizontal 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-seal~ drift area prepared by 

Chan et: al. (1981) based on the SBH-4 measurements showed that a rotation 

of the principal stresses should be found along the horizontal ·holes {Fig. 

10.5). This rotation is related to the presence of the experimental drifts. 

In the first few meters of the ho,les, _the calculated minimum stress is, directed 

towards the free surface of the extensometer drift wall. As the hole passes 

under the full-scale 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. 

SBH-4b 
Hydrofrac 

SBH-4b 
Power Board 

BSP-1 
Hydrofrac 

BSP-1 
Power Board 

BSP-2 · 
Hydrofrac 

BSP-3 
LuH 

BSP-3 
CSIRO 

BSP-3 · 
USB til 

Lulea Drift 
Leeman Ce 11 

V1-150m 
Power Board 

V1-300m 
Power Board 

Values given with 90% confidence interval. 

Principal Stresses 
(MPa) 

24.2±5.0 10.0±1.9 

20.8±3.1 9.2±1.1 

18.7±5.5 8.0±3.4 

1. 9±1.6 

1. 9±1.6 

2.6±1.2 

19.5±2.9 8.0±3.2 4.8±1.2 

27.9±5.0 19.1±5~3 11.4±1.0 

22.7±6.3· 13.0±4.0 9.2±2.4 

Secondary Stressesa 
(MPa) 

22.1±2.1 11.1±0.8 

25.4±2.9 12.1±2.4 

24.0±2.9 7. 6±1.0 

23.0±4.5 4.8±1.1 

22 ~3±1. 9 7.8±0.5 

20.2±3.2 4.3±0.7 

18.3±6.0 5.1±3.2 

18 .3±1. 7 4.4±1. 2 

5.1±0.8 

9.5±0.8 

5.7±0.7 

15.6±2.8 8.7±1.9 10.4±1.9 

26.0±5.1 18.3±5.9 13.4±1.4 

19.7±7.1 11.7±3.3 13.6±1.4 

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

b Interpolated values at depth of test facility (338m level). 
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· The average values of the principal stresses are given in Table 10.1, 

and the orientations are shown in Fig. 10.6. The magnitudes of the principal 

stresses vary along the length of the hole, but not to the extent predicted 

by the modeling. The maximum principal stress is consistently parallel to 

the axis of the drifts and coincides closely with the ~irection measured by 

the Power Board. The inte.rmediate and minor principal 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 horizontal, and the least stress rotates toward the vertical. 

This rotation is consistent with the predictions of the boundary element 

model shown in Fig .. 10.5. 

The mean orientations of the principal stresses agree well with those 

measured by the Power Board. in BSP-1; however, one would expect that the 
0 

Lulea measurements closest to the end of the hole--which is near. the center 

1 ine of the ful'l-scale drift--would be those most closely coinciding_ with 

the Power Board results. Instead, they, show the greatest divergence. 

The USBM borehole deformation gauge was used in the same hole as the LuH 

cell and CSIRO cell measurements. Unlike the triaxial strain cells, the USBM 

gauge measures only the stress components normal to the hole axis. This dis

advantage is balanced against the greater rapidity and reliability of the 

USBM gauge. · Strain-cell measurements and deformation-gauge measurements 

complement one another when used fn the same hole. The s.train cells provide 

·the three-dimensional information, and the deformation .gauge provides the 

larger number of measurements necessary for confidence in the stress deter-

mination for a site. 
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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 - o1, square - o2, circle - 03. 



-235-

The results of the USBM measurements are plotted along with the second

ary stress data for the LuH cell measurements in _Fig. 10.7. The agreement 

is excellent for bot~ magnitude and orientation. The mean secondary stresses 

with 90% confidence 1 eve 1 s for the means are: 

LuH 
USBM gauge 

0 Hmax 
(MPa) 

20.0 ± 3. 3 
17.5 ± 3.3 

0 Hmin 
(MPa) 

4.5 ± 0.8 
4.5 ± 0.8 

. The maximum secondary stress, which is very close to being the maximum prin

cipal stress, is horizontal for both techniques. 

The CSIRO cell has several practica1' advantages over the Leeman cell, in

. eluding the protection of the electronic circuitry from drilling fluids and the 

capability of monitoring the strain gauge outputs during overcoring. Its dis

advantage is that the cements require 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 measurements did not appear to be adequately 

bonded to the pilot b6rehole walls.· Even after switching to a faster curing 

cement for the final three measurements, the gauge values showed an average 

drift rate of about 5 microstrains per minute before and after the overcoring. 

The orientation and magnitude data are calculated using strain data from which 

the linear drift has been subtracted. The data, shown in Fig. 10.6, are consis

tent with the LuH_ results in both orientation and magnitude._ 

The hydraulic fracturing stress measurements 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 approximately 

normal to the minimum stress directions determined with the LuH cell (Fig. 10.6). 

The maximum horizontal stres·s values of th~. hydraulic fracturing average 24.0 ± 2.7 

MPa versus .20.8 ± 3.1 MPa for the LuH tell in BSP~3. 

In summary, the agreement between the results of the overcoring and 

the hydraulic fracturing for the near-field measurements is best in the 

magnitude and orientation of the maximum principal stress. All the tech

niques are in agreement that the direction of the maximum stress is hori

zontal and parallel to the axis of the full-scale and extensometer drifts. 

The magnitudes for the stresses cover a range within about ± 20% of 22 MPa. 

The values for the magnitudes of the intermediate and least. stresses 

are in general agreement; however, two in~onsistencies exist in the ~esults. 

The first is the difference in minor stress orientations between the BSP-1 

Power B~ard results and the BSP-3 LuH results. The magnitudes and mean orien

tations are in general agreement, but the Power Board's least stress is oriented 

more towards the extensometer drift, and the LuH least stress is oriented more 

towards the full-seal~ drift. The second inconsistency is in the shut-in pressure 

values for the orthogonal holes~ B~P~l 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 holes. 

Fortuitously, this i~terpretation is-consistent with both the orientation and the 

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

Stress measurements have now been ~erfor~ed in fou~ areas of the Stripa 

mine, the full-scale/extensomet~r drift area, the Lule~ drift (Carlsson, 

1978), the far-field area north of the mine (SBH-4); and in the deep borehol~, 

V1, drilled 505 m downward from the 360m level of the mine (Strindell and 

Andersson, 1981). The average directions and magnitudes of the stresses de

termined in each of these areas are shown in Fig. 10.8. The most striking 

feature of the data is the difference in maximum stress orientations between 

the underground stress measurements and SBH-4. Although there is considerable 

scatter in the magnitude data of V1 and of the Lule~ drift, the orie~tation of 

the maximum stress is consistently in a NE-SW direction. 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 different stress measurements in the orientations of 
' . ~ . 

the maximum stresses su~gests strongly that the rotation of the stresses is real 

and not an artifact of the measurements. 

The most apparent source of this r6tation is perturbation from the mine 

itself. The strike of tlie orebody and the associated stapes is perpendicular to 

the direction of the 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 stress to be parallel to the trend of the workings. 

By this 1 ine of reasoning·, the stress 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 



Surface Geology 
D Granite· 
~ Lept'1te ~ 

0 . lOOm 

SBH-2 (50°) 

o-------. 

. XBL 815- 2945A 
Fig. 10.8 Stereoqraphi c ,project ions showing average magnitudes and or ien

tations of· principal stresses (overcoring) and secondary stresses 
(hydraulic fracturing). Hydraulic fracture stresses are double . 
underlined. 1 -triangle, 2- squ~re, 3- circle . 

. _Hydraulic fracture orientations shown as' planes. 

I 
N 
w 
1.0 
I 



-240-

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 undertaking. Chan et al. (1981) made·a simplified two-dimensional 

model of the mine. Their plane-strain model calculated the stress concentrations 

as if the entire orebody ~ad been removed as a single ~lab. These calculations 

showed that the mine would have a relatively small influence on the stresses at 
" . . 

SBH~4, except at shallow depths. 

Another possible explanation for thestress rotation between the test and far

field area is tha't the changes reflect variability in the geology and in the elastic 

properties of the rocks. An argument against. this hypothesis is that, in areas of 

the United States such as 1h~ ~pper Midwest, the maximum stress direction is very 

consistent ~ver areas of'huridreds of square kilometers. Nonetheless, this geologi~ 

hypothesis ca·nnot be confirmed or rej-ected without appropriate numerical calcul a-

tions. 

Stress variability due to local geology would have important implications 

for repository sit.e characterization. Stress measurements made in a single 

explotation hole might not be representative of the areas where the excavation 

would take place, 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 has been completed 

at Stripa, we conclude that the design of stress measurement programs for nuclear 
-

waste repository sites should answer three basic questions: 

o At what stage should stress measurements be done? 

o What methods should be used? 

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

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

Stress measurements should be performed before the construction of 

underground workings begins. The stress data should be used to determine 

whether the stress conditions are unfavorable for the stability of openings and 

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

In the past, the design stages of many underground projects used assumptions 

of stress magnitudes that were based on gravity loading alone. For examples, Heim's 

rule states that stresses should be hydrostatic and equal to the stress generated 

by the weight of the overburden. This assumption is based on the premise that 

creep will bring all the stresses into equilibruim. Another gravity-based pre

diction states that only the vertical stress should be equal to the overburden 

pressure and that the horizontal stress should be due only to Poisson's effect. 

For a Poisson's ratio of 0.25, the horizontal stress would be one-third of the 

vertical str-ess. 

Predictions 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 

similar to that observed in stress measurements in the Canadian Shield rocks 

of th~ United States (Haimson, 1978). Repository design should therefore 

be based on actual stress measurements rather than on assumptions 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 ll)easurements from the surface. In general, hydraulic 

fracturing is capabl~ of providing sufficient data on the stress ratios and 

orientations. But, in cases where the stress ratios are large or the 

principal stresses are not parallel with the borehole, the interpretation of 

the hydraulic fracturing records may be in error. 

The goal of the stress measurement program should be to obtain the 

vaiue of the stresses at the depth of the repository. These values can be 

obtai ned either by ( 1:) pe~forming a number of measurements at the ~epth of 

interest, or (2) interpolating the value from linear regression over a range 

of depths;· In either case the number of measurements will be about the same. 
. ' . . 

As· there 1hay not be enough su itab 1 e test zones in the depth range of interest, 

one ~ay ne~d t6 use t~e linear regression approach. It is difficult to 

specify a number of tests re~uired to obtai~' a part icul 'ar confidence interval, 
. . . 

oecause the quality of the estimate will depend on how the data are distributed 

_with respect to depth. A program where the stresses are measured from the 

surf9.ce 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 first stress meas~rements--from boreholes drilled from the surface-

can be used to-qualify a cand~date site and to design-the initial shaft and 

underground test facilities. Once the shaft is completed, 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' 
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complemented by hydraulic fracturing. Hydraulic fracturing will be especially 

useful if an acoustic experiment is performed to map the propagation of the 

hydraulic fracture. Past experience has shown that overcoring results can be 

highly variable. Causes of this variability may be due to the short lengths 

over which strains are measured and to local heterogeneities. Hydraulic 

fracturing, on the other hand, provides a larger scale of measurement. An 

acoustic determination of the orientation of the hydraulic fracture should be 

a reliable indicator of the plane of the maximum and intermediate principal 

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

The Stripa experiments showed that principal stress directions can vary 

considerably over hundreds ·of meters (the distance between SBH-4 and the full

scale drift). · It is therefore important that stress ~easurements 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--are notorious for having 

considerable scatter. Repository designs will mo~t likely use the mean values of 

the stress determinations. Given the statter in the stress measurements, it is 

important to have enough measurements performed so that the confidence intervals 

for the means will be ·narrowly defined. No guidelines fo~ confidence intervals 

in stress data currently exist, however. We su~gest.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 crinfidente limits are based on the following considerations. A 

complete stress analysis of a repository site cannot be made at present, but for 

purposes of con~~8ering the required reliability of the data, one can consider a 

simple case· such as the stf~ss~s a~ourid a singl~ tunnel. In general, it is 

preferable to aVoid having l~rge differential ~tresses in the plane normal to the 

tunnel axis. If a granite site had a ratio of the maximum horizont~l to vertical · 

stress gr~ater than 2.i:1, portions of the sidewall might be in a state of 

tension (Hoek and Brown, 1980). If the rock is unjointed, tensile failure might 

occur, 6r, if the rock is jointed, the joi~ts may open to provide leakage pafhs 

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-
• I ' • • • 

tal stress.,. If one were to make an adjustment of the alignment of.the tunnels to 

avoid unf~vorable sidewall stress, it would be very.important to know the mean. 

direction of .the maximum horizontal stress with a high degree of confidence, 

perhaps about ± 15°. Data with confidence limits approaching 45° would be 

virtually useless 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~ean maximum.and 

minimum horizont~l 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. Conservatively 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, particularly since the ratios of the ~aximum horizontal 

stress to the minimum horizontal stress and the vertical stress are commonly in 

the vicinity of 2:1. 

Using the standard error of estimate values for the SBH...:.4 mea'surement 

and the standard deviation values for the underground measurements, w~ have 

constructed graphs showing the variation in confidence interva1 with the 

number of measurements (Fig. 10.9). For the stress magnitudes, 20 measure

ments should be sufficient to define the mean 'values within 10% of the maximum 

stress value. Since the improvement in the tonfidence interval is not great with 

additional data points, peiforming many more tests does not app~a~ justified. 

Fifteen measurements are suffic-ient to define the maximum stress orientation 

within 20°, and again there is little improvement that can be attained with 

additional data points. 

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 technique_ for sites where the data are as variable 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 c'Ould 'be used very easily in the same 

pilot borehole, thus allowing two overcoring measurements to be performed· 

s imu lta.neous ly. 

'.···. 

10.6.2 Hydraulic Fracturing 

The calculation of the stresses u~~ng the first br~akdown pres~ure and 

the tensile strength was found to be in better agreement with the oyercodng 

than the calculation using the second breakdown pressure. The first break

down method has been out of favor for several years due to problems in find-
·-: 

.ing an appropriate tensile strength v~lue~ Ratigan (1981) ha~ developed 
. ';·.;; 

statistical fracture mechanics methods for determining values of tensile 

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

':i .. 

The shut-in pressur~s were determined by low flow-rate pressure build

up and semi-_logarithmic plots of post-breakdown pressure versus time. The 

agreement of the two methods was very good. 

Because of equipment problems, the acoustic emission mapping was not sue-

cessful in accurately locating the hydraulic fractures. However, the experi

ment successfully showed that fracture propagation occurred in discrete, re

cognizable events that can .be analyzed for location. The results were therefore 

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