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Preface

The research work presented in this report was carried out during one year from June
1998.

The contents of the report are divided into three parts. Chapter 2 and Chapter 3 give a
general overview of the state of the art of hydraulic fracturing and overcoring stress
measurements. These two chapters also give a short description of the specific
instrumentation used during the measurements at Aspd Hard Rock Laboratory (HRL).
Chapter 4 gives a small glimpse into the theory behind the computer codes and Chapter
5 presents the information about the rock stress measurements conducted between 1988
and 1997. The results of these measurements are summarised in Chapter 6. Chapter 7
gives a general discussion and conclusion of the results achieved in the report.

The research work was made possible through financial support from the Swedish
Nuclear Fuel and Waste Management Company (SKB). I am especially grateful to
Christer Svemar and Olle Olsson who initiated the project.

I wish to express my sincere thanks to my supervisor Professor Erling Nordlund and
everybody at the Division of Rock Mechanics for the worthwhile discussions. Special
thanks to Professor Bengt Stillborg who was my supervisor in the beginning of this
work.

Luled Oktober 2000

Beatrice Lundholm



Abstract

The process of choosing a site for a nuclear waste repository means that many aspects
have to be taken into consideration. One of these is that the repository has to be
mechanically stable for a long time. The mechanical stability of the rock is very difficult
to determine. One of several parameters, which determine the mechanical stability, is
the virgin state of stress.

The project, of which the first part is presented in this report, consists of two parts. The
first part is to define the state of stress at Aspd Hard Rock Laboratory. This is done
based on earlier rock stress measurements conducted during the years 1988 t01997.
Two different measurement techniques have been used, hydraulic fracturing and
overcoring. During the overcoring two types of cells have been used, CSIRO HI-cell
and a cell developed by the Swedish State Power Board (SSPB). In the second part,
investigation of the correlation between the stress and geological structures will be
made.

The rock stress measurements using the hydraulic fracturing gave orientations of the
horizontal stress that coincide with earlier hydraulic fracturing measurements conducted
in Scandinavia. The magnitudes of rock stresses are slightly lower than the earlier
reported stress magnitudes for the Scandinavian part of the earth crust. The rock stresses
obtained from the overcoring resulted in higher stresses than what was predicted by the
hydraulic fracturing measurements. However, the orientation of the maximum
horizontal stresses coincides well between the two techniques. The orientation is also
unvaried with respect to increasing depth.

The state of stress at Aspo is defined by using the results from the hydraulic fracturing
and the measurements conducted by SSPB-cell. The measurements from the SSPB-cell
are used since these have a Poisson's ratio that corresponds well with the uniaxial tests
of rock samples and since the measurements have been done at a distance from the
opening where no influence from the openings can be expected.

Since the magnitudes of the rock stresses differ between overcoring and hydraulic
fracturing, some efforts have been made to find possible causes for this. The rock
stresses when conducting overcoring gave higher values overall, which could be
explained by high Poisson's ratios and a minor influence from the opening as the stress
measurements might have been done in the disturbed zone.

The high Poisson's ratio may depend on the stress-induced microcracks, which might be
initiated during the overcoring of the cell and also during the drilling of the minor
borehole, in which the cell is installed. Statistical analysis showed that there is
significant difference between the mean values of Poisson's ratio obtained from biaxial
tests of cores containing the CSIRO HI-cell or the SSPB-cell. Poisson's ratio is about
0.34 for CSIRO HI-cell while the SSPB-cell gave a Poisson's ratio of 0.23. However,
the analysis also showed that Young's modulus does not differ between the techniques.
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Sammanfattning

Vid platsbestimning av ett djupforvar for utbréint kdrnbransle maste flera aspekter tas i
beaktande, varav en av dessa ar att forvaret méste vara mekaniskt stabilt for en 1ang
tidsperiod. En av flera parametrar som styr den mekaniska stabiliteten &r det naturliga
spanningstillstandet som tillsammans med dvriga parametrar gor det svart att bestimma
bergets mekaniska stabilitet.

Detta projekt, av vilken den forsta delen presenteras i denna rapport, bestar av tva delar.
I den forsta delen ska spianningstillstindet éver Aspdlaboratoriet definieras. Detta gors
genom att studera bergspanningsmétningar som utforts under aren 1998 till 1997. Tva
skilda méattekniker har anvénts, hydraulisk sprickning samt friborrning. I samband med
friborrning har tva olika typer av métceller anvints, CSIRO HI-cell och en cell som
utvecklats av Vattenfall (SSPB-cell). I den andra delen av detta projekt, ska de naturliga
bergspédnningarnas paverkan av geologiska strukturer studeras.

Bergspianningsmétningarna med hydraulisk sprickning resulterade i en orientering pa
den storsta horisontala spanningen som stimmer vil 6verens med tidigare métningar
som utforts i Skandinavien. Storleken pa bergsprangningarna skiljer sig dock lite fran
dessa tidigare méitningar. Métresultaten frn hydrauliska sprackning ingar i dessa
uppmitta tidigare runtom i Skandinavien. Resultaten fran friborrningen, gav
bergspéanningar som ar hogre &n vad som forutspaddes utifrdn hydraulisk sprackning.
Det ska dock ndmnas att orienteringen av den storsta horisontella spdnningen stimmer
bra Gverens mellan de tvd matmetoderna, samt att orienteringen 4r konstant med 6kat
djup.

Spénningstillstandet i berggrunden under Aspd bestims genom att anvinda resultaten
fran hydraulisk sprackning och mitningarna utférda med SSBP-cellen. Métningarna
utférda med den sistnimnda cellen anvinds eftersom Poissons tal stimmer 6verens med
resultaten fran enaxiella trycktester samt darfor att métningarna har utfors pa ett avstind
fran tunneln, sa att de antas vara opaverkad av tunneln.

Eftersom storleken pa bergspanningarna skiljer sig mellan friborrningen, speciellt nar
CSIRO HI-cellen har anvidnds och hydraulisk spriackning har detta lett till att s6ka
mojliga orsaker till detta. Bergspanningsmétningar utférda med friborrning gav
generellt ett hogre virde pa bergspinningarna, vilken torde kunna forklaras med hoga
Poissons tal samt att spanningarna &r pdverkade av tunneln.

Hoga Poissons tal kan bero pa spanningsinducerade mikrosprickor, som kan initieras
under friborrningen och under borrning av det mindre halet, i vilket métcellen
installeras. Statistisk analys visar att det 4r en signifikant skillnad mellan medelvardet
for Poissons tal dd CSIRO-cellen har anvands jamfort med dd SSPB-cellen anvinds.
Poissons tal dr ca. 0.34 for CSIRO HI-cell medan SSPB-cell har ett motsvarande varde
pa 0.23. Samma statistiska analys gav att skillnaderna i elasticitetsmodulen inte skiljer
sig mellan de tva métcellerna. ’
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1 Introduction

1.1 Classification of rock stresses

Rock stresses can be divided into in-situ stresses and induced stresses. /n-situ stresses
are called natural, primitive or virgin stresses and exist in the rock prior to any
disturbance. Induced stresses are related to artificial disturbance (excavation, drilling,
pumping). These stresses can also be induced by changing of natural conditions

(swelling, drying etc.).

The current in-situ stresses in a rock mass are the cumulative product of events in the
geological history. Several authors have proposed different terminology for in-situ
stress, which are summarised by Amadei and Stephansson (1997). The in situ stresses
can be divided into four groups of origin, gravitational, tectonic, residual and terrestrial
stresses (Figure 1-1).

| Rock stresses |
|
\ ¥

In situ (virgin) stresses | Induced stresses

(Mining, excavation, drilling, pumping,
injection, energy extraction, applied
loads, swelling, etc)

\a \ \ A

Gravitational Tectonic Residual stresses Terrestrial stresses
stresses stresses
- Diagenesis - Seasonal
(Flat ground surface ) . temperature
and topography Metasomatism variation
effect) - Metamorphism - Moon pull (tidal
- Magma cooling stresses)
- Changesinpore || - Coriolis force
pressure - Diurnal stresses
v Y
[ Active tectonic stressﬂ Remnant tectonic stresses
|
v ¥ Same as residual but
Broad scale Local Fectomc activity is .
involved, such as folding,
_  Shear traction - Bending faultipg, jointing and
Isostatic compensati boudinage
~  Slab pull - Isostati Ip on

Downbending of

— Ridge suction lithosphere

- brane stress .
Mem . - Volcanism and heat

flow

Figure 1-1. Terminology of rock stresses (Amadei and Stephansson, 1997).



The definition of induced stresses is that they are stress changes due to removal or
addition of material. These induced stress changes are superimposed on the natural
stresses that exist before the excavation. The result of this superposition will be named
secondary rock stresses, whereas the in-situ stresses will be named virgin stresses in this
report.

1.2  Aspd Hard Rock Laboratory

The Aspd Hard Rock Laboratory (HRL) constitutes an important part of the work of
developing a deep repository and developing and testing methods for investigation and
licensing a suitable site (SKB Technical Report 97-06). The laboratory is located in the
area of Simpevarp in the municipality of Oskarshamn in the south of Sweden. In 1990
the excavation of the ramp started. The ramp, which is about 3600 metres, was
continued down to 450 metres below ground surface. The first part was excavated by a
conventional drill and blast method, while a Tunnel Boring Machine (TBM) excavated
the last 400 metres.

The process of choosing a site for a nuclear waste repository means that many aspects
have to be taken into consideration. One of these is that the repository has to be
mechanically stable for a long time. The mechanical stability of the rock is very difficult
to determine. One of several parameters, which determine the mechanical stability, is
the virgin state of stress, and another is the strength of the rock mass.

While measuring the rock stresses a set of aspects and conditions influence the results
e.g.;

—  the accuracy in measurements

—  heterogeneity or anisotropy of the rock mass

—  level of measurement confidence (mean-values and variance)

—  how representative the measurements are for the whole rock volume
~  degree of subjectivity in the interpretation of the results |

One of the research goals stated in RD&D Programme 92 is to enhance the level of
confidence and understanding of how representative the stress measurements are for the
whole rock mass. A database of the rock stress measurement results has been compiled
(RD&D Programme 95). Another topic of concern is the different values obtained with
different measurement techniques, a topic, which was raised in (RD&D Programme 95)
and commented as follows.

“4 comprehensive analysis of the rock stress condition at Aspé is needed to give a clear
explanation of the significant difference between the rock stress magnitude measured
from the surface and from the tunnel ”.

Rock stress measurements were conducted in the pre-investigation phase. Three deep
boreholes were drilled from the surface of Aspd. In two of these hydraulic fracturing
tests were performed at varying depths. In the last borehole, overcoring measurements
were done at two different depths by the method developed by The Swedish State
Power Board (SSPB).

During the excavation of the ramp a number of overcoring measurements were made.
The stress measurements in the ramp were mainly made to evaluate the prediction of the
stress measurements made during the pre-investigation phase. The measurements in the
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tunnel were made in short boreholes and the CSIRO Hollow Inclusion cell was mainly
used except for a few boreholes where the SSPB-cell was used.

1.3  Objectives

This report is one of two, which are made in a licentiate work at Luled University of
technology and the Division of Rock Mechanics. The project aim at learning more about
the accuracy of the stress measurements made in the Aspd Hard Rock Laboratory and at
correlating the rock stresses to the geology. The main objectives of the project are

—  to establish the state of stress at Aspd
—  to correlate rock stresses with local as well as regional geology
—  toinvestigate the reliability of the measuring data

The first part is to define the state of stress at Aspd Hard Rock Laboratory. This is done
based on earlier rock stress measurements conducted during the years 1988 t01997.
Two different measurement techniques have been used, hydraulic fracturing and
overcoring. During the overcoring two types of cells have been used, CSIRO HI-cell
and a cell developed by the Swedish State Power Board (SSPB).

Since this is a part of a licentiate work, a major part of the report is a theoretical study of
the measurement techniques.



2 Hydraulic fracturing

In the 50s, hydraulic fracturing was introduced as a method to stimulate the flow of oil
and gas towards the production-holes inside an oil or gas-field. The use of the method
increased rapidly, and about 100.000 individual treatments were performed before 1955.
Today, the method is still widely used for well production stimulation. During this
period the fracture process was poorly understood. Even if the use of hydraulic
fracturing for stress determination differs from the well treatment, the basic concept of
creating fractures in the borehole wall and propagating them into the rock mass is
identical.

In 1957 the classic paper of Hubert and Willis "Mechanics of Hydraulic Fracturing" was
published. The paper was based on the theoretical studies of the state of stress
underground and the stress field around a vertical borehole in elastic rock. In their
paper, they presented the relationship between the breakdown pressure, the stresses
acting in the plane perpendicular to the borehole and the tensile strength of the rock.
The paper also concluded that the fracture should be formed perpendicular to the least
principal stress. In tectonically relaxed areas characterised by normal faulting, the least
principal stress should be horizontal.

In the early sixties, Kehle (1964) among others discussed the implications of hydraulic
fracturing with regards to the stresses and the orientation of the induced fractures. Since
then, the use of the method for rock stress measurements increased gradually and is now
used worldwide.

The first hydraulic fracturing measurements in Sweden were conducted in 1981 in the
Stripa Mine (Doe et al., 1983)

21 Test procedure

To avoid macroscopic fractures in the test section, the cores from the borehole are
examined and a test section 1s chosen.

The straddle packers are lowered to the chosen test section, see Figure 2-1a. To avoid
high stress concentrations at the ends of the test section the straddle packer and the test
section are pressurised simultaneously. The straddle packers have slightly higher
pressure than the pressure applied in the test section through the test cycle.

The water pressure, which is generated by a pump, is then increased until there is a
sudden drop in the recorded pressure. This indicates that a fracture has been induced in
the borehole wall. Directly after the borehole breakdown, the test line is shut down and
the hydraulic circuit is closed. The pressure in the borehole decreases to a stable level
called the shut-in pressure. This shut-in pressure is usually recorded during 3 to 4
minutes to assure that the pressure is stable. After this, the test section is then drained.

In all, two or three cycles are conducted at the same constant flow rate. At every cycle,
the fracture is reopened and extended and the pumping time is increased. The reason for
performing several pressurisation cycles is to extend the fracture far enough from the
borehole to avoid the stress field being influenced by the borehole. An idealised
pressure-time curve of the testing can be seen in Figure 2-2.



B | | T i | | S SR LSS

Straddle
packer Impression

Test
section

(a) (b)

Figure 2-1. Fracturing (a) and fracture orientation (b) (Bjarnason, 1986).

Pressure
B,= Breakdown pressure

/ ) P,= Reopening pressure
Shut-in

P,= Shut-in pressure

Shut-in
/ P,= Shut-in pressure

Figure 2-2. Idealised pressure time curve during hydraulic fracturing Enever et al, 1992).

Fracture impressions are conducted at the test points with satisfying results, Figure 2-1b.
The impression packer is lowered to the test point and pressurised for 30 — 40 minutes.
During this time the impression packer measures the orientation of the hydraulic
fracture in the borehole wall by squeezing a soft rubber into the fracture. Beneath the
impression packer, a single-shot magnetic compass and a borehole camera are fixed.
This compass measures the orientation of the impression packer during the impression
period. Other borehole and surface geophysics devices can also be used to determine the
orientation and inclination of the hydraulic fracture (Haimson, 1978). A borehole TV
camera containing a magnetic compass has been evaluated to detect and locate
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hydraulic fractures (Bjarnason et al., 1989). There is also some ongoing research to
apply BIPS-images to determine the orientation of fractures in boreholes (Johansson,
1999).

During the hydraulic fracturing the downhole pressure in the test section and the
packers are continuously recorded. Since it can be a loss of friction in the cable due to
the flow rate, the test section pressure is also measured at the surface. In addition, the
flow rate to the test section is also measured.

2.2 Data evaluation and interpretation

During the pressurisation cycles the pressure versus time is recorded Figure 2-2. From
the pressure curve, the breakdown pressure, shut-in pressure and reopening pressure are
evaluated. In reality the pressure record is not as idealised as in Figure 2-2. This means
that it is very difficult to determine the shut-in pressure as well as the breakdown and
reopening pressures. Different interpretation methods are available and will be
explained in following sections.

2.2.1 Interpretation of the breakdown and reopening pressures

By examining the first cycle at the part of the curve where the pressure is increasing,
interpretation of the breakdown pressure is made. The point at which the curve is
deviating from linearity is defined as the breakdown pressure.

The procedure to interpret the reopening pressure is the same as for breakdown
pressure, except that the second, third and eventually a fourth cycle are examined. The
value of the breakdown pressure is defined as the point at which the curve is deviating
from linearity.

2.2.2 Interpretation of the instantaneous shut-in pressure

The shut-in pressure is the lowest pressure capable of maintaining the fracture open
against the far-field least horizontal stress. Determination of the shut-in pressure is done
when a distinct break is observed after the fast pressure-decline that follows the pump
shut-off, see Figure 2-3. However, the pressure is often decreased gradually and
therefore the shut-in pressure is indistinct.

There exist several interpretation methods to determine the shut-in pressure from the
pressure-time curve. Most of these are graphical and the best known ones are the
inflection point method (Gronseth, 1982) and the tangent intersection method (Enever
and Chopra, 1986). Both these interpretation methods can be based on pressure-time
curve as well as modified pressure-time curves. These modified pressure-time curves
can be

—  pressure vs. log(t) (Doe et al., 1983),

—  log(pressure) vs. log(t) (Zoback and Haimson, 1982),

—  pressure versus log(T/(T-To)) (McLennan and Roegiers, 1983),
—  the Muskat method (Aamodt and Kuriyagawa, 1983).

Hayashi and Sakurai (1989) compared different modified pressure-time curves and
found that the interpretation based on pressure vs. log(t), log(pressure) vs. log(time) and
pressure vs. log(time/time after shut in) plots gave approximately the same shut-in
pressure and that the Muskat method gave less reliable results.



Inflection point method

In this method the tangent to the pressure vs. time curve is drawn for a time
immediately after the shut-in Figure 2-3. The instantaneous shut-in pressure is then the
pressure where the tangent line diverges from the curve. If the divergence is not well
defined, a second tangent line is drawn at a slightly greater time. The shut-in pressure is
then defined at the intersection between the two tangent lines.

Pressure

A } Shut-in

Time

>

Figure 2-3. Inflection method to determine the shut-in pressure.

Tangent intersection method

The shut-in pressure is defined as the intersection of the tangent to the pressure curve
immediately after shut off and the tangent of the stable section of the curve (Figure 2-4).

Pressure
4
Shut-in

/

S

Shut-in pressure

Time

Figure 2-4. Tangent intersection method to determine the shut-in pressure.



Interpretation of tensile strength

There are several approaches to determine the tensile strength. One of these approaches
is to determine the tensile strength, 7,,,, by realistic laboratory tests on cores from the
test section of the actual borehole. Another approach is to determine the field tensile
strength, Ty, by catrying out several cycles to reopen the fracture (Bjarnason et al. 1989).
In the last method, the tensile strength is determined by subtracting the reopening
pressure, P,, from the breakdown pressure, P.. This method assumes that when a
fracture is initiated, the tensile strength of the rock has vanished at that point. In other
words, when reopening the fracture a lower pressure is required than when the fracture
was initiated.

2.3  Stress determination

When the test section is pressurised by a fluid, usually water, a tensile fracture will be
induced in the borehole wall. The initiated fracture is in most cases oriented parallel to
the borehole axis. Fractures, which are perpendicular to the borehole axis, can occur at
certain stress conditions. In the last case the usual formulas can not be used. Section
2.3.1 will deal with the case of fracture parallel to the borehole axis and Section 2.3.2
can be applied to both types of fractures.

2.3.1 Fracture parallel to the borehole axis

In most cases when the method is used to determine the virgin stresses before
excavation, the borehole is drilled vertically. The assumption for a vertical borehole is
that one of the principal stresses is parallel to the borehole axis, and equal to the weight
of the overburden.

Gv = ’}Z 2"].
where z is the depth from the surface to the test section.

The stresses around the pressurised borehole can be determined by Kirsch solution
(Jaeger and Cook, 1979) and since most of the rock formation in Sweden is
impermeable the effect of the pore pressure can be neglected.

2 _ 4
0, =20y R ) On=0nfy, 3R \osap-p 22
2 r 2 r
2 _ 2 4
o, =2nt%f K1, Ou=0ufy 2R IR )is20-P 23
2 r 2 r ¥
C. —0O 2 4
C,,=—"2 "(1+2R2 —31§ ]00520—}’,. 2-4
2 r r
where
o = tangential stress
o, = radial stress
o) = shear stress
Oy, = minimum horizontal stress



[6)2¢ = maximum horizontal stress

R = borehole radius
r = distance from the centre of the borehole
) = angle measured counter-clockwise from the orientation of the maximum

horizontal stress
P; = internal pressure in the borehole

When the borehole is pressurised, a fracture will be induced at the borehole wall (r =
R). The fracture will propagate perpendicular to the minor horizontal stress orientation
(6= 0°, 180°), resulting in a vertical fracture (Hubbert and Willis, 1957). The tangential
and radial stresses at that point on the borehole will be,

0, =30,—-0,—F, 2-5

o-r = Pi 2-6

The initiation of the fracture occurs when the tangential stress exceeds the tensile
strength, 7T, of the rock.

o, =-T 27

At this moment the internal pressure, P;, is called the breakdown pressure, P,. By
combining the Equations (2-5) and (2-7), the breakdown pressure can be expressed as

P, =30, -0y +T " 2-8

However, this requires that the tensile strength of the rock is known. The tensile
strength is determined by a realistic laboratory test on a core from the specific test
section and is designated T,p,. The test method should resemble the hydraulic fracturing
field test as much as possible. The least horizontal stress, 0y, is assumed to be equal the
shut-in pressure, P; and therefore the maximum horizontal stress can be determined
using the relation

O'HI=3O'h—PC+T. 2-9

The above-described procedure to determine the stresses is called the first breakdown
method.

If the circumstances are such that it is not possible to determine the tensile strength of
the rock, the second breakdown method can be used instead. This method relies on the
assumption that there is no tensile strength in the rock mass when the fracture is
reopened, Therefore, the field tensile strength, T}, is said to be the difference between
the breakdown and reopening pressures, P,.

T, =P,-F, 2-10

By substituting P; with P, in Equation 2-5 and using the relation 7= 0 in Equation 2-7
the maximum horizontal stress can then be expressed as

Oyy =30, —F, 2-11



2.3.2 Fractures parallel or perpendicular to the borehole axis

Sometimes a horizontal fracture is initiated at the wall of a vertical borehole. If this
occur another approach has to be used to determine the rock stresses. Ljunggren and
Amadei (1989) presented a theory to determine the in sifu stresses when the
hydrofractures are either vertical or horizontal. The theory is also based on Kirsch
solution in (Jaeger and Cook, 1979). The tangential, the radial and the vertical stresses
at the wall of a vertical borehole is therefore,

C,=30,-0,—F, 2-12
O'r =E 2'13
c,=0,-2(c,~-0,) 2-14

where G, is the vertical virgin stress, assumed to be equal to the weight of the overlying
rock and v is Poisson's ratio. The maximum and minimum principal stresses, 0, and 03,
at failure are according to Hoek and Brown, (1981),

6, =0, +mo,0,+0,’ 2-15

where o, is the uniaxial compression strength and m is an empirical material constant.

By substituting o7 = 0 and 03 = -T in the Equation 2-15, the uniaxial strength, T, of the
intact rock can be expressed as

If the empirical constant m is not known, Equation 2-16 can be rewritten so that m is

expressed in terms of the tensile strength and the uniaxial compression strength

m=Ze T 2-17
T o,

The tensile strength is either determined through laboratory tests, Ty, or directly
evaluated from the hydraulic fracturing test in the field, T
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Tensile fracturing can occur as a vertical or a horizontal fracture when either oy or o, in
Equations 2-12 and 2-14 is tensile. Depending on the ordering of &, 0p and o;, six
possible combinations exist. Since fracturing occurs when o; or 0y is the minor
principal stress, only four combinations are interesting,

1. o0,>0,>0,;

0,=0, +{mo,c, +0,’° 2-18

2. 0,>0,>0,;

0, =0, +mo,0, +0,’ 2-19

3. o0,>0,>0,;

0, =0, +mo,0,+0,’ 2-20

4. o0,>0,>0,;

0, =0, +mo 6, +0,° 2-21

Substituting Equations 2-12- 2-14) into Equations 2-18-2-21 the maximum horizontal
stress can be determined. The minimum horizontal stress is equal to the shut-in pressure
as earlier and P; represents the breakdown pressure when fracturing occurs.

1. o,-2(,~-0,)>P>0>30,-0,-P;

zo i

0, —2v(locy —0,)=30, -0y - B, +\[m0'c(30'h ~6y —P)+0,? 2-22

2. P>o,-2v(c,-0,)>30,-0,—P;

i z0 H

P, =30, —0y — B, +ymo (36, ~0y - P)+0 > 2.23

3. P>306,-0,-P>0,-2v(c,—-0,);

P =0, -y -—ah)+\/ma(cczo ~2v(oy —0,))+0,> 2-24

4. 30,-06,-P>P>0>0,-2v(c,-0,);

36,-0y —P, =0, -2y —O'h)+\/m0'c(0'20 ~2v(oy —0,)+0,? 225
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The failure envelope of the Hoek-Brown failure criterion and the stress path when P;
increases is illustrated in Figure 2-5. Stress relations in Equation 2-22 and 2-23 result in
a vertical fracture as P; increases while Equation 2-24 results in a horizontal fracture.
Since the stress path does not reach the failure envelope in the last case in Equation 2-25
no fracturing occurs.

O Z‘ Gr‘

cy c,

C d

Figure 2-5. Hoek and Brown’s failure envelopes and stress paths for Equations (2-22) to
(2-25) (Ljunggren and Amadei, 1989).

2.4 Remarks on the method

The assumptions that are made in hydraulic fracturing might in one way or the other
contribute to error in the stress determination. The assumption that the rock is an
isotropic, homogeneous elastic medium might lead to an incorrect determination of oy.
At some measurements a wide scatter in the fracture orientation has been observed,
particularly when low injection rates were used. The fracture initiation might be
influenced by weakness planes in the rock mass (bedding planes, healed fractures)
(Baumgértner and Rummel, 1989). The pre-existing weakness planes can even
obliterate the interpretation method (Cornet, 1983). The interpretation of the horizontal
stresses can also be influenced by the assumptions that the borehole is parallel to one of
the principal stress directions and the fracture remains planar as it propagates away from
the borehole. Ignorance of the mechanics of fracture initiation and fracture extension in
the conventional method of calculating can contribute to error of the maximum
compressive in-situ stress (Abou-Sayed et al., 1978).

McLennan and Roegiers (1981) have summarised factors that can complicate
interpretation of instantaneous shut-in pressures. These factors can be leak-off,
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equipment, packer bypass, fracture inclination and change in fracture orientation. Leak-
off might occur in permeable formations, where fluid can migrate into secondary
fractures, which intersect the primary hydraulic fracture. The next two, equipment and
packer bypass, occur due to leakage in the mechanical pressurisation system or
imperfect seating of the packers. Pressurisation of an inclined fracture results in a
secondary principal stress that may not be an indication of the true principal stress. The
last factor reflects the idea that the propagation of the fracture will tend to adjust to an
optimum orientation. There are two cases where this is critical,

1.  Where significant geological control is.developed (extreme foliation, well-
developed bedding, weak inter-beds and discontinuities).

2. Where the vertical stress is less than the minimum horizontal stress, there are
strong indications that the initial created fracture would be along the borehole axis
and then reorient itself to a more favourable orientation. Consequently, shut-in
pressure is going to be anomalous.

The first point can indicate that the geological control may be more dominant than the
stress control.

Klasson (1989) carried out a comparative study of different graphical interpretation
techniques for the shut-in pressure. He showed that there could be a considerable
mismatch between shut-in pressure calculated by different intersection methods.
Though the tangent intersection method produces the lowest shut-in pressures no
graphical method is superior.

The difference between the initial breakdown and fracture reopening pressure is taken to
be the hydraulic fracture strength. Development of this method requires the assumption
that the state of stress around a borehole during pressurisation is the same with and
without the fracture (Ratigan, 1992). In this paper, Ratigan concluded that the fracture
reopening pressure is a function of fracture geometry, pumping rates and fracturing
fluid and the in situ stresses. However, the second breakdown method can be
appropriate in certain situations, like

—  Slow pumping, low viscous fluid, initial crack length is greater than four or five
borehole radii and horizontal stress ratio, K, is equal to two.

—  Fast pumping, high viscous fluid, initial crack length is less than one-borehole
radius.

For other situations the reopening pressure is a complex function of the above stated
factors.
2.5 Equipment used at Aspd

Special equipment was used for the measurements at Aspd. The instrumentation
consists of several units and is fully described in (Bjarnason, 1986) and (Bjarnason and
Torikka, 1989). All units are fixed on a truck and powered by the truck engine.

2.5.1 Downhole packer assemblies

The pair of straddle packers is about 90 cm each and isolates a 65-cm long test section.
To avoid the packers to elongate during pressurisation the packers are equipped with an
internal piston.
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The impression packer has a length of 1 to 3 metres. The impression packer measures
the orientation of the hydraulic fracture in the borehole wall by squeezing a soft rubber
into the fracture. Beneath the impression packer, a single-shot magnetic compass and a
borehole camera are fixed. This compass measures the orientation of the impression
packer during the impression period.

2.5.2 Pump and water system

The water system includes a 100 MPa water pump that generates the pressure that is
required to fracture the rock. The maximum peak pressure of the system is 80-90 MPa,
which is considered adequate for the maximum stress magnitudes expected at 1000
metres depth. The maximum flow rate in the hose is restricted to 7-8 I/min, but
fracturing is usually done at a constant flow rate of 3.5 I/min. Two bypass valves are
used to adjust the pressure in the system.

The packer pressure and the test section pressure are controlled separately by the
manifold, which consists of one inlet and four outlets. Two outlets, where the first
controls the test line and the second controls the packer line. One outlet also controls the
water back to the water tank during venting of the fracture or from packer
depressurisation. The fourth outlet is used to control the atmospheric pressure for zero
adjustment for pressure transducers, see Figure 2-6.

The water tank contains 900 litres of water. All water is led back to the tank to minimise
water consumption.

2.5.3 Multihose drum and feeder

The multihose is 1000 metres long and consists of three high-pressure hoses with the
internal diameter of 8, 8 and 10 mm, one 16 mm wire signal cable and one wire that
carries the load from the downhole assemblies. The hose is run up and down in the hole
by a hydraulically driven drum. During fracturing, the packers are pressurised through
one of the 8-mm hoses and the test section is pressurised by the 10-mm hose.

The advantage of this multihose is that there is less risk of getting stuck, since all
components are kept together. Simplicity and efficiency are two other important
advantages. One of the disadvantages is that there is high initial cost. The
manufacturing of the multihose is specialised work, and once finished no changes can
be made to the design or performance. Since the multihose is expensive, it is connected
to the downhole assemblies by a weak tension link, which can be torn off in case of it
getting stuck. Two other disadvantages are flow-dependent pressure drops in the test
lines and the low stiffness of the system (Bjarnason and Torikka, 1989).

2.5.4 Datarecording system

The system that is recording the pressure and the fluid rates consists of several parts.
First, there is an interface box that collects all data. Connected to this box are the
downhole pressure gauges, both for the test section and the packers. The surface
pressure gauge, the flow meter and the time based strip-chart recorder (4 pens) are also
connected to the interface box.
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Figure 2-6. Pump and water system (Bjarnason, 1986).
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3 Overcoring

3.1 General

A borehole with a diameter of about 76-86 mm is drilled to the desired depth (Figure
3-1). The core detaches perpendicular to the borehole axis if the last bit of the core is
pulled and not twisted.

A smaller drill is then centred with high precision at the bottom of the larger borehole.
A long borehole with a diameter of about 36 mm is drilled. This core is then examined
to see if the test section is suitable for measurements. The test section should be free
from joints and an intact core of 200 mm indicates a suitable test section (Worotnicki,
1993). When a single joint exists in the core, great care has to be taken when placing the
gauge. The core could break behind the cell during overcoring and then the broken part
would start to rotate.

The borehole must then be washed properly to avoid particles on the borehole wall that
can disturb the gluing. After overcoring, by a diamond drill, the bottom of the core and
the glue pot can be investigated to see if the installation was successful.

When the gauge is in the right position the glue is released either by the piston which
squeezes out the glue or by the glue pot is being pushed away. The piston and the glue
pot are triggered off by the wooden rod or by releasing pins. During the hardening time,
orientation of the strain gauge is measured. When the overcoring is finished the hollow
core is hoisted to the surface.
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Figure 3-1. General proceedings for installing when overcoring (Hallbjérn, 1989). The figure
shows installation of a SSPB Cell.
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3.2 Swedish State Power Board Triaxial gauge

The method is based on the method of Leeman and Hayes (1966). This automatic probe,
Borre, is a development of the Hiltscher SSPB-gauge (Hiltscher et al., 1979). The
Hiltscher SSPB-gauge is described in Hallbjorn (1986) and the method of the automatic
probe is described in Hallbjom et al. (1989).

3.2.1 Instrumentation

The method is based on a computerised probe, a carrying cable and a drilling unit. A
winch and a motor driven drum operate the cable. After the measurements, the probe is
connected to a personal computer.

Probe

The Swedish State Power Board developed the computerised probe in 1989. The
advantage of this probe is that the strain and the temperature can be measured
automatically and continuously before, during and after the overcoring. No connections
are needed to the surface.

Connected to the computerised probe is an adapter that consists of a compass and a
weight. The magnetic compass contains a fluid, which freezes at temperatures below
+15 © Celsius. This will fix the position of the compass needle when the strain gauges
are cemented and the relation between the needle and the gauges can be read off later.

The probe itself consists of a pot of glue, a strain gauge set, a cone and a logger unit
(Figure 3-2). The cone is pressed down in the pot of glue.

Weight Compass
Pins for releasing the mechanism

Strain gauge carrier

Glue pot with strain gauges inside

Figure 3-2. Schematic illustration of the non-automatic probe (Hallbjérn, 1986).

Glue

Depending on the rock temperature the pot contains either a two-component acrylic
resin or a two-component epoxy resin. The second resin is used when the rock
temperature is above +10°C. It is also used if the cementing is done overnight. The
epoxy resin has a very slow hardening, while the acryl resin has a pot life of about 20
minutes. Regulating the amount of the catalyst easily controls the hardening of the acryl
resin.

Strain gauge

The strain gauge set consists of nine strain gauges distributed among three rosettes.
Each of the rosettes, which are separated by 120 degrees, is placed on a plastic tongue
(Figure 3-3). The nine gauges are orientated in three directions, longitudinal, transverse
and at 45 degrees to the borehole axis. The plastic tongues are pushed to the borehole
wall by the cone and the gauges are cemented to the rock. The borehole axis, z, is in the

paper.
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120°

Figure 3-3. Strain gauge configuration (Hiltscher et al., 1979).

The orientation of the local x-axis is determined by a compass (vertical borehole) or by
a gravitational ball (inclined borehole), see Figure 3-4.

ball -~

string

Figure 3-4. Definition of the bearing of the local x-axis relative to the gravitational ball.

The transformation from the cell stress system to the regional system is made in two
steps. The first step is to transform the stress around the cell to the local system by using
the bearing from the gravitational ball. The x-axis of the local system is horizontal and
y-axis is vertical and positive upward.

[G]cell = [b ][O']xo [b]t 3-1
where
cos(@—90) sin(w—90) 0
[b]=|-sin(@—-90) cos(@—90) 0 3-2
0 0 1
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3.2.2 Remarks on the method

Hiltscher et al. (1979) has mentioned a number of problems when measuring in water
filled boreholes. However, not all of them are due to the water but are only strictly
geometrical. For example one geometrical problem is the difficulty to correlate the
cylindrical surface of the borehole and the strain gauge and its carrier exactly. With a
rubber intermediate layer, the pressure on the glue will not be uniform and result in a
bad quality of the glue layer. If an intermediate layer of a plastically deformable
substance is used this will result in a uniform distribution of the pressure. The
intermediate layer is thicker in the middle than at the ends and the pressing out of glue
and water will therefore start in the middle of the rosette.

To obtain reliable results in the gluing, the borehole must be a perfect circular cylinder.
The borehole wall must also be absolutely smooth and free from undulations. This can
be achieved if the small diamond drill is centred exactly (£ 0.5 mm) with a special
device and by using a reaming shell.

3.3 CSIRO Hollow Inclusion -

CSIRO in Australia developed the Hollow Inclusion (HI) in 1972 —1973. The method is
described in Stillborg and Leijon (1982) and Worotnicki (1993). The first stress
measurements performed in 1992 at Aspd where the nine-strain gauges cell was used,
refer to the former reference. The later reference is a more general description of the
method.

3.3.1 Instrumentation

The instrumentation consists of a HI stress cell including epoxy resin and drilling
equipment.

HI stress cell

The hollow inclusion stress cell itself consists of a number of components, see Figure
3-5. The main components are an epoxy resin pipe, an acrylic resin plunger, a wood
piston rod and a core cable.

Inside the pipe, there is a trip wire across the gauge. The plunger breaks the wire, which
is checked by an ohmmeter or a warning light, when it hits the bottom of the pipe. This
indicates that all the glue has been extruded.

A thermistor is monitoring the rock and drill-water temperature during overcoring. The
temperature changes cause a bias in gauge readings. It is therefore preferable that
conditions contributing to temperature changes are avoided. If temperature changes are
unavoidable and large, the temperature records can help in correlating for the errors
involved.

19



Centering tip

Depth locating rod ..
Hollow resin pipe
Rubber seals

Piston Centering lugs

Orienting pin

Rubber seals 12 core cable

Trip wire
Strain gauage rosette
Shear pine hole

Cementing exit hole ) p————i
5cm

Figure 3-5. CSIRO HI Cell (Worotnicki, 1993).

In a borehole with a diameter of 38 mm, the epoxy resin pipe is 36 mm in diameter. The
strain gauges are mounted 0.5 mm below the outer surface of the pipe. During the
measurements at Aspd, both nine and twelve strain gauges have been used. Regarding
the HI-gauge with nine strain gauges, three of these are circumferential, four are
oriented at +45° to the borehole axis and two are parallel to the borehole (Figure 3-6).
The Hl-cell with twelve strain gauges, five of these are circumferential, five are oriented

at 745° to the borehole axis and two are parallel to the borehole axis (Figures 3-7 and 3-
8).

Gauge 0[°] pBI°]
Ao 529 0
Agp 30.0 90
Ass 30.0 45
Bys 253.6 45
Bi3s 253.6 135
90 270.0 90
Co 1729 0
Cao 150.0 90
Cys 150.0 45

vy}

Figure 3-6. Orientation of the nine strain gauges (Stillborg and Leijon, 1982).
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z-axis is acting into
the paper and along
the borehole

Ao
Ago, Ass and D35 // o Cop and Cys
/ o C
X < / Fo

By

p <

Eo ~—_\

Bys and Bi3s

Figure 3-7. Position of the twelve strain gauges (Worotnicki, 1993).

Gauge a[°] AI°]

2 Ao 3229 0
Aso 300.0 90
Aus 300.0 45
) Bas 163.6 45
1 Bias 163.6 135
Bao 180.0 90
Co 829 0
3 \ Coo 60.0 90
‘ Cus 60.0 45
. < \\b\ Dis 3000 135
NN Eoo 210.0 90
Foo 900 90

Figure 3-8. Location and orientation of the twelve strain gauges in a CSIRO HI Cell
(Worotnicki, 1993).

Epoxy resin

Great attention has to be paid to the glue. The glue is very sensitive to the rock
temperature and must therefore be mixed specifically for every test site. When the resin
components are mixed the glue must immediately be poured into the gauge. If the glue
is poured in a thin stream down the inner wall of the gauge, the air bubbles that are
formed while mixing the glue are released. The pot life is limited to about 25 minutes
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then the glue starts to harden. Therefore, the installation has to be done as soon as
possible.

3.3.2 Remarks on the method

Several possible causes of errors are mentioned in the paper of Worotnicki (1993).
Firstly, the fact that the rock is treated as a homogeneous, linear, elastic and isotropic
material. If a gauge is cemented on a larger granule, this could contribute to bad
readings of the strains. As mentioned earlier the changes in temperature can cause a
drift in gauge readings.

If the rock has high porosity or if intensive water flow from the joints occurs, it can be
impossible to achieve a good bond between the HI cell and the rock. Even if the rock
has low porosity, bad bonding still occurs. It appears that there might be some
differences between the same resin supplied in different countries. In addition, the
composition and properties of a resin with the same trade name may change. For this
reason it is wise to test the suitability of the cement mix in the laboratory under the
simulated in-situ condition, or if possible carry out field experiments. Drying and
cleaning the pilot hole is also of great importance since unsatisfying bonding can occur.

Causes of errors can also be related to bad installation of the cell. The gauge position in
the pilot hole should be based on the examination of the cores, to avoid fractures and
weakness planes. The preparation of the cell, the installation of the cell and the
orientation of the same within the pilot hole are events not to be neglected either. Errors
can also occur when the strain gauges are not in contact with the rock. The strain gauges
are 1.5 mm from the rock and in-between there is glue. This may influence the
calculation of the stresses if it is not taken into account. During the installation and
overcoring the temperature should be held at a constant level, since changes in
temperature can cause drifts in gauge readings.

The vicinity to the excavation opening will disturb the stress field. Consequently, the
measurements have to be done at a distance of at least three times the diameter of the
opening. Since most of the measurements are made in near-horizontal boreholes, and
the maximum practical depth of overcoring is limited to about 18 metres, it is important
to establish the minimum distance from the opening at which far-field stress
measurements can be taken (Martin and Christiansson, 1991).

3.4 Stress determination

Leeman and Hayes, (1966) suggested an isotropic analytic solution for determination of
the state of stress around a single borehole. The stress at the borehole wall at some angle
O1is

P =0 3-3
Pop =0, (1-2¢0520)+0,(1+2c0s20) -4t sin 20 3-4
P =V [2(crJC -0, )cos 20 +47,, sin 29] 3-5
Do, = —2T,, 8in6 + 27, cos6 , 3-6
Pro =0 3-7
Pry =0 3-8
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Duncan-Fama and Pender, (1980) suggested a linear elastic, isotropic analytic relation
between the local strain components in the cell and the six stress components,

E,e,=0,-v, (O'x +0'y) 3-9
E;-g5 =Ki(0,+0,)-Kyllo, —0, )eos26 + 27, 5in260)- Ko, 3-10
EyYe, = K5 lz'yz cos@ —7,, sin0| 3-11
where

K, =K, 3-12
K, = 2(1—v§)1<2 3-13
K3 =4(1+v,)K3 3-14
K, =v,K, 3-15

For the SSPB-cell the K-factors, K; to K4 are equal to unity. However, when using the
CSIRO HI- cell the K-factors are as follows (Duncan Fama & Pender, 1980),

R2

Kl =d1 (1_V1V2)|:1—‘2V1 +—1é—:|+V1V2 3-16
p

d

K, =(1—v1)d2p2+d3+ﬁ‘i—4+—i 3-17

p p
R2
& =d6[1+—12] 3-18
p
_ 2
K, =—M[l—2vl+&2—]+zl— 3-19
V2 p V2

where

E; = Young's modulus of epoxy (GPa)

E; = Young's modulus of rock (GPa)

vy = Poisson's ratio of epoxy

\Z) = Poisson's ratio of rock

R; = Inner radius of the probe (mm)

R, = Radius of the pilot hole (mm)

p = Radial co-ordinate at position of strain gauge (mm)
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The constants d; to ds are defined as,

1

di =
v tmPre (1-m?)

_12(1-e)m*(1-m?)
R3D

d2

ds =%[m4(4m2 —3)(1—e)+xl+e]
4RP [ 6 :

d4 =———B—[m (1—€)+x1+E]

4
DL PR

dg = 2 : 2
l+m“+e(1-m*)

where
m = Ri/R;
X1 = 3-4v;
x2 = 3-4v,
. _E+vy)

E,(1+vy)
D =Q+x, ey te +1-e)Bm? —6m* +4m%)]

+ 0 - 2 OmPl-em® + (gl )]

3-20
3-21
3-22
3-23
304
3.25
3-26

3-27
3-28

3-29

3-30

The longitudinal strains, &;, measured by the gauges in the cell are related to the local

strain components as,

sliz[o sin’ B; cos’ B; sinf;cosf; O 0]'

87’
€o
SZ
Yo
,}/I‘Z

_Yr()

3-31

where f3 is the inclination of the strain gauge with respect to z-axis, see Figure 3-9.

Since the borehole is drilled in an arbitrary direction, the stress state around the
borehole has to be transformed to the regional stress state.

24



The local stresses around the borehole are transformed to the regional stress state as,
[6],,, =[4llo]yy, 4] 3-32

o [T . .
where [G]xyz —[O'x Oy, O, Ty Ty sz] is the local stress tensor around the

borehole and [O']iyz =[o x Oy Oz Txy Tmz TZX] is the regional stress tensor.

The transformation matrix 4 is equal to

Ay Gy Gy
Ad=|a, a, ay 3-33
Azx Qzy 0Oy

where a;; is the direction cosines, cosy;, (i,j=x,,z) and 04 is equal to the angle between
axis i in the new co-ordinate system and axis j in the old co-ordinates system. The old
co-ordinate system is the regional system XYZ and the new co-ordinate system is the
local system xyz around the borehole. The borehole axis and the z-axis coincide.

By performing the matrix operation in Equation 3-32 the relation between the local and
regional stress tensor can be simplified.

o], = [Alo]xrz 4" = [Blo]xy, 3-34

The new matrix B is equal to

2 2

2
Ay Ay Ay 2a,ayy, 2ay,a,, 205,05,
2 2 2
Ayx ayy ay; 2ayray, 2aya,, 2ay,ay,
2 2 2
[B]=| %= azy az;, 2a5,a4 2a5,04, 2a,,a,, 3.35

AuxQxy GxpQyy Ayzly; Axxlyy taxyQyy Axydy, TayxAy, Ay a0y taxa,,
AyxQzx  QyyQzy  Gyaz ayxazy+ayyazx ayyazz+ayzazy ayzazx+ayxazz

| Bzx@xx  Qzylyy QzzQy;  Qaxlxy Taz)axy AzyQxz Tz 05y Azz Oy FAzx0y; |

Since the local stress tensor is known, the relation in Equation 3-34 is rearranged to
-1
[o]xyz =1B] [O']xyz 3-36

and the regional stress tensor can be solved.

The transformation matrix 4 is equal to,

cos(DD —90) sin(DD —-90) 0

A=|cos(d|-90)sin(DD+90) cos(|d|—90)cos(DD+90) —sin(|d |-90)| 3-37
cosd cos DD cosd sin DD sind

where DD is the dip direction of the borehole measured clockwise from the north and d
is the dip measured positive downward from the horizontal plane (Figure 3-9).

25
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Figure 3-9. The orientation of a borehole expressed by dip and dip-direction.

3.5 Biaxial Testing

The rock cores, recovered after an overcoring test are tested under biaxial loading to
establish the stress-strain relationship in the rock. The biaxial loading test is also made
in order to evaluate if the gauges were bonded well to the rock and behaved normally.
The final purpose of performing biaxial testing is to determine Young's modulus and
Poisson's ratio, in order to calculate the stresses from the strain readings.

The rock core is placed in the biaxial chamber with the strain gauges located near the
midpoint of the chamber. A radial hydraulic pressure is then applied to the outer surface
of the hollow core. The cell monitors the deformation of the inner hole of the core. The
testing should be performed as soon as possible after the overcoring test, so the in situ
moisture content and temperature can be preserved. Changes in rock moisture content
can affect the properties of some rocks, while a reduction of temperature can cause
failure of the bond between the cell and the rock (Worotnicki, 1993).

For the SSPB Cell the load is increased stepwise in load increments of 1 MPa up to
about 10 MPa, to reduce the risk of cracking the hollow cylinder (Ljunggren and
Bergsten, 1998) and then unloaded stepwise by 1 MPa. According to measurement
records for CSIRO HI Cell, (Litterbach et al, 1994), the loading are made by increments
of 5 MPa up to 15 MPa and then the hollow core is unloaded stepwise by 5 MPa.

Based on the assumption that the load is applied along the length and that the rock is
much stiffer than the epoxy, the rock core can be treated as a plane stress condition. In
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the case of using a hollow inclusion during the stress measurements, the stress
conditions in the cell are more complicated. If Poisson's ratio of the rock is similar to
that of the plastic inclusion then the condition of the inclusion is close to plane stress.
But if the Poisson's ratio of the rock is low and its axial strain is close to zero, the
conditions in the inclusion should be closer to plane strain (Worotnicki, 1993).

According to Worotnicki (1993), Young's modulus for hard rock can be calculated
using the following relation,

2P,M
" g, (M —1)

3-38

2

where

K is the factor used in the overcoring analysis, see equation 3-16, M is the square of the
ratio of the outer and inner radii of the rock core and &qg is the circumferential strain at
the location of the strain gauge. Equation 3-38 is valid for both for CSIRo HI and SSPB
Cell. However, for the SSPB-cell, the factor K is set to unity. In soft rock a modified
K;-factor should be used to obtain more accurate results. Interested readers can find
more information in the paper by Worotnicki (1993).

Poisson's ratio can be determined with an accuracy of about 10 % using the equation
(Worotnicki, 1993),

&

v, =—K| 3-39

gﬂs‘g

where €, and &, is the measured axial and circumferential strain. This equation is
valid for cores with a diameter of 86 mm or smaller and if the cell is located in the
middle third of the loading area. The motivation for this can be seen in Figure 3-10
where the tensile stresses in the middle third are small (distance from midpoint, 0-20
mm).

3.5.1 Remarks on the method

Several possible sources of error are presented in Worotnicki (1993). There can be
errors associated with the cells themselves i.e. the strain gauges being located at a
distance from the rock surface and errors due to the resistance of the cell to deform
under a biaxial loading. There can also be errors due to the loading conditions, i.e. that
only a part of the core is loaded and that the end remains free of load.

If the core is too short to be loaded in the chamber, Young's modulus and Poisson's ratio
are usually taken from another core in the vicinity (Hallbjorn, 1986). This procedure
might lead to incorrect values of the stresses. Even if the gauges are performing
properly, the biaxial loading can contribute to deformations in the core, which can
initiate more microcracks in the sample.

When conducting biaxial testing the assumption is made that the outer pressure, Py, is
applied at the rock surface along its total length is made. However, in reality the cores
are of different lengths and are recovered with irregularly shaped ends, and the cores are
only partially loaded. Since only a part of the core is loaded, tensile stresses are
developed on the outer surface near the ends of the loaded area (Figure 3-10). Tensile
stresses also occurred on the opposite inner surface (Worotnicki, 1993).
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Figure 3-10. Axial tensile stress in a biaxial loaded core (Worotnicki, 1993).

Martin and Christiansson (1991) reported about microcracks in stressed granite. They
found that the amount of stress-induced micro-cracks were greatest when the overcored
samples was taken from boreholes drilled perpendicular to the major principal stress.
This phenomenon may be valid in a biaxial chamber, where the major principal stress is
acting perpendicular to the sample (o3 =0).

Stacey (1981) presented a failure criterion that states that fracture of brittle rock will
initiate when the total extension strain in the rock exceeds a critical value which is
characteristic of that rock type, i.e. when €. < €. This indicates that the rock is exposed
to critical extension strain and fractures may be initiated and propagated, which
invalidate the assumption of linear elastic behaviour of the material. The Poisson's ratio
evaluated under elastic assumptions from biaxial tests may therefore be affected, since
Poisson's ratio is direct proportional to axial strain during biaxial testing.
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4  Computer codes for stress determination

The codes are based on the theory mentioned in Section 3.4. However, since both
CSIRO HI and SSPB-cells have more strain gauges than what is needed to determine
the state of stress around a borehole, the system of equations is solved by least square
analysis. A short summary of the least square procedure presented by Amadei and
Stephansson (1997) will be presented here.

Consider N strains or displacements measured during overcoring. Since the theory of
linear elasticity is used, these N observations are linearly related to the six in situ stress
components by following equation,

[7]=[x] [b] +[e] 4-1
where

[¥] = The observations, (N*1) matrix

[X] = An (N*6) matrix of known form based on Equations 3-9 - 3-11

[p] = Contains the six in sifu stress components, (6*1) matrix

[€] = The residual errors associated with the measurement, (NV*1) matrix.

In least square analysis it is assumed that the components of the matrix [€] are
independent variables with zero means and common variance.-This assumption is often
made, but seldom checked when applied to the analysis of overcoring measurements
(Worotnicki, 1993). The solution of the following system,

[xT Lxlel=[x][r] 42

will be the least square estimation of the stress matrix [X]. The solution of the system
gives the most likely values of the normal and shear stresses around the borehole. Out of
this, the expected strains, [Y"] can be calculated,

[r']=[x]z] 4-3

The residual matrix, [€], is defined as the difference between [Y] and [Y"]. By
calculating the coefficient of the multiple correlation, R,

R=\/[1)]’[X]’[Y]—NY’2 4a

[r][¥]- nY?

a measure of how good the linear regression analysis is can be obtained.

29



41 CSIRO Hl-cell

Recommendations for the rejection procedure when using CSIRO Hl-cell is given by
the Australian Mining Consultants Pty Ltd (AMC) in their General Appendix about In
situ Virgin Stress Measurement (Nilsson et al., 1997). Strains that have the largest
difference, with respect to the mean or average calculated strains are rejected
successively if

1.  Chavenet's empirical criterion for outliers is exceeded. Chavenet's empirical
criterion is based on a multiple of the standard deviation of the differences
between the measured and mean or "average" calculated strains. The value of this
multiple depends on the amount of redundant strains used to calculate a result
(i.e. the degree of freedom). A wider spread of strain data is more likely and
tolerated when there is more redundant data.

2. The variability of the strain data is such that the F-test of the Student-T
distribution is not satisfied at a 95% level of confidence.

Iteration by rejecting strains proceeds until the first acceptable solution is found, which
is then called the best-fit result.

4.2 SSPB- cell

Even when using the SSPB-cell redundant strain data are obtained since nine strain
gauges are used. The evaluation program for SSPB uses a least square regression
procedure to find the solution best fitting the strain data (Ljunggren and Bergsten,
1998).

30



5 Rock Stress measurements at Aspé

Since 1988 several rock stress measurements have been performed at the Aspd area. In
this chapter, information about every measurement is given, with respect to location,
date, number of measurements at a single test site, method etc. The stress measurements
are divided into two groups, virgin stresses and secondary stresses. In this report, the
definition of secondary stresses is the sum of induced and virgin stresses. For example,
measurements in borehole KA 1045 will result in secondary rock stresses since the
borehole is located close to the ramp (Figure 5-1). Borehole KA3086 on the other hand
is drilled perpendicular to the ramp and the influences of the ramp are minimal and will

therefore be grouped as a virgin stress measurement. In Figure 5-2, the locations of the
surfaced drilled boreholes at Aspo are marked.

KA 1054A

2
&
T

3
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e
5
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HAT T T

!

|

3
‘
,

Figure 5-1. The location and orientation of boreholes KA1045A and KA1054A and KA3086A
related to the ramp in Aspé HRL. The arrow represents the local Aspo north.

Figure 5-2. The location of the boreholes drilled from the surface at Aspo, Leijon (1995).
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5.1

Virgin rock stress measurements

In Table 5-1 the virgin rock stress measurements are listed. Information about date,
depth under surface, number of measurements as well as the method and reference are
also given. Elastic parameters and stresses from the measurements are given in
Appendix A.

Table 5-1. Information about the virgin stress measurements at Aspé.

ID
KAS03

KAS02

KAS05

KA1054A

KA1623A

KA1625A

KA1626A

KA1899A

KA2198A

KA2510A

KA2870A

KA3068A

KA3597G

Date
July 1988

April 1989

Jan-Feb
1989

June 1992

Dec. 1992
Dec. 1992
Dec. 1992
Nov. 1993
Nov. 1993

Nov. 1993

April 1994

May-June
1994

Sept-Oct
1997

Depth [m]
131-963

113 - 740

196 and 356
143

223
223
223
257
294,5

335

380

408,5

448

Number

17

21

32

Reference

B. Bjarnason, H. Klasson

B. Leijon 25-89-17
H. Klasson, B. Leijon
25-89-17

L. Strindell, T. Ohman
25-89-17

M. Lee, M. Bridges

B. Stillborg 25-93-02
M. Lee, M. Bridges

B. Stillborg 25-93-02

M. Lee, M. Bridges
B. Stillborg 25-93-02

M. Lee, M. Bridges
B. Stillborg 25-93-02

M. Lee, T. Hewitt
B. Stillborg 25-94-02

M. Lee, T. Hewitt
B. Stillborg 25-94-02

M. Lee, T. Hewitt
B. Stillborg 25-94-02

N. Litterbach, M. Lee, M.

Struthers,
B. Stillborg 25-94-32

N. Litterbach, M. Lee, M.

Struthers,
B. Stillborg 25-94-32

Vattenfall hydropower
HRL-98-09

Method
HF

HF

OC - SSPB

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - CSIRO HI

OC - SsPB



5.2 Secondary stress measurements

The secondary stress measurements are listed in the same way as the virgin stress
measurements in Table 5-2. Elastic parameters and stresses from the measurements are
given in Appendix B except for boreholes KXZSD8HR and KXZSDS8HL. The secondary -
stresses are not used in the analysis of the virgin stresses at Aspd. However, they will
probably be used for back-calculation in numerical analyses.

Table 5-2. Information about the secondary stress measurements at Asp®o.

ID Date Depth [m] Number Reference Method
M. Lee, M. Bridges
KA1045A June 1992 143 3 B. Stillborg 25-93-02 OC - CSIROHI
M. Lee, M. Bridges, B.
KA1192A Nov. 1992 164 3 Stillborg 25-93-02 OC - CSIROHI
Feb-March Vattenfall hydropower
KXZSD8HR 1996 416 7 TN-96-08 OC - SSPB
Feb-March Vattenfall hydropower
KXZSD8HL 1996 415,5 4 TN-96-08 OC - SSPB
G. Nilsson, N. Litterbach,
M. Lee
KZ0059B June 1997 416 6 B. Stillborg TN-97-25g  OC - CSIRO HI
Sept - Oct Vattenfall hydropower
KA3597G 1997 450-456 6 HRL 98-09 OC - SSPB
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6 Result of the rock stress measurements

6.1 Hydraulic fracturing

Hydraulic fracturing has been done in two deep boreholes, KAS02 and KAS03 and the
results have been presented earlier (Bjarnason et al, 1989). KASO02 is located above the
hard rock laboratory itself, while the other, KASO3 is about 500 metres northwest of the
laboratory. The stress measurement results are therefore separated, since local
geological structures may have an influence on the result.

The maximum and minimum horizontal stresses versus depth show a jump at about 500
metres below surface as shown in Figure 6-1. The maximum horizontal stress is
obtained by using the second breakdown method (Equation 2-11). This is valid for both
the minimum and maximum horizontal stresses. However, this is expected since the
maximum and the minimum horizontal stresses are dependent.

Wikman et al. (1988) found two major mylonite zones at 455-485 m and 550-570 m in
borehole KASO02. By including these two zones in the Figure 6-1, one might see an
effect from the zones.

Horizontal stress (MPa)

0 20 40 60
0 f f f | f |
A Maximum horizontal stress
¢ Minimum horizontal stress
-200 -~
-400 +
¢ A
o % A A
<& A
AR EERERERS
-600 -+ v a
<o A
Depth ° A
below
Lo A
surface o A
(m)
-800 L

Figure 6-1. Maximum and minimum horizontal stresses in KASO2 with the two zones of
mylonite included.
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Since the mylonite zones may influence the state of stress, only the stress measurement
results above 450 m are considered in a linear regression analysis. The two solid lines
represent the linear regression analysis of the in put data. The equations for these two
lines are,

oy =1.12+0.034z (MPa) 6-1
o, =1.23+0.02z (MPa) 6-2

These relations agree quitéwell with the relations presented by Stephansson et al.
(1991)

oy =2.8+0.04z (MPa) 6-3
o, =2.2+0.024z (MPa) 6-4

which are based on hydraulic stress measurements in Scandinavia.

The stresses measured in KAS03 also show a significant increase in the magnitude at a
depth of about 800 metres (Figure 6-2). No distinct major mylonite zones or other

geological zones, which may influence the state of stress zones, can be identified
(Wikman et al, 1988).

The ratios between maximum and minimum horizontal stress are ranging between 1.23
and 2.13, with an average value of 1.8 and a standard deviation of 0.02. The ratios are
listed in Appendix A.

6.1.1 Orientation of the horizontal stresses

The orientation of the maximum horizontal stresses evaluated during the measurements
in KAS02 and KASO03 are shown in Figure 6-3. The orientations show no abrupt change
with respect to depth. This may indicate that the mylonite zones do not affect the
orientation.
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Figure 6-2. Maximum and minimum horizontal stress in KAS03.
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Orientation of the maximum horizontal stress
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Figure 6-3  The orientation of the maximum horizontal stress in KAS02 and KAS03.

6.2 Overcoring

In overcoring, the elastic properties are of major importance. If the elastic parameters
vary among different measurements one might expect a corresponding scatter in
magnitude and orientation of the stresses.

6.2.1 Uniaxial tests

Uniaxial testing has earlier been performed on rock samples from the section 0/900-
1/475 and 1/623-1/673 (Delin et al., 1993a, Delin et al., 1993b). The rock types that
were tested were fine-grained granite, Sméland granite, diorite and greenstone. The
results from the test can be seen in Table 6-1

Table 6-1. Results from uniaxial testing of rock samples (Delin et al, 1993a, Delin
et al. 1993b).

Fine-grained granite Smaland granite Diorite Greenstone
Poisson’s ratio 0.24 0.21 0.24 0.24

Young's modulus (GPa) 77 74 73 78

37



6.2.2 Statistical analsyses on the elastic properties

Using the statistics program, Stat Graphic Plus 3.0, the variation of the elastic
parameters is analysed. In Figures 6-4 and 6-5 box plots of Young’s modulus and
Poisson’s ratio are shown. The box plots are based on the results from the 47 biaxial
tests of the CSIRO HI-cell and SSPB-cell from the virgin stress measurements.

Box- and Whisker Plot

| -

36 46 56 66 76
Young’s modulus (GPa)

Figure 6-4. Box plot of Young'’s modulus (GPa), n =47 samples.

Box- and Whisker Plot

0.13 0.23 0.33 0.43 0.53

Poisson’s ratio

Figure 6-5. Box plot of Poisson’s ratio, n=47 samples.

With 95% confidence, the interval of Young’s modulus, 64.2 + 2.2 GPa, and the interval
of Poisson’s ratio, 0.32 £ 0.02, were determined by the statistics program.

If the results from the two methods are treated separately, statistical analyses show that
the values of especially Poisson’s ratio depend on what method has been used. In Figure
6-6 the density trace for Poisson’s ratio is shown and in Figure 6-7 that for Young’s
modulus is shown.

The statistical analysis of Poisson’s ratio indicated that there is significant difference
between the two mean values, while this is not the case for Young’s modulus. Table 6-2
shows the mean values for the elastic parameters, when the methods were treated
separately.
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Table 6-2. Mean values of Young’s modulus and Poisson’s ratio for the two
overcoring cells.

Method Young’s modulus (GPa) Poisson’s ratio
SSPB 67.4 0.23

CSIROHI 639 0.34

Density trace
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Figure 6-6. Density trace for Poisson’s ratio.
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Figure 6-7. Density trace for Young’s modulus (GPa).

Comparing these results with the results from uniaxial testing (Table 6-1) the values of
Young’s modulus are lower and the values of the Poisson’s ratio are higher especially
when using CSIRO HI-cells. This might be explained by the stress-induced
microcracks. These microcracks may be induced when the pilot hole is drilled and then
propagated when the overcoring is conducted.

Sensitivity analysis

Sensitivity analyses have been made on Poisson’s ratio to investigate how they
influences the magnitude of both principal and horizontal stresses as well as the
orientation of the stresses. In Figure 6-9 to 6-10 the effects of Poisson’s ratio on the
magnitude of the principal and horizontal stresses and the orientation of the maximum
horizontal stress are illustrated. The strain data from borehole KA1899A and
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measurement number 3 have been used in the analysis. The values of Young’s modulus
and Poisson’s ratio for the measurement are 62 GPa and 0.42, respectively.

MPa
3007 |
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20.0
10.0—: - - - -0
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0.15 0.20 0.25 0.30 0.35 0.40 0.45

Poisson’s ratio

Figure 6-8. Horizontal stresses versus Poisson’s ratio.
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Figure 6-9. Principal stresses versus Poisson’s ratio.
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Figure 6-10. Orientation of the maximum horizontal stress versus Poisson’s ratio.

The maximum horizontal stress is increased by 13 % if a Poisson’s ratio of 0.34 instead
of 0.23 is used and even more for minimum horizontal stress (23%). The results from
the sensitivity analyses show that the magnitude of the stresses is influenced by the
value of Poisson’s ratio, while the orientation of the maximum horizontal stress is barely
effected. This results coincide with the results from a similar analysis made at the
ZEDEX test area at Aspd by Myrvang (1997) where is found that the stresses are highly
influenced by the Poisson’s ratio and that the orientation of the stresses is influence very
little.

6.2.3 Rock stress measurements result

The results of the measurements with overcoring have been reported earlier by
Bjarnason et al. (1989), Lee et al. (1993) Lee et al. (1994), Litterbach et al. (1994) and
Ljunggren and Bergsten (1998). In Figures 6-11 and 6-12, the minimum and maximum
horizontal stresses from the overcoring measurements can been seen. See Appendix A
for the data from the rock stress measurements. The explanations to the numbers in the
figures are presented in Table 6-3. The orientation of the maximum horizontal stress is
shown in Figure 6-13.
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Minimum horizontal stress (MPa)
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Figure 6-11. Minimum horizontal stress, definitions of the numbers see Table 6-3.
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Figure 6-12. Maximum horizontal stress
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Table 6-3. Definition of the numbers in Figures 6-11 and 6-12.

Number Definition

1 Measurement is fair, E = 63.8 GPa, v=0.4

2 Measurement is fair, E = 53.3 GPa, v=0.4

3 Measurement is fair, E = 59.7 GPa, v = 0.4

4 Extremely low Young’s modulus, E = 36.5 GPa, v = 0.29
5 Measurement is fair, E = 68.8 GPa, v =0.3

6 Measurement is poor, E = 66.7 GPa, v= 0.4

7 Measurement is fair, E = 71.8 GPa, v = 0.39

8 Measurement is poor, E = 62.5 GPa, v = 0.21

9 Measurement is poor, E = 64.8 GPa, v = 0.28

10 Measurement is fair, E =72.1 GPa, v=0.34

The ratios between the maximum and minimum horizontal stress are ranging between
1.22 to 8.95, with an average value of 2.70 and a standard deviation of 1.5. The ratios
are listed in Appendix A.

Orientation of maximum horizontal stress (degree)
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Figure 6-13. Orientation of the maximum horizontal stress versus the depth.

The marked measurements are not included when an average value of the rock stresses
is calculated for each specific borehole. The mean stress tensor for each borehole can be
seen in Table 6-4 and the average principal and horizontal stresses for each borehole can
be seen in Table 6-5.
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Table 6-4. The stress tensor for each borehole, represented by a mean value and
a standard deviation (MPa).

Borehole Depth o, =+ o, + o, = ey
KA1623 223 122 31 165 69 97 12 -16 0 -0.2 12 -28 0.2
KA1625 223 101 36 93 20 84 05 -39 09 -11 06 19 05
KA1626 223 88 10 103 18 66 19 -18 10 02 09 02 01
KA1899 257 165 24 122 11 72 01 -59 06 09 03 -1.0 05
KA2198 295 148 21 171 06 86 23 -76 07 25 04 -1.9 038
KA2510 335 175 17 147 23 106 09 -74 14 18 09 20 038
KA2870 380 185 7.7 296 58 189 26 -96 3.0 -1.0 09 -75 0.2
KA3086 409 150 69 252 27 93 03 37 50 -48 03 -12 1.2
KA3579 =~470 -' - - - - - - - - .

T * Ty * Tz T

Table 6-5. The average principal and horizontal stresses in each of the borehole.

Orientation
Magnitude (MPa) (dip direction/dip) Magnitude (MPa) Strike

ID Depth 04 02 O3 01 O2 O3 OH Oh (¢)7]

KA1623 223 171 135 7.80 111/06 205/34 013/55 171 11.7 108
KA1625 223 144 7.80 570 319/20 102/66 224/14 13.6 5.8 318
KA1626 223 115 7.70 6.60 124/00 034/15 214/75 11.5 7.6 124
KA1899 257 20.7 8.10 7.00 145/05 054/10 263/79 20.6 8.0 325
KA2198 295 242 840 7.90 131/11 035/26 242/62 23.6 8.3 131
KA2510 335 236 124 6.70 321/02 054/55 229/62 23.6 8.6 138

KA2870 380 35,7 23.0 820 123/11 229/54 026/34 35.1 12.9 120
KA3086 409 274 14.8 7.30 286/13 191/20 047/65 26.4 13.8 108
KA3579 =470 342 17.7 13.1 188/39 094/06 356/51 26.0 11.0 18

The two solid lines in Figure 6-14 represent the linear regression of the points. These
two lines have the equations,

oy =-9.64+0.10z (MPa) 6-5
o, =—4.94+0.05z (MPa) 6-6

In Figure 6-15 the average orientation is shown. Even if it looks like there are two
different orientations, they are the same since they are 180 degrees apart. The average
orientation is 127°.

! The stress tensor from each measurement is not available from the report.
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Figure 6-14. The average maximum horizontal stress from Table 6-5.

Orientation of the maximum horizontal stress (degree).
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Figure 6-15. The average orientation of the maximum horizontal stresses from Table 6-5.
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6.2.4 Monte Carlo simulation

Confidence interval of the in-situ stress measurements can be determined using the
Monte Carlo simulation method. The simulation technique is based on repeated cycles.
In every cycle, random sampling of values from each of the normal distributions that
represent the six independent components of & as defined by Table 6-4 is carried out.
By generating many cycles, a great number of possible stress tensors are obtained, from
which possible principal stresses can be determined.

Monte Carlo simulations were made on all boreholes except on KA3579, since no mean
stress tensor was available. The results from the Monte Carlo simulation, which are
based on 20 000 cycles, are summarised in Tables 6-6 and 6-7.

Table 6-6. Principal stresses from the Monte Carlo simulation.

o4 (MPa) o2 (MPa) o3 (MPa)

lower mean upper lower mean upper Lowe mean upper
ID r
KA1623 12.95 18.95 27.97 8.05 12.55 16.64 351 687 934
KA1625 11.61 14.90 18.71 6.75 8.00 9.39 137 490 7.59
KA1626 9.59 11.92 14.40 6.13 8.01 9388 320 573 7.95
KA1899 18.16 20.89 23.81 6.81 8.34 10.02 524 664 7.97
KA2198 22.53 24.36 26.32 7.03 9.34 11.88 402 676 911
KA2510 20.75 23.84 27.03 1060 1252 14.59 3.68 642 8.96
KA2870 28.42 36.81 45.36 18.55 23.02 27.73 -1.26 711 13.94
KA3086 23.95 29.08 35.49 8.39 14.40 22.79 0.28 595 8.20

Table 6-7. The horizontal and vertical stresses obtained from the Monte Carlo

simulation.

ID oy (MPa) on (MPa) o, (MPa)

lower mean upper lower mean upper lower mean upper
KA1623 11.09 18.35 28.13 438 10.31 1550 774 969 11.68
KA1625 10.44 14.12 18.21 1.51 532 8.83 758 840 9.23
KA1626 942 1178 1434 520 731 9.29 349 6.60 9.71
KA1899 18.07 20.78 23.73 591 796 994 571 721 872
KA2198 21.79 23.71 2570 582 820 1045 478 861 1238
KA2510 20.55 23.77 26.98 505 844 1179 9.09 10.59 12.07
KA2870 27.18 35.94 4494 123 1198 2233 1460 18.88 23.15
KA3086 2248 28.12 35.03 1.32 1212 2203 881 9.30 9.80

To illustrate the wide variation in rock stresses in a single borehole the results from the

Monte Carlo simulation are plotted. In Figures 6-16 and 6-17 the mean values, the upper

and the lower values for the maximum and minimum horizontal stresses are shown.
These intervals will correspond to a 95% confidence interval.
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Figure 6-16. Confidence interval on the maximum horizontal stress for each borehole obtained
from the Monte Carlo simulation. The crosses represent the lower and upper values in the
confidence interval.

Minimum horizontal stress (MPa)
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Figure 6-17. Confidence interval for minimum horizontal stress in each borehole obtained
Jfrom the Monte Carlo simulation. The crosses represent the lower and upper values in the
confidence interval.
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6.3  Study of cores from overcoring

6.3.1 General

Rock cores from the boreholes listed in Table 6-8 have been mapped in order to detect
zones, fractures or abnormal mineral grains that could influence the results of the rock
stress measurements. The whole borehole was mapped but only the measurement points
and their vicinity were mapped in more detail. Vicinity here means the immediate
surroundings of the location of the gauges in the hollow core and the core from the pilot
drilling (if it was stored).

Table 6-8 Boreholes in which cores have been studied.

Borehole Remarks

KA1054 Core exists

KA1623 No core from the actual measurements site
KA1625 No core from the actual measurements site
KA1626 No core from the actual measurements site
KA1899 Core exists

KA2198 Was not found in the store at Aspd
KA2510 Core exists

KA2870 Core exists

KA3086 Core exists

KA3579 Core exists

The observations of the measurement points in the cores as well as comments on the
actual measurement results are summarised in Tables 6-9 and 6-10. The comments
(Poor to Excellent) on the measurement results have been obtained from the stress
measurement reports (Lee et al, 1993, Litterbach et al, 1994, Lee et al, 1994 and
Ljunggren and Bergsten, 1998). The orientation in which the boreholes were drilled is
also included in the table to compere it with the orientation of the major principal stress
direction at Aspd (~130°).

6.3.2 Core mapping

The main rock type in borehole KA1054 is diorite, except at measurement point #6
where the rock type is greenstone with a quartz vein. Chlorite and calcite-filled cracks
are present in the vicinity of the measurement point #8. The core from point #10 is
intact with small visible closed cracks.

No cores were available at the location of stress measurement points in boreholes
KA1623, KA1625 and KA1626. The rock type is medium grained diorite for the
existing cores of all the three boreholes (Litterbach et al, 1994).

In KA1899, no fracture is observed in the vicinity of the measurement points, however
at point #5 a pink material, probably quartz or feldspar has intruded the light medium
grained diorite.

The cores from KA2510 are of grey granite (medium grained). The core at point #1 is
coarse grained and contains a healed fracture. No fractures are visible in the vicinity of
the points #2, #3, #5 and #6. At point #4 the core is broken at an existing fracture. Some
large mineral grains can also be seen in this core.
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Both the pilot core and the hollow core remain at the measurement points in KA2870.
Nothing special could be seen in the pilot core. The rock type is medium grained diorite
varying in colour. A remark should, however, be made on the grain size. Grains of size
larger than 10 mm are visible in the core, which may affect the measurement results if
the strain gauges are glued over such a large grain. On the hollow core, visible fractures
can only be seen on the core at point #5. At this measurement point the major principal
stress is almost parallel to the borehole axis and has a magnitude of about 36 MPa,
which is two times the magnitude of the intermediate principal stress.

The core at point #2 in borehole KA3086 is broken at a fracture about 7 cm from the
location of the measurement point. Healed fractures though exist near measurement
points #3, #4 and #5. The rock type in the borehole, is diorite (medium grained).

In the borehole, KA3579, the Borehole Image Processing System (BIPS) was used.
BIPS pictures were taken between depth 0.700 m and 21.604 m in the borehole, but
from 21.070 m and downwards the camera did not film the borehole. The cores from
measurement points #8, #9, #10 and #11 were selected for the study since they are
thought to be the virgin measurement results. Unfortunately, the borehole walls at points
#9, #10 and #11 were not successfully filmed by BIPS. Therefore, only the core taken
from point #8 can be compared with the BIPS pictures. The core at point #8 contains no
fracture and the BIPS picture at the same location does not show any fracture either
(Figure 6-18). The BIPS pictures taken at points #2 - #7 which are not involved in this
stage of study are shown in Figures 6-19 to 6-21.
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Table 6-9

Bore-
hole -

KA1054

KA1899

KA2510

Observations and comments on the measurement point in the cores
(KA1054 —KA2510).

Point

#6

#8

#10

#1

#2

#3

#4

#5

#1

#2

#3

#5

#6

Rock type

Greenstone

Diorite

Diorite

Light m. g.2
Diorite
Light m. g.
Diorite
Light m. g.
Diorite
Light m. g.
Diorite

Light m. g.
Diorite

Grey m. g.
Granite

Greym. g.
Granite
Grey m. g.
Granite

Grey m. g.
Granite

Grey m. g.
Granite
Grey m. g.
Granite

2m. g. = Medium grained

Measurement
results

Fair

Poor

Good

Good
Good
Good

Good

Fair

Fair

Poor

Excellent

Good

Fair

Excellent
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Observation
in the
vicinity of
the point

Sketch (arrow at

measurement
point)

Drilling direction

Quartz vein in
the core

Chlorite and |

calcite filled |
cracks |

Small closed
cracks \\ y
|

No
observation
No
observation

No
observation
No
observation

Quartz

Larger grains !

;
intruded the [ M
mainrock | £/

type :

and a healed !

fracture exist :

No
observation
No
observation
The core has
been broken

at a fracture
and some
larger grains

can be seen.
No

observation
No

observation

Orientation
of
borehole

294/05

294/05

294/05

317/02
317/02
317/02

317/02

317/02

191/03

191/03

191/03

191/03

191/03

191/03



Table 6-10 Observations and comments on the measurement point in the cores
(KA2870 — KA3579).

Observation in  Sketch (arrow at

Bore- . Measurement C Orientation
Point Rock type the vicinity of measurement
hole results the point point) of borehole
Drilling direction
>
. Visual grains of
KA2870 #1 M. g. Diorite Good oM size. 339/02
. . Visual grains of
#2 M. g. Diorite  Fair to good om size. 339/02
. Visual grains of
#3 M. g. Diorite Good om size. 339/02
. Visual grains of
#4 M. g. Diorite Poor om size. 339/02
| v |
#5 M. g. Diorite Poor Fractures i > % I 339/02
|
I i
Thecore '
broken about 7
.- cm from the
KA3086 #2 M. g. Diorite Good measurement 102/03
point along a
fracture.
vostod | v !
L X eale i 1
#3 M. g. Diorite Fair fractures. i ?*'—-—/I 102/03
'| I
[ y |
. Healed ' : |
#4 M. g. Diorite Good fractures. 'L//—/——-"‘—"' 102/03
|
Healed I \l/ !
. . I I
#5 M. g. Diorite Good fractures. i> \I 102/03
i Z
KA3579 #8 Granite No observation 298/89
#9 Granite No observation 298/89
#10 Granite No observation 298/89
#11 Granite No observation 298/89
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Figure 6-18 BIPS picture taken at the location of stress measurement point #8 in borehole
KA3579.
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Figure 6-19 BIPS picture taken at the location of stress measurement points #2 (left) and #3
(right) in borehole KA3579.
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Figure 6-20 BIPS picture taken at the location of stress measurement points #4 (left) and #5
(right) in borehole KA3579.
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Figure 6-21 BIPS picture taken at the location of stress measurement points #6 (left) and #7
(vight) in borehole KA3579.
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6.3.3 Conclusion

It appears that some of the visible fractures could be the cause of strange stress
magnitudes and orientation. One should remember that core mapping is very objective
but core mapping is, however, a contribution to the interpretation of the rock stress
measurement results.

6.4 The State of Stress at Aspd

The state of stress at Aspo is defined by using the results from the hydraulic fracturing
in borehole KASO2 and the measurements conducted by the SSPB-cell. The
measurements from the SSPB-cell are used since these have a Poisson's ratio that
corresponds well with the uniaxial tests of rock samples and since the measurements
have been done at a distance from the opening so the opening does not influence them.
A few measurements conducted by SSPB-cell are excluded due to reliability in the
results. These measurements are, the one from borehole KASO5 at depth 357 metres,
since the minimum horizontal stress shows an extremely low value (=0 MPa) and all
measurements from KA3579G since the credibility of these results is low
(Christiansson, 2000).

The linear regression analysis of the maximum and minimum horizontal stresses is
shown in Figures 6-22 and 6-23.

Maximum horizontal stress (MPa)

0 10 20 30 40 50
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Figure 6-22. Maximum horizontal stress versus depth. The mylonite zones at Aspo are
included.
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The regression analysis is made on the stresses above and beneath the mylonite zones,
and the equations for these two lines are

oy =14+0.034z [MPa] 0<2z<450 [m] 6-7
o, =-332+0.11z [MPa] 450 <z < 550[m] 6-8

where the first one is valid down to a depth, z, of 450 metres.

Minimum horizontal stress (MPa)
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Figure 6-23. Minimum horizontal stress versus depth.

The corresponding linear regression on the minimum horizontal stresses resulted in the
following equations

0, =2.1+0.014z [MPa] 0 <z<450[m] 6-9
o, =-18.1+0.063z [MPa] 450 <z < 550[m] 6-10
In Figure 6-24 the orientation of the maximum horizontal stress is shown. The trend

interval of the steeply fractures found at Aspd (ZEDEX, 1996) is also shown in the
figure.
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Orientation of the maximum horizontal stress
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Figure 6-24. The orientation of the maximum horizontal stress versus depth.
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7 Discussion and conclusions

71 General

When comparing two completely different measuring techniques like overcoring and
hydraulic fracturing, one must be aware of certain facts. Hydraulic fracturing assumes
that the vertical stress is one of the principal stresses, and therefore the horizontal
stresses that are measured will also be principal stresses. Using overcoring, the true
principal stresses are achieved. However, these stresses are often transformed to
horizontal secondary principal stresses to correlate the measurements against hydraulic
fracturing. When this is done, information is lost since one or more of the principal
stresses can be oriented in-between the horizontal and vertical axes (Figure 7-1).

Information is lost since the shear stresses that exist in this secondary principal stress
state are not taken into consideration.

A horizontal
plane

East

Figure 7-1. An arbitrary state of stress

7.2  Hydraulic fracturing

The magnitudes of the horizontal stresses versus the depth in KAS02 show an increase
in the magnitude at a depth around 500 and 560 metres. The major mylonite zones that
exist at these locations might be an explanation for this behaviour. However, the same
tendency cannot be seen for the orientation of the maximum horizontal stress. Since the
mylonite zone is assumed to be sub-horizontal, the horizontal stresses are acting parallel
to the zone, and no re-orientation of the stresses will be expected.

The results agree quite well with the stress state in Fennoscandia according to
Stephansson et al (1991). The results show a lower minimum horizontal stress than the
stress magnitude presented by Stephansson et al 1991. This will also affect the
maximum horizontal stress, which also may be slightly low compared to the stress state
in Fennoscandia. The orientation of the maximum horizontal stress however, correspond
well with the orientation measured in Fennoscandia and is about 143 degrees from
north.
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7.3  Overcoring

The results from the overcoring measurements show a large scatter in the magnitude of
the stresses. The scatter is larger for measurements performed using the CSIRO HI- cell
than for the measurements done by using the SSPB Cell. This scatter can also be seen in
the Monte Carlo simulation where the confidence interval is quite large for boreholes
KA1623A, KA625, KA1626A, KA2870 and KA3086A. However, the orientation of the
maximum horizontal stresses is constant with the depth and a very small scatter is
shown. The average orientation of the maximum horizontal stress is about 127°.

There is no information if the mylonite zones that intersect borehole KAS02 also
intersect the Hard Rock Laboratory at some depth. The increase in horizontal stress at
the depth of 380 metres might be related to some geological structures or zones.

7.4 Comparison between hydraulic fracturing and overcoring

The overcoring results show higher stresses than predicted from the pre-investigation,
where hydraulic fracturing was made. There can be several reasons to this. One may be
that the measurements are performed in the outer section of the influenced zone from
the opening. The role of thumb gives that the disturbed zone extent to about 3 times the
diameter from the wall of the opening. The measurements done at Aspd have been
conducted at a distance of 14 to 17 metres from the opening. The diameter of the
opening is 5 metres, which may generate a 15-metre large disturbed zone.

The second cause of higher stresses than expected can be the high values of Poisson's
ratio, especially the stresses calculated from the strains measured by the CSIRO Hi-cell.
The stresses determined from the strain measurements by the SSPB-cell coincide better
with the results from the hydraulic fracturing.

The measurements from hydraulic fracturing are much lower than the results from
overcoring. The reason to this could be that the interpretation method that has been used
(tangent intersection method), can result in lower stresses than other methods (Klasson,
1989).

The ratio between the maximum horizontal stress and minimum horizontal stresses
obtained from hydraulic fracturing is quite constant about 1.8, while the ratio obtained
from overcoring is much more varying. The ratio is ranging between 1.22 to 8.95.
Attention to the constant ratio obtained from hydraulic fracturing should be taken, since
a variation should be expected. Rutqvist et al (1999) has listed a number of possible
uncertainties due to the induced fracture. In the extreme case, where a more conductive
fracture is induced, the reopening pressure would be equal to the minimum horizontal
stress. This leads to a ratio of 2 between the maximum and minimum horizontal stresses
if the second breakdown method is used to determine the maximum horizontal stress. If
this is the case, there is not possible to determine the maximum horizontal stress
because the pressure response would not show any effect of the tangential borehole
stress (Rutqvist et al., 1999).

However, the orientation of the maximum horizontal stress, coincides rather well
between overcoring and hydraulic fracturing, which is positive since the orientation of a
deep repository will be chosen such that favourable stability conditions can be achieved.

7.5 Variation of the elastic properties

The elastic parameters, Young's modulus and Poisson's ratio will affect the results from
the overcoring, especially Poisson's ratio. Poisson's ratios are ranging from 0.16 to 0.43
in the area of interest. Using these two extreme values in the calculation of the stresses
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out from the strain the magnitude increases with about 33% for the maximum horizontal
stress and 58 % for the minimum horizontal stress when the upper extreme value is
used.

Poisson's ratios are differing depending on the overcoring method used. In the samples
from the overcoring with an SSPB-cell, Poisson's ratio is about 0.23 and when CSIRO
HI-cell is used, Poisson's ratio is about 0.34. A statistical analysis, comparing these two
groups shows a significant difference between the means. The reason for this may be
the different handling of the core at the biaxial testing. The CSIRO HI Cell is
pressurised up to 15 MPa with loading increments of 5 MPa (Litterbach et al, 1994)
while the SSPB Cell is pressurised up to 10 MPa with loading increments of 1 MPa
(Ljunggren and Bergsten, 1998).

No significant difference can, however, be observed in the values of Young's modulus
when comparing the two overcoring methods.

In a paper by Martin and Christiansson (1991), the influence of microcracking on
overcoring has been investigated and presented. Overcoring samples from boreholes
drilled at an angle perpendicular to the major principal stress direction showed the
greatest amount of stress-induced microcracking. Laboratory tests presented in the
paper showed that the difference in the properties of pink and grey granite was
associated with the presence of stress-induced microcracks of the grey granite. Poisson's
ratio was higher and Young's modulus was lower in the samples of grey granite.

In the case of the measurements conducted at Aspd HRL, the samples from the
overcoring of CSIRO HI-cell might have more stress-induced microcracks and therefore
show higher value of Poisson's ratio and lower value of Young's modulus. The uniaxial
tests show Poisson's ratios, which do not differ between rock types, more similar to the
results of the SSPB-cells.

7.6 Core mapping

The study of the cores from overcoring was made in order to detect any correlation
between the quality of the measurements with the presence of larger visible fractures in
the vicinity of the gauges. In some cores, the poor or fair result could partly be assumed
to depend on the presence of small filled cracks or of grains of cm-size. On the contrary,
in some cores good measurement results were achieved even with the presence of grains
of cm-size or healed fractures.

BIPS pictures taken in a borehole where stress measurements have been performed were
also studied to detect causes to poor quality of the measurements. This study did not
reveal any useful information.

7.7  Conclusions

Following conclusion can be drawn from the results and the discussion

° The results from the overcoring with CSIRO HI show higher magnitudes than
expected by the hydraulic fracturing but coincide in the orientation

° The results from overcoring with the SSPB Cell agree better with the results from
the hydraulic fracturing measurements, which coincide well with the stress of
state at Fennoscandia, both in magnitude and orientation.

° There is significant difference in Poisson's ratio between the samples of SSPB
Cell and CSIRO HI Cell.
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° The main reason for deviation in the stress magnitudes between overcoring by
CSIRO HI Cell and SSPB Cell might be the high Poisson's ratio that are obtained
from the measurements from CSIRO HI Cell. An explanation to this can be the
handling of the biaxial tests, which can cause microcracks in the sample if the
applied pressure is to high.

° The state of stress is based on that the results from the hydraulic fracturing and
overcoring made by SSPB Cell, since overcoring made by using CSIRO HI Cell
shown high values of the Poisson's ratio and the test results may not be reliable.

7.8 Further work

There are some indications that stresses and geological structures correlate in some way.
Further work should be done in this area, by using numerical analysis to see how the
stresses change in the vicinity of a geological structure.

The results showed that using a Poisson's ratio of 0.34 instead of 0.23 could affect the
magnitude of the minimum horizontal stress up to 23 %. More work should then be
done to increase the knowledge of the behaviour of the core when the overcoring is
made, and also how this will effect the elastic parameters. Therefore, some effort should
also be made to understand and study the biaxial tests. Investigate if there exist better
methods to determine the elastic parameter, for example a triaxial chamber.
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Appendix A

Information about the virgin stress measurements.

Units

Depth [m]
Young's modulus, £ [GPa]
Stress components, ¢ [MPa]
Shear components, T [MPa]
Dip (]

Dip direction [9]



Table 1

Borehole KAS02

Number |Depth (m)| Py | P,y | P | P3| Py Py, | P3| Py | 0, | Oys | Our| O Bearing of oy Oy 11/Cy
1 113 139 81 | 85|83 | 54 | 50 |47 |45|29|75|60/| 47 - 1.28
2 159 114175 17270 | 68 | 63 | 6.1 |59 |41 |13.6]102| 59 138 1.73
3 229 105 66 | 62|58 | 68 | 67 |59 |55|59|133(103] 55 151 1.87
4 233 99 | 53 |48 45| 53 | 53 |52 |50 6.1 |13.0,103| 52 145 1.98
5 243 105 69 |67 | 66| 64 | 57 | 54|49 |63 |13.0|95| 54 160 1.76
6 250 110 70 | 68 | 66| 68 | 62 | 51|59 ]| 65 |140|109| 5.9 149 1.85
7 280 135 6.8 | 65|64 | 6.3 52 |47 4673|9891 52 168 1.75
8 339 148 7.1 |69 |68 | 59 | 57 |51 |50 88|96 (102]| 5.7 150 1.79
9 364 119199 191 (91|78 | 73 | 69|66 |95 (17.6[10.7| 6.6 157 1.62
10 381 117 82 |81 (77| 72 | 68 | 68| 6.7 |99 |160]|123| 6.8 160 1.81
11 390 10588 |84 (82| 72| 69 |71 |70/10.1|17.8(128, 7.0 121 1.83
12 426 123 5 192 19.0| 9.1 89 | 88| 86 |11.1]214|172| 8.8 138 1.95
13 495 22.31185|182|18.0| 16.2 | 148 |13.7]13.4|12.9|26.1]229| 13.7 143 1.67
14 504 23.9 1203 (202|19.5| 16.0 | 17.3 |17.6|18.8|13.1|314|27.8| 16.0 144 1.74




15 515 18.0 | 1451143 (143|153 | 12.6 |12.6113.0|13.4|27.1|23.5]| 12.6 - 1.87
16 547 262 1222 1219|216 194 | 19.1 |19.0 | 19.0 | 14.2 | 38.5|35.1 | 19.0 124 1.85
17 585 329 | 27.8 |27.8 {28.5] 25.0 | 242 | 239|239 | 152 |46.1 | 439 239 - 1.84
18 625 31.8 | 283 {27.6127.0| 269 | 245 | 242 |23.0|16.2 | 445|414 | 23.0 138 1.8
19 661 315279 (273|272 | 23.5 | 23.1 |224]21.7|17.2 454|399 | 224 147 1.78
20 718 33.9 | 30.9 |30.7 | 30.0 | 27.0 | 26.7 | 24.9 | 244 | 18.7 | 46.6 | 42.5| 244 112 1.74
21 737 27.8 | 23.0 225 (21.9| 22.1 | 21.0 | 21.0 | 20.7 | 19.2 | 42.9 | 40.5 | 21.0 - 1.93
Table 2 Boreholes KAS03
Number Depth (m) | Py P, P, | P3| Py P, Pg; Py o, Owi | Our | On Bearing of oy Gy /Op

1 131.5 108 | 58 | 58 | 57 | 41 | 3.7 | 36 | 36 | 34 | 57 | 50 | 3.6 145 1.39
2 153.8 149 | 67 | 67 | 67 | 51 | 51 | 45 | 42 | 40 | 43 | 6.8 | 45 164 1.51
3 347.4 156 | 88 | 84 | 83 | 64 | 57 | 55| 55 - - - - | Horizontal fracture

4 481.4 18.0 | 12.6 | 12.6 | 12.6 | 10.4 | 104 | 10.7 | 10.9 | 12.5 | 19.8 | 19.5 | 10.7 160 1.82
5 494.8 16.0 | 12.0 | 11.4 | 10.2 | 10.4 | 104 | 10.9 | 109 | 12.9 | 22.4 | 20.7 | 10.9 126 1.90
6 515.1 203 | 16.0 | 159 | 15.7 | 12.9| 129 | 11.8 | 11.6 | 13.4 | 20.8 | 19.4 | 11.8 136 1.64
7 534.0 1441103 | 97 | 95 | 11.3 | 11.3 | 11.8 [11.8 | 13.9 | 26.7 | 25.1 | 11.8 144 2.13




8 536.0 173 | 12.8 | 11.9 | 11.5| 123 | 123 | 124 | 12. | 13.9 ] 256 | 244 | 12.4 152 1.97
9 545.9 16.0 | 11.9 | 11.5 | 10.7 | 10.9 | 109 | 10.7 | 79.8 | 14.2 | 21.8 | 20.2 | 10.7 124 1.89
10 547.9 152 1.7 | 11.3 | 108 [ 11.2 | 11.2 | 98 | 98 | 142 | 1.9 | 17.7| 9.8 129 1.81
11 550.9 158 | 114 | 11.3 | 11.0 | 10.9 | 109 | 10.7 | 9.8 | 142 | 193 | 18.0 | 9.8 130 1.84
12 625.3 15.8 | 11.7 | 11.3 | 11.0 | 12.0 | 12.0 | 10.0 | 9.9 | 163 | 19.9 | 18.3 | 10.0 - 1.83
13 664.0 1551104 | 99 | 9.8 | 9.1 9.1 84 | 85 | 173 | 183 | 151 | 85 142 1.78
14 666.0 146 | 100 | 97 | 95 | 93 | 93 96 | 98 | 173 225 | 18.8 | 9.6 144 1.96
15 739.4 16.6 | 15.0 | 13.4 | 13.1 | 13.3 | 13.3 | 13.7 | 13.8 | 19.2 | 33.8 | 26.1 | 13.7 160 1.91
16 819.8 31.9 | 29.9 | 30.6 | 29.2 | 255 | 255 | 22.6 | 22.8 | 21.3 | 442 | 37.9 | 22.6 - 1.68
17 822.3 313 | 253 | 233 | 229|234 | 234 | 23.0 | 23.2 | 21.4 | 43.4 | 43.7 | 23.0 - 1.9
18 877.4 29.7 | 24.5 | 24.1 | 23.9 | 21.0 | 21.0 | 21.0 | 21.3 | 22.8 | 40.7 | 38.5 | 21.0 - 1.83
19 880.4 31.5 | 247 | 24.1 | 23.9 | 22.1 | 22.1 | 24.1 | 21.6 | 22.9 | 40.1 | 39.5 | 214 118 1.85
20 885.4 30.6 | 24.8 | 23.8 | 23.9 | 23.1 | 23.1 | 22.6 | 22.6 | 23.0 | 45.7 | 43.0 | 22.6 157 1.9
21 893.3 342 | 26.6 | 26.1 | 25.8 | 25.7 | 25.7 | 244 | 24.2 | 23.2 | 47.2 | 46.3 | 243 - 1.91
22 962.8 334 | 26.2 | 25.8 | 25.0 24.8 | 249 | 243 | 25.0 | 48.0 | 48.5 | 24.9 115 1.95

24.8




Table 3 Borehole KAS05

Number | Depth E 1% o, o, o, Ty Ty T (o3} Z’f Dip fo) gllf Dip | o3 Zlf Dip | oy o) Bz}zgzg Oy /Oy
1 195.31 58 10.20 - - - - - - 103 | 268.0 | 13.9 | 24 0.4 94 | 1.5 (1234732 | 98 | 2.4 87.7 4.08
2 196.61 | 63 | 0.25| - - - - - - 102 | 2341|238 | 79 | 1379|138 | 3.9 | 203 | 620 | 93 | 7.6 68.1 1.22
3 197.41 64 | 0.13 - - - - - - 134 | 273.1 | 174 | 84 | 643 | 703 | 49 | 1803 | 89 | 129 ] 5.0 91.9 2.58
4 355.01 74 1 0.22 - - - - - - 202 | 261.6 | 43.4 | 144 | 123.6 | 38.1 | -0.7 | 14.7 | 225 |17.0| 1.9 100.5 8.95
5 355.91 68 | 0.19 - - - - - - 16.2 86.8 | 76.2 | 10.1 | 305.0 | 10.9 | -3.0 | 213.4 | 83 | 10.3 | -2.6 | 122.7 -
6 356.81 62 | 0.16 - - - - - - 10.8 | 281.4 | 109 | 54 | 1351 77.0|-0.7 | 12.8 | 7.0 | 10.6 | -0.6 102.2 -
7 35774 | 68 | 0.19 - - - - - - 177 | 1029 | 2.7 | 49 | 2013|719 | 2.1 | 120 | 17.8 | 17.7| 2.3 102.8 7.70

Table 4 Borehole KA1054A

Number | Depth E \% fo o, o, (- Tz T 0; ZZ;D Dip | o, Zlf Dip | o3 Zl’{) Dip | oy o B(e;’;:;g Oy /Oy
1 14377 {70.110.25| 84 | 133 ] 57 (-37 1| 3.6 | 0.3 16.2 115 17 | 7.6 14 31 3.5 230 54 - - - -
2 143.7 |72.71027| 55 | 109 | 1.9 | 20| -1.1 | -3.4 | 115 109 00 | 7.2 199 34 | -04 18 56 - - - -
3 1437 | 7471028 95 | 129 ] 43 {-29| 13 | 1.6 | 145 119 02 | 88 28 25 | 33 | 214 | 65 - - - -




Table 5

Borehole KA1623A

Dip . Dip . Dip . Bearing
Number | Depth E v O, G, o, T Ty T oy dir. Dip | o, dir Dip | o3 dir. Dip | oy Oy of Oy oy /oy,
1 223 63.8 1040 | 148 | 189|126 | -13 | -1.2 | -47 | 19.3 111 05 | 18.5] 205 39 | 8.6 15 50 | 193 | 144 106 1.34
2 223 53.31040| 11.0 | 149 | 7.0 | -1.6 | 0.7 | -1.1 | 156 111 07 | 10.6 | 202 12 | 6.7 | 353 76 | 155|104 110 1.49
3 223 61.9 (044 | 9.6 | 142 | 68 | -1.9 | 0.7 | -0.8 | 15.0 110 07 | 9.0 | 212 12 | 6.6 | 353 76 | 14.8 | 89 110 1.66
Table 6 Borehole KA1625A
Dip . Dip . Dip . Bearing
Number | Depth E v o o, o, Ter Tz Ty o) dir Dip | o; dir Dip | o3 dir Dip | o | oy of Gy Oy /Oy
1 223 717 1038 12.7 | 10.9 | 11.1 | -5.1 | -1.0 | 3.8 | 18.7 324 26 |10.1| 097 54 | 6.0 | 222 23 | 169 | 6.7 140 2.52
2 223 587103586 | 79 | 68 |-31|-09| 1.1 | 11.8 318 16 | 6.4 | 123 74 | 5.1 227 04 | 114 | 51 138 2.24
3 223 595103389 |91 |73 |-35]-13]09 | 129 315 15 | 7.0 | 166 72 | 55 | 046 09 | 125 55 134 2.27




Table 7

Borehole KA1626A

Number | Depth E v O; o, o; T | T T o; gllf Dip | o erp Dip | o3 fi)zlf Dip | oy | o BZ;ZZg O /Oy
1 223 5881043 95 (119} 7.7 | -1.1|-0.1 | -03 | 123 111 01 9.1 201 11 7.6 017 79 | 123 | 9.0 111 1.37
2 223 66.0 032 82 | 87 | 56 |-24 | 04 | 0.7 10.8 313 02 | 6.6 044 38 5.0 220 52 {108 6.0 132 1.8
3 223 586036 3.7 | 76 | 39 | 22| -0.1 | -0.9 8.6 115 03 | 4.4 210 61 23 023 29 | 86 | 2.8 114 3.07

Table 8 Borehole KA1899A

Number | Depth E v Oy c, o, T, Ty Ty oy ?;;-D Dip | o, lelrp Dip | o ZZ) Dip | oy On Bz;’(‘)i'zg Oy /Oy
1 256 63.8 | 0.41|164 | 12.8 §.6 -64 | 05 | -0.6 | 21.3 143 03 7.9 053 01 6.6 305 87 2121 7.9 143 2.68
2 256 65.0 | 038 | 148 (106 ] 6.1 | -54 | 0.7 | -1.3 | 18.7 146 07 | 6.9 237 12 | 5.9 027 76 | 18,5 | 6.8 146 2.72
3 256 62.0 1042 185|143 | 85 | 69| 1.6 | -1.4 | 239 143 08 9.4 050 21 8.1 252 68 | 236 9.2 143 2.57
4 256 5971040 {163 | 11.0| 7.5 | -48 | 0.8 | -0.4 | 19.2 149 04 | 8.4 058 25 7.2 247 65 | 19.1 | 8.1 150 2.36
5 256 6431040192 | 13.0| 81 | 65| 1.3 | 03 23.3 148 02 9.8 056 36 7.2 240 54 1233 89 148 2.62




Table 9

Borehole KA2198A

Dip . Dip . Dip . Bearing
Number | Depth E % Oy o, G | T | T | T o} dir Dip | o dir. Dip | o3 dir Dip | oy | o of G Oy /0y
1 294 56.51030| 155|167 74 | -8.8 | 3.4 | -1.9 | 258 133 12 | 7.9 | 034 35 | 6.0 | 238 53 250 72 134 3.47
2 294 3651029 | 92 | 87 | 41 |-52| 0.0 | -0.6 | 142 137 03 | 44 | 230 56 | 3.5 | 045 34 | 142 | 3.7 136 3.84
3 294 5171042133 |175|106|-59 | 1.1 | -1.3 | 21.9 126 08 | 10.5| 241 71 | 9.0 | 033 17 | 216 | 9.1 125 2.37
4 294 5311033157 (17.1| 78 | -7.9 | 2.9 | -23 | 25.1 132 12 | 85 | 041 08 | 7.0 | 278 75 | 243 | 8.4 133 2.89
Table 10 Borehole KA2510A
Dip Dip Dip Bearing
Number | Depth E v oy o, o, T Ty Ty o, |directi | Dip | o, |directi | Dip | o3 |directi | Dip | oy Op Oy /Oy
OfO'H
on on on
1 335 71.81 039 | 24.0 | 306|177 -63 | -02 | 29 | 346 302 | 06 |21.6| 036 30 | 16.1| 203 59 | 344202 121 1.70
2 335 66.71040 199|206 | 11.2|-74 | 1.5 | 1.5 | 277 134 00 | 143 | 044 34 | 9.8 | 224 56 | 27.7 128 134 2.16
3 335 66.11030|17.6 152|123 | -75| 2.6 | 24 | 24.0 320 00 | 145 | 051 58 | 6.6 | 229 32 | 240} 8.8 140 2.73
4 335 72.11027|17.1 | 168 |11.7 | -83 | 1.7 | 1.3 | 253 136 01 | 12.8 | 043 63 | 7.6 | 226 27 1253 8.6 136 2.94
5 335 68.81 030|164 | 18.1| 83 | -6.8 | 3.8 | 0.3 | 245 130 10 | 12.1| 034 32 | 6.1 234 57 | 241|104 132 2.32
6 335 689034176122 7.7 | 63| 1.0 { 25 | 21.9 | 328 06 | 10.0 | 063 41 | 5.6 | 231 48 |21.8 | 8.0 147 2.73




Table 11

Borehole KA2870A

Number | Depth E v Ox o oA Ty Tz (. o1} gllf Dip | o; lelf Dip | o3 lelf Dip | oy (o} Bz;zzg Oy /Oy
1 379 | 64.7]0.33]23.3|31.7|20.8(-108]| 1.4 | -9.7 | 414 | 130 19 {242 241 46 | 102 | 024 | 38 |39.1]|159 124 2.46
2 379 | 682|030 20.2|33.1228|-103|-1.8 ] -89 | 393 123 11 [27.8] 230 | 55 | 9.0 | 026 | 32 |38.8 | 145 119 2.68
3 379 [ 63.9]0.27|11.9 | 239|129 (-77|-24 | -40| 276 | 296 | 02 | 158 | 203 59 | 53 | 027 | 31 | 276 8.1 116 3.41
4 379 [ 62.5]0.21 15.0 |29.7 |12.8 |-11.8| -2.2 | -3.5 | 363 | 299 | 01 | 153 | 208 59 | 6.0 | 029 | 31 |363 ] 85 119 4.27
5 379 | 64.8]0.28|21.2 |242|13.1|-134( -39 | -1.3 | 363 | 311 05 | 151 213 59 | 70 | 044 | 31 |36.1]| 9.2 132 3.92

Table 12 Borehole KA3086A

Borehole | Depth E v fo o o, T T T o Zlf Dip | o, Zlf Dip | o g;f Dip | oy o Bz}zroz::g Oy /Oy,
1 408 | 639|037 156|186 | 7.8 | -7.9 | -2.6 | 0.6 | 254 | 309 | 08 | 9.7 | 215 | 27 | 6.9 | 054 | 62 |252 | 9.1 130 2.77
2 408 721034200 (31.2|108|-44 | -34 | 35 | 336 | 291 11 | 19.0| 024 13 | 9.5 | 16l 73 | 32.7 | 185 109 1.77
3 408 | 71.6 031 |16.0 |34.1 104 | -2.0 | -7.1 | -24 | 36.1 274 15 | 169 178 19 | 74 | 040 | 65 343|158 | 096 2.17
4 408 | 706|034 (134229 9.7 | -1.3 | 47 |-17| 244 | 274 17 | 140| 178 19 | 75 | 043 | 64 |23.1|13.2| 098 1.75




Table 13

Borehole KA3579G

Number | Depth E v Oy o, o, Ty T T o Strike | Dip | ©, | Strike | Dip | o3 | Strike | Dip | oy O}, B(e;};ng Oy /Oy
H
1 468 73 | 0.3 - - - - - - 34.5 191 36 | 17.6 | 284 4 | 114 18 53 12641175 9 1.51
2 469 73 | 0.3 - - - - - - 29.0 192 48 | 15.1 79 20 | 11.0{ 334 36 | 20.0 | 13.8 24 145
3 470 73 | 0.26 - - - - - - 43.7 189 33 | 205 95 6 15.8 | 355 57 356|204 10 1.75
4 470 65 | 0.3 - - - - - - 304 179 42 | 18.2 88 2 12.7 | 356 48 | 22.6 | 18.2 0 1.24




Appendix B

Information about the secondary stress measurements.

Units
Depth [m]
Young's modulus, £ [GPa]

Stress components, o [MPa]
Shear components, T [MPa]

Dip (]

Dip direction [4]



Table 14

Borehole KA1045A

Dip Dip Dip Bearing
Number | Depth E v o8 oy o, Ty Ty Ty o; dir. Dip O, dir. Dip | o3 dir. Dip Oy (o)) of oy Gsr/ O
1 143 723 032 (230|167 | 7.8 | 40 | 2.3 1.7 | 253 | 027 08 15.0 | 118 10 7.2 257 77 - - - -
2 143 658 1044 67 | 62 | 29 | -1.0| 1.0 | -0.6 | 7.7 | 140 12 54 | 049 08 | 2.6 | 287 76 - - - -
3 143 69.5 (038 7.1 | 74 | 28 | -1.5]| 06 | -0.1 | 8.8 132 05 58 | 041 06 | 2.7 | 263 82 - L- J - -
Table 15  Borehole KA1192A
D.ip . D.ip . D.ip . Bearing Oy / Oy
Number | Depth E v (o o, e Tz T Tp (o7} dir. Dip o3 dir. Dip | o dir. | Dip | oy On of Oy
1 164 753 [030| 86 |[11.0] 45 | 1.3 |-0.1 | 04 | 11.5| 067 00 8.0 | 337 07 | 44 159 83 - - - -
2 164 723 1038129 139 93 | 1.6 | -23 | 1.0 | 154 | 243 14 | 12.8| 339 16 | 7.9 126 60 - - - -
- 3 164 74.8 027 62 | 123 | 87 | -09 | -32| 0.1 | 143 | 277 30 7.0 128 56 | 6.0 | 015 15 - - - -
Table 16 Borehole KZ0059B
Number | Depth | E vie|lo || m| 5| w| o Z’f Dip | o ?;f Dip | o grf_’ Dip | o5 | o |2 ;‘,’Z :g G/ Gy
1 416 642 043|182 |122|132|-71 | 1.1 | -33|23.9| 148 18 123 | 295 70 | 74 | 054 10 | 229 7.5 147 3.05




2 416 653 | 049277133 |17.7|-59|-02 | -0.1 | 29.8| 160 00 17.7 | 253 88 | 11.1] 070 02 |29.8 |11.1 160 2.68
3 416 674 |032]148 | 85 |12.1]-57|-1.0| 0.5 | 183 | 329 08 12.1 | 181 81 | 5.1 060 05 | 182 5.1 150 3.57
4 416 62.1 | 043|184 | 9.2 | 134 -6.8 | 1.3 | 1.2 | 22.0| 332 03 13.8 07‘5 78 | 5.3 | 242 12 | 220 5.6 152 3.93
5 416 613 [ 048 257|139 (173 |-7.1 | 1.5 | 0.6 | 29.0 | 155 01 17.6 | 062 77 | 10.1 | 245 13 | 29.0 | 10.5 155 2.76
6 416 649 (044|254 (143 (170 -75|-08 | 0.3 |[29.3| 333 03 17.1 | 216 84 | 10.5] 063 05 129.2 | 105 153 2.78
Table 17  Borehole KA3597G
Bearing
Number | Depth E v lo o, o, T, Ty Ty o; | Strike | Dip 0, | Strike | Dip | o3 | Strike | Dip | oy o of oy Oia/ O
1 450 104 | 0.3 - - - - - - | 219 194 39 7.5 77 29 | 1.1 322 38 | 15.0 | 4.6 25 3.26
2 451 99 0.3 - - - - - - 189 | 196 43 5.3 91 16 | -42 | 346 42 | 9.6 | 3.1 38 3.10
3 452 63 | 024 - - - - - - 261 221 49 53 91 30 | 25 | 345 26 | 13.7 | 3.7 47 3.70
4 453 88 03 - - - - - - 1267 222 35 6.8 94 41 | 24 | 335 30 | 198 | 3.9 46 5.08
5 454 55 (023 - - - - - - 261 221 38 10.6 | 98 36 | 8.1 341 33 1200 9.2 45 2.17
6 456 66 |[027| - - - - - - 267 | 216 43 14.8 | 326 21 | 131 75 40 | 20.7 | 143 32 1.45
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