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A METHODOLOGY FOR INTERPRETATION OF OVERCORING STRESS 
MEASUREMENTS IN ANISOTROPIC ROCK 

ABSTRACT 

The in situ state of stress is an important parameter for the design of a repository for 
final disposal of spent nuclear fuel. This report presents work conducted to improve the 
quality of overcoring stress measurements, focused on the interpretation of overcoring 
rock stress measurements when accounting for possible anisotropic behavior of the 
rock. The work comprised: (i) development/upgrading of a computer code for 
calculating stresses from overcoring strains for anisotropic materials and for a general 
overcoring probe configuration (up to six strain rosettes with six gauges each), 
(ii) development of a computer code for determining elastic constants for transversely 
isotropic rocks from biaxial testing, and (iii) analysis of case studies of selected 
overcoring measurements in both isotropic and anisotropic rocks from the Posiva and 
SKB sites in Finland and Sweden, respectively. The work was principally limited to 
transversely isotropic materials, although the stress calculation code is applicable also to 
orthotropic materials. The developed computer codes have been geared to work 
primarily with the Borre and CSIRO HI three-dimensional overcoring measurement 
probes. Application of the codes to selected case studies, showed that the developed 
tools were practical and useful for interpreting overcoring stress measurements 
conducted in anisotropic rock. A quantitative assessment of the effects of anisotropy 
may thus be obtained, which provides increased reliability in the stress data. Potential 
gaps in existing data and/or understanding can also be identified. 

Keywords: in situ rock stress, overcoring, anisotropy, quality control, elastic constants, 
biaxial testing  



ANISOTROOPPISESSA KIVESSÄ TEHDYN IRTIKAIRAUSJÄNNITYSTILA-
MITTAUKSEN TULKINTAMENETELMÄ 

TIIVISTELMÄ

In situ jännitystila on yksi tärkeä ydinpolttoaineen loppusijoitustilojen suunnitteluun 
vaikuttava kallioparametri. Tämän työn tarkoituksena on irtikairausjännitystilamittauk-
sen laadun parantaminen erityisesti olosuhteissa, joissa kivi käyttäytyy ansiotrooppi-
sesti. Työn kolme keskeistä osaa ovat: (i) Aiemmin kehitetyn anisotrooppiselle 
materiaalille soveltuvan irtikairausjännitystilamittauksen tulkintaohjelman CSIRA 
päivitys ja jatkokehitys. Ohjelma soveltuu kennoille, joissa on enimmillään kuusi 
kuuden venymäliuskan rusettia. (ii) Tasomaisesti suuntautuneen isotrooppisen materian 
kimmoparametrien tulkintaohjelman kehitys. Tulkintamenetelmä perustuu jännitys-
tilamittauskohdasta kairatun kivisylinterin biaksiaalikennotestin tuloksiin. Molemmat 
ohjelmat kehitettiin ensisijaisesti kolmidimensionaalisille Borre ja CSIRO-HI 
jännitystilamittauskennoille. (iii) Aiemmin isotrooppisessa ja anisotrooppisessa kivessä 
tehtyjen irtikairausjännitystilamittausten uudelleentulkinta tässä työssä kehitettyjä 
ohjelmia käyttäen. Valitut mittaukset ovat Posivan ja SKB:n Suomessa ja Ruotsissa 
teettämiä jännitystilamittauksia. Työ painottuu tasomaisesti suuntautuneessa 
isotrooppisessa kivessä tehtäviin jännitystilamittauksiin vaikka jännitystilan tulkinta-
ohjelma soveltuu myös ortotrooppiselle materialle. Aiempien mittausten uudelleen 
tulkinta osoitti kehitetyt ohjelmat käytännöllisiksi ja toimiviksi. Tulkintamenetelmällä 
saadaan hyvä arvio anisotropian vaikutuksesta mittaustulokseen, mikä parantaa 
merkittävästi mittaustuloksen luotettavuutta. Lisäksi työssä arvioidaan mittaustiedossa 
ja/tai sen tulkintatavassa ilmenneitä puutteita. 

Avainsanat: in situ jännitystilamittaus, irtikairaus, anisotropia, laadun varmistus, 
kimmoparametri, biaksiaalitestaus 



METODIK FÖR UTVÄRDERING AV ÖVERBORRNINGSMÄTNINGAR
I ANISOTROPT BERG 

SAMMANFATTNING 

Bestämning av rådande bergspänningar är en viktig del i projekteringen av ett slutförvar 
för utbränt kärnbränsle. I denna rapport presenteras arbete som utförts i syfte att 
förbättra kvalitetskontrollen för spänningsmätningar, med särskilt fokus på utvärdering 
av överborrningsmätningar med hänsyn tagen till eventuell anisotropi i bergmassan. 
Arbetet omfattade: (i) utveckling av datorprogram för spänningsberäkning från 
uppmätta töjningar vid överborrning i ett anisotropt material och för en generell 
konfiguration töjningsgivare (upp till sex rosetter med sex givare i varje), (ii) utveckling 
av beräkningsprogram för bestämning av elastiska konstanter för transversellt isotropt 
berg utifrån biaxialtestning, samt (iii) analys av praktikfall av utvalda överborrnings-
mätningar i isotropt och anisotropt berg från Posiva:s and SKB:s platsundersökningar i 
Finland och Sverige. Arbetet har avgränsats till att gälla transversellt isotropt material, 
men spänningsberäkningen är också tillämplig för ortotropt material. De utvecklade 
datorprogrammen har anpassats för att fungera med de tredimensionella mätcellerna 
Borre och CSIRO HI. Tillämpning av programmen på utvalda praktikfall visade att de 
utvecklade verktygen var praktiska och användbara för utvärdering av överborrnings-
mätningar utförda i anisotropt berg. En kvantitativ uppskattning av effekterna av 
anisotropi kan därmed erhållas vilket ger en ökad tilltro till spänningsdata. Tänkbara 
brister i befintliga data och/eller förståelse kan också identifieras.  

Sökord: bergspänningar, överborrning, anisotropi, kvalitetskontroll, elastiska 
konstanter, biaxialtestning 
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LIST OF SYMBOLS 

1  =  major principal stress (compressive stresses taken as positive) 

2  =  intermediate principal stress 

3  =  minor principal stress 

H , A =  major horizontal stress  

h , B =  minor horizontal stress 

v  =  vertical stress 

= tangential strain 

z = axial strain 

z = shear strain 

Li = strain measured by axial strain gauges ( L1, L2, L3) of the Borre probe 

Ti = strain measured by tangential strain gauges ( T1, 2, T3) of the Borre probe 

45–i = strain measured by inclined (45°) strain gauges ( 45-1, 45-2, 45-3) of the 
Borre probe 

A90 = strain measured by tangential gauge A90 of the CSIRO HI probe 

B90 = strain measured by tangential gauge B90 of the CSIRO HI probe 

C90 = strain measured by tangential gauge C90 of the CSIRO HI probe 

E90 = strain measured by tangential gauge E90 of the CSIRO HI probe 

F90 = strain measured by tangential gauge F90 of the CSIRO HI probe 

A0 = strain measured by axial gauge A0 of the CSIRO HI probe 

C0 = strain measured by axial gauge C0 of the CSIRO HI probe 

A45 = strain measured by inclined (45°) gauge A45 of the CSIRO HI probe 

B45 = strain measured by inclined (45°) gauge B45 of the CSIRO HI probe 

C45 = strain measured by inclined (45°) gauge C45 of the CSIRO HI probe 

B135 = strain measured by inclined (135°) gauge B135 of the CSIRO HI probe 

D135 = strain measured by inclined (135°) gauge D135 of the CSIRO HI probe 

j = angle (orientation) of strain gauge in the plane of the strain gauge rosette 

 = angle (clockwise) to circumferential position on overcore sample 

P = applied pressure (biaxial testing) 

D = outer diameter of hollow core (biaxial testing) 

d = inner diameter of hollow core (biaxial testing) 

E = Young's modulus for isotropic material 
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 = Poisson's ratio for isotropic material 

E = Young's modulus in the plane of transverse isotropy for a transversely 
isotropic material 

E' = Young's modulus normal to the plane of transverse isotropy for a 
transversely isotropic material 

Eii = Young's modulus in i direction 

 = Poisson's ratio for a transversely isotropic material stressed parallel to the 
plane of transverse isotropy 

' = Poisson's ratio for a transversely isotropic material stressed normal to the 
plane of transverse isotropy 

ij = Poisson's ratio that characterize the normal strain in the symmetry direction j
when a stress is applied in the symmetry direction i.

G = shear modulus in plane of transverse isotropy for a transversely isotropic 
material 

G' = shear modulus in planes normal to the plane of transverse isotropy for a 
transversely isotropic material 

Gij = shear modulus in plane parallel to ij plane. 

L, M, N = constants from sinusoidal expression of tangential strains 

O, P, Q = constants from sinusoidal expression of axial strains 

R, S, T = constants from sinusoidal expression of shear strains 

max = maximum tangential strain 

min = minimum tangential strain 

zmax = maximum axial strain 

zmin = minimum axial strain 

zmax = maximum shear strain 

zmin = minimum shear strain 

 = strike of plane of isotropy for a transversely isotropic material 

 = dip of plane of isotropy for a transversely isotropic material 

DD = dip direction of plane of isotropy for a transversely isotropic material 

Dip = dip of plane of isotropy for a transversely isotropic material 

Global = global strike of plane of isotropy for a transversely isotropic material 

Global = global dip of plane of isotropy for a transversely isotropic material 

DDGlobal = global dip direction of plane of isotropy for a transversely isotropic material 

DipGlobal = global dip of plane of isotropy for a transversely isotropic material 
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A geomechanical sign convention is used in which compressive stresses and applied 
pressures are taken as positive; however, for overcoring strains and biaxial testing 
strains, extension strains are defined as positive. All stress orientations are given with 
respect to a common coordinate system, e.g., geographic north, using a right-hand rule 
notation.
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PREFACE 

The work presented in this report was commissioned by Posiva Oy, which has a 
cooperation agreement with SKB. The work was conducted by Matti Hakala (KMS 
Hakala Oy) and Jonny Sjöberg (Vattenfall Power Consultant AB). The project work 
was reviewed by a reference group with the following members: Sanna Riikonen 
(Posiva Oy), Rolf Christiansson (SKB), John A. Hudson (Rock Engineering 
Consultants), and Erik Johansson (Saanio & Riekkola Oy).

A product of this work was two computer codes (the "Amadei"- and "Nunes"-software) 
for interpretation of overcoring stress measurements in anisotropic rock. These codes 
are not commercially available. KMS Hakala Oy, Vattenfall Power Consultant AB 
(formerly SwedPower AB,) Posiva Oy and SKB are allowed to use the programs freely 
in their own work. If the "Amadei"-software is used in consulting work for other parties, 
the rights to this must be agreed with Bernard Amadei. If the "Nunes"-software is used 
in consulting work for other parties, the rights to this must be agreed with Posiva Oy 
and SKB.
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1 INTRODUCTION  

1.1 Background 

The in situ state of stress is an important parameter for the design of a repository for 
final disposal of spent nuclear fuel. One method to measure the three-dimensional stress 
tensor is through the overcoring method. In this method, the stresses are calculated from 
the measured strains that develop in a rock sample when it is being relieved by 
overcoring drilling (see e.g., Leeman, 1968; Leeman & Hayes, 1966).  

In order to improve the quality of overcoring stress measurements, Posiva and SKB 
launched a joint project, the first part of which was focused on continuous, 
homogeneous, isotropic, and linearly elastic (denoted CHILE) material. The primary 
product of this first part was a computer program that simulates the transient strains and 
stresses during the overcoring process, for any in situ stress state and coring load 
conditions (Hakala, 2004, 2006; Hakala et al., 2003).

It is recognized, however, that rock typically is, at least to some extent, a discontinuous, 
inhomogeneous, anisotropic, and non-elastic (denoted DIANE) material. There are 
many examples of difficulties of conducting and evaluating stress measurements when 
the basic assumptions of a CHILE material are no longer fulfilled (see e.g., Hudson & 
Cornet, 2003). The effects of possible non-linearity (e.g., due to induced microcracking 
during overcoring) can, to some extent, be addressed through the developed tool for 
transient strain analysis. However, other effects, such as time-dependent behavior, 
presence of larger discontinuities and, in particular, anisotropy, are not easily quantified.  

Consequently, a second part of the joint Posiva-SKB project was initiated, this time 
focusing on the possible anisotropic effects regarding overcoring stress measurements. 
The first portion of this work comprised the development of a methodology for defining 
the anisotropic character of rocks through laboratory testing, and the application of this 
methodology to samples from the Olkiluoto site in Finland (Hakala et al., 2005).  

The present study constitutes the second portion of this work, and was focused on the 
interpretation of overcoring rock stress measurements when accounting for possible 
anisotropic behavior of the rock. The work was restricted to transversely isotropic 
material, i.e., materials that have an axis of symmetry of rotation and exhibit isotropic 
behavior in the plane normal to that axis. The initial idea was to further develop the 
computer program for transient strain analysis that resulted from the first part of the 
project (as described above), to make it applicable also to transversely isotropic 
materials. However, the numerical solution for this would be very limited as it would be 
valid only for a limited range of anisotropy parameter values. Hence, the code would 
not be general enough to serve as a quality control tool for overcoring measurements in 
anisotropic rock. Furthermore, it was found that the determination of elastic constants 
for a transversely isotropic material was far from straightforward. Hence, the project 
was oriented towards developing a practical tool for interpreting the in situ state of 
stress from overcoring measurements in transversely isotropic rock, as well as 
investigating the effects of various degrees of anisotropy through real case studies and 
sensitivity analyses.
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1.2 Objective and Scope of Work 

Thus, the objective of this work was to develop a practical tool for interpretation of 
overcoring stress measurements in transversely isotropic rocks. The work comprised the 
following tasks:  

– Development/upgrading of a computer code for calculating stresses from 
overcoring strains for anisotropic materials (transverse isotropy or orthotropy) 
and for a general overcoring probe configuration (up to six strain rosettes with 
six gauges each). The computer code for stress calculation is based on the work 
by Amadei (1996, 2000).  

– Development of a computer code for determining elastic constants for 
transversely isotropic rocks from biaxial testing based on the work and 
methodology outlined by Nunes (1997, 2002), including required modifications 
for different overcoring probe configurations.

– Analysis of case studies of selected overcoring measurements in both isotropic 
and anisotropic rocks from the Posiva and SKB sites in Finland and Sweden, 
respectively.  

The present work is principally limited to transversely isotropic materials, although the 
stress calculation code is applicable also to orthotropic materials. However, the 
determination of elastic constants for this mode of anisotropy is not covered. 
Furthermore, the other aspects of a DIANE material, i.e., possible discontinuous, 
inhomogeneous, and non-linear behavior, are not addressed in this study. The developed 
computer codes have been geared to work primarily with the Borre (Sjöberg & Klasson, 
2003) and CSIRO HI (e.g., Worotnicki, 1993) three-dimensional overcoring 
measurement probes.  

1.3 Structure of report 

A general description of stress measurements in anisotropic rock, and the problems 
associated with such measurements, is given in Chapter 2. In addition, the implications 
of anisotropy on the resulting stresses are described, thus outlining the justifications for 
the present work.  

The interpretation of stress measurements in transversely isotropic rock is described in 
Chapter 3. This comprises stress calculations for anisotropic materials, including both 
theory and a new computer code for this purpose. Furthermore, a method for 
determining the elastic constants from biaxial testing is described, along with the 
development of a computer code for this as well. Finally, a set of case studies is 
analyzed in Chapter 3. 

The results are discussed in more detail in Chapter 4, and major conclusions are stated 
in Chapter 5. Finally, the practical ramifications of this (and previous work on quality 
control) for overcoring stress measurements in anisotropic rocks are described in Chap-
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ter 6. The report structure and the logical linkage between the different Chapters is fur-
ther described in Figure 1-1 below.

DISCUSSION & PROJECT 
CONCLUSIONS 
(Chapters 4 & 5) 

Decision-making flowchart 
to aid in conducting stress 
measurements in isotropic 
and anisotropic rock 

Need for considering 
anisotropy when evaluating 
overcoring measurements

Effect of anisotropy: 
– Scatter of typical over-

coring measurements 
– Typical effects of 

anisotropy on resulting 
stresses

STRESS MEASUREMENTS 
IN ANISOTROPIC ROCK 

(Chapter 2) 

Practical method for 
obtaining elastic constants 

for anisotropic rock

Case studies 
– Selection of cases 
– Application of 

developed tools 

Determination of elastic 
constants: 
– Literature review 
– Conclusions

Stress calculation (stresses 
from overcoring strains): 
– Theory 
– Modification of Amadei 

computer code 
– Verification of code 

Determination of elastic 
constants from biaxial tests:
– Theory 
– Modifications for the 

Borre probe 
– Modifications for the 

CSIRO HI probe 
– Verification and 

sensitivity analysis 

Stress calculation code: 
– Borre version 
– CSIRO HI version 

Biaxial testing code: 
– Borre version 
– CSIRO HI version 

INTERPRETATION OF 
STRESS MEASUREMENTS 

(Chapter 3) 

IMPLICATIONS FOR 
PRACTICAL STRESS 

MEASUREMENTS 
(Chapter 6) 

Figure 1-1. Report structure.
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2 STRESS MEASUREMENTS IN ANISOTROPIC ROCK 

2.1 Background 

Overcoring measurements are normally evaluated under the assumption of continuous, 
homogenous, and isotropic and linear-elastic rock conditions. Any major deviations 
from this assumption are usually grounds to discard the measurement. However, 
evaluation of stresses is also possible if the rock is anisotropic. An analytical solution is 
available for the special cases of transverse isotropy and/or orthotropy (Amadei, 1996). 
The assumption of continuity, homogeneity and linearly-elastic material behavior must 
still be fulfilled. It is realized that this is seldom the case for most rocks — however, the 
present study does not address these remaining assumptions and possible consequences 
thereof.

Applications of the theory by Amadei (1996) to evaluate stress measurements are quite 
rare. One of the reasons for this may be the difficulty associated with obtaining input 
data. To calculate stresses from measured strains under the assumption of transverse 
isotropy, knowledge of the elastic parameters is required. For a transverse isotropic 
material there are five independent parameters: E, E', , ', and G'. For the analytical 
solution to be of real use, it is necessary to have a simple and practical method to 
determine these parameters.  

At the same time, the issue of anisotropy and its effect on stress measurements cannot 
be neglected unless proven insignificant. At the Posiva designated site for final 
repository in Olkiluoto, the rock is typically foliated with the dominant rock type being 
a migmatitic mica gneiss. This rock does display anisotropic deformation and strength 
behavior (Hakala et al., 2005), thus possibly affecting also the interpretation of 
overcoring stress measurements. For the two sites currently being characterized as part 
of the SKB site investigation program, the possible in situ anisotropy is judged to be 
less prominent, although the effects on the resulting stresses are not quantified. On the 
other hand, the application of overcoring stress measurements at large depths (under 
high virgin stresses) may result in microcracking in the overcore sample, which is likely 
to lead to a form of anisotropy in the deformation properties (thus possibly influencing 
stress interpretation). The latter was confirmed in studies by, e.g., Martin & 
Christiansson (1991a, 1991b).

2.2 Effect of Anisotropy on Stress Measurements 

2.2.1 Scatter and Sensitivity in Overcoring Stress Measurements 

To assess the possible importance of anisotropy on overcoring stress measurements, the 
scatter and sensitivity of typical overcoring measurements were first studied. This 
provides a set of baseline cases, which then could be compared to the effect of 
anisotropy on stress measurements results, in order to judge its relative importance.
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Scatter

The typical scatter of interpreted in situ principal stress magnitudes and orientations 
using either CSIRO-HI cell or Borre Probe was studied based on real case data. The 12-
gauge CSIRO-HI cell measurements were done in Finland during the years 1999 to 
2003 by two contractors. The analyzed measurements with the 9-gauge Borre probe 
were conducted at the Äspö HRL in Sweden during 1997 to 1998. All studied cases 
were considered technically successful. 

The CSIRO-HI cell measurement sites are named as A, B, C and D. Measurements at 
sites A, B and D are done at shallow depth (20 to 40 meters below ground surface), 
while measurement at site C is done 1125 below ground surface. In the same borehole 
the maximum distance between first and last measurement is 20 meters. All 
measurements except BH3 at site B, which was close to the tunnel roof to measure 
secondary stresses, are designed to measure the in situ state of stress. 

Interpreted in situ state of stress is presented in Table 2-1 and Figures 2-1 through  
2-6. The mean values for each borehole and deviation for each measurement from the 
mean are presented in Table 2-2. The mean stresses were calculated by taking the means 
of the stress tensor components (normal and shear stresses) and then determining the 
corresponding principal stress. Figure 2-7 shows the deviation of each measurement as a 
function of corresponding mean principal stress value. The results showed that the 
deviation of measured principal stresses magnitude and orientation was not dependent 
on magnitude of measured value. In half of the cases, the scatter of principal stress 
component magnitude was less than 1.0 MPa and deviation of orientation was less than 
8 . For 75% of the cases the corresponding values were 1.7 MPa and 11 , and for 95% 
of the cases the values were 8.0 MPa and 15 .

Amadei and Stephansson (1997) reviewed several studies and concluded that the ex-
pected imprecision of overcoring measurements is at least 10-20 %, even in rock masses 
that fulfill all the basic assumptions of the method. Leijon (1988) discussed both meas-
urement errors and local variations from the mean stress determined from successive 
measurements. It was found that results from neighboring stress measurements were 
uncorrelated. This finding is important as it allows averaging of the results, which, in 
turn, is fundamental when conducting several overcoring tests at a certain measurement 
level. Furthermore, non-systematic measurement errors had a standard deviation of 2 
MPa or less. Depending on rock type, repeated measurements showed a standard devia-
tion of up to 4 MPa. Sjöberg & Klasson (2003) described the typical scatter from over-
coring measurements using the Borre probe. It was found that an absolute measurement 
error of order of at least 1-2 MPa is likely to exist. An additional relative imprecision of 
at least ± 10% was also indicated by this study. These rather large values may be the 
result of some of the basic assumptions for the method not being satisfied. Examples of 
this could be varying geology along the borehole section, local heterogeneities, or ani-
sotropic effects. Comparing and concluding the results of CSIRO-HI cell and Borre
probe cases does not indicate remarkable differences between the two cells. In 75% of 
the cases the scatter of principal stress magnitude was less than 2.0 MPa and not de-
pendent on stress level. The scatter of principal stress orientation was about 10 .



Table 2-1. Interpreted in situ state of stress results for each measurement at four Finnish sites. Measurements are done using the 12-gauge
CSIRO-HI cell. 

Site BH depth 1 trend, ° plunge, ° 2 trend, ° plunge, ° 3 trend, ° plunge, ° H trend, ° h trend, ° V x y z xy xz yz Correlation AoUS

A BH1 1 20.2 263 10 8.5 166 34 2.4 8 54 19.7 86 6.5 356 4.9 19.6 6.6 4.9 1.0 2.4 3.1 0.996 8 %

2 20.0 258 4 8.7 167 14 2.2 4 75 19.9 79 8.3 349 2.7 19.5 8.8 2.7 2.2 0.9 1.8 0.999 5 %

3 24.3 256 9 8.4 165 11 4.0 25 76 23.8 77 8.2 347 4.7 23.0 9.0 4.7 3.4 2.9 1.5 0.999 4 %

Site BH depth 1 trend, ° plunge, ° 2 trend, ° plunge, ° 3 trend, ° plunge, ° H trend, ° h trend, ° V x y z xy xz yz Correlation AoUS

B BH1 1 14.4 88 18 9.3 355 8 0.4 241 70 13.2 93 9.0 183 1.8 13.2 9.1 1.8 -0.2 -3.9 -1.4 0.990 5 %

BH2 1 14.0 328 2 9.2 59 4 -1.1 219 85 14.0 148 9.1 238 -1.1 10.5 12.7 -1.1 -2.2 -0.4 -0.7 1.000 2 %

2 17.8 322 17 13.2 54 5 5.8 161 72 16.8 139 13.1 229 6.9 14.7 15.2 6.9 -1.8 1.5 -3.0 0.960 16 %

3 15.8 326 4 2.3 57 10 0.6 213 79 15.7 146 2.3 236 0.7 6.5 11.4 0.7 -6.2 0.4 -1.1 0.980 19 %

4 16.9 306 3 7.1 36 3 0.0 177 86 16.9 126 7.1 216 0.1 13.5 10.4 0.1 -4.7 -0.4 0.8 0.930 28 %

BH3 1 18.4 356 1 2.0 265 4 0.3 100 86 18.4 176 2.0 266 0.3 2.1 18.3 0.3 -1.3 0.1 -0.3 0.990 13 %

2 23.0 335 2 1.7 243 53 0.6 67 37 23.0 155 1.0 245 1.3 4.8 19.2 1.3 -8.3 0.8 -0.4 1.000 4 %

Site BH depth 1 trend, ° plunge, ° 2 trend, ° plunge, ° 3 trend, ° plunge, ° H trend, ° h trend, ° V x y z xy xz yz Correlation AoUS

C BH1 1 63.5 309 1 46.3 219 17 28.2 41 73 63.5 309 44.7 219 29.8 56.1 52.1 29.8 -9.2 3.5 3.8 1.000 1 %

BH2 1 63.0 279 1 43.5 9 17 34.1 185 73 62.9 278 42.7 8 35.0 62.5 43.1 35.0 -2.9 0.1 2.7 0.999 2 %

2 63.2 270 21 45.0 6 14 32.4 128 65 59.6 266 44.0 -4 37.0 59.5 44.1 37.0 1.0 -9.8 3.0 0.999 2 %

BH3 1 68.3 314 2 34.6 224 12 19.2 54 78 68.3 314 33.8 224 20.0 51.5 50.6 20.0 -17.2 -3.5 -1.0 1.000 1 %

2 65.9 303 1 35.3 213 4 15.1 49 86 65.8 303 35.2 213 15.3 56.7 44.3 15.3 -14.0 -1.7 -0.7 1.000 1 %

Site BH depth 1 trend, ° plunge, ° 2 trend, ° plunge, ° 3 trend, ° plunge, ° H trend, ° h trend, ° V x y z xy xz yz Correlation AoUS

D BH1 1 8.5 232 6 5.1 321 -3 -1.0 24 84 8.4 54 5.1 324 -0.9 7.2 6.2 -0.9 1.6 0.6 0.8 - -

2 9.7 229 0 4.6 319 12 0.7 138 78 9.7 49 4.4 319 0.9 7.4 6.7 0.9 2.6 0.5 -0.6 - -

3 9.1 247 2 7.9 337 13 0.3 166 77 9.1 67 7.5 337 0.7 8.8 7.8 0.7 0.6 0.4 -1.7 - -

 * x - East, y - North, z - Up,  trend = positive value clockwise from North, plunge = positive value downwards from horizontal
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Table 2-2. Interpreted mean in situ state of stress and scatter for each borehole at four Finnish sites. Measurements are done using the 12-
gauge CSIRO-HI cell. 

Site BH depth 1 trend and plunge, ° 2 trend and plunge, ° 3 trend and plunge, ° H trend, ° h trend, ° V x y z xy xz yz

A BH1 ave 21.4 259 8 8.4 166 20 3.1 10 68 21.1 80 7.7 350 4.1 20.7 8.1 4.1 2.2 2.1 2.1

BH1 1 1.2 5 -0.1 14 0.7 17 1.4 -5 1.2 -5 -0.8 1.1 1.6 -0.8 1.2 -0.4 -1.0

2 1.4 4 -0.3 6 0.9 7 1.2 2 -0.6 2 1.4 1.2 -0.7 1.4 0.0 1.2 0.4

3 -2.9 3 0.0 9 -0.9 8 -2.7 3 -0.5 3 -0.6 -2.3 -0.9 -0.6 -1.2 -0.8 0.6

Site BH depth 1 trend and plunge, ° 2 trend and plunge, ° 3 trend and plunge, ° H trend, ° h trend, ° V x y z xy xz yz

B BH2 ave 15.7 320 4 8.1 50 4 1.6 187 84 15.7 139 8.1 229 1.7 11.3 12.4 1.7 -3.7 0.3 -1.0

BH2 1 1.7 9 -1.1 9 2.7 3 1.7 -9 -1.0 -9 2.7 0.8 -0.3 2.7 -1.5 0.7 -0.3

2 -2.0 13 -5.1 4 -4.3 7 -1.1 0 -5.0 0 -5.2 -3.4 -2.8 -5.2 -1.9 -1.2 2.0

3 0.0 6 5.8 10 1.0 13 0.0 -6 5.8 -6 0.9 4.8 1.0 0.9 2.5 -0.1 0.1

4 -1.2 14 1.0 13 1.6 1 -1.2 13 1.0 13 1.6 -2.2 2.0 1.6 0.9 0.7 -1.8

BH3 ave 20.1 344 1 2.2 254 14 0.7 80 76 20.1 164 2.1 254 0.8 3.4 18.7 0.8 -4.8 0.5 -0.4

BH3 1 1.7 12 0.2 15 0.4 11 1.7 -12 0.1 -12 0.5 1.4 0.4 0.5 -3.5 0.3 -0.1

2 -2.9 8 0.4 40 0.1 39 -2.8 9 1.1 9 -0.5 -1.4 -0.4 -0.5 3.5 -0.3 0.1

Site BH depth 1 trend and plunge, ° 2 trend and plunge, ° 3 trend and plunge, ° H trend, ° h trend, ° V x y z xy xz yz

C BH2 ave 62.0 275 11 44.2 8 15 34.3 149 71 61.1 273 43.5 3 36.0 61.0 43.6 36.0 -1.0 -4.9 2.9

BH2 1 -1.0 11.0 0.7 2 0.2 7.0 -1.9 -5 0.9 -5 1.0 -1.5 0.5 1.0 2.0 -5.0 0.2

2 -1.2 11 -0.8 3 1.9 7 1.5 7 -0.5 7 -1.0 1.5 -0.5 -1.0 -2.0 5.0 -0.2

BH3 ave 66.8 309 1.7 35.1 219 7 17.3 52 82 66.7 309 34.8 219 17.7 54.1 47.5 17.7 -15.6 -2.6 -0.9

BH3 1 -1.5 5 0.5 7 -1.9 4 -1.5 -5 1.0 -5 -2.4 2.6 -3.2 -2.4 1.6 0.9 0.2

2 0.9 6 -0.2 7 2.2 4 0.9 6 -0.4 6 2.4 -2.6 3.2 2.4 -1.6 -0.9 -0.2

Site BH depth 1 trend and plunge, ° 2 trend and plunge, ° 3 trend and plunge, ° H trend, ° h trend, ° V x y z xy xz yz

D BH1 ave 9.0 233 1 5.8 323 7 0.1 137 83 9.0 53 5.7 323 0.2 7.8 6.9 0.2 1.6 0.5 -0.5

BH1 1 0.5 6 0.7 10 1.1 5 0.6 0 0.6 0 1.1 0.6 0.7 1.1 0.0 -0.1 -1.3

2 -0.7 5 1.2 6 -0.6 11 -0.7 4 1.3 4 -0.6 0.4 0.2 -0.6 -1.0 0.0 0.1

3 -0.1 13 -2.1 15 -0.2 7 -0.1 -14 -1.8 -14 -0.5 -1.0 -0.9 -0.5 1.0 0.1 1.2

 * x - East, y - North, z - Up,  trend = positive value clockwise from North, plunge = positive value downwards from horizontal
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N Sigma 1
Sigma 2
Sigma 3
Sigma 1 average
Sigma 2 average
Sigma 3 average

Figure 2-1. Principal stress orientations for borehole 1 at site A shown as poles in a 
lower hemisphere projection.

N Sigma 1
Sigma 2
Sigma 3
Sigma 1 average
Sigma 2 average
Sigma 3 average

Figure 2-2. Principal stress orientations for borehole 2 at site B shown as poles in a 
lower hemisphere projection.
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N Sigma 1
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Sigma 3
Sigma 1 average
Sigma 2 average
Sigma 3 average

Figure 2-3. Principal stress orientations for borehole 3 at site B shown as poles in a 
lower hemisphere projection.

N Sigma 1
Sigma 2
Sigma 3
Sigma 1 average
Sigma 2 average
Sigma 3 average

Figure 2-4. Principal stress orientations for borehole 1 at site C shown as poles in a 
lower hemisphere projection. 
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N Sigma 1
Sigma 2
Sigma 3
Sigma 1 average
Sigma 2 average
Sigma 3 average

Figure 2-5. Principal stress orientations for borehole 3 at site C shown as poles in a 
lower hemisphere projection.

N Sigma 1
Sigma 2
Sigma 3
Sigma 1 average
Sigma 2 average
Sigma 3 average

Figure 2-6. Principal stress orientations at site D shown as poles in a lower hemisphere 
projection.  
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Figure 2-7. Scatter of interpreted principal stress component versus mean value of 
borehole measurements (the three named site B values are excluded from trend lines).  

Sensitivity 

The sensitivities of both the 12-gauge CSIRO-HI cell and the 9-gauge Borre probe for 
different types of semi-realistic errors in measured strain readings were studied. The 
simulated errors were either changes in input strain values or changes in elastic 
parameter values of the rock. In the stress calculation, normal CHILE rock conditions 
(Continuous, Homogeneous, Isotropic, Linear Elastic) were assumed. As a reference 
case a real CSIRO-HI cell measurement data were used and a similar case was 
constructed for the Borre probe (Appendix 2-1, Figures 1 and 2). 

The produced errors in measured strains simulate gauge malfunctioning or unsuitable 
rock conditions, which can take place during the measurement, and are presented in 
Table 2-3. Some of the errors produced for CSIRO-HI cell could not be applied for 
Borre probe. The resulting in situ state of stress is presented in Appendix 2-1 (Appendix 
2-1, Tables 1 to 6) and in Figures 2-8 through 2-11. 
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Table 2-3. Simulated error cases for CSIRO-HI cell and applied changes in measured 
strains or elastic constants.  

Different axial strains values, although they should be the same for CHILE conditions 
- gauge A0 = 23 microstrain = C0 
- gauge C0 = -6 microstrain = A0

Problems caused by change of temperature (thermal expansion or change of system 
resistance) 
- all gauges + 30 microstrain 
- all gauges - 30 microstrain

One of the rosettes is damaged or debonded 
- rosette A damaged 
- rosette B damaged 
- rosette C damaged

One of the rosettes is damaged, debonded or bonded to a big mineral crystal 
- rosette B + 100 microstrain 
- rosette C + 100 microstrain

Random error on all strain gauges 
- all + rand( -75...75) microstrain 
- all + rand(0...150) microstrain 
- all + rand(0...150) microstrain

Error in interpretation of elastic constants 
- Young's modulus -10% 
- Poisson's ratio -0.05

Opened microfractures perpendicular to core axis (core disking-type fracture), or along 
the core axis 
- axial gauges +50 inclined +25 microstrain 
- tangential gauges +30% inclined +15%

The results for both probes showed that relative small (10%) systematic errors (affecting 
into the same direction for all gauges) or dramatic changes in at least one rosette are 
required to produce errors in measured principal stresses, which are over 1 MPa. Both 
probes were most sensitive to the effect of opened microfractures perpendicular to the 
core axis resulting in changes in the axial and inclined strain gauges. However, none of 
studied cases resulted in a change of the orientation of principal stress of more than 10 .
The only difference between the probes is that the Borre probe is more vulnerable since 
the closed form solution is not valid if more than one of the tangential and inclined 
gauges is malfunctioning (only seven independent strain orientations of which six are 
required to obtain the three-dimensional stress tensor). 
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N
Sigma 1
Sigma 2
Sigma 3
Sigma 1 reference
Sigma 2 reference
Sigma 3 reference

Figure 2-8. Differences in principal stress orientations for the CSIRO-HI cell and for 
all cases according to Table 2-3, shown as poles in a lower hemisphere projection. 

Sigma 1
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Sigma 3
Sigma 1 reference
Sigma 2 reference
Sigma 3 reference

N

Figure 2-9. Differences in principal stress orientations for the Borre probe and for all 
cases according to Table 2-3, shown as poles in a lower hemisphere projection. 
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Figure 2-10. Differences in principal stress magnitudes for the CSIRO-HI cell and for all cases according to Table 2-3. 
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Figure 2-11. Differences in principal stress magnitudes for the Borre probe and for all cases according to Table 2-3 
.

 
24



25

2.2.2 Effect of Anisotropy 

The effect of anisotropy of rock on interpreted in situ state of stress was studied by 
comparing the results of Amadei (1983) on the effect of anisotropy with the typical 
scatter and sensitivity of in situ stress measurement results presented in Section 2.2.1.  

The Amadei (1983) presentation (reproduced in Appendix 2-2) showed the effect of the 
orientation of anisotropy plane on the interpreted orientations of major principal stresses 
in a case when deformation anisotropy ratio (E/E') is 2.0. Furthermore, results of the 
effect of deformation anisotropy ratio (1.0 E/E'  <2.0) on the magnitudes of 
interpreted principal stresses were presented. The principal stress magnitudes presented 
(Appendix 2-2, Figure 6.11) were multiplied by three to make them comparable with 
the results presented in Section 2.2.1. 

In Section 2.2.1 it was concluded that for the CSIRO-HI cell the normal scatter for 
principal stress magnitude was from 1.0 MPa to 3.8 MPa and 8º to 15º for the 
orientation. Moreover, the effect of possible unknown error sources can be up to 
3.0 MPa in magnitude and up to 10º in orientation. Comparing Amadei's results with 
these values, it can be stated that the anisotropy must be over 1.14 to have a larger effect 
on the stress magnitude (0.3 MPa to 2.7 MPa) and between 1.14 to 1.33 to have a larger 
impact on the orientation of principal stresses (8º to 48º). For the Borre probe, the 
normal scatter for principal stress magnitude was from 1.8 MPa to 4.1 MPa and 1º to 
10º for the orientation. The effect of possible unknown error sources for magnitude was 
from 0.2 MPa to 6.0 MPa and for orientation up to 27º. Thus, for the Borre probe, an 
assumed anisotropy over 1.33 has a larger effect both on magnitude (0.2 MPa to 
6.5 MPa) and on orientation of principal stresses (0º to 27º). 

A conclusion regarding the effect of anisotropy is that deformation anisotropy (E/E')
between 1.14 to 1.33 have a clear systematic effect on the interpreted in situ state of 
stress and should be taken into account assuming that elastic parameters of rock in 
measurement point can be defined accurately enough. The result above does not imply 
that the CSIRO HI cell is more sensitive for anisotropy — rather, a lower deformation 
anisotropy is required for the effects of anisotropy to be larger than the normal scatter.  

2.3 Determination of Elastic Constants for Anisotropic Rock 

2.3.1 Introduction 

An essential part of a successful overcoring test is the determination of the elastic 
constants that are required to calculate the stresses. For isotropic behavior, there are 
only two elastic parameters; E and , which can be easily determined in biaxial testing 
of the overcored rock cylinder with strain gauges still glued to the borehole wall. Hence, 
elastic constants are determined at the exact same location as that where strains were 
measured during overcoring. This is considered necessary also for anisotropic materials 
for these values to be as representative as possible of the actual overcoring test 
conditions. Also, it is desirable that parameter determination can be performed in the 
field to test the rock at as close to in situ conditions as possible.  
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Amadei (1996) lists six different static methods for determining elastic properties: 
uniaxial compression, triaxial compression, multiaxial compression, diametral 
compression (Brazilian tests), torsion, and bending. The problems with most of the 
available test methods is that: (i) an assumption must be made regarding the orientation 
of the planes of symmetry before testing, and (ii) testing must be conducted with 
loading in different directions with respect to the anisotropy, thus requiring several test 
samples, to be able to determine all elastic properties. Similar conclusions were stated 
by Nunes (2002) based on an extensive review of existing methods for determining the 
anisotropy parameters.  

In many cases, the axis of material symmetry can be reasonably well defined based on 
geology and visual observations (although the mechanical anisotropy orientation can be 
different than the visual one). However, testing of several samples prepared at different 
orientations requires that material properties are spatially constant in the rock volume 
from which samples are taken. Preparation of several samples is also both laborious and 
time-consuming. Testing under uniaxial compression requires that three samples are 
tested to determine the five elastic constants of transversely isotropic rocks. Using 
Brazilian testing, this may be reduced to two samples — one in the plane of transverse 
isotropy and another perpendicular to this plane. With true triaxial testing, it is possible 
to use only one sample to determine the five required parameters, but there are few such 
types of equipment available worldwide today (and none for field use).

Based on the above findings, and a literature review, it was found that, for use in stress 
measurement testing, two available methods stand out as being simpler and possibly 
more practical, as only one sample is required. These are: (i) hollow cylinder testing, 
and (ii) biaxial testing, both of which are described below, along with some of the 
experiences from practical application of overcoring measurements in anisotropic rock.  

2.3.2 Hollow Cylinder Testing 

Talesnick and co-workers (1995, 1997, 1999) have developed the hollow cylinder 
methodology, which only requires one sample to determine all five elastic constants of a 
transversely isotropic material. The test method involves using a hollow cylinder of 
rock, such as that recovered from overcoring stress measurements, and instrumenting it 
with strain gauges on both the inner and outer surface. The hollow cylinder is then 
subjected to (i) axial compression, (ii) radial compression, (iii) radial tension, and 
(iv) torsional stress. The first three loading conditions enable determination of E, E', ,
and ', whereas the torsion testing also enables the shear modulus, G', to be determined.  

Application of axial compression can be done using standard equipment for uniaxial 
testing. Radial compression can be achieved using a biaxial load cell. The strain gauges 
glued to the inside of the cylinder (for stress measurement) can be used but must also be 
complemented with additional strain gauges on the outer surface of the sample. Axial 
compression requires laboratory testing, or possibly an add-on to a biaxial load cell also 
permitting axial loading. Such a system is, to the authors' knowledge, not available on 
the market today. It is important to note that a rock under radial compression is much 
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more susceptible to microcracking; hence, the axial loading should be applied first (and 
before biaxial testing). This effectively rules out laboratory uniaxial testing.  

Determination of the shear modulus through torsion testing requires a complicated 
testing apparatus, not readily available at many laboratories, and definitely not for field 
use. The hollow cylinder methodology further assumes that tangential strains across the 
cylinder wall vary in a linear fashion. The validity of this assumption decreases with 
increasing annular thickness of the hollow cylinder. Talesnick et al. (1995) and 
Talesnick & Ringel (1999) performed tests on specimens with inner diameters of 
between 36.8 and 37.9 mm, and outer diameters of 52.4 to 53.3 mm. For stress 
measurements, the outer diameter would at least be 61.7 mm (for the Borre probe). 
However, Talesnick (personal communication) stated that this dimension would not be 
problematic with respect to the above assumption.  

A more serious disadvantage with the methodology is that the specimen axis of 
symmetry must be aligned with the axis of material isotropy. Thus, boreholes for stress 
measurements must be drilled parallel or perpendicular to the anisotropy orientation. 
Depending on geology and application, this may not always be a serious problem, but it 
restricts the general applicability of the methodology. The methodology is, however, 
probably useful for minor deviations of the isotropy axis in relation to the specimen axis 
(Talesnick, 2002).

A somewhat similar method as described above is that by Gonano & Sharp (1983), 
which utilized biaxial testing in a Hoek-type test cell, at the same time as the overcore 
sample was loaded axially in a laboratory-testing frame. This enabled determination of 
four of the five elastic constants for transversely isotropic rocks, whereas the remaining 
shear modulus was determined using Saint Venant's expression (see e.g., Amadei, 
1996):

'E2E'E

EE'
G'  .     (2-1)

The method described by Gonano & Sharp requires, similarly to that by Talesnick, that 
the axis of the overcore sample is parallel to the symmetry plane of the rock. It can be 
noted that torsion testing can be avoided in Talesnick's method if equation (2-1) is 
employed.  

It should be noted, however, that equation (2-1) is purely empirical. It was originally 
proposed by Saint Venant (1863), to estimate the value of the shear modulus without 
cumbersome testing. In theory, all the five elastic constants of a transversely isotropic 
material are independent; hence, it is not possible to derive an analytical expression for 
one of these, expressed as a function of the other four constants. There are several other 
similar relations for estimating the shear modulus, as quoted in Nunes (2002). There are 
also several experimental studies that support the formulation of equation (2-1), as well 
as some more recent analytical work. These data, and the validity of equation (2-1) are 
further discussed below.  
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2.3.3 Biaxial Testing 

An elegant method for determining both the elastic constants and the orientation of the 
symmetry (isotropy) plane for transversely isotropic rock was presented by Nunes 
(1997, 2002). This method makes use of standard biaxial testing of an overcore sample 
from stress measurement, with no additional instrumentation besides the strain gauges 
already glued to the inside of the pilot hole. Testing can thus easily be conducted in the 
field, in direct conjunction with overcoring. Only radial (biaxial) compression loading is 
applied to the sample, and there are no restrictions regarding the orientation of the 
symmetry plane of the rock sample.  

Nunes (1997, 2002) developed expressions for the tangential, axial, and shear strains on 
the inner surface of the overcore sample expressed in a cylindrical coordinate system. 
The strain components ( i, zi, zi) are given as a function of the inner and outer radii, 
the biaxial pressure applied, and the coefficients of the compliance matrix. For a 
transversely isotropic rock, the compliance matrix contains 13 coefficients that, in turn, 
are functions of the seven unknowns of the problem — five elastic constants (E, E', ,

', and G') and two orientation parameters (direction and dip of the plane of isotropy).

The derivation rests on an assumption that the isotropic stress distribution within the 
hollow cylinder can be determined from the theory of linear elasticity. Nunes used 
theories developed by Lekhnitskii (referenced in Nunes, 2002) to come up with an 
approximate solution for the stress at the inner surface of the overcore sample. The 
relative error for this solution decreases with increasing stiffness and decreasing 
anisotropy. Nunes (2002) stated that the error is as low as 3% when the degree of 
anisotropy (E/E') is less than 2. Thus, the model is regarded applicable mainly for rocks 
with a degree of anisotropy less than 2. Nunes (1997) further showed, through finite 
element analysis, that the stress distribution was not significantly affected by varying 
anisotropy, thus lending further credibility to this model.  

To reduce the number of unknowns, the shear modulus was recommended to be 
determined using Saint Venant's expression as shown in equation (2-1). Following this, 
the strain equations can be expressed in sinusoidal form, thus giving a direct 
determination of both the orientation of anisotropy and the remaining four elastic 
constants. These parameters are only a function of the cylinder geometry, the applied 
biaxial pressure, and the measured strains during biaxial testing. Nunes presented 
equations for these for the original CSIR strain gauge configuration, i.e., 3 rosettes with 
4 strain gauges each. Furthermore, the strain components ( i, zi, zi) at each rosette 
were computed from least squares of the measured strains, to reduce experimental errors 
and influence of local heterogeneities. However, the methodology should be applicable 
to other strain gauge configurations with minor modifications.  

A crucial part of the Nunes methodology is the applicability of the empirical equation 
(2-1). Strictly speaking, equation (2-1) is not theoretically admissible for all loading 
conditions. Talesnick & Ringel (1999) found that equation (2-1) underestimated the 
value of the shear modulus by up to 40% compared to the results from torsion testing. 
They also proposed introducing a correction factor to the Saint Venant-equation, based 
on the relative differences between E and E' (supported by their laboratory data).
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Nunes (2002) on the other hand, quoted several studies showing the validity of this 
expression. This is substantiated by Worotnicki (1993) for most igneous and lithic rocks 
(including granites, gneisses, basalt, amphibolites, etc) based on an extensive review of 
test data. More importantly, Barden (1963) showed analytically that G' is exactly 
according to equation (2-1) for plane stress conditions. This loading condition is similar 
to that of biaxial isotropic compression, used in biaxial testing of overcore samples in 
stress measurements. These findings lend some confidence to the use equation (2-1) for 
estimation of the shear modulus. However, there are still uncertainties remaining 
regarding the determination of this parameter, which must be considered when 
evaluating the resulting data. There also exists empirical  

2.3.4 Experiences from Practical Stress Measurements 

The CSIRO HI cell is, perhaps, the most widely used stress cell for three-dimensional 
overcoring. The stress cell was originally developed at CSIRO by George Worotnicki 
and Rob Walton with co-workers, see e.g., Worotnicki (1993). The major know-how is 
now within consulting companies, primarily the current manufacturer of the HI cell — 
Mindata (a division with ESS — Environmental Systems & Services), and AMC
(Australian Mining Consultants) — probably the leading consulting company with 
regard to conducting measurements with the HI cell.  

The application of this cell to stress measurements in anisotropic rocks is relatively rare. 
The anisotropic solution by Amadei (1996) has apparently not been used by either 
group, or by CSIRO (Worotnicki, 1993) despite the large amount of stress 
measurements conducted under varying rock conditions. There are, however, a few 
examples of how to determine the elastic constants for anisotropic rocks for use in stress 
measurements. Worotnicki (1993) described how this could be achieved through biaxial 
testing. This involved conventional biaxial testing (only radial compression) of an 
overcore with the HI cell mounted inside of it, with no restrictions on the orientation of 
the overcore sample relative to the axes of symmetry. The analytical procedure for this 
was developed by Bernard Amadei and presented in an internal report to CSIRO
(referenced in Worotnicki, 1993). Using a nine-gauge configuration, the five constants 
of transversely isotropic rocks could be determined. This appears similar to the 
methodology presented by Nunes above, and was also modified for conventional CSIR
stress cells by Nunes (referenced in Nunes, 2002). However, the solution by Amadei is 
based on an assumption of infinite outer diameter of the overcore sample; in practice 
meaning that the outer diameter should be at least 3.5 times the pilot hole diameter. For 
a 36-38 mm pilot hole, this translates to 126-133 mm outer diameter. This places severe 
restrictions on the method with respect to equipment for both drilling and biaxial 
testing.

A pseudo-anisotropic approach has been developed by AMC (Lee, M., personal com-
munication). Using this approach, different values of Young's modulus and Poisson's 
ratio are applied for each strain gauge in the stress calculation (rather than using a single 
value for each elastic constant applied to all gauges). The values of Young's modulus 
and Poisson's ratio are determined from standard biaxial testing for each group of strain 
gauges with respect to orientation, e.g., (i) sub-parallel to layering/anisotropy plane, (ii) 
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sub-perpendicular to layering, and (iii) at 45° angle to layering. A best fit-value is calcu-
lated for each of these dominant directions, using a multi-linear regression scheme. 
From this, rough relations of the values of the elastic constants versus the orientation of 
the anisotropy plane can be derived. Individual values on E and  can then be applied to 
each strain gauge (i.e., the measured overcoring strain) in the stress calculation. The 
above approach can also be used to derive values on E, E', , and ' for use in Amadei's 
solution. The value for the shear modulus must be estimated or calculated according to 
equation (2-1).

Neither the multi-linear regression scheme for estimating elastic constants, nor the 
pseudo-anisotropic solution has been published. AMC has computer codes for 
conducting these analyses, but these appear to be seldom used in practice (Lee, 2002). 
This is primarily because there are few rocks in which stress measurements have been 
taken that exhibit a degree of anisotropy larger than 1.2 (below which an isotropic 
solution is often deemed acceptable).  

An example of the combined application of biaxial and uniaxial testing was given by 
Martin & Christiansson (1991b) using the USBM cell. In this case, biaxial testing was 
conducted repeatedly, while rotating the cell in 15° intervals. Uniaxial testing was 
performed on samples oriented in different directions. This is quite elaborate and 
requires large efforts for each stress measurement test. In addition, the shear modulus 
was not determined, but had to be calculated using equation (2-1). Another problem 
with these tests was the high biaxial pressure applied (26 MPa), which is bound to result 
in microcracking (damage) of the sample during biaxial testing (see e.g., Sjöberg & 
Klasson, 2003). Interestingly, the Nunes methodology was also applied to case data 
from the URL (Nunes, 1997), yielding results that were, on average, similar to those 
reported by Martin & Christiansson (1991a,b). Repeated biaxial testing on a sample 
while varying the orientation can be used to estimate possible anisotropy, but this 
procedure is time-consuming and less elegant than that proposed by Nunes (2002).

2.4 Summary Findings and Approach 

– The typical scatter of overcoring measurements with the CSIRO-HI and Borre
probe are between 1 and 4 MPa in stress magnitude, and 1–10° in stress 
orientation. The effect of possible unknown error sources for the CSIRO-HI cell 
can be up to 3 MPa in magnitude and 10° in stress orientation, whereas for the 
Borre probe, the corresponding values are 6 MPa and 27°.  

– The effects of deformation anisotropy cannot be neglected when evaluating 
overcoring stress measurements. This is particularly true for rocks having 
anisotropy (E/E') higher than approximately 1.14–1.33, for which the anisotropic 
effects are larger than the typical scatter of overcoring measurements. 
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– The review of methods for determining elastic constants showed that the most 
practical one was the methodology by Nunes (2002). This involves conventional 
biaxial testing with no additional strain instrumentation — only the subsequent 
evaluation is different than that normally used for isotropic material. This also 
means that it is possible to re-analyze old measurement data from a site. The 
methodology should be possible to modify to other strain gauge configurations 
(e.g., the Borre probe and the CSIRO-HI probe).  

– The empirical Saint Venant's expression for the shear modulus must be 
employed when using the Nunes methodology. Experimental data as well as 
analytical work indicate that this relation is valid for biaxial isotropic 
compression testing.  

– Other reviewed methods, e.g., the hollow cylinder testing proposed by Talesnick 
and co-workers, are not considered practically feasible, due to the need for: (i) 
additional strain gauge instrumentation, (ii) testing in different directions, and/or 
(iii) severely simplifying assumptions.  

Taken together, the above findings strongly motivates that deformation anisotropy 
should be taken into account when evaluating overcoring measurements. Furthermore, 
the existence of a practical method for determining elastic constants renders this 
approach appealing also for field applications. The continued work of this project was 
thus focused on: (i) development a computer code for calculating stresses from 
overcoring strains assuming transverse isotropy or orthotropy of the rock, 
(ii) development of a computer code for the determination of elastic constants for 
transversely isotropic rock using biaxial testing, and (iii) studies of the real effects of 
various degrees of anisotropy through actual case studies (in isotropic and anisotropic 
rock) and sensitivity analyses.  
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3 INTERPRETATION OF STRESS MEASUREMENTS IN TRANS-
VERSELY ISOTROPIC ROCK 

3.1 Stress Calculation 

3.1.1 Theory 

The calculation of the in situ state of stress from the measured strains obtained from 
overcoring measurement in anisotropic rock is based on theory presented by Amadei 
(1983). An overview of the theory of the solution is presented in original CSIRA 
program manual (Appendix 3-1) and a more detailed presentation can be found in 
Amadei (1983). 

The solution to calculate the in situ state of stress from measured strains applies to 
isotropic, transversely isotropic, and orthotropic materials assuming correspondingly 
two, five, or nine elastic parameters (Table 3-1) and the orientation of the anisotropy 
plane(s). The orthotropy can also be presented by three regularly spaced orthogonal 
joint sets. In this case, the rock between the joints is assumed to be linearly elastic and 
isotropic. For each joint set, normal and shear stiffness and joint spacing are needed as 
input.

Table 3-1. Elastic parameters required for isotropic, transversely isotropic and  
orthotropic material (Appendix 3-1). 

Material Model 

Isotropic Transversely isotropic Orthotropic 

E = E11 = E22 = E33 E' = E11 E11

E = E22 = E33 E22

E33

= 12 = 23 = 31 ' = 12 = 31 12

= 23 23

31

G = 0.5*E /(1+ ) G' = G12 = G31 G12

G = G23 G23

G31
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3.1.2 Computer Code 

Original code 

The original CSIRA code is a Fortran 77 program compiled with Compaq Visual 
Fortran compiler Version 6.1 (Compaq 1999) and it uses the IMSL Math Library 
(IMSL, 1987). The code is command line driven but the input and output are provided 
via ASCII text files. 

The code was originally developed for CSIR-type triaxial strain cell with a maximum 
number of six strain rosettes with up to four strain gauges per rosette. Thus it is 
applicable for many other stress measurement cells like the CSIRO-HI cell, the Borre
probe and the ANZI cell (Mills, 1997). Because more strain gauge readings than needed 
at minimum is usually given, the code uses the least-squares solution to solve for the six 
components of the stress tensor. Furthermore, the code calculates confidence limits 
(90%-100%) for the in situ state of stress. 

Code modifications 

For this work, the code was modified into F90/F95 format and it was compiled with 
Absoft's Pro Fortran v 9.0 (Pro Fortran, 2004) using IMSL Fortran Library v 5.0 (IMSL, 
2004). This was necessary because Compaq Visual Fortran is no longer commercially 
available. The major differences between these two Fortran versions are the sign for 
comment line and the sign for line continuation. The code was compiled to be a 
Windows™ console application (Appendix 3-2). The IMSL function calls used in 
original CSIRA code were unstable in this new compiling environment, which was run 
in a Windows XP (Service Pack 2) operating system on a AMD Athlon 64 processor 
personal computer (Appendix 3-3). In this new CSIRA console application, named as 
csira_excel.exe, the original dialog for input and output file names was commented out 
and fixed to be incsira.tmp and outcsira.tmp. The full original output of CSIRA code 
can thereby be seen in file outcsira.tmp.

Excel interface for CSIRA 

In order to make the use of the CSIRA code more convenient, a Microsoft Excel™ in-
terface was developed for pre- and post processing. The Excel interface, called 
Csira_data_v3.xls, is a normal Excel Worksheet file, which is opened normally by File - 
Open command after launching Excel. The Excel interface was designed specially for 
both the Borre probe and the CSIRO-HI cell so that a minimum amount of input data 
(for a normally presented format) is required, as follows (see also Figure 3-1): 

– Orientation of Borre probe can be defined either by needle compass method or 
bearing ball method (see also Section 3.2.1). 

– For the CSIRO-HI cell no probe orientation value is required since it is installed 
into known orientation. 
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– For the Borre probe with bearing ball reading and for the CSIRO-HI cell, the 
azimuth and rise of borehole are needed (rise of borehole defined positive 
upward from the horizontal).

– For the Borre probe the number of strain rosettes and gauges is fixed, and their 
angular position relative to top line of the borehole is calculated based on probe 
orientation method and the compass reading value. 

– For the CSIRO-HI cell the optimum rosette and strain gauge configuration is 
selected depending on how many strain gauges is accepted for solution (Table 3-
2). This procedure is necessary since accurate location of strain gauges would 
require eight rosettes (see also Section 3.2.2 below). 

– For both probes the orientation of each strain gauge is fixed. Note that for the 
Borre probe the orientation angle  for inclined strain gauges must be set to be 
45º — although according to CSIRA manual (Appendix 3-1, Figure 5) it should 
be 135º — otherwise the resulting stress state is not the same as that calculated 
by the Borre probe software.

– Depending on the chosen material model, only the independent elastic parameter 
values are required, i.e., E and  for isotropic material, and dip direction of 
foliation, dip of foliation, E, E', , ' and G' for transversely isotropic material. 

– The measured strains can be pasted in a column or row format; if row format is 
used, the Transpose Strains button has to be clicked. 

– Confidence limit calculation for the resulting stress state can be set to be 90%, 
95%, 98%, 99% and 99.8%. The student distribution factor based on the 
numbers of strain gauges is calculated by the application.

– Any strain gauge reading can be rejected from stress calculation if judged to be 
unreliable, but the user has to check that six independent strain readings remain 
for the solution.

– The actual input file for CSIRA console application can be seen and modified if 
needed on CSIRA_In sheet. If the values are modified, the calculation can be 
performed by pressing the Calculate-button on CSIRA_In sheet. Note that these 
modifications cannot be saved.

The input data with current radio button selections can be saved in an ASCII file using 
Save button and the saved data can be opened with Open button. The Reset button is 
used to clear all input values. If the csira_excel.exe console application is not in current 
(active) folder, a starting folder can be given by checking the check box in upper left 
corner and inputting the folder name in text box below the check box. The in situ stress 
calculation is performed by clicking the Calculate button, which activates the 
CSIRA_Out sheet (Figure 3-2). CSIRA_Out sheet presents resulting mean in situ stress 
state in principal stress and tensor forms. The confidence limit stress states are presented 
in a same way. The mean stress is automatically copied also to Stress_Results sheet, but 
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the confidence limit values can also be copied by pressing the Paste conf. limit results to 
Stress_Result sheet -button. 

Table 3-2. Priorities to define strain gauge / rosette configurations used for CSIRO-HI 
cell in CSIRA_Data application). 

 Gauges/Priority 

Rosette 1. 2. 3. 

1 A0 if one of the if one of

2 A90, A45, D135 rosettes 1 to 5 rosettes 1 to 6

3 B45, B135 is ignored,  is ignored,

4 B90 then: then:

5 C90, C45 C0  

6 C0, F90 F90 E90 

On the Stress_Results sheet the resulting in situ state of stress is on its own row at the 
top. If more calculations are done, the results can be copied to the list below with the 
Paste Below button. The collected stress results can be cleared with Clear_Results
button. The orientation and magnitudes of current resulting principal stresses and 
previously colleted resulting principal stresses are visualized on Fig_Orientation sheet 
as a lower hemisphere plot or on Fig_Magnitude sheet as a bar chart (Figures 3-3 and  
3-4). The different sheets can be activated by sheet tabs below the active sheet. The 
Csira_data_v3.xls has a Help sheet, which describes all the input data and assumptions 
used (see also Appendix 3-5).

3.1.3 Verification 

The CSIRA manual (Amadei 2000) presents three numerical examples (Appendix 3-1, 
Chapter 4), with input data and full code outputs. The resulting principal stresses, their 
orientations and the confidence limits obtained with the modified CSIRA code used in 
this work are exactly the same as presented for original CSIRA code (Appendix 3-4). 
The only differences in output numerical values are: 1) the order of roots MU1, MU2 
and MU3, 2) value of Standard Deviation about Regression and 3) value of Multiple 
Correlation Coefficient. This can be caused by the change of IMSL subroutines (see 
Code Modification in Chapter 3.1.2 and Appendix 3-3). In all these three numerical 
examples, the borehole is assumed to be aligned along the East direction, i.e., 90º 
azimuth and 0º rise of the borehole, which is a special case! More cases calculated with 
CSIRA code are presented in Chapter 3.3. For these ten cases the resulting stress state is 
the same as that obtained with the Borre probe software for stress calculation.

.



Input Data for In Situ Stress Calculation Assuming Isotropic or Transversely Isotropic Material   

 Case name Olkiluoto KR10 measurement 1:8 - Transversely Isotropic

TRUE c:\Documents and Settings\Matti\Omat tiedostot\Omat Projektit\OC_Quallity\aniso_amadei\

Borehole orientatio  - azimuth 10.0  ( deg. )  Material model: 1

 - rise 89.0  ( deg. )

 Probe: 1  Rock properties: - Dip Dir 315.4  ( deg. )

- Dip 59.7  ( deg. )

- E 59 ( GPa )

- E' 52 ( GPa )

 Probe orientation: 110 - n 0.20  (   )

- n' 0.19  (   )

- G' 24 ( GPa )

 Confidence limit: 2 - G 25 ( GPa )

 MicroStrains: 1, a / R1 65 TRUE A0 TRUE

2, t / R1 391 TRUE A90 TRUE

3, i / R1 64 TRUE A45 TRUE

4, a  / R2 -13 TRUE B45 TRUE

5, t  / R2 415 TRUE B135 TRUE

6, i  / R2 308 TRUE B90 TRUE

7, a  / R3 40 TRUE C0 TRUE

8, t  / R3 283 TRUE C90 TRUE

9, i  / R3 205 TRUE C45 TRUE

D135 TRUE

E90 TRUE

F90 TRUE

   - line of strains 1 2 3 4 5 6 7 8 9 10 11 12

     to transpose :

Save

Open

Reset

Calculate

Transpose Strains

 Set folder for program csira_excel.exe

 Transversely Isotropic

 Isotropic

 Borre, Needle

 Borre, Ball

 CSIRO-HI

95

Figure 3-1. Excel interface for CSIRA — Data input sheet for both Borre probe and CSIRA-HI cell. 
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Case

Olkiluoto KR10 measurement 1:8 - Transversely Isotropic

Statistics for solution

CL 95 %
st_dev 3.27E-05
R2

0.9846

Principal stresses average upper limit lower limit Average, Upper and Lower principal stresses transposed to line format

1 magnitude 1.27E+01 1.53E+01 1.19E+01 1 trend,° blunge,° 2 trend,° blunge,° 3 trend,° blunge,°

trend 135.13 182.82 120.25
plunge 22.6 29.9 22.4 average 12.7 135 23 10.1 41 10 4.4 288 65

upper l. 15.3 183 30 12.4 89 7 6.9 347 59
lower l. 11.9 120 22 8.7 20 23 -0.7 250 57

2 magnitude 1.01E+01 1.24E+01 8.73E+00
trend 40.79 88.73 20.21
plunge 10.3 7.1 22.9

3 magnitude 4.41E+00 6.89E+00 -6.67E-01

trend 287.86 346.73 249.6
plunge 64.95 59.14 56.99

Orthogonal components average upper limit lower limit Average, Upper and Lower orthogonal stresses transposed to line format

NN 11.1 13.2 9.1 NN UU EE UE EN NU

UU 5.8 9.1 2.6

EE 10.3 12.3 8.3 average 11.13 5.82 10.29 -2.73 -0.82 1.33

UE -2.7340 -0.4925 -4.9750 upper l. 13.18 9.05 12.30 -0.49 0.43 3.60

EN -8.22E-01 4.29E-01 -2.07E+00 lower l. 9.07 2.58 8.27 -4.98 -2.07 -0.94

NU 1.33E+00 3.60E+00 -9.43E-01

Direction cosines for principal stresses average upper limit lower limit

1 l 0.6545 0.8661 -0.4657

m 0.3836 0.4980 -0.3809
n -0.6515 0.0426 0.7988

2 l 0.7448 0.0221 0.8643

m -0.1791 -0.1233 -0.3895
n 0.6428 0.9921 0.3182

3 l -0.1299 -0.4993 0.1899

m 0.9059 0.8584 0.8386
n 0.403 0.1177 0.5106 Paste conf. limit results to Stress_Result sheet

Figure 3-2. Excel interface for CSIRA — CSIRA_Out sheet presenting resulting stress.
.
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Sigma 1

Sigma 2

Sigma 3

S1 current

S2 current

S3 current

S1 case list

S2 case list

S3 case list

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60° dip=30° dip=0°

Figure 3-3. Excel interface for CSIRA — Lower hemisphere plot of principal stress 
 orientations. 

0 5 10 15 20 25 30

OL-KR10 608.51

OL-KR10 309.06

OL-KR10 328.1

OL-KR10 331.48

OL-KR24 388.15

OL-KR24 390.05

OL-KR10 441.75

OL-KR10 443.76

OL-KR10 448.44

OL-KR10 449.29

OL-KR10 592.2

OL-KR10 597.39

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 3-4. Excel interface for CSIRA — Bar chart of principal stress magnitudes.  
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3.2 Determination of Elastic Constants 

3.2.1 Theory and Modifications for the Borre probe 

The methodology for determination of elastic constants for a transversely isotropic 
material from biaxial testing described by Nunes (1997, 2002) was adopted 1). The 
theory applies, in general, to all three-dimensional overcoring probes; however, 
modifications are required to account for specific strain gauge configurations. Nunes 
derived the governing equations for a 12-gauge CSIR probe. Below, this solution is 
modified for the 9-gauge Borre probe.

Consider an overcored rock sample (hollow cylinder) with strain gauge positions ac-
cording to the Borre probe. The strain gauge configuration is shown Figure 3-5. The 
Borre probe comprises a total of nine strain gauges, configured in three strain gauge 
rosettes. Each rosette includes one axial (longitudinal), one tangential (circumferential), 
and one inclined (45°) strain gauge. The strain gauges are placed at 120° circumferential 
distance from each other. The zero (0) position is a reference mark used for the Borre
probe. Thus, strain gauge rosette no. 1 (R1) is at 90°, R2 at 330° and R3 at 210°, meas-
ured clockwise from the zero (0) position when looking downhole.  

The orientation of the plane of isotropy for a transversely isotropic material is defined as 
shown in Figure 3-6. For this case, Nunes (1997, 2002) stated that biaxial testing of a 
transversely isotropic material would yield varying values on the tangential, axial, and 
shear strains depending on the circumferential position around the overcore sample. 
These strains can, in theory, be expressed as sinusoidal curves, which are in 360° phase 
for the tangential and axial strains, whereas the shear strains yield sinusoidal curves in 
180° phase. This can be formulated as: 

NML iii 2sin2cos  ,    (3-1)

QPO iizi 2sin2cos  ,    (3-2)

TSR iizi sincos  ,    (3-3)

where i is the tangential strains, zi the axial strains, and zi the shear strains, 
respectively, of strain rosette i, i is the angular position of strain rosette i, and L, M, N,
O, P, Q, R, S, and T, are sinusoidal constants. Using the measured strains from biaxial 
testing, one obtains three systems of three equations, from which the sinusoidal 
constants can be solved (e.g., through ordinary Gaussian elimination).  

1) It should be noted that the paper by Nunes (2002) contains an error in the expressions for the compli-
ance matrix components. Equations (A.15) should read: 

22
13

2
226336 cossincos2sincossin2sin aaKK

cos2cos
2

2sin
coscos2sin 55

2
33 aa
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The strike ( ) of the plane of isotropy is then determined from the angular position of 
the maximum tangential strain of the sinusoidal curve. The position of minimum tan-
gential strain indicates a direction normal to the plane of isotropy (  + 90°). Likewise, 
the positions of minimum axial and shear strains define the strike direction ( ). Conse-
quently, the orientation of the isotropy plane can be calculated using the first and second 
derivatives of equations (3-1) through (3-3). To comply with the stress calculation (Sec-
tion 3.1), the orientation of the isotropy plane can also be defined with dip direction, 
i.e., DD =  + 90°, according to Figure 3-6. 

The dip of the isotropy plane is derived from the maximum and minimum tangential and 
shear strains, as follows: 

max

minmaxtan
z

 ,     (3-4)

where max is the maximum tangential strain [i.e.,  =  in equation (3-1)], min is the 
minimum tangential strain [i.e.,  =  +90° in equation (3-2)], and zmax is the 
maximum shear strain [i.e.,  =  +180° in equation (3-3)]. 

For the Borre probe, the tangential, axial, and shear strains at each strain rosette (i) can 
be written (note that this is different than the Nunes solution for the CSIR probe): 

Tii  ,      (3-5)

Lizi  ,      (3-6)

LiTiizi 452  ,     (3-7)

where Ti is the strain measured by the tangential strain gauge in rosette i, Li is the 
strain measured by the axial strain gauge in rosette i, and 45–i is the strain measured by 
the inclined (45°) gauge of rosette i, see also Figure 3-5. These expressions are used to 
define the sinusoidal curves according to equations (3-1) through (3-3). For the Borre
probe configuration, the angle  is equal to 90°, 330°, and 210°, for strain rosettes R1, 
R2, and R3, respectively. This particular set of values pose a problem as the shear strain 
function [equation (3-3)] cannot be differentiated when  = 90°. To avoid this, 30° is 
subtracted from each value of  during the calculations. This value is subsequently 
added to the determined orientation of the plane of isotropy.  

Having defined the orientation of the plane of isotropy, the elastic constants for a 
transversely isotropic material can be calculated as follows: 

min
22

22

dD

PD
E  ,     (3-8)
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EPD

dD

E

2

2

22
max

2

cos

2sin

1

'

1
 ,   (3-9)

PD

dD
Ez 2

22

min 2
''  ,     (3-10)

2
2

22
max

2
cos

'

'

2sin EPD

dDE z  ,   (3-11)

where

E  = Young's modulus in the plane of transverse isotropy,  
E'  = Young's modulus normal to the plane of transverse isotropy,  

  = Poisson's ratio when stressed parallel to the plane of transverse isotropy,
'  = Poisson's ratio when stressed normal to the plane of transverse isotropy,  

D  = outer diameter of the overcore sample,  
d  = inner diameter of the overcore sample,  
P =  applied biaxial pressure,  

max = maximum tangential strain (at  = ),
min = minimum tangential strain (at  =  +90°), 

zmax = maximum axial strain (at  =  +90°), 
zmin = minimum axial strain (at  = ),

 strike of isotropy plane (DD =  + 90°), and
 = dip of isotropy plane. 

Finally, the value of the shear modulus in planes normal to the plane of transverse 
isotropy, G', is calculated from equation (2-1) shown previously. The full set of elastic 
constants is thus determined from a single biaxial test.  

The adoption of the Nunes (1997, 2002) methodology for the Borre probe strain gauge 
configuration described above does not impose any additional restrictions regarding its 
applicability. However, the fact that the Borre probe only comprises nine strain gauges 
makes the solution much more sensitive to measurement errors. Strain readings from all 
nine gauges are required to find the sinusoidal constants in equations (3-1) through (3-
3). There is no redundancy and, hence, no possibility to do a "best fit" when 
determining the sinusoidal strain variation.  

Theory also dictates that the strain curves are in phase with each other, i.e., maximum 
tangential strain at the same circumferential position as minimum axial and shear strain. 
For real measurements, this is often not the case. The solution is still applicable using 
the actual maxima and minima of the strain curves, but care must be taken when 
evaluating the results. To assist in this evaluation, a phase shift index was defined for 
the axial and shear strains, as follows: 
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180
1 z

zIndex  ,     (3-12)

360
1Index  ,     (3-13)

where is the angular position for maximum tangential strain, z is the angular 
position for minimum shear strain, is the angular position for minimum shear strain, 
and Indexz and Index  are the phase shift index (in %). An index of 100% indicates a 
perfect match, i.e., strain curves being in complete phase with each other.  

A final note concerns the orientation of the plane of transverse isotropy. In Figure 3-6, 
this was defined relative to the overcore sample geometry. For a real case, this orienta-
tion must be translated into a global coordinate system, thus taking into account core 
and borehole orientation. For the Borre probe, the orientation of the strain gauges is 
determined through a compass in the installation tool, which records the installed (in the 
pilot hole) probe orientation. Two different types of compasses are used — a magnetic 
(needle) compass in vertical and subvertical boreholes, and a ball compass in inclined 
boreholes. The function of these compasses differs somewhat, thus affecting how probe 
and strain gauge orientations are determined. In practice, this means that vertical and 
inclined boreholes must be treated differently. For a general case, the global orientation 
of the plane of isotropy, i.e., the strike and dip relative to a global coordinate system 
(e.g., magnetic/geographic north and the horizontal plane), Global and Global , can be 
calculated from the recorded orientation of the Borre probe, as follows:

Global =  + Compass_reading + Borehole_bearing (  360°) ,  (3-14)

Global =  – (90 – Borehole_dip) ,    (3-15)

where Compass_reading is the recorded orientation of the installed probe, and 
Borehole_bearing and Borehole_dip is the bearing and plunge of the borehole (e.g., 
from deviation measurements). Note that Borehole_dip is defined positive downward 
from the horizontal. The global dip direction is simply calculated by adding 90° to the 
global strike, i.e., DDGlobal = Global + 90°. 

For a truly vertical (90°) borehole, the value of the borehole bearing should be set to 
zero, i.e., Borehole_bearing = 0°. For a subvertical borehole and when a needle 
compass is used (Borehole_dip > 85°), the compass reading can be recalculated to take 
into account true borehole orientation, as follows: 

Compass_reading = Needle_reading – Borehole_bearing (  360°).  (3-16)

It should, however, be noted that the effects of including the borehole orientation for 
subvertical boreholes are small with respect to the calculated stress magnitudes and 
orientations. 
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Hole axis

Strain gauge rosette seen  
from center of borehole

120°

120°

120°

0

90°

R1

R3

R2

45º Axial 

Tangential 

Strain gauge rosette position 
looking downhole

Figure 3-5. Strain gauge configuration of the Borre probe. Axial strain gauges are de-
noted L1, L2 and L3 (gauges nos. 1, 4, 7), tangential gauges are denoted T1, T2 and T3 
(gauges nos. 2, 5, 8), and inclined gauges (45°) are denoted 45-1, 45-2 and 45-3 
(gauges nos. 3, 6, 9).  

a) b) 

0

R1

R2

R3

Strike of anisotropy 
plane

0

Dip of anisotropy 
plane

Strike of anisotropy 
plane

0

Dip

Dip of anisotropy 
plane

DD

DD  =Dip Direction 
of anisotropy plane

0

R1

R2

R3

Figure 3-6. Definition of anisotropy orientation according to Nunes (2002) for biaxial 
tests and the Borre strain gauge configuration: a) defined as strike and dip (Nunes, 
2002), and b) defined as dip direction and dip.  
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3.2.2 Modifications for the CSIRO HI probe 

The application of the methodology by Nunes (2002) requires that axial, tangential, and 
shear strains are recorded at (at least) three different circumferential positions, in order 
to be able to solve the sinusoidal equations (3-1) through (3-3). The 12-gauge version of 
the CSIRO HI overcoring probe has a strain gauge configuration according to Figure 
3-7. The probe comprises five tangential, two axial, and five inclined (three at 45°, and 
two at 135°) strain gauges, placed at different circumferential positions. Note that the 
orientation angles in Figure 3-7 have been defined in accordance with Nunes (2002) and 
thus differ from the definitions used for normally for the CSIRO HI probe. For this 
strain gauge configuration, it is evident that only two expressions of the axial and shear 
strains can be formulated. Consequently, the sinusoidal constants of equations (3-2) and 
(3-3) cannot be determined directly, as, at least, three data points are required for this.  

With some additional assumptions, the methodology by Nunes (2002) can also be 
applied to the CSIRO HI strain gauge configuration. For the tangential strains, equation 
(3-1) can be formulated for the five different circumferential angles (gauges A90, B90,
C90, E90, and F90), thus yielding a system of five equations to determine the three 
unknown sinusoidal constants L, M, and N. These may be solved using the method of 
least squares to obtain a best-fit sinusoidal curve to the five data points.  

For the axial strains, two measured values exist (gauges A0 and C0, respectively). The 
axial strains at   = 60  can be calculated from the strains measured in the tangential and 
inclined directions (gauges A90, A45, and D135, respectively): 

A90D135A4560z  .    (3-17)

Hence, one obtains three values of the axial strains, which may be used to solve the 
three unknown sinusoidal constants O, P, Q, of equation (3-2). 

Gauge  [°] j [°] 
A0 37.1 90 
A90 60 0 
A45 60 45 
B45 196.4 45 
B135 196.4 135 
B90 180 0 
C0 277.1 90 
C90 300 0 
C45 300 45 
D135 60 135 
E90 150 0 
F90 270 0 

Figure 3-7. Strain gauge configuration of the 12-gauge CSIRO HI probe. Tangential 
strain gauges are denoted A90, B90, C90, E90, and F90; axial strain gauges are denoted A0

and C0, and inclined gauges are denoted A45, B45, C45, B135 and D135.

Strain gauge 

Definition of strain gauge 
orientation (seen from outside)

0

F90

C0

Strain gauge rosette position  
looking uphole (z-axis downhole)

A0

A90, A45, D135

E90
B90

B45, B135

C90, C45

z

z

j
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For the shear strains, measured strains at the circumferential positions of   = 196.4
and   = 60  can be used to calculate shear strains at these positions: 

135D45A60z  ,    (3-18)

135B45B4.196z  ,    (3-19)

To obtain a third value of the shear strain, the strains recorded by gauges C90 and C45 at 
  = 300  may be used. In addition to these, a value of the axial strain is required to be 

able to calculate the shear strain. There are no axial strain gauges at this position, but the 
value of the axial strain may be estimated by using the sinusoidal curve fit for the axial 
strain, as determined above, i.e.,  

QPOz 2sin2cos300  .    (3-20)

Thus, the shear strain at   = 300  can be computed from 

3002300 C9045C zz  .   (3-21)

Equation (3.3) can now be formulated for three shear strains and solved through e.g., 
Gaussian elimination.  

Once the sinusoidal constants are determined, the orientation of the plane of isotropy 
and the five elastic constants can be calculated similar to the solution presented above 
for the Borre probe [equations (3.8) through 3.11)], and is not repeated here. 
Calculation of the phase shift index, to assess how well the theoretical conditions are 
fulfilled, is also similar to the Borre probe calculations [equations (3.12) and (3.13)].  

A special feature of the CSIRO HI cell is that the strain gauges are located a small 
distance from the borehole wall (embedded in the cell material). The effects of this and 
the resistance of the HI cell to deformation, are accounted for using four correction 
factors: K1, K2, K3, and K4 (Worotnicki, 1993). These factors are a function of the 
distance between the rock surface and the strain gauges, and the material properties of 
the tested sample. For isotropic evaluation of biaxial tests, only factor K1 is included, 
which has a nominal value of around 1.12 for typical rocks (Worotnicki, 1993). 
However, for anisotropic rocks, the values of the correction factors are not easily 
calculated as they depend on the elastic constants. Consequently, when applying the 
modified Nunes solution described above, all correction factors were assumed to be 
equal to unity.
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3.2.3 Computer Codes 

Two versions of a computer were developed — one for the Borre gauge configuration, 
and one for the CSIRO HI gauge configuration — based on the theory described in 
Sections 3.2.1 and 3.2.2, respectively. Each of the codes was developed in Microsoft 
Excel with programming in VBA. The code allows the user to input strain and pressure 
data from a biaxial test and automatically calculates elastic constants for both isotropic 
and transversely isotropic material assumptions. A short manual for both versions of the 
code is included in Appendix 3-6. The key features of the code are presented below.  

Presently, a maximum of 23 pressure stages is allowed (for the loading and unloading 
cycles together), see Figure 3-8. For isotropic materials, values on Young's modulus and 
Poisson's ratio are calculated for each strain rosette and each pressure stage. Mean val-
ues for selected pressures in loading or unloading may be automatically calculated, and 
one or several of the strain rosettes excluded from the averaging. In addition, elastic 
constants for a linear fit for the entire loading or unloading MPa curve are calculated. 
An example of the output is shown in Figure 3-9.  

For a transversely isotropic material, both the sinusoidal strain curves and the resulting 
elastic constants are presented. The sinusoidal curves are automatically calculated for 
the measured strains at the different strain rosette positions, as shown in Figure 3-10. As 
can be noted from this example, the strain curves are not in complete phase with each 
other. Consequently, the orientation of the plane of isotropy would be different depend-
ing on what strain is used to calculate this. In the code, the orientation of the isotropy 
plane is defined from the tangential strain maximum (as this normally exhibits the larg-
est strain amplitudes). A chart showing calculated orientations for all pressure stages 
and for the axial, and shear strains as well, is used to assess the effects of strain curves 
not being in phase, see Figure 3-11.  

Values on all elastic constants are calculated for each pressure stage and mean values 
for a selected pressures in loading or unloading may be automatically calculated, as well 
as values corresponding to a linear fit for the entire loading or unloading curve, see 
Figure 3-12. The phase shift index is also shown for each pressure stage, as well as the 
value of G (shear modulus in plane of transverse isotropy for a transversely isotropic 
material) for reference and comparison. Orientations are shown with respect to both 
local (core) and global coordinate systems. [Note that the presentation shown in Figure 
3-11 and Figure 3-12 is similar for both versions of the code.]

For both the isotropic and the transversely isotropic material assumptions, all calculated 
values on the elastic constants are secant values. This is motivated by the fact that the 
values on E and  should, as far as possible, represent the conditions during the actual 
overcoring. In the subsequent stress calculation, where the elastic constants are used as 
input data, only the strain differences during overcoring (stop – start) are considered. 
Thus, secant values (rather than tangent values) are thought to better represent this 
situation. This approach was also used by, e.g., Martin & Christiansson (1991b).

The values on the secant modulus should, ideally, be chosen for a pressure correspond-
ing to the stress that the rock was subjected to prior to overcoring. This is difficult in 
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practice, as a high biaxial load results in large extensional strains in the axial and radial 
direction, which causes microcracking of the sample. Taking the Borre probe as an ex-
ample, it is recommended that the maximum biaxial pressure is limited to 10 MPa (for 
details see e.g., Sjöberg & Klasson, 2003).  

a) Biaxial test response
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b) Biaxial test response
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Figure 3-8. Example of presentation of biaxial strain and pressure data for: a) the 
Borre probe, and b) the CSIRO HI probe.  
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a) Case :

Calculate

P [MPa] E R1 E R2 E R3 R1 R2 R3 mean for: E R1 E R2 E R3 R1 R2 R3

1 124.1 86.2 83.8 0.56 0.47 0.46 96.9 114.9 72.1 0.22 0.96 0.26

2 121.7 85.0 86.2 0.57 0.47 0.50 98.5 103.4 77.6 0.27 0.78 0.35
3 129.3 85.4 86.2 0.60 0.46 0.49 100.1 105.8 79.5 0.24 0.81 0.38
4 127.9 83.8 86.2 0.60 0.46 0.47 101.7 100.1 82.7 0.27 0.74 0.41

5 132.6 86.7 89.1 0.57 0.45 0.47 108.5 107.0 85.2 0.29 0.79 0.41
6 129.3 84.2 86.6 0.60 0.46 0.48 104.0 104.6 82.0 0.29 0.81 0.40
7 131.6 85.5 86.9 0.61 0.47 0.47 99.6 106.5 84.2 0.22 0.83 0.43
8 134.2 87.1 89.0 0.60 0.48 0.48 103.8 108.9 85.0 0.24 0.85 0.41

9 135.5 85.6 88.9 0.61 0.48 0.48 104.2 107.0 85.1 0.24 0.84 0.42
10 141.7 87.4 91.0 0.63 0.48 0.49 108.5 109.2 86.4 0.25 0.85 0.42
10 138.5 84.8 87.4 0.66 0.45 0.43 109.2 105.9 82.5 0.31 0.81 0.35

9 136.9 81.4 85.1 0.68 0.45 0.44 106.6 99.0 80.5 0.31 0.76 0.36

8 135.6 80.1 83.3 0.68 0.45 0.44 106.1 96.9 78.5 0.31 0.76 0.36
7 147.7 83.8 87.2 0.70 0.45 0.44 116.1 100.1 82.9 0.34 0.73 0.37
6 144.3 82.7 85.4 0.70 0.45 0.44 113.5 98.0 79.5 0.34 0.72 0.34

5 142.3 80.8 83.4 0.69 0.45 0.43 113.2 95.8 80.0 0.34 0.72 0.37
4 151.3 85.0 86.2 0.70 0.44 0.43 120.5 101.7 81.6 0.35 0.72 0.36
3 160.5 88.6 87.8 0.69 0.44 0.42 125.8 101.2 84.6 0.32 0.64 0.36

2 159.1 82.7 82.7 0.72 0.43 0.43 129.3 96.9 75.7 0.40 0.67 0.30

1 129.3 79.5 81.6 0.50 0.28 0.37 96.9 107.0 77.6 0.13 0.72 0.30
Linear fit; load (0-max) 138.6 86.7 90.0 0.62 0.48 0.48

Linear fit; unload (max-0) 136.1 82.3 86.0 0.68 0.46 0.44

E  = Young's modulus [GPa]

Include/exclude gauges  = Poisson's ratio

Tangential Inclined (secant values)
R1  = Rosette 1
R2  = Rosette 2
R3  = Rosette 3
N/A = Not Applicable

Linear fit mean (all pressures)
E  = 104.2 E  = 101.5

 = 0.51 = 0.53

Elastic constants from tangential gauges

Mean values for selected pressures (mark above to include)

Secant value mean

A really long title with name, borehole, depth, date and other possibly essential information may be typed or copied here...........................!

Young's modulus [GPa] Poisson's ratio
Isotropic material

Elastic constants from inclined gauges

Young's modulus [GPa] Poisson's ratio

Rosette 1

Rosette 2

Rosette 3

Rosette 1

Rosette 2

Rosette 3

Loading

Unloading

b) Case :

Calculate

P [MPa] E A E B E C E E E F A B C E F mean for:

2.5 66.6 66.6 67.2 70.0 66.6 0.23 0.44 0.21 0.46 0.21
5 66.2 68.2 68.2 71.9 65.9 0.21 0.42 0.20 0.44 0.19

7.5 64.0 66.8 66.3 70.8 63.2 0.20 0.42 0.20 0.44 0.19
7.5 63.4 66.3 66.1 70.0 62.6 0.20 0.41 0.20 0.44 0.19

7.5 64.4 66.3 67.9 70.3 64.8 0.20 0.41 0.20 0.43 0.19
5 62.5 64.0 65.9 67.9 62.8 0.21 0.41 0.20 0.43 0.19

2.5 58.5 58.5 61.7 62.8 59.0 0.21 0.39 0.19 0.42 0.18
Linear fit; loading 64.2 67.1 66.6 71.0 63.4 0.20 0.21 0.20 0.22 0.19

Linear fit; unloading 64.6 66.6 68.1 70.5 65.0 0.21 0.20 0.20 0.22 0.19

E  = Young's modulus [GPa]

 = Poisson's ratio
(secant values)
A = Strain gauge A0/A90

Secant value mean Linear fit mean (all pressures) B = Strain gauge B90 + A0,C0

E  = 63.8 E  = 66.9 C = Strain gauge C0/C90

 = 0.29  = 0.20 E = Strain gauge E90 + A0,C0
F = Strain gauge F90 + C0
N/A = Not Applicable

Mean values for selected pressures (mark above to include in calculation)
Include/exclude gauges

A really long title with name, borehole, depth, date and other possibly essential information may be typed or copied here...........................!

Young's modulus [GPa]
Isotropic material

Poisson's ratio
Elastic constants from tangential gauges

Gauge A Gauge B Gauge C Gauge E Gauge FLoading

Unloading

Figure 3-9. Output from calculation of elastic constants for isotropic material for:  
a) the Borre probe, and b) the CSIRO HI probe.  
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a) Sinusoidal strain curves
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b) Sinusoidal strain curves
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Figure 3-10. Sinusoidal strain functions determined for biaxial strain readings: 
a) Borre probe configuration, and b) CSIRO HI gauge configuration. [Note that com-
pression is positive in this chart to comply with the definitions by Nunes (2002).] 
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Calculated Dip Direction for Different Strains and Biaxial Pressures
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Figure 3-11. Calculated orientation of plane of isotropy for all pressure stages and 
different strains (tangential, axial, shear).  

Case :

Transversely isotropic material Ref. value Calculate

P [MPa] DD  [°] Dip  [°] DD Global  [°] Dip Global  [°] E  [GPa] E'  [GPa] ' G'  [GPa] Axial Shear G [GPa] mean for:
1 92.2 59.6 299.2 59.6 124.2 68.0 0.51 0.39 29.1 99% 60% 41.3

2 88.8 65.3 295.8 65.3 121.7 72.4 0.53 0.43 29.4 95% 60% 39.7

3 89.3 65.7 296.3 65.7 129.3 71.3 0.56 0.42 29.9 95% 63% 41.4

4 88.0 68.2 295.0 68.2 128.0 71.8 0.58 0.41 30.1 99% 64% 40.6

5 87.9 65.9 294.9 65.9 132.7 73.1 0.54 0.41 30.9 98% 62% 43.1

6 88.0 65.6 295.0 65.6 129.4 70.7 0.57 0.41 29.9 98% 62% 41.1

7 88.9 64.3 295.9 64.3 131.7 70.5 0.57 0.41 30.0 99% 65% 41.9

8 88.5 64.6 295.5 64.6 134.2 72.2 0.56 0.42 30.5 100% 64% 43.0

9 87.4 65.2 294.4 65.2 135.7 71.5 0.57 0.42 30.3 100% 64% 43.1

10 87.3 66.2 294.3 66.2 141.9 73.0 0.59 0.42 31.0 100% 63% 44.5

10 88.0 67.3 295.0 67.3 138.6 70.8 0.64 0.37 31.4 9% 62% 42.3

9 87.2 69.8 294.2 69.8 137.2 69.2 0.66 0.38 30.4 8% 63% 41.4

8 87.5 70.6 294.5 70.6 135.8 68.1 0.66 0.39 29.9 93% 63% 40.9

7 87.7 72.7 294.7 72.7 148.0 71.5 0.68 0.39 31.6 93% 63% 43.9

6 88.1 73.6 295.1 73.6 144.4 70.7 0.68 0.39 31.1 93% 62% 42.9

5 88.1 73.3 295.1 73.3 142.5 68.8 0.67 0.38 30.6 8% 63% 42.7

4 89.2 73.4 296.2 73.4 151.4 71.5 0.68 0.38 32.2 96% 63% 44.9

3 90.5 77.1 297.5 77.1 160.5 74.7 0.68 0.38 33.7 94% 65% 47.8

2 90.0 77.0 297.0 77.0 159.1 69.3 0.71 0.37 31.8 100% 60% 46.5

1 88.3 61.3 295.3 61.3 129.4 63.1 0.40 0.29 30.6 77% 63% 46.3

Linear fit; load (0-max) 87.2 68.8 294.2 68.8 136.9 69.8 0.66 0.38 30.6 10% 63% 41.1

Linear fit; unload (max-0) 87.5 65.4 294.5 65.4 139.3 72.2 0.58 0.42 30.7 99% 64% 43.9

DD = 88.5 E  = 144.7
Dip  = 71.6 E'  = 69.8

DD Global  = 295.5  = 0.65
Dip Global  = 71.6 '  = 0.37

G'  = 31.3

Shear modulus in plane of isotropy, G = 44.0

Values calculated using maxima and minima for each strain function.

Maxima and minima are in phase if Phase Shift Index = 100%.

 E'  = Young's modulus normal to the plane of transverse isotropy

 = Poisson's ratio (stressed parallel to plane of isotropy)
'  = Poisson's ratio (stressed normal to plane of isotropy)

 G'  = shear modulus in planes normal to plane of isotropy

 Dip  = dip of isotropy plane relative to core circumferential plane
DD Global = dip direction of isotropy plane relative to global north

 Dip Global  = dip of isotropy plane relative to the horizontal plane
 E  = Young's modulus in the plane of transverse isotropy

Phase Index

A really long title with name, borehole, depth, date and other possibly essential information may be typed or copied here...........................!

Mean values for selected pressures (mark above to include/exclude)  DD  = dip direction of isotropy plane relative to 0-direction of gauges

Loading

Unloading

Figure 3-12. Output from calculation of elastic constants for transversely isotropic ma-
terial.  

3.2.4 Verification and Sensitivity 

To check the developed computer code, as well as the modifications to the original 
equations by Nunes (1997, 2002), the test case described by Nunes (2002) was analyzed 
for both the Borre and the CSIRO HI version of the computer code. This case comprises 
a material with assumed transverse isotropy parameters according to Table 3-3. Using 
these values, the corresponding strains at the gauge positions for the Borre and the 
CSIRO HI probe configurations was calculated [using the compliance matrix compo-
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nents detailed in Nunes (2002)] and then input to the developed computer code. The 
calculation results are shown in the right-hand column of Table 3-3. It can be concluded 
that for the Borre probe, the code correctly reproduced the transverse isotropy parame-
ters for this theoretical case. It can be further noted that the strain curves are in perfect 
phase for this theoretical case, see Figure 3-13. For the CSIRO HI probe, slight errors (< 
5%) were obtained for the elastic constants, which is likely due to the assumptions re-
quired for deriving a solution for this probe (Section 3.2.2). 

A sensitivity study was conducted based on the theoretical case, as well as an additional 
case with less pronounced material anisotropy, according to Table 3-4. Following the 
approach by Nunes (2002), the strains were varied in two different scenarios: (1)  10% 
variation on only one strain gauge (a total of 18 cases for the Borre probe configura-
tion), and (2)  10% variation on each strain rosette (a total of 6 cases for the Borre
probe configuration). For the CSIRO HI probe configuration, a sensitivity study for sce-
nario (1) and the theoretical case, i.e.,  10% variation on only one strain gauge, yield-
ing a total of 24 cases, was conducted. Scenario (2) could not be analyzed since the 
gauges are not grouped in rosettes. The results of the sensitivity analysis are shown in 
Table 3-4 and Table 3-5, which can be compared to the corresponding results obtained 
by Nunes (2002) for the CSIR 12-gauge probe configuration in Table 3-6.

Table 3-3. Transverse isotropy material parameter for test case.  

Parameter Input value Calculation result 
– Borre

Calculation result 
– CSIRO HI 

P [MPa] 20 - - 

D [mm] 86 - - 

d [mm] 38 - - 

 [°] 30 30.0 30.0 

 [°] 60 59.9 59.2 

DD [°] 120 120.0 120.0 

Dip [°] 60 59.9 59.2 

E [GPa] 60 60.0 58.0 

E' [GPa] 30 30.0 28.8 

0.15 0.15 0.14 

' 0.25 0.25 0.25 

G' [GPa] 15 15.0 14.4 
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a) Sinusoidal strain curves
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b) Sinusoidal strain curves
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Figure 3-13. Sinusoidal strain functions determined for biaxial strain readings for the 
case in Table 3-3: a) Borre probe configuration, and b) CSIRO HI gauge configuration.  

The results showed relatively minor variation for the first test case and the Borre probe 
configuration. The scatter is smaller than for the corresponding values for the CSIR
probe, which mainly can be attributed to the number of strain gauges (fewer gauges give 
less cases analyzed, which results in less total scatter). For the CSIRO HI probe 
configuration, larger scatter is found for the dip of the plane of isotropy and, in 
particular, for both the Poisson's ratios. The latter values are, in some cases, clearly 
unrealistic. For the second test case (with less pronounced anisotropy), the results 
indicated similar, or smaller scatter for the elastic constants. However, the orientation 
displayed much larger scatter for this case, indicating that small changes in strains can 
give widely varying orientations of the plane of isotropy when applying the Nunes 
solution for a mildly anisotropic case. 
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Table 3-4. Input data and results of sensitivity analysis for the Borre probe configura-
tion.

Anisotropic parameters DD
[°]

Dip
[°]

E
[GPa] 

E'
[GPa]

'

Case 1 – Borre 120.0 60.0 60.0 30.0 0.15 0.25 

Scenario 1:  10% variation on only one strain gauge 

Mean 120.0 60.0 60.2 30.0 0.15 0.25 

Standard deviation 2.6 2.5 2.7 1.7 0.02 0.02 

Minimum 114.2 55.5 55.9 26.0 0.11 0.22 

Maximum 125.8 64.8 65.5 35.2 0.18 0.29 

Scenario 2:  10% variation on each strain rosette 

Mean 120.0 60.1 60.6 30.1 0.15 0.25 

Standard deviation 4.7 2.3 4.8 2.6 0.06 0.04 

Minimum 114.2 57.6 55.9 26.5 0.09 0.20 

Maximum 125.8 62.6 65.5 34.5 0.21 0.32 

Case 2 – Borre 120 60 60 55 0.20 0.24 

Scenario 1:  10% variation on only one strain gauge 

Mean 135.9 58.2 60.9 53.2 0.19 0.23 

Standard deviation 59.8 14.6 2.1 3.1 0.04 0.02 

Minimum 30.0 29.9 59.5 46.9 0.08 0.20 

Maximum 300.0 87.0 65.9 57.9 0.23 0.27 

Scenario 2:  10% variation on each strain rosette 

Mean 135.0 71.2 62.6 53.4 0.22 0.23 

Standard deviation 74.6 5.9 2.9 2.9 0.03 0.03 

Minimum 30.0 65.0 59.5 49.2 0.18 0.19 

Maximum 255.0 78.5 65.9 57.8 0.25 0.28 
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Table 3-5. Input data and results of sensitivity analysis for the CSIRO HI probe con-
figuration.

Anisotropic parameters DD
[°]

Dip
[°]

E
[GPa] 

E'
[GPa]

'

Case 1 – CSIRO HI 120.0 59.2 58.0 28.8 0.14 0.25 

Scenario 1:  10% variation on only one strain gauge 

Mean 120.0 58.3 58.0 28.4 0.07 0.26 

Standard deviation 1.8 4.2 1.4 1.2 0.18 0.03 

Minimum 115.9 42.1 54.9 23.9 -0.57 0.23 

Maximum 124.1 63.5 61.4 29.9 0.20 0.35 

Table 3-6. Input data and results of sensitivity analysis for the CSIR probe configura-
tion (from Nunes, 2002). 

Anisotropic parameters DD
[°]

Dip
[°]

E
[GPa] 

E'
[GPa] 

'

Case 1 – CSIR (Nunes, 2002) 120.0 60.0 60.0 30.0 0.15 0.25 

Scenario 1:  10% variation on only one strain gauge 

Mean 120.0 60.0 60.1 29.5 0.15 0.25 

Standard deviation 2.3 2.1 1.9 0.5 0.02 0.01 

Minimum 114.3 54.9 54.6 29.1 0.10 0.24 

Maximum 125.7 63.9 66.7 30.9 0.19 0.26 

Scenario 2:  10% variation on each strain rosette 

Mean 30.0 60.0 61.9 29.8 0.15 0.25 

Standard deviation 10.1 6.4 6.7 2.1 0.02 0.01 

Minimum 14.8 46.3 54.6 27.3 0.09 0.23 

Maximum 45.2 66.4 69.4 33.3 0.16 0.26 

Finally, real biaxial test data from the testing of an aluminum core (used routinely to 
calibrate biaxial testing equipment) was analyzed using the developed computer code. 
The biaxial strain response is shown in Figure 3-14, showing very linear behavior. The 
theoretical values for the (isotropic) elastic constants for this material is E = 69 GPa and 

 = 0.36. The mean results assuming isotropic behavior are very close to these values, 
as shown in Figure 3-15. As could be foreseen, the sinusoidal strain curves reveal very 
little variation for this material (Figure 3-16). Consequently, the resulting elastic con-
stants display very little anisotropy (Figure 3-17). Hence, it can be concluded that the 
code correctly reproduces isotropic material behavior.  
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Unfortunately, it has not been possible to test the code with data from a transversely 
isotropic material with known properties. Hence, it cannot be stated with certainty that 
the code (and the Nunes methodology) is valid for a real material displaying 
transversely isotropic behavior.  
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Figure 3-14. Biaxial strain response from testing of an aluminum core using the Borre 
strain gauge configuration.
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Figure 3-15. Calculated mean values for aluminum core, assuming isotropic behavior, 
for the 8 to 3 MPa unloading pressure range.  
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Sinusoidal strain curves

-100

-50

0

50

100

150

0 30 60 90 120 150 180 210 240 270 300 330 360

Orientation [°]

S
tr

ai
n

 [
m

ic
ro

st
ra

in
]

Tangential strain

Axial strain

Shear strain

Rosette 1

Rosette 2

Rosette 3

Figure 3-16. Sinusoidal strain functions determined for biaxial strain readings from 
testing of an aluminum core.
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Dip  = 58.5 E'  = 67.5
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Dip Global = 58.5 '  = 0.37
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Figure 3-17. Calculated mean values for aluminum core, assuming isotropic behavior, 
for the 1 to 3 MPa loading pressure range. 
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3.3 Case Studies 

3.3.1 Selection and Description 

A few well-documented cases were selected for analysis. These cases comprised actual 
overcoring measurements conducted for Posiva and SKB, in Finland and Sweden, re-
spectively. Cases were selected on the basis that: (i) both (assumingly) isotropic and 
anisotropic rocks should be included, (ii) both vertical and inclined boreholes should be 
included, and (iii) the measurement should be of high experimental quality. The selected 
cases are summarized in Table 3-7. It should be noted that all depths given in Table 3-7 
are borehole lengths, and do not necessarily correspond to depth below the ground sur-
face.

Table 3-7. Selected cases of overcoring rock stress measurements.  

Case (site, borehole, level, test no., depth) Reference 

Olkiluoto, OL-KR10, Level 1, Test 12, 329.91 m Ljunggren & Klasson (1996b,c) 

Olkiluoto, OL-KR10, Level 2, Test 1, 448.18 m Ljunggren & Klasson (1996b,c) 

Olkiluoto, OL-KR24, Test no. 1:8:1, 310.12 m Sjöberg (2003) 

Olkiluoto, OL-KR24, Test no. 2:2:6, 388.17 m Sjöberg (2003) 

Forsmark, KFM01B, Test no. 1:4:1, 238.94 m Sjöberg (2004a) 

Forsmark, KFM01B, Test no. 1:7:1, 242.05 m Sjöberg (2004a) 

Forsmark, KFM01B, Test no. 2:3:1, 412.79 m Sjöberg (2004a) 

Oskarshamn/Ävrö, KAV04, Test no. 2:8:1, 456.35 m Sjöberg (2004b) 

Laxemar, KLX04, Test no. 2:1:3, 374.68 m Sjöberg & Perman (2005) 

Äspö HRL – ZEDEX, KXZSD8HL, MP5, 25.44 m Ljunggren & Klasson (1996a) 

3.3.2 Analysis and Results 

Transversely isotropic parameters 

For each of the cases in Table 3-7, the elastic constants were determined assuming 
transversely isotropic behavior, using the methodology presented in Section 3.2. For 
most cases, the mean values for the unloading phase over a pressure range of 8 to 3 MPa 
was used to define the elastic constants. This was primarily because the corresponding 
pressure range was used for isotropic evaluation (in the original overcoring campaigns). 
The linear fit for the entire unloading curve (10 to 0 MPa) was used as a complement to 
check the sensitivity of the solution. In some cases, the unloading strains yielded unreal-
istic results, e.g., due to suspected microcracking. For these cases, another pressure 
range during loading or unloading was used. The resulting elastic constants are summa-
rized in Table 3-8. 
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For the Olkiluoto cases and borehole OL-KR10, fairly consistent results were obtained, 
with small scatter in the data. The same is true for borehole OL-KR24, test no. 2:2:6 but 
only for the loading curve (unloading yields highly unrealistic values, possibly due to 
microcracking). For test no. 1:8:1, a clear anisotropic behavior can be inferred; 
however, the differences in Young's modulii are so large (factor of 2) that it is suspected 
that this may be an effect of a partly malfunctioning strain rosette (in the isotropic 
evaluation this rosette was excluded, see Sjöberg, 2003).  

For the Forsmark cases, the high stresses measured in borehole KFM01B (Sjöberg, 
2004a) are likely to have caused extensive microcracking during overcoring. Hence, it 
was expected that anisotropic behavior reflecting microcracking perpendicular to the 
core axis should be observed. However, when the loading direction coincides with the 
plane of isotropy, the strain gauges do not detect any anisotropic response. Hence, this 
type of anisotropy cannot be resolved from biaxial test response (see also Section 3.3.3 
below). It is possible that the test response, at least to some extent, reflects the existing 
foliation and mineral lineation at the site (mean orientation approximately 250/45 and 
230/40, see SKB, 2005).

The Oskarshamn/Ävrö and Laxemar cases both display fairly isotropic behavior, which 
is the anticipated rock behavior at both sites. The ZEDEX case exhibit a mild 
anisotropy, while other investigations at the Äspö HRL does not indicate any significant 
rock anisotropy.



Table 3-8. Elastic constants for selected cases assuming transversely isotropic material behavior.

Case (site, borehole, 
level, test no., depth) 

Pressure range DDGlobal

[°]
DipGlobal

[°]
E

[GPa] 
E'

[GPa] 
' G'

[GPa] 
Comments 

Unloading, 8–3 MPa 160.4 65.9 66.9 52.3 0.15 0.22 23.6 Olkiluoto, OL-KR10, 
Level 1, Test 12, 
329.91 m Unloading, linear fit 10–0 MPa 165.1 59.9 71.3 57.2 0.19 0.26 24.6 

Small variations, small 
phase shift. 

Unloading, 8–3 MPa 201.6 85.6 92.9 64.0 0.36 0.29 28.2 Olkiluoto, OL-KR10, 
Level 2, Test 1, 
448.18 m Unloading, linear fit 10–0 MPa 201.3 82.3 88.9 64.5 0.34 0.30 27.7 

Moderate variation, 
small phase shift. 

Unloading, 8–3 MPa 295.5 73.4 147.1 70.9 0.68 0.38 31.5 Olkiluoto, OL-KR24, 
Test no. 1:8:1, 310.12 
m Unloading, linear fit 10–0 MPa 294.2 68.8 136.9 69.8 0.66 0.38 30.6 

Moderate variation, 
some phase shift.  

Loading, linear fit 0–10 MPa 113.8 88.2 71.7 53.7 0.44 0.27 23.4 Olkiluoto, OL-KR24, 
Test no. 2:2:6, 310.12 
m Loading, 3–8 MPa 106.9 85.6 72.2 53.7 0.33 0.32 22.5 

Larger scatter, large 
phase shift, unrealistic 
values in unloading.  

Unloading, 8–6 MPa 23.0 69.2 68.5 48.2 0.38 0.27 21.5 Forsmark, KFM01B, 
Test no. 1:4:1, 238.94 
m Unloading, linear fit 10–0 MPa 21.5 67.5 70.2 52.2 0.42 0.27 22.8 

Consistent results, but 
no detected anisotropy 
due to microcracking. 

Unloading, 8–3 MPa 201.4 69.5 346.5 51.4 1.59 0.28 30.0 Forsmark, KFM01B, 
Test no. 1:7:1, 242.05 
m Unloading, linear fit 10–0 MPa 202.2 71.1 285.4 55.0 1.37 0.31 30.5 

Unrealistic elastic 
constants, but 
consistent orientations. 

Unloading, 6–3 MPa 129.5 61.4 92.8 65.2 0.26 0.29 28.5 Forsmark, KFM01B, 
Test no. 2:3:1, 412.79 
m Unloading, linear fit 10–0 MPa 300.8 53.2 84.0 67.0 0.42 0.18 31.0 

Consistent results, but 
no detected anisotropy 
due to microcracking. 
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Table 3–8 (concluded).

Case (site, borehole, 
level, test no., depth) 

Pressure range DDGlobal

[°]
DipGlobal

[°]
E

[GPa] 
E'

[GPa] 
' G'

[GPa] 
Comments 

Oskarshamn/Ävrö, 
KAV04, Test no. 
2:8:1, 456.35 m 

Unloading, linear fit 10–0 MPa 38.1 62.6 85.5 77.5 0.42 0.43 28.0 
Nearly isotropic as 
can be expected for 
this site.

Unloading, 8–3 MPa 64.2 58.4 73.5 65.3 0.26 0.26 27.1 Laxemar, KLX04, 
Test no. 2:1:3, 374.68 
m Unloading, linear fit 10–0 MPa 70.0 51.8 75.2 67.2 0.29 0.25 28.1 

Nearly isotropic as 
can be expected for 
this site. 

Loading, linear fit 0–10 MPa 213.0 69.6 68.3 57.0 0.16 0.22 25.0 Äspö HRL – ZEDEX, 
KXZSD8HL, MP5, 
25.44 m Unloading, linear fit 10–0 MPa 212.8 74.4 71.0 58.6 0.14 0.25 25.2 

Moderate variation 
and phase shift, mild 
anisotropy. . 
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In situ state of stress 

Following this, the stresses were calculated taking into account anisotropy as described 
in Section 3.1. The input data is presented in Table 3-9 with the results shown in Table 
3-10. The results were then compared to stresses obtained assuming isotropic behavior 
(as reported in each reference in Table 3-7). The stress calculation with CSIRA code 
was successful for all transversely isotropic cases except for the Forsmark test no. 1:7:1. 
In this case the elastic parameters does not satisfy the thermodynamic constrains (Ama-
dei, 1996), and stress calculation was terminated. The resulting stress states for isotropic 
material assumption were also calculated. In these calculations, the original elastic pa-
rameter values were used (Table 3-7 and Table 3-8). The resulting in situ stress states 
calculated with CSIRA code for isotropic material were identical with those calculated 
with Borre probe software (Table 3-11). 

The comparison of the isotropic solution with the two transversely isotropic solutions 
showed clear differences in about half of the cases (Table 3-9, Table 3-10 and Appendix 
3-7). In Olkiluoto KR10 cases, the differences are relatively small, less than 2 MPa in 
magnitude and less than 20º in orientation. For the case Olkiluoto KR24 test 1:8:1, a 
difference in stress magnitude of up to 19 MPa was found when comparing the isotropic 
and anisotropic results, which was caused by high E value. For the second Olkiluoto 
case (KR 24, test 2:2:6), the major and intermediate principal stresses are rotated around 
minor principal stress so that the orientations have changed. In all Forsmark tests, rela-
tively high differences in stress magnitudes, up to 12.6 MPa, were found, but the orien-
tations remain unchanged. For the Oskarshamn, Laxemar, and Äspö cases, relatively 
small differences were found — less than 2 MPa in magnitude and less than 10º in ori-
entation. It should be noted that these three cases (Oskarshamn, Laxemar, and Äspö) 
were expected to be nearly isotropic, as previous experiences and tests have not indi-
cated any significant anisotropy in the rock types at these sites.

Based on analyzed cases, the transverse isotropic solution for stresses is not sensitive for 
small changes in elastic parameters, while both sets of the transverse isotropic 
parameters gave relatively similar stress results. 



Table 3-9. Input values for stress calculation.

Case Borehole Probe orientation Material Pressure range DD Global Dip Global E E' ' G'
site, borehole, level, test no., depth Azimuth Rise Needle / Ball Angle model

[°] [°] [°] [°] [°] [GPa] [GPa] [GPa]

Olkiluoto transverse iso. UnL., 8–3 MPa 160.4 65.9 66.9 52.3 0.15 0.22 23.6

OL-KR10, Level 1, Test 12, 329.91 m 0 -90 N 40 transverse iso. UnL., linear f. 10–0 MPa 165.1 59.9 71.3 57.2 0.19 0.26 24.6

isotropic 68 0.24

Olkiluoto transverse iso. UnL., 8–3 MPa 201.6 85.6 92.9 64 0.36 0.29 28.2

OL-KR10, Level 2, Test 1, 448.18 m 0 -90 N 343 transverse iso. UnL., linear f. 10–0 MPa 201.3 82.3 88.9 64.5 0.34 0.3 27.7

isotropic 61.7 0.32

Olkiluoto transverse iso. UnL., 8–3 MPa 295.5 73.4 147.1 70.9 0.68 0.38 31.5

OL-KR24, Test no. 1:8:1, 310.12 m 0 -90 N 207 transverse iso. UnL., linear f. 10–0 MPa 294.2 68.8 136.9 69.8 0.66 0.38 30.6

isotropic 84.1 0.45

Olkiluoto transverse iso. Loading, linear f. 0–10 MPa 113.8 88.2 71.7 53.7 0.44 0.27 23.4

OL-KR24, Test no. 2:2:6, 310.12 m 0 -90 N 153 transverse iso. Loading, 3–8 MPa 106.9 85.6 72.2 53.7 0.33 0.32 22.5

isotropic 61.7 0.32

Forsmark transverse iso. UnL., 8–6 MPa 23 69.2 68.5 48.2 0.38 0.27 21.5

KFM01B, Test no. 1:4:1, 238.94 m 268 -74 B 325 transverse iso. UnL., linear f. 10–0 MPa 21.5 67.5 70.2 52.2 0.42 0.27 22.8

isotropic 56.6 0.32

Forsmark transverse iso. UnL., 8–3 MPa 201.4 69.5 346.5 51.4 1.59 0.28 30

KFM01B, Test no. 1:7:1, 242.05 m 268 -74 B 212 transverse iso. UnL., linear f. 10–0 MPa 202.2 71.1 285.4 55 1.37 0.31 30.5

isotropic 67.8 0.35

Forsmark transverse iso. UnL., 6–3 MPa 129.5 61.4 92.8 65.2 0.26 0.29 28.5

KFM01B, Test no. 2:3:1, 412.79 m 270 -72 B 140 transverse iso. UnL., linear f. 10–0 MPa 300.8 53.2 84 67 0.42 0.18 31

isotropic 77.8 0.29

Oskarshamn/Ävrö transverse iso. UnL., linear f. 10–0 MPa 38.1 62.6 85.5 77.5 0.42 0.43 28

KAV04, Test no. 2:8:1, 456.35 m 88 -85 B 28

isotropic 82.1 0.44

Laxemar transverse iso. UnL., 8–3 MPa 64.2 58.4 73.5 65.3 0.26 0.26 27.1

KLX04, Test no. 2:1:3, 374.68 m 23 -85 B 333 transverse iso. UnL., linear f. 10–0 MPa 70 51.8 75.2 67.2 0.29 0.25 28.1

isotropic 70 0.27

Äspö HRL – ZEDEX transverse iso. Loading, linear f. 0–10 MPa 213 69.6 68.3 57 0.16 0.22 25

KXZSD8HL, MP5, 25.44 m 158 9 B 5 transverse iso. UnL., linear f. 10–0 MPa 212.8 74.4 71 58.6 0.14 0.25 25.2
isotropic 61.8 0.25
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Table 3-10. Resulting in situ state of stress values.  

Case Material Pressure range Principal stresses Stress tensor
site, borehole, level, test no., depth model 1 trend plunge 2 trend plunge 3 trend plunge x y z xy xz yz

[MPa] [°] [°] [MPa] [°] [°] [MPa] [°] [°] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

Olkiluoto transverse iso. UnL., 8–3 MPa 16.5 199 22 9.1 91 38 2.4 312 44 13.2 6.9 7.8 -1.7 3.7 4.7

OL-KR10, Level 1, Test 12, 329.91 m transverse iso. UnL., linear f. 10–0 MPa 18.3 198 23 10.3 87 40 3.4 310 41 14.7 8.6 8.6 -1.7 4.0 5.0

isotropic 18.2 199 20 9.9 91 40 3.0 308 43 15.1 7.6 8.4 -1.9 4.0 4.6

Olkiluoto transverse iso. UnL., 8–3 MPa 20.1 71 29 14.7 169 14 6.8 283 57 15.0 10.3 16.2 -5.6 1.8 0.1

OL-KR10, Level 2, Test 1, 448.18 m transverse iso. UnL., linear f. 10–0 MPa 19.6 68 28 14.4 166 16 6.4 283 57 14.9 9.8 15.7 -5.5 1.9 0.0

isotropic 20.2 52 20 14.6 150 20 5.0 281 61 16.4 8.0 15.4 -5.5 2.8 -0.3

Olkiluoto transverse iso. UnL., 8–3 MPa 40.1 217 11 23.0 41 79 10.9 307 1 29.1 23.6 21.2 1.8 13.7 2.7

OL-KR24, Test no. 1:8:1, 310.12 m transverse iso. UnL., linear f. 10–0 MPa 36.3 217 11 19.4 40 79 10.5 307 1 26.5 20.0 19.8 1.9 12.1 2.6

isotropic 20.8 222 7 9.2 129 27 6.5 325 62 15.1 7.3 14.3 0.2 6.0 1.9

Olkiluoto transverse iso. Loading, linear f. 0–10 MPa 17.8 35 15 17.4 289 45 5.5 138 41 13.9 12.3 14.5 3.9 3.5 -4.5

OL-KR24, Test no. 2:2:6, 310.12 m transverse iso. Loading, 3–8 MPa 16.9 3 37 16.6 255 22 4.9 141 45 13.2 11.0 14.2 3.7 2.9 -4.6

isotropic 16.6 269 27 15.1 15 28 4.1 143 49 12.1 9.2 14.5 3.9 2.3 -4.3

Forsmark transverse iso. UnL., 8–6 MPa 60.0 98 45 45.9 313 39 30.0 207 18 34.7 51.5 49.7 -9.1 -6.9 -3.1

KFM01B, Test no. 1:4:1, 238.94 m transverse iso. UnL., linear f. 10–0 MPa 63.1 98 45 48.8 310 40 32.2 206 17 36.6 54.7 52.8 -9.1 -7.0 -3.0

isotropic 50.6 102 42 37.4 324 39 29.6 214 23 33.2 42.2 42.2 -8.0 -4.5 -1.0

Forsmark transverse iso. UnL., 8–3 MPa     ------------- can't be calculated, transversely isotropic parameters doesn't satisfy the thermodynamic constrains -------------

KFM01B, Test no. 1:7:1, 242.05 m transverse iso. UnL., linear f. 10–0 MPa     ------------- can't be calculated, transversely isotropic parameters doesn't satisfy the thermodynamic constrains -------------

isotropic 40.2 289 12 32.4 195 17 19.0 53 69 32.5 21.1 38.0 5.1 -3.1 2.2

Forsmark transverse iso. UnL., 6–3 MPa 48.5 140 36 28.6 25 30 13.9 266 40 36.2 29.5 25.4 -13.3 -7.0 6.8

KFM01B, Test no. 2:3:1, 412.79 m transverse iso. UnL., linear f. 10–0 MPa 38.2 147 24 25.3 38 36 9.0 263 44 32.8 19.6 20.2 -10.7 -6.0 3.0

isotropic 42.3 141 28 25.2 30 34 10.3 261 43 33.0 21.9 22.8 -11.9 -7.8 4.3

Oskarshamn/Ävrö transverse iso. UnL., linear f. 10–0 MPa 11.4 175 39 8.4 52 34 7.0 296 33 10.0 9.1 7.6 -0.7 0.2 1.7

KAV04, Test no. 2:8:1, 456.35 m

isotropic 11.6 179 38 8.3 56 35 7.0 299 33 10.1 9.1 7.6 -0.6 0.3 1.9

Laxemar transverse iso. UnL., 8–3 MPa 25.8 160 41 3.7 270 21 -2.8 20 41 11.4 10.6 4.7 -2.7 -5.2 13.3

KLX04, Test no. 2:1:3, 374.68 m transverse iso. UnL., linear f. 10–0 MPa 27.5 159 42 4.4 272 23 -1.4 23 39 12.7 12.3 5.4 -2.9 -5.5 13.4

isotropic 26.2 161 42 4.2 272 22 -1.5 21 40 12.0 11.9 5.1 -2.6 -4.9 12.9

Äspö HRL – ZEDEX transverse iso. Loading, linear f. 0–10 MPa 18.1 323 9 11.3 65 51 6.9 226 37 14.2 9.9 12.3 -0.9 -4.6 -2.4

KXZSD8HL, MP5, 25.44 m transverse iso. UnL., linear f. 10–0 MPa 19.5 323 9 12.2 64 50 7.3 225 39 15.3 10.4 13.3 -1.0 -4.9 -2.6
isotropic 17.7 328 12 11.4 71 47 7.0 228 40 14.6 9.9 11.7 -0.9 -4.0 -2.6
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Table 3-11. Differences in resulting in situ state of stress values when compared to isotropic case (positive value = smaller than isotropic
case; negative value = larger than isotropic case).  

Case Material Pressure range Principal stresses Stress tensor
site, borehole, level, test no., depth model 1 trend plunge 2 trend plunge 3 trend plunge x y z xy xz yz

[MPa] [°] [°] [MPa] [°] [°] [MPa] [°] [°] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

Olkiluoto transverse iso. UnL., 8–3 MPa 1.7 0 -2 0.8 1 3 0.7 -4 -1 1.9 0.7 0.6 -0.2 0.3 -0.1

OL-KR10, Level 1, Test 12, 329.91 m transverse iso. UnL., linear f. 10–0 MPa -0.1 0 -4 -0.3 4 0 -0.3 -2 2 0.3 -0.9 -0.2 -0.2 0.0 -0.4

isotropic

Olkiluoto transverse iso. UnL., 8–3 MPa 0.1 -19 -8 -0.1 -19 6 -1.8 -2 3 1.4 -2.3 -0.8 0.2 1.1 -0.4

OL-KR10, Level 2, Test 1, 448.18 m transverse iso. UnL., linear f. 10–0 MPa 0.6 -16 -7 0.1 -16 4 -1.4 -2 3 1.5 -1.8 -0.3 0.1 0.9 -0.4

isotropic

Olkiluoto transverse iso. UnL., 8–3 MPa -19.2 6 -4 -13.8 88 -52 -4.3 18 61 -14.1 -16.3 -6.9 -1.5 -7.7 -0.8

OL-KR24, Test no. 1:8:1, 310.12 m transverse iso. UnL., linear f. 10–0 MPa -15.5 5 -4 -10.1 89 -52 -4.0 18 61 -11.4 -12.7 -5.5 -1.6 -6.2 -0.7

isotropic

Olkiluoto transverse iso. Loading, linear f. 0–10 MPa -1.2 126 12 -2.3 86 -17 -1.4 5 8 -1.9 -3.1 0.0 0.0 -1.2 0.1

OL-KR24, Test no. 2:2:6, 310.12 m transverse iso. Loading, 3–8 MPa -0.3 94 -10 -1.5 121 6 -0.8 2 4 -1.1 -1.8 0.3 0.2 -0.6 0.3

isotropic

Forsmark transverse iso. UnL., 8–6 MPa -9.4 3 -3 -8.5 11 0 -0.4 7 5 -1.5 -9.3 -7.5 1.1 2.4 2.1

KFM01B, Test no. 1:4:1, 238.94 m transverse iso. UnL., linear f. 10–0 MPa -12.6 3 -3 -11.4 14 -1 -2.6 8 6 -3.5 -12.5 -10.6 1.1 2.5 2.0

isotropic

Forsmark transverse iso. UnL., 8–3 MPa     ------------- can't be calculated, transversely isotropic parameters doesn't satisfy the thermodynamic constrains -------------

KFM01B, Test no. 1:7:1, 242.05 m transverse iso. UnL., linear f. 10–0 MPa     ------------- can't be calculated, transversely isotropic parameters doesn't satisfy the thermodynamic constrains -------------

isotropic

Forsmark transverse iso. UnL., 6–3 MPa -6.3 1 -8 -3.4 5 4 -3.7 -6 4 -3.2 -7.6 -2.5 1.5 -0.8 -2.5

KFM01B, Test no. 2:3:1, 412.79 m transverse iso. UnL., linear f. 10–0 MPa 4.0 -6 4 -0.1 -8 -3 1.3 -2 -1 0.2 2.4 2.7 -1.1 -1.8 1.3

isotropic

Oskarshamn/Ävrö transverse iso. UnL., linear f. 10–0 MPa 0.2 3 -1 -0.1 4 1 0.0 3 0 0.1 0.0 0.0 0.1 0.1 0.1

KAV04, Test no. 2:8:1, 456.35 m

isotropic

Laxemar transverse iso. UnL., 8–3 MPa 0.5 1 1 0.5 2 1 1.3 2 -1 0.6 1.3 0.3 0.0 0.3 -0.4

KLX04, Test no. 2:1:3, 374.68 m transverse iso. UnL., linear f. 10–0 MPa -1.3 1 1 -0.2 0 -2 0.0 -1 1 -0.7 -0.5 -0.4 0.3 0.6 -0.4

isotropic

Äspö HRL – ZEDEX transverse iso. Loading, linear f. 0–10 MPa -0.4 5 3 0.1 7 -4 0.1 2 3 0.4 0.0 -0.5 0.0 0.6 -0.2

KXZSD8HL, MP5, 25.44 m transverse iso. UnL., linear f. 10–0 MPa -1.8 5 3 -0.8 8 -2 -0.3 2 1 -0.7 -0.6 -1.6 0.1 0.9 0.0
isotropic
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Sensitivity of resulting stress state for the anisotropy orientation 

The sensitivity of the resulting stress state for the anisotropy orientation was studied 
using the transversely isotropic parameters of Olkiluoto KR24 2:2.6 case and rotating 
the plane of isotropy a full 360 degrees with different dip values. In this case the defor-
mation anisotropy E/E' is 1.34 and both Poisson's ratio values are almost identical. The 
resulting stresses were compared to each other and to the isotropic solution. The results 
showed that the principal stress magnitudes are moderately sensitive to the orientation 
of the plane of isotropy — the maximum amplitude of change is around 20% of the cor-
responding principal stress component (Figure 3-18, Appendix 3-8). On the other hand, 
orientations of principal stresses are very sensitive to the orientation of the plane of isot-
ropy (Figure 3-19, Appendix 3-8). The sensitivity is lowest when the dip of foliation is 
perpendicular to the core axis and highest with intermediate (30º to 75º) dip angles rela-
tive to the plane perpendicular to the core axis. 
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Figure 3-18. Magnitudes of principal stresses with different dip directions of foliation. 
Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to be 60º rela-
tive to the plane perpendicular to the core axis.  
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Sigma 1, ddF=0

Sigma 2, ddF=0

Sigma 3, ddF=0

Sigma 1, Transversely Iso.

Sigma 2, Transversely Iso.

Sigma 3, Transversely Iso.

Sigma 1, Isotropic

Sigma 2, Isotropic

Sigma 3, Isotropic

North = Y 
= Trend 0°

East = X 
= Trend 90°plunge=60° plunge=30°

Figure 3-19. Orientations of principal stresses with different dip directions of foliation, 
shown as poles in a lower hemisphere projection. Reference case is Olkiluoto KR24 
2:2:6 and dip of foliation is assumed to be 60º relative to the plane perpendicular to the 
core axis.

Sensitivity of resulting stress state for shear modulus G'  

The value for shear modulus G' cannot be interpreted directly using the Nunes solution 
— instead, Saint Venant's equation (2-1) is used to approximate this value. In a study of 
anisotropy for Olkiluoto mica gneiss it was found that the Saint Venant's approximation 
can be 34% off the value determined from uniaxial compression testing (Hakala et al., 
2005). Two sensitivity studies for the effect of G' were conducted. In the first study, the 
value of G' was varied from -50% to +50%. In the second study, the orientation of the 
plane of transverse isotropy plane was set either perpendicular or parallel to the core 
axis and the value of G' was varied from -50% to +50%. Data from the Olkiluoto KR24 
2:2.6 stress measurement was used as a reference case.  

The results of the first study showed that both the magnitudes and the orientations of 
resulting principal stresses are very sensitive for the value of G' (Figure 3-20 and Figure 
3-21). This can be considered a weakness of the Nunes solution and the sensitivity of G'
on the resulting stress must be taken into account when applying the transversely iso-
tropic solution.  
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The second study showed that the magnitudes of the principal stresses are least affected 
by the value of G' when the plane of transverse isotropy is perpendicular to the bore-
hole. At the same time, the orientations of all principal stresses are highly scattered 
(Figure 3-20 and Figure 3-21). Since both magnitude and orientation of the principal 
stresses are connected and equally important, the effect of uncertainty in the value of G'
cannot be eliminated by conducting overcoring measurements (drilling) in any specific 
orientation compared to the anisotropy orientation.  

0 5 10 15 20 25

0/0, G' -50%

0/0, G' -25%

0/0, G' -+0%

0/0, G' +25%

0/0, G' +50%

 - - -

0/90, G' -50%

0/90, G' -25%

0/90, G' -+0%

0/90, G' +25%

0/90, G' +50%

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 3-20. Magnitudes of principal stresses with different G' values when the plane of 
isotropy is either perpendicular (0/0) or parallel (0/90) to the borehole. Reference case 
is Olkiluoto KR24 2:2:6. 
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Sigma 1

Sigma 2

Sigma 3

S1 0/0

S2 0/0

S3 0/0

S1 0/90

S2 0/90

S3 0/90

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60° dip=30° dip=0°

Figure 3-21. Orientations of principal stresses with different G' values when the plane 
of isotropy is either perpendicular (0/0) or parallel (0/90) to the borehole, shown as 
poles in a lower hemisphere projection. Reference case is Olkiluoto KR24 2:2:6. 

3.3.3 Alternative Evaluations of Elastic Constants 

Two alternative evaluations were considered for the determination of the elastic 
constants for a transversely isotropic material, as possible extensions to the Nunes 
methodology. These are described in more detail below.  

Calculation of shear modulus 

The effect of the shear modulus in planes normal to the plane of isotropy (G') on the 
stress calculation (see Sections 3.1 and 3.3.2) is large (see also Figure 3-20 and Figure 
3-21 above). Since the determination of this parameter is based solely on the empirical 
Saint Venant-equation (2-1), the resulting values are subject to uncertainty. An alterna-
tive means of determining G' was tested. While G' cannot be directly derived from the 
biaxial testing (cf. Section 2.3), this parameter still influences the strain response in bi-
axial testing (at least theoretically as the 13 parameters of the compliance matrix are 
function of the shear modulus). Thus, it should be possible to calculate strains for dif-
ferent values on G' and compare this with the measured strains, as follows: 
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1. The calculated value using Saint Venant's empirical relation (2-1) is used as a 
base value, G'_start.

2. This value is then varied  25% (or any other chosen range) in steps of 5%, thus 
yielding a set 11 different values on G'.

3. The strains corresponding to each value of G' is calculated, while keeping all 
other parameters constant, using the compliance matrix (equations in Nunes, 
2002).

4. Calculated strains are compared to actual, measured strains from the biaxial 
testing and the sum of the absolute strain differences are calculated.  

5. The value of G' yielding the smallest absolute strain difference is selected and 
compared to the original value (G'_start).

6. Steps 1 through 5 are repeated for each pressure stage in both loading and 
unloading (1–10 MPa; 10–1 MPa).

The above procedure was undertaken for all ten cases for the Borre gauge configuration 
presented in this report (Table 3-7), as well as for one aluminum core biaxial test. Cal-
culations were done for all pressure stages in both loading and unloading, i.e., a total of 
220 strain sets. The results showed that the value on G' calculated per the above proce-
dure was identical to the value derived using Saint Venant's equation for all but a few 
cases (9 out of 200).

For those 9 cases, the differences in value on G' was small, typically 1-2 GPa (most 
values in the 20 to 30 GPa range). For several cases these differences could be linked to 
negative values on Poisson's ratio, which is physically unrealistic. It is thus concluded 
that the above procedure does not yield any different values on G' and cannot be 
considered as an alternative means of determining the shear modulus in the planes 
normal to the plane of isotropy. Consequently, this procedure was not implemented in 
the code for routine calculations of the elastic constants.  

Fixed orientation of the plane of isotropy 

In cases when the plane of isotropy is oriented perpendicular to the core axis (i.e., dip of 
isotropy plane is zero relative to the core circumferential plane), the elastic constants for 
a transversely isotropic material cannot be derived from the biaxial testing strain re-
sponse. If the local dip is zero, then only the value of E can be resolved, which is of 
little use itself. This effect is because the loading direction (biaxially perpendicular to 
the core axis) coincides with the plane of isotropy, thus not resulting in any anisotropic 
response detectable by the strain gauges. This may be a problem for, e.g., stress-induced 
microfracturing occurring during overcoring (in high-stress environments), which tends 
to develop perpendicular to the core axis (as discussed above for the Forsmark case). 
Even if the plane of isotropy is slightly misaligned with the core circumferential plane 
(a few degrees) the resulting strain changes are small and may be masked by other strain 
variations (measurement errors, scatter, etc). Based on test calculations, a dip difference 
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of around 10° is required to be able to resolve the elastic constants reliably using the 
Nunes solution. Additional test calculations for a case with zero dip showed that 
changes in tangential strains of up to 50 microstrains (compared to theoretical values) 
are required to resolve the elastic constants with some confidence. This is not consid-
ered realistic for an actual case.  

The issue of whether the orientations of the plane of isotropy can be fixed (assuming 
that they are known beforehand), thus forcing the solution in a certain direction, was 
investigated. The solution proposed by Nunes (1997, 2002) is based on the assumption 
that the tangential, axial, and shear strains, each follow a sinusoidal variation relative to 
the circumferential position around the core sample. The measured strains at the three 
strain gauge positions are used to fit a sinusoidal curve to each strain (tangential, axial, 
shear) component. In theory, the maximum of the tangential strain, and the minimum of 
the axial and shear strains, occur at a circumferential position corresponding to the 
orientation of the plane of isotropy. Since the maxima and minima do not always 
coincide (as indicated by the phase shift described earlier), the tangential strain 
maximum is used to define the orientation in the code (as described above).

If one prescribes the orientation of the plane of isotropy, one could also prescribe the 
location of the maximum of the strain curve — however, this could be in contradiction 
to the measured strains. It would thus be possible to obtain almost any value on the 
elastic constants (E, E', , ', G') since the orientations directly affect all other 
parameters. However, by fixing the orientation values, one would completely disregard 
the measured strains from the biaxial test. This is unreasonable; hence, a forced solution 
is not possible to derive for the Nunes methodology.  

If it is suspected that the plane of isotropy is oriented perpendicular to the core axis, one 
must seek other means of determining the elastic constants for an assumed transverse 
isotropy. Having more strain gauges at more positions would, however, not improve on 
this problem. Alternative methods are further discussed in Chapters 4 and 6. 
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4 DISCUSSION 

The methodology described in this report involves stress calculation for anisotropic 
materials, coupled with determination of elastic constants from conventional biaxial 
testing. This is considered a practical means of interpreting overcoring stress 
measurements, for the case of transversely isotropic rock.  

The code for stress calculation, based on the theory by Amadei (1996) was successfully 
modified to both the Borre and the CSIRO HI strain gauge configurations. The Nunes 
(2002) methodology for determining elastic constants could also be modified to suit 
these two overcoring probes. For the Borre probe, this was straightforward as the nine 
gauges in three rosettes were sufficient for determining the sinusoidal functions 
unambiguously. For the CSIRO HI probe, some additional assumptions were required, 
as there were not enough axial and inclined strain gauges at different circumferential 
position to be able to uniquely define a sinusoidal strain variation. It is judged that the 
necessary assumptions were reasonable — analysis of a theoretical case further showed 
that the errors introduced were small and can be considered insignificant compared to 
other sources of error when testing real rock. Consequently, it is believed that this 
methodology is a feasible way to estimate at least four of the five elastic constants for a 
transversely isotropic material for overcoring applications, without resorting to 
elaborate and expensive laboratory testing.

A particular problem concerns the determination of the shear modulus, G', which is not 
independently determined, but estimated through the empirical Saint Venant's 
expression. The resulting stresses were also proven to be quite sensitive to the value the 
shear modulus. An alternative method, in which different values of G' were used to 
calculate the corresponding biaxial test strains, was investigated. However, this 
procedure did not yield any different values on G' and could not be considered as an 
alternative means of determining the shear modulus.  

Other alternative and simple methods of obtaining values of G' could not be found in 
the literature. Often, torsion testing is proposed but this requires a complicated testing 
apparatus, not readily available at laboratories, and much less for field use. Also, testing 
in different directions and/or simplifying assumptions are required. However, some 
experimental data, as well as analytical work suggest that Saint Venant's relation may 
be valid for biaxial isotropic compression testing, which lends some confidence to the 
proposed methodology for estimating the value of G'.

Another limitation is that biaxial testing strain response is insensitive to the case when 
the plane of isotropy is oriented perpendicular to the core axis. This occurs because the 
loading direction (biaxially perpendicular to the core axis) coincides with the plane of 
isotropy, thus not resulting in any anisotropic response detectable by the strain gauges. 
When conducting overcoring measurements in a highly stressed rock mass, induced 
core damage may occur (particularly when the borehole is oriented perpendicular to the 
maximum stress). This core damage often manifests itself in the form of microcracks 
oriented perpendicular to the core axis, which, in turn, results in a form anisotropic 
behavior of the rock. This type of anisotropy cannot be analyzed using the described 
methodology.  
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For such cases, it is necessary to determine the elastic constants, as well as the 
orientation of the plane of isotropy by other methods. Laboratory testing is one 
alternative, provided that such tests are conducted on hollow cylinders (overcored) 
samples taken as close to the actual measurement position as possible, to capture the 
effects of induced core damage. If both uniaxial and triaxial testing is conducted, it is 
imperative that axial loading should be applied first, since a rock under radial 
compression is much more susceptible to microcracking.  

For cases with natural (geologic) anisotropy (not caused by core damage), application of 
the Nunes solution to determine the elastic constants is possible if the dip of the plane of 
isotropy differs from the core circumferential plane. From this study, it appears that a 
dip difference of 10° is sufficient for this (corresponding to a borehole drilled at 80° 
relative to the plane of isotropy). Consequently, in cases where it is not possible or 
practical to test the hollow core in the laboratory, nor to the take samples in different 
orientations to determine the anisotropic characteristics, biaxial testing and application 
of the Nunes solution is still possible by doing overcoring measurements in a borehole 
oriented at, say, 80° relative to the plane of isotropy. The effect of anisotropy on the 
resulting stress state is still small for such a case. Obviously, this does not apply to cases 
of high stress and associated core damage risk.  

Application of the developed methodology to actual case studies revealed that the 
effects of accounting for anisotropy in the rock were quite significant. As expected, 
larger differences between the anisotropic and isotropic stress results were found for 
cases with more pronounced deformational anisotropy. In general, larger differences 
were found for stress magnitudes compared to stress orientations. A sensitivity study for 
one selected case showed, however, that the results were fairly insensitive to small 
changes in elastic parameters. However, the orientations of the principal stresses were 
quite sensitive to the orientation of the plane of isotropy. 
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5 PROJECT CONCLUSIONS 

Based on the presented work, the following conclusions can be drawn: 

– The effects of deformation anisotropy should be taken into account when 
evaluating overcoring measurements. This is motivated by the fact that, for rock 
having anisotropy ((E/E') higher than approximately 1.14–1.33, the anisotropic 
effects are larger than the typical scatter of overcoring measurements based on 
data from measurements in Scandinavia for different overcoring probes.

– Interpretation of stress measurements in anisotropic rock involves: (i) stress 
calculation, and (ii) determination of elastic constants. Stress calculation is 
possible using the theory by Amadei (1996), whereas the elastic constants for a 
transversely isotropic material can be determined from conventional biaxial 
testing with no additional strain instrumentation by applying the method 
developed by Nunes (2002).

– Two computer codes were developed for stress calculation and determination of 
elastic constants. The codes were developed to work for two different three-
dimensional overcoring probes —the 9-gauge Borre probe and the 12-gauge 
CSIRO HI probe. The codes were primarily limited to transversely isotropic 
rock, although the stress calculation code also handles orthotropic rock. For the 
determination of elastic constants and the application of the Nunes (2002) 
methodology, some additional assumptions were required for the CSIRO HI
gauge configuration, but these only introduced minor errors.  

– The developed computer codes proved to be both practical and useful. Using 
these tools, it is possible to interpret overcoring stress measurements conducted 
in anisotropic rock. A quantitative assessment of the effects of anisotropy may 
be obtained, which provides increased reliability in the stress data. Potential 
gaps in existing data and/or understanding can also be identified. 

– Application to selected cases (actual overcoring measurements conducted for 
Posiva and SKB, on sites in Finland and Sweden, respectively) showed that, for 
the cases that displayed clear deformational anisotropy, differences between the 
anisotropic and isotropic stress results were correspondingly large. The 
transverse isotropy solution for stresses was, however, not sensitive to small 
changes in elastic parameters, indicating that the methodology is fairly robust. 

– Both the orientations and the magnitudes of the principal stresses were sensitive 
to the value of G'. This is a weakness of the developed methodology, as the 
value of G' is not independently determined. The sensitivity of the resulting 
stress state should thus be studied when applying the anisotropic solution for 
stress calculation.  
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– For cases with natural (geologic) anisotropy, the Nunes solution can be used 
with reasonable accuracy if the dip of the plane of isotropy differs from the core 
circumferential plane by approximately 10° or more. Consequently, in cases 
where it is not possible to conduct laboratory testing, biaxial testing of the over-
core sample (from stress measurement) provide a means of assessing the elastic 
constants for a transversely isotropic material. Obviously, this does not apply to 
cases of high stress and associated microcracking perpendicular to the core axis.  

– It has not been possible test the code with data from a transversely isotropic 
material with known properties, due to the difficulties of finding such a material. 
Hence, it cannot be stated with certainty that the code (and the Nunes 
methodology) is valid for a real material displaying transversely isotropic 
behavior
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6 IMPLICATIONS FOR PRACTICAL STRESS MEASUREMENTS 

Based on the work presented in this report is and previous work on quality control of 
overcoring (Hakala, 2006; Hakala et al., 2003), some of the implications for overcoring 
stress measurements were summarized. These are presented in the form of a flowchart 
in Figure 6-1, outlining a methodology for overcoring stress measurements and their 
interpretation, using the acquired results and developed tools for quality control.  

Report stresses 

EVALUATE ROCK CONDITIONS FROM 
CORE LOGGING, SITE DATA, ETC. 

(CHILE vs. DIANE, ETC.) 

Evaluate biaxial tests: 
– Calculate E,
– Rate test quality 

Calculate stresses using 
new computer code 
(transverse isotropy)

Check sensitivity of input 
parameters (G', orientation, 
etc) on stress results

Isotropic interpretation 
(classical analysis): 
– Stress calculation  

( ij => ij)

No

Signs of rock anisotropy?

Determine elastic constants 
(transverse isotropy) using 
new computer code and 
data from biaxial testing 

Yes

Test acceptable?

Transient strain analysis: 
– Compare measured vs. 

theoretical strains 
– Check potential for core 

damage 
– Inverse solution (for 

stable coring advance ) 

Rate overall test quality 

ORTHOTROPIC ROCK 
BEHAVIOR 

Determine elastic constants 
(orthotropy) by means of 
laboratory testing in 
different orientations 

Yes

Report stresses 

Overcoring measurements 
not suitable. Consider 
alternative methods (focal 
mechanisms, breakouts, 
etc.) to determine stresses.

Calculate stresses using 
new computer code 
(orthotropy)

NoTest acceptable?

Yes

Report stresses 

OTHER ROCK BEHAVIOR

ISOTROPIC ROCK 
BEHAVIOR  

TRANSVERSELY 
ISOTROPIC ROCK

Test acceptable?

No

No

Rate overall test quality Rate overall test quality 

Yes

Can orthotropic rock 
conditions apply?

No

Figure 6-1. Flowchart describing proposed methodology for overcoring stress meas-
urements in different rock conditions. 



78



79

REFERENCES 

Amadei, B. 1983. Lecture Notes in Engineering — Rock Anisotropy and Theory of 
Stress Measurements. Edited by C. A. Brebbia and S.A. Orszag. Springer-Verlag, 
Berlin. pp 233–241. 

Amadei, B. 1996. Importance of anisotropy when estimating and measuring in situ 
stresses in rock. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., 33, No. 3, pp. 293–
325.

Amadei, B. 2000. CSIRA: A computer program to determine in situ stresses by 
overcoring in anisotropic rock with CSIR-type triaxial strain cells. Version 3.0. Boulder: 
University of Colorado.  

Amadei, B. & Stephansson, O. 1997. Rock stress and its measurement. London: 
Chapman & Hall, 490 pp. 

Barden, L. 1963. Stresses and displacements in a cross-anisotropic soil. Géotechnique, 
Vol. 13, No. 1., pp. 198–210. 

Compaq. 1999. Visual Fortran, Version 6.1, Compaq Computer Corporation, Houston, 
TX.

Gonano, L. P. & Sharp, J. C. 1983. Critical evaluation of rock behaviour for in-situ 
stress determination using overcoring methods. In Proceedings Fifth Congress of the 
International Society of Rock Mechanics (Melbourne, 1983), Vol 1, pp. A241–A251. 
Rotterdam: A. A. Balkema.  

Hakala, M. 2004. Manual for transient strain analysis for overcoring, OCS Version 2.2. 
Poisva R&D-Report 2004-08, Posiva Oy, Finland.

Hakala, M. 2006. Quality control for overcoring stress measurement data. POSIVA 
2006-03, Posiva Oy, Finland.

Hakala, M., Hudson, J. A. & Christiansson, R. 2003. Quality control of overcoring rock 
stress measurement data. Int. J. Rock Mech. Min. Sci., 40, No. 7–8, pp. 1141–1159. 

Hakala, M., Kuula, H. & Hudson, J. 2005. Strength and stain anisotropy of Olkiluoto 
mica gneiss. Posiva Working Report 2005-61, Posiva Oy, Finland.

Hudson, J. A. & Cornet, F. H. 2003 (eds.). Special issue: Rock stress estimation. Int. J. 
Rock Mech. Min. Sci., 40, No. 7–8.

IMSL. 1987. Fortran Subroutines for Mathematic Applications, Volume 1-3, Houston, 
TX.

IMSL. 2004 Fortran Library Version 5.0, Volume 1-2. Visual Numerics, Inc. USA. 



80

Leeman, E. R. 1968. The determination of the complete state of stress in rock using a 
single borehole — laboratory and underground measurements. Int. J. Rock Mech. & 
Min. Sci., 5, 31–56. 

Leeman, E. R. & Hayes, D. I. 1966. A technique for determining the complete state of 
stress in rock using a single borehole. In Proceedings of the 1st International Congress 
on Rock Mechanics (Lisboa, 1966), Vol. 2, pp. 17–24. 

Leijon, B. 1988. Rock stress measurements using the LUT-gauge overcoring method. 
Doctoral thesis 1988:66D, Luleå University of Technology. 

Ljunggren, C. & Klasson, H. 1996a. Rock stress measurements at Zedex test area, Äspö 
HRL. SKB Technical Note TN-96-08z, Stockholm.

Ljunggren, C. & Klasson, H. 1996b. Rock stress measurements at the three 
investigation sites, Kivetty, Romuvaara and Olkiluoto, Finland. Volume 1. Posiva Work 
report PATU-96-26e.  

Ljunggren, C. & Klasson, H. 1996c. Rock stress measurements at the three investigation 
sites, Kivetty, Romuvaara and Olkiluoto, Finland – data acquisition, appendices. 
Volume 2. Posiva Work report PATU-96-26e. 

Martin, C. D. & Christiansson, R. 1991a. Overcoring in highly stressed granite: 
comparison of USBM and modified CSIR devices. Rock Mech. Rock Engng., 24, pp. 
207–235.

Martin, C. D. & Christiansson, R. 1991b. Overcoring in highly stressed granite — the 
influence of microcracking. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., 28, No. 1, 
pp. 53–70. 

Mills, K. W. 1997. In situ stress measurement using the ANZI stresscell. In Proceedings 
of the International Symposium on Rock Stress (Kumamoto, October 8–10, 1997), pp. 
149-154. Rotterdam: A. A. Balkema.  

Nunes, A.L.L.S. 1997. Nouvelle méthode de détermination de la déformabilité des 
roches transversalement isotropes avec la cellule triaxiale CSIR. Ph.D. thesis, École 
Polytechnique de Montreal, University of Montreal, Canada, 490 p.

Nunes, A.L.L.S. 2002. A new method for determination of transverse isotropic 
orientation and the associated elastic parameters for intact rock. Int. J. Rock Mech. Min. 
Sci., 39, pp. 257–273.

Pro Fortran. 2004. Windows Fortran & C/C++ User Guide. Absoft Corporation, USA. 



81

Saint Venant, B. 1863. Sur la distribution dels élasticités autour de chaque point d'un 
solide ou d'un milieu de contexture quelcouque, particulièrement lorsqui'il est amorphe 
sans être isotrope. Journal de Mathématiques Pures et Appliqueés, Ser. 2, Vol. 7–8, pp. 
257–295; 353–430. 

Sjöberg, J. 2003. Overcoring rock stress measurements in borehole OL-KR24, 
Olkiluoto. Posiva Working Report 2003-60, Posiva Oy, Finland.  

Sjöberg, J. 2004a. Overcoring rock stress measurements in borehole KFM01B. SKB P-
report P-04-83, available online URL: www.skb.se 

Sjöberg, J. 2004b. Overcoring rock stress measurements in borehole KAV04. SKB P-
report P-04-84, available online URL: www.skb.se 

Sjöberg, J. & Klasson, H. 2003. Stress measurements in deep boreholes using the Borre 
(SSPB) probe. Int. J. Rock Mech. Min. Sci., 40, No. 7-8, pp. 1205-1233. 

Sjöberg, J. & Perman, F. 2005. Overcoring rock stress measurements in borehole 
KLX04. SKB P-report (in press).

SKB. 2005. Preliminary site description. Forsmark area version 1.2. Updated 2005-11-
09). SKB R-report R-05-18, available online URL: www.skb.se 

Talesnick, M. L., Lee, M. Y. & Haimson, B. C. 1995. On the determination of elastic 
material parameters of transverse isotropic rocks from a single test specimen. Rock 
Mech. Rock Engng., 28, No. 1, pp. 17–35.

Talesnick, M. L., Haimson, B. C. & Lee, M. Y. 1997. Development of radial strains in 
hollow cylinders of rock subjected to radial compression. Int. J. Rock Mech. Min. Sci., 
34, No. 8, pp. 1229–1236. 

Talesnick, M. L. & Ringel, M. 1999. Completing the hollow cylinder methodology for 
testing of transversely isotropic rocks: torsion testing. Int. J. Rock Mech. Min. Sci., 36, 
pp. 627–639. 

Worotnicki, G. 1993. CSIRO triaxial stress measurement cell. In Comprehensive Rock 
Engineering — Principles, Practice & Projects, Vol 3, pp. 329–394. Oxford: Pergamon 
Press.



82



83

APPENDICES  

APPENDIX 2-1: SENSITIVITY STUDY OF CSIRO-HI AND BORRE PROBE 

APPENDIX 2-2: INFLUENCE OF ANISOTROPY (AMADEI, 1983) 

APPENDIX 3-1: CSIRA — ORIGINAL PROGRAM MANUAL 

APPENDIX 3-2: PROJECT OPTIONS FOR CSIRA BUILDING IN ABSOFT 
PRO FORTRAN V 9.0 DEVELOPER TOOLS INTERFACE 

APPENDIX 3-3: CSIRA CODE MODIFICATIONS 

APPENDIX 3-4: NUMERICAL EXAMPLES 

APPENDIX 3-5: MANUAL FOR CSIRA_DATA CODE 

APPENDIX 3-6: MANUAL FOR NUNES CODE—BORRE AND CSIRO HI 
VERSION

APPENDIX 3-7: TRANSVERSELY ISOTROPIC STRESS RESULTS 

APPENDIX 3-8: EFFECT OF ORIENTATION OF FOLIATION ON RESULTING 
STRESSES



84



APPENDIX 2-1 85

APPENDIX 2-1: SENSITIVITY STUDY OF CSIRO-HI AND BORRE PROBE 



APPENDIX 2-1 86



A
P

P
E

N
D

IX
 2-1 

87

Measurements: Cell rotation* : 180 Properties and geometry : KMS Hakala Oy, 12/2003

gauge No. gauge ID ° ° accept** Intact rock Pilot hole

1 A0 323 0 -6 1 E2 46.0 GPa Ex 38.5 mm diameter

2 A90 300 90 297 1 2 0.36 dip -45.0 ° positive = down from horizontal

3 A45 300 45 152 1 bearing 354.0 ° positive = cw_from north

4 B45 163.5 45 456 1
5 B135 163.5 135 603 1 Epoxy *** Probe

6 B90 180 90 976 1 E1 46.0 GPa R1 17 mm internal radius of cell

7 C0 83 0 23 1 1 0.36 17.25 mm radial position of gauges

8 C90 60 90 -15 1
9 C45 60 45 88 1
10 D135 300 135 125 1

11 E90 210 90 617 1 -
12 F90 90 90 -242 1 *) Cell rotation = angular position of B90 rosette, normally 180 from vertical ( up ), positive cw from top

Results:

Strains Orthogonal stresses Principal stressess

gauge No. gauge ID meas. calc. diff. err_% probe tensor ( MPa ) global tensor ( MPa ) value dip, ° bearing, °
1 A0 -6 8 14 171 %

2 A90 297 250 -47 -19 % 0
x 19.7 0

x 19.6 1 20.2 10 264

3 A45 152 140 -12 -9 % 0
y 2.9 0

y 6.4 2 8.5 35 167

4 B45 456 438 -18 -4 % 0
z 8.5 0

z 5.0 3 2.5 53 7

5 B135 603 589 -14 -2 % 0
xy 2.2 0

xy 0.9 H 19.7 0 86

6 B90 976 1019 43 4 % 0
xz -1.6 0

xz 2.4 h 6.4 0 356

7 C0 23 8 -15 -171 % 0
y z 0.7 0

y z 3.1 V 5.0 90 0

8 C90 -15 -25 -10 39 %
9 C45 88 72 -16 -22 %
10 D135 125 118 -7 -6 % x - horizontal x - east

11 E90 617 579 -38 -7 % y - up when dip=0 y - north

12 F90 -242 -190 52 -28 % z - opposite to coring direction z - up

Correlation : 0.993
Linear estimation coefficient : 0.996

Amount of unexplained : 8 %

1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

20.2 10.0 263.8 8 35 167 2.5 52.8 7.3 19.7 86.0 6.4 356.0 5.0 19.6 6.4 5.0 0.9 2.4 3.1

 * x - East, y - North, z - Up, dip = plunge = positive value downwards from horizontal, dd = trend = positive value clockwise from North

F
ig

u
re 1

. R
eference case data for 12 gauge C
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I cell. 
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In situ stress calculation for Borre probe 
- based on Leeman E. R., 1971.  "The CSIR Doorstopper and Triaxial Rock Stress Measuring Instrument".  Rock Mechanics 3, 25-50 ( 1971 ).  Springer-Verlag 1971

Input values

Bore hole Probe orientation ball Intact Rock

bearing 354 bearing 330 E 46
dip -45 0.36

Measured strains ( microns ) Resulting strains

rosette theta_m theta gauge g_name strain_m calc_strain diff. err_%

1 60 30 1 e_axi 53 35 18 50 %
60 30 2 e_tan -63 -52 -11 22 %
60 30 3 e_45 59 88 -29 -33 %

2 300 150 4 e_axi 21 35 -14 -41 %
300 150 5 e_tan 280 271 9 3 %
300 150 6 e_45 132 166 -34 -21 %

3 180 270 7 e_axi 32 35 -3 -9 %
180 270 8 e_tan 1090 1088 2 0 % Correlation : 1.00
180 270 9 e_45 420 452 -32 -7 % Unexplained : 7 %

Resulting in situ state of stress

Principal stressess Orthogonal stresses

value dip, ° bearing, ° global tensor ( MPa ) probe tensor ( MPa )

1 21.1 12 263 0
x 20.4 x 20.5

2 10.0 35 165 0
y 7.6 y 3.2

3 2.7 52 8 0
z 5.9 z 10.2

H 20.9 0 86 0
xy 0.9 xy 2.5

h 7.6 0 360 0
xz 2.7 xz -1.8

V 5.4 90 0 0
y z 3.8 y z 0.8

x - east x - horizontal

y - north y - up when dip=0

z - up z - opposite to coring direction

1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz

21.1 12 263 10.0 35 165 2.7 52 8 20.9 86 7.6 360 5.4 20.4 7.6 5.9 0.9 2.7

 * x - East, y - North, z - Up, dip = plunge = positive value downwards from horizontal, dd = trend = positive value clockwise from North

F
ig

u
re 2

. R
eference case data for 9 gauge B

orre P
robe. 
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Case 1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

reference 20.2 10 263 8.5 34 166 2.4 54 8 19.7 86 6.5 356 4.9 19.6 6.6 4.9 1.0 2.4 3.1

gauge A0 = 23 microstrain = C0 20.3 10 264 9.2 36 166 2.6 52 7 19.8 86 6.8 356 5.5 19.8 6.9 5.5 0.9 2.3 3.4

gauge C0 = -6 microstrain = A0 20.0 10 264 7.7 33 167 2.3 55 8 19.6 86 6.0 356 4.4 19.5 6.1 4.4 1.0 2.5 2.8

all gauges + 30 microstrain 21.3 10 263 10.6 36 165 3.6 52 7 20.8 86 8.0 356 6.7 20.7 8.1 6.7 0.9 2.3 3.6

all gauges - 30 microstrain 19.0 10 264 6.3 34 168 1.3 55 8 18.6 86 4.7 356 3.4 18.5 4.8 3.4 1.0 2.4 2.5

rosette A damaged 19.0 8 260 8.2 38 164 1.5 51 0 18.7 82 5.6 352 4.4 18.5 5.8 4.4 1.7 1.5 3.6

rosette B damaged 22.3 10 264 9.3 36 167 2.6 52 8 21.8 87 6.9 357 5.5 21.8 6.9 5.5 0.9 2.7 3.4

rosette C damaged 20.0 10 265 7.7 36 167 2.2 53 8 19.6 86 5.7 356 4.6 19.5 5.8 4.6 0.9 2.4 2.8

rosette A + 100 microstrain 21.6 13 264 11.5 40 163 3.7 47 8 20.9 88 8.0 358 7.8 20.9 8.0 7.8 0.5 2.8 4.1

rosette B + 100 microstrain 21.6 10 264 9.0 36 167 2.6 52 7 21.1 87 6.7 357 5.3 21.0 6.7 5.3 0.9 2.5 3.3

rosette C + 100 microstrain 20.6 10 261 11.2 37 163 3.7 51 4 20.2 84 8.4 354 7.0 20.1 8.5 7.0 1.2 1.9 3.9

all + rand( -75...75 ) microstrain 20.1 11 263 8.5 31 166 2.4 57 10 19.6 85 6.8 355 4.6 19.5 6.9 4.6 1.1 2.6 3.1

all + rand(0...150) microstrain 20.9 10 263 10.9 38 165 3.1 50 6 20.5 86 7.8 356 6.7 20.5 7.9 6.7 0.8 2.1 4.0

all + rand(0...150) microstrain 21.2 10 264 9.5 37 166 3.6 51 6 20.8 86 7.2 356 6.3 20.7 7.3 6.3 0.9 2.3 3.1

Young's modulus -10% 18.1 10 264 7.6 35 167 2.2 53 7 17.7 86 5.7 356 4.5 17.7 5.8 4.5 0.8 2.1 2.8

Poisson's ratio -0.05 19.4 10 264 7.1 33 167 2.3 55 9 18.9 86 5.6 356 4.2 18.8 5.7 4.2 1.0 2.4 2.4

axial gauges +50 inclined +25 microstrain 19.8 11 263 9.6 36 165 2.8 52 7 19.3 86 7.1 356 5.7 19.3 7.2 5.7 0.9 2.3 3.5

tangential gauges +30% inclined +15% 25.1 9 264 9.1 34 168 3.0 55 8 24.6 86 7.2 356 5.5 24.5 7.2 5.5 1.2 3.0 3.1

T
a

b
le 1

. C
SIR

O
-H

I cell: interpreted in situ state of stress for the reference case and 
sim

ulated cases w
ith errors . 
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Case 1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

gauge A0 = 23 microstrain = C0 0.1 0 0 0.7 2 -1 0.2 -2 -1 0.1 0 0.3 0 0.6 0.2 0.3 0.6 -0.1 -0.1 0.3

gauge C0 = -6 microstrain = A0 -0.2 0 0 -0.7 -1 1 -0.2 1 0 -0.1 0 -0.5 0 -0.5 -0.1 -0.5 -0.5 0.0 0.0 -0.3

all gauges + 30 microstrain 1.1 0 0 2.1 2 -1 1.2 -2 -1 1.1 0 1.5 0 1.8 1.1 1.5 1.8 -0.1 -0.1 0.5

all gauges - 30 microstrain -1.1 -1 1 -2.2 0 1 -1.1 0 0 -1.1 0 -1.8 0 -1.5 -1.1 -1.8 -1.5 0.0 0.0 -0.5

rosette A damaged -1.2 -2 -3 -0.3 4 -3 -0.9 -3 -7 -1.0 -3 -0.9 -3 -0.5 -1.2 -0.8 -0.5 0.7 -0.9 0.5

rosette B damaged 2.2 0 1 0.8 2 0 0.2 -2 0 2.1 1 0.4 1 0.6 2.1 0.4 0.6 -0.1 0.3 0.3

rosette C damaged -0.2 0 1 -0.8 2 1 -0.2 -1 0 -0.1 1 -0.8 1 -0.3 -0.1 -0.8 -0.3 -0.1 0.0 -0.3

rosette A + 100 microstrain 1.4 3 0 3.0 6 -4 1.3 -7 1 1.2 2 1.5 2 3.0 1.3 1.5 3.0 -0.5 0.4 1.0

rosette B + 100 microstrain 1.4 0 1 0.5 2 1 0.1 -2 0 1.4 1 0.2 1 0.5 1.4 0.2 0.5 -0.1 0.1 0.2

rosette C + 100 microstrain 0.4 0 -2 2.7 3 -3 1.3 -3 -4 0.5 -1 1.9 -1 2.1 0.4 1.9 2.1 0.2 -0.5 0.8

all + rand( -75...75 ) microstrain -0.1 1 -1 0.1 -3 -1 -0.1 3 2 -0.1 -1 0.3 -1 -0.3 -0.2 0.4 -0.3 0.1 0.2 0.0

all + rand(0...150) microstrain 0.8 0 0 2.5 4 -1 0.7 -4 -2 0.8 1 1.3 1 1.8 0.9 1.3 1.8 -0.2 -0.3 0.9

all + rand(0...150) microstrain 1.1 0 1 1.0 3 0 1.1 -3 -2 1.1 0 0.7 0 1.4 1.1 0.7 1.4 -0.1 -0.1 0.0

Young's modulus -10% -2.0 0 0 -0.9 1 0 -0.2 -1 -1 -2.0 0 -0.8 0 -0.4 -2.0 -0.8 -0.4 -0.1 -0.3 -0.3

Poisson's ratio -0.05 -0.8 0 0 -1.4 -1 1 -0.1 1 1 -0.8 0 -0.9 0 -0.7 -0.8 -0.9 -0.7 0.0 0.0 -0.6

axial gauges +50 inclined +25 microstrain -0.4 1 -1 1.1 2 -2 0.3 -2 -1 -0.4 0 0.6 0 0.8 -0.4 0.6 0.8 -0.1 -0.1 0.4

tangential gauges +30% inclined +15% 4.9 -1 1 0.6 0 2 0.6 1 0 4.9 0 0.7 0 0.6 4.9 0.7 0.6 0.2 0.6 0.0

T
a

b
le 2

. C
SIR

O
-H

I cell: absolute change in interpreted in situ state of stress w
hen 

com
pared to reference case. 
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Case 1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

gauge A0 = 23 microstrain = C0 1 % 1 % 0 % 9 % 6 % 0 % 8 % -4 % -12 % 1 % 0 % 5 % 0 % 12 % 1 % 5 % 12 % -9 % -4 % 10 %

gauge C0 = -6 microstrain = A0 -1 % -2 % 0 % -8 % -3 % 0 % -6 % 2 % 7 % -1 % 0 % -7 % 0 % -8 % -1 % -7 % -8 % 4 % 1 % -9 %

all gauges + 30 microstrain 5 % 3 % 0 % 27 % 7 % -1 % 52 % -4 % -13 % 6 % 0 % 25 % 0 % 40 % 6 % 24 % 40 % -11 % -5 % 19 %

all gauges - 30 microstrain -5 % -6 % 0 % -20 % -1 % 1 % -30 % 1 % 2 % -5 % 0 % -22 % 0 % -23 % -5 % -22 % -23 % 0 % -1 % -15 %

rosette A damaged -6 % -22 % -1 % -4 % 12 % -2 % -71 % -6 % -93 % -5 % -4 % -20 % -1 % -14 % -6 % -16 % -14 % 73 % -38 % 18 %

rosette B damaged 11 % -1 % 0 % 10 % 5 % 0 % 12 % -4 % -35 % 11 % 1 % 7 % 0 % 14 % 12 % 6 % 14 % -6 % 18 % 10 %

rosette C damaged -1 % -4 % 0 % -9 % 5 % 1 % -9 % -3 % -3 % -1 % 1 % -11 % 0 % -6 % 0 % -12 % -6 % -15 % 0 % -8 %

rosette A + 100 microstrain 7 % 30 % 0 % 39 % 17 % -2 % 58 % -13 % 7 % 6 % 2 % 26 % 1 % 65 % 6 % 25 % 65 % -57 % 16 % 35 %

rosette B + 100 microstrain 6 % -2 % 0 % 5 % 5 % 0 % 4 % -4 % -5 % 7 % 1 % 2 % 0 % 6 % 7 % 2 % 6 % -26 % 4 % 5 %

rosette C + 100 microstrain 2 % 1 % -1 % 31 % 9 % -2 % 50 % -6 % -50 % 2 % -2 % 28 % 0 % 39 % 2 % 28 % 39 % 19 % -21 % 25 %

all + rand( -75...75 ) microstrain 0 % 6 % 0 % 1 % -9 % 0 % -2 % 6 % 41 % -1 % -1 % 4 % 0 % -4 % -1 % 4 % -4 % 12 % 9 % 0 %

all + rand(0...150) microstrain 4 % -1 % 0 % 29 % 14 % -1 % 30 % -7 % -24 % 4 % 1 % 19 % 0 % 39 % 4 % 19 % 39 % -16 % -13 % 31 %

all + rand(0...150) microstrain 5 % -4 % 0 % 9 % 9 % 0 % 36 % -6 % -29 % 5 % 0 % 9 % 0 % 21 % 5 % 9 % 21 % -8 % -7 % 0 %

Young's modulus -10% -10 % -2 % 0 % -9 % 4 % 0 % -6 % -2 % -10 % -9 % 0 % -11 % 0 % -6 % -9 % -11 % -6 % -16 % -13 % -10 %

Poisson's ratio -0.05 -4 % -3 % 0 % -18 % -4 % 1 % -5 % 2 % 9 % -4 % 0 % -15 % 0 % -15 % -4 % -15 % -15 % 5 % -1 % -23 %

axial gauges +50 inclined +25 microstrain -2 % 7 % 0 % 15 % 5 % -1 % 15 % -4 % -10 % -2 % 0 % 11 % 0 % 19 % -2 % 11 % 19 % -7 % -5 % 17 %

tangential gauges +30% inclined +15% 25 % -7 % 0 % 7 % -1 % 1 % 21 % 1 % 2 % 25 % 0 % 9 % 0 % 11 % 25 % 9 % 11 % 23 % 24 % 0 %

T
a

b
le 

3
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Case 1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

reference 20.3 11 263 8.6 33 165 2.5 55 10 20.1 86 6.8 360 4.5 19.6 6.8 5.0 1.0 2.7 3.1

all axial gauges = 53 microstrain = gauge 1 20.5 12 263 9.5 33 165 2.6 55 10 20.3 86 7.4 360 4.8 19.8 7.4 5.4 0.9 2.8 3.5

all axial gauges = 21 microstrain = gauge 4 20.2 11 264 8.0 31 167 2.3 57 12 20.0 86 6.5 360 3.9 19.5 6.5 4.4 1.0 2.9 2.8

all axial gauges +33 microstrain 20.6 12 262 10.2 35 163 2.8 53 9 20.4 86 7.7 360 5.5 19.9 7.7 6.0 0.9 2.7 3.8

all gauges +33 microstrain 21.4 12 262 10.7 34 164 3.7 53 9 21.2 86 8.4 360 6.2 20.7 8.4 6.7 1.0 2.7 3.7

rosette 1 + 100 microstrain 20.6 10 259 10.7 34 162 4.6 54 4 20.2 82 8.9 0 6.8 19.9 8.9 7.0 1.7 1.9 3.2

rosette 2 + 100 microstrain 21.2 15 266 10.8 33 166 3.8 53 16 21.1 90 8.6 0 6.2 20.2 8.6 7.0 0.1 3.5 3.4

rosette 3 + 100 microstrain 22.7 11 262 10.8 36 164 2.4 52 6 22.4 85 7.8 360 5.6 22.0 7.8 6.0 1.2 2.6 4.3

all + rand( -75...75 ) microstrain 20.0 9 265 8.0 37 167 3.4 51 6 19.8 86 6.3 0 5.2 19.5 6.3 5.5 0.9 2.2 2.4

all + rand(0...150) microstrain 21.6 12 262 11.5 33 164 3.4 54 10 21.3 86 9.0 0 6.1 20.8 9.0 6.6 0.8 2.7 4.1

Young's modulus -10% 18.2 11 263 7.7 33 165 2.3 55 10 18.1 86 6.1 0 4.1 17.6 6.1 4.5 0.9 2.5 2.8

Poisson's ratio -0.05 19.6 11 263 7.3 30 166 2.3 57 11 19.5 85 6.1 0 3.7 18.9 6.1 4.3 1.1 2.8 2.5

axial gauges +50 inclined +25 microstrain 20.7 13 262 11.0 35 162 3.0 52 8 20.5 86 8.2 360 6.0 20.0 8.2 6.5 0.9 2.6 4.2

tangential gauges +30% inclined +15% 26.5 13 262 10.6 30 164 3.1 57 12 26.1 84 8.7 360 5.3 25.3 8.7 6.1 1.7 4.0 3.9

T
a

b
le 4

. B
orre P
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Case 1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

all axial gauges = 53 microstrain = gauge 1 0.2 1 0 0.9 0 -1 0.0 0 1 0.2 0 0.6 0 0.3 0.2 0.6 0.3 -0.1 0.1 0.4

all axial gauges = 21 microstrain = gauge 4 -0.1 0 1 -0.6 -2 1 -0.3 2 2 0.0 0 -0.3 0 -0.6 -0.1 -0.3 -0.6 -0.1 0.1 -0.3

all axial gauges +33 microstrain 0.3 1 -1 1.6 2 -2 0.3 -2 -1 0.3 0 1.0 0 1.0 0.3 1.0 1.0 -0.1 -0.1 0.7

all gauges +33 microstrain 1.1 1 -1 2.1 1 -1 1.1 -1 -1 1.1 0 1.6 0 1.7 1.1 1.6 1.7 -0.1 -0.1 0.5

rosette 1 + 100 microstrain 0.3 -1 -4 2.1 1 -4 2.1 -1 -6 0.1 -4 2.2 0 2.2 0.3 2.2 2.0 0.6 -0.8 0.1

rosette 2 + 100 microstrain 0.9 3 3 2.2 0 0 1.3 -1 7 1.0 4 1.8 0 1.6 0.6 1.8 2.0 -1.0 0.8 0.3

rosette 3 + 100 microstrain 2.4 -1 -1 2.2 3 -1 -0.1 -3 -3 2.3 0 1.0 0 1.1 2.4 1.0 1.0 0.1 -0.1 1.2

all + rand( -75...75 ) microstrain -0.3 -2 2 -0.6 4 2 0.9 -3 -3 -0.3 1 -0.4 0 0.7 -0.1 -0.4 0.5 -0.1 -0.6 -0.7

all + rand(0...150) microstrain 1.3 1 -1 2.9 0 -1 0.9 0 0 1.3 0 2.2 0 1.5 1.2 2.2 1.5 -0.2 0.0 1.0

Young's modulus -10% -2.0 0 0 -0.9 0 0 -0.3 0 0 -2.0 0 -0.7 0 -0.5 -2.0 -0.7 -0.5 -0.1 -0.3 -0.3

Poisson's ratio -0.05 -0.6 0 0 -1.3 -3 1 -0.2 3 2 -0.6 0 -0.7 0 -0.8 -0.7 -0.7 -0.8 0.1 0.1 -0.6

axial gauges +50 inclined +25 microstrain 0.5 1 -1 2.4 2 -3 0.4 -3 -1 0.4 0 1.5 0 1.5 0.4 1.5 1.5 -0.1 -0.1 1.1

tangential gauges +30% inclined +15% 6.2 1 -1 2.0 -3 -1 0.5 2 2 6.0 -1 2.0 0 0.7 5.7 2.0 1.0 0.7 1.3 0.8

T
a

b
le 
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Case 1 dip, ° dd, ° 2 dip, ° dd, ° 3 dip, ° dd, ° H dir, ° h dir, ° V x y z xy xz yz

all axial gauges = 53 microstrain = gauge 1 1 % 5 % 0 % 11 % -1 % 0 % 2 % 0 % 8 % 1 % 0 % 10 % 0 % 7 % 1 % 10 % 7 % -12 % 3 % 13 %

all axial gauges = 21 microstrain = gauge 4 0 % -1 % 0 % -7 % -8 % 1 % -11 % 4 % 22 % 0 % 0 % -4 % 0 % -14 % 0 % -4 % -12 % -5 % 5 % -9 %

all axial gauges +33 microstrain 1 % 7 % 0 % 19 % 5 % -1 % 12 % -3 % -10 % 1 % 0 % 14 % 0 % 21 % 1 % 14 % 19 % -7 % -3 % 23 %

all gauges +33 microstrain 6 % 5 % 0 % 25 % 4 % -1 % 45 % -3 % -8 % 5 % 0 % 24 % 0 % 36 % 6 % 24 % 33 % -6 % -2 % 18 %

rosette 1 + 100 microstrain 1 % -9 % -2 % 24 % 3 % -2 % 81 % -1 % -63 % 0 % -5 % 32 % 0 % 49 % 2 % 32 % 40 % 62 % -30 % 4 %

rosette 2 + 100 microstrain 4 % 30 % 1 % 26 % -1 % 0 % 52 % -2 % 73 % 5 % 5 % 27 % 0 % 36 % 3 % 27 % 40 % -94 % 29 % 10 %

rosette 3 + 100 microstrain 12 % -6 % 0 % 25 % 10 % -1 % -4 % -5 % -34 % 12 % 0 % 15 % 0 % 24 % 12 % 15 % 20 % 15 % -5 % 39 %

all + rand( -75...75 ) microstrain -2 % -18 % 1 % -7 % 12 % 1 % 35 % -6 % -32 % -1 % 1 % -6 % 0 % 15 % 0 % -6 % 10 % -11 % -21 % -22 %

all + rand(0...150) microstrain 6 % 8 % 0 % 33 % -1 % -1 % 34 % 0 % 4 % 6 % 1 % 33 % 0 % 34 % 6 % 33 % 31 % -18 % 0 % 31 %

Young's modulus -10% -10 % 0 % 0 % -10 % 0 % 0 % -10 % 0 % 0 % -10 % 0 % -10 % 0 % -10 % -10 % -10 % -10 % -10 % -10 % -10 %

Poisson's ratio -0.05 -3 % -1 % 0 % -15 % -9 % 1 % -8 % 5 % 19 % -3 % 0 % -10 % 0 % -18 % -3 % -10 % -15 % 10 % 3 % -19 %

axial gauges +50 inclined +25 microstrain 2 % 11 % -1 % 28 % 6 % -2 % 18 % -5 % -13 % 2 % 0 % 22 % 0 % 33 % 2 % 22 % 29 % -11 % -4 % 34 %

tangential gauges +30% inclined +15% 31 % 9 % 0 % 23 % -9 % -1 % 21 % 4 % 21 % 30 % -1 % 29 % 0 % 16 % 29 % 29 % 21 % 67 % 47 % 24 %

T
a

b
le 6

. B
orre P

robe: relative change in interpreted in situ state of stress w
hen com

-
pared to reference case. 
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APPENDIX 2-2: INFLUENCE OF ANISOTROPY (AMADEI, 1983) 
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APPENDIX 3-1: CSIRA — ORIGINAL PROGRAM MANUAL 
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APPENDIX 3-2: PROJECT OPTIONS FOR CSIRA BUILDING IN ABSOFT 
PRO FORTRAN V 9.0 DEVELOPER TOOLS INTERFACE 
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Project Options for CSIRA building in Absoft Pro Fortran v 9.0 Developer 
Tools Interface 
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APPENDIX 3-3: CSIRA CODE MODIFICATIONS 
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CSIRA code modifications 

The following modifications were needed to compile and run the original CSIRA 
code in Absoft Pro Fortran v 9.0 environment with IMSL Fortran Numerical 
Libraries v 5.0. 

Section PROGRAM CSIRA 

line number original line(s) 

replacing lines 

16        USE NUMERICAL_LIBRARIES 

 !     replace "USE NUMERICAL_LIBRARIES" with "USE sr_name" 

 !     subroutine EVCSF works if full parameter lits is given 
       USE EVCSF_INT 

 !     instead of USE ZPORC_INT: 
       USE ZPORC_INT

 !     needed for use of L2LRG :   
       USE IUMAG_INT 
      
 !     instead of USE LSARG_INT: 
       USE L2LRG_INT 

 !     instead of USE LINRG_INT: 
       USE L2NRG_INT

28  C 

       INTEGER ICHP, IPATH, IPUT, KBANK 
       PARAMETER (ICHP=1, IPATH=1, IPUT=2, KBANK=16) 
       INTEGER IOPT(1), IVAL(4) 
       SAVE IVAL 
       DATA IVAL/1,16,1,6/ 
       IOPT(1)=KBANK 
       CALL IUMAG("MATH", ICHP, IPUT, 1, IOPT, IVAL) 

183        CALL ZPLRC(6,AAA,ROOT) 

 !     CALL ZPLRC(AAA,ROOT,6) 
       CALL ZPORC(AAA,ROOT,6) 
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206        CALL ZPLRC(4,AAA,ROOT) 

 !     CALL ZPLRC(AAA,ROOT,4) 
       CALL ZPORC(AAA,ROOT,4) 

225        CALL ZPLRC(2,AAA,ROOT) 

 !     CALL ZPLRC(AAA,ROOT,2) 
       CALL ZPORC(AAA,ROOT,2)

370        CALL EVCSF(3,SIG,3,BD,ZZ,3) 

       CALL EVCSF(SIG,BD,ZZ) 

Section SUBROUTINE ORIENA 

 !     - no changes

Section SUBROUTINE ORIENH 

 !     - no changes

Section SUBROUTINE TRANSF() 

 !     - no changes

Section SUBROUTINE TRANS() 

 !     - no changes
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Section SUBROUTINE PROMAT() 

 !     - no changes

Section SUBROUTINE TETSS() 

 !     - no changes

Section SUBROUTINE STRESS() 

 !     - no changes

Section SUBROUTINE STAT() 

line number original lines 

replacing lines 

731 
732 

       DIMENSION Y(24,1),X(24,6),B(6,1),XT(6,24),X1(6,6),YHAT(2
      1S(6,6),BB(6,1),X1INV(6,6) 

       DIMENSION 
Y(24,1),X(24,6),B(6,1),XT(6,24),X1(6,6),YHAT(24,1),&
     & S(6,6),BB(6,1),X1INV(6,6), FACT(6,6) 
 !     --- FOR L2LRG, also FACT in DIMENSION section above: 
       REAL WK(6), WK2(21) 
       INTEGER IPVT(6),IWK(6) 

737        CALL LSARG(6,X1,6,B,1,BB) 

 !     CALL LSARG(X1,B,BB) 
       CALL L2LRG(6,X1,6,B,1,BB,FACT,IPVT,WK) 

760        CALL LINRG(6,X1,6,X1INV,6) 

       CALL L2NRG(6,X1,6,X1INV,6,WK2,IWK) 
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Section SUBROUTINE PRINCC() 

 !     - no changes



APPENDIX 3-4 151

APPENDIX 3-4: NUMERICAL EXAMPLES 
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Numerical Examples 1 

Input file ICSIR1.dat

90.,0.
0.,0.,1
75000,75000,75000,30000,30000,30000,0.25,0.25,0.25
1e20,1e20,1000.
1e20,1e20,1000.
1e20,1e20,1000.
3
4
45.65,300.,0.
-61.49,300.,90.
-76.54,300.,45.
60.70,300.,135.
4
166.1,180.,45.
99.39,180.,135.
219.8,180.,90.
45.69,180.,0
4
45.65,60.,0.
163.7,60.,90.
140.0,60.,45.
69.35,60.,135
95.,2.45

Output file ICSIR1.out

BOREHOLE AZIMUTH      90.00 
BOREHOLE RISE          0.00 
DIP ANGLE   0.00 
DIP DIRECTION          0.00 

YOUNG MODULUS IN N DIRECTION   75000.00 
YOUNG MODULUS IN S DIRECTION   75000.00 
YOUNG MODULUS IN T DIRECTION   75000.00 
SHEAR MODULUS IN NS PLANE      30000.00 
SHEAR MODULUS IN NT PLANE      30000.00 
SHEAR MODULUS IN ST PLANE      30000.00 
POISSON RATIO MUNS      0.25 
POISSON RATIO MUNT      0.25 
POISSON RATIO MUTS      0.25 

JOINT SET # 1
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 

JOINT SET # 2
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 
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JOINT SET # 3
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 

ROSETTE 1 

STRAIN 0.4565E-04  ALPHA  300.00  PSI    0.00 
STRAIN -.6149E-04  ALPHA  300.00  PSI   90.00 
STRAIN -.7654E-04  ALPHA  300.00  PSI   45.00 
STRAIN 0.6070E-04  ALPHA  300.00  PSI  135.00 

ROSETTE 2 

STRAIN 0.1661E-03  ALPHA  180.00  PSI   45.00 
STRAIN 0.9939E-04  ALPHA  180.00  PSI  135.00 
STRAIN 0.2198E-03  ALPHA  180.00  PSI   90.00 
STRAIN 0.4569E-04  ALPHA  180.00  PSI    0.00 

ROSETTE 3 

STRAIN 0.4565E-04  ALPHA   60.00  PSI    0.00 
STRAIN 0.1637E-03  ALPHA   60.00  PSI   90.00 
STRAIN 0.1400E-03  ALPHA   60.00  PSI   45.00 
STRAIN 0.6935E-04  ALPHA   60.00  PSI  135.00 

COMPLIANCE MATRIX [A] IN xyz COORDINATE SYSTEM 

0.1333E-04 -.3333E-05 -.3333E-05 0.0000E+00 0.0000E+00 0.0000E+00 
-.3333E-05 0.1333E-04 -.3333E-05 0.0000E+00 0.3326E-20 0.0000E+00 
-.3333E-05 -.3333E-05 0.1333E-04 0.0000E+00 0.0000E+00 0.0000E+00 
0.0000E+00 0.0000E+00 0.0000E+00 0.3333E-04 0.0000E+00 0.0000E+00 
0.3246E-20 0.3326E-20 -.3246E-20 0.0000E+00 0.3333E-04 0.0000E+00 
0.0000E+00 0.0000E+00 0.0000E+00 -.3246E-20 0.0000E+00 0.3333E-04 

ROOTS MU1, MU2 AND MU3 

MU1  0.8941E-070.1000E+01 
 0.4768E-100.5960E-110.4425E-270.3326E-20-.1526E-110.6777E-17 

MU2  -.8941E-070.1000E+01 
 -.5563E-10-.5960E-11-.4425E-270.3326E-20-.1705E-110.7289E-17 

MU3  0.0000E+000.1000E+01 
 0.0000E+000.0000E+000.0000E+000.3326E-20-.1819E-110.0000E+00 



APPENDIX 3-4 155

MATRICES YROS AND XROS

0.4565E-04 -.3333E-05 -.3333E-05 0.1333E-04 -.1190E-19-.1457E-11 -.2723E-12 

-.6149E-04 0.8333E-06 0.2583E-04 -.3333E-05 -.4416E-11 0.1821E-11 -.4330E-04 

-.7654E-04 -.1250E-05 0.1125E-04 0.5000E-05 0.2887E-04 -.1667E-04 -.2165E-04 

0.6070E-04 -.1250E-05 0.1125E-04 0.5000E-05 -.2887E-04 0.1667E-04 -.2165E-04 

0.1661E-03 0.1750E-04 -.7500E-05 0.5000E-05 0.3975E-12 0.3333E-04 0.5962E-12 

0.9939E-04 0.1750E-04 -.7500E-05 0.5000E-05 -.3975E-12 -.3333E-04 0.5962E-12 

0.2198E-03 0.3833E-04 -.1167E-04 -.3333E-05 0.1738E-19 0.7285E-12 0.1192E-11 

0.4569E-04 -.3333E-05 -.3333E-05 0.1333E-04 0.1426E-27 -.1457E-11 0.3262E-20 

0.4565E-04 -.3333E-05 -.3333E-05 0.1333E-04 0.1190E-19 -.1457E-11 0.2723E-12 

0.1637E-03 0.8333E-06 0.2583E-04 -.3333E-05 0.4416E-11 0.1821E-11 0.4330E-04 

0.1400E-03 -.1250E-05 0.1125E-04 0.5000E-05 -.2887E-04 -.1667E-04 0.2165E-04 

0.6935E-04 -.1250E-05 0.1125E-04 0.5000E-05 0.2887E-04 0.1667E-04 0.2165E-04 

STANDARD DEVIATION ABOUT REGRESSION   0.2524E-07 
MULTIPLE CORRELATION COEFFICIENT      0.1000E+01 

STRESS FIELD IN GLOBAL COORDINATE SYSTEM

SIGXO  0.7000E+01 
SIGYO  0.2501E+01 
SIGZO  0.5800E+01 
TAUYZO -.1800E+01 
TAUXZO 0.1000E+01 
TAUXYO 0.2600E+01 

SIG1   0.8203E+01 
L     0.9166 M     0.3897 N     0.0895 
BEARING  185.57  DIP  22.94 

SIG2   0.6583E+01 
L     0.0656 M    -0.3673 N     0.9278 
BEARING   85.95  DIP  21.55 

SIG3   0.5139E+00 
L    -0.3944 M     0.8445 N     0.3623 
BEARING  317.44  DIP  57.62 

STRESS FIELD, UPPER 95.00% LIMITS 

SIGXO  0.7001E+01 
SIGYO  0.2502E+01 
SIGZO  0.5802E+01 
TAUYZO -.1799E+01 
TAUXZO 0.1001E+01 
TAUXYO 0.2601E+01 

SIG1   0.8205E+01 
L     0.9166 M     0.3896 N     0.0901 
BEARING  185.62  DIP  22.93 
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SIG2   0.6585E+01 
L     0.0650 M    -0.3675 N     0.9278 
BEARING   85.99  DIP  21.56 

SIG3   0.5152E+00 
L    -0.3946 M     0.8445 N     0.3621 
BEARING  317.46  DIP  57.62 

STRESS FIELD, LOWER 95.00% LIMITS 

SIGXO  0.6998E+01 
SIGYO  0.2499E+01 
SIGZO  0.5797E+01 
TAUYZO -.1801E+01 
TAUXZO 0.9990E+00 
TAUXYO 0.2599E+01 

SIG1   0.8201E+01 
L     0.9166 M     0.3899 N     0.0888 
BEARING  185.53  DIP  22.95 

SIG2   0.6582E+01 
L     0.0663 M    -0.3672 N     0.9278 
BEARING   85.91  DIP  21.54 

SIG3   0.5125E+00 
L    -0.3943 M     0.8445 N     0.3624 
BEARING  317.41  DIP  57.62
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Numerical Examples 2 

Input file ICSIR2.dat

90.,0.
30.,30.,0
17500,35000,35000,7000,7000,14000,0.27,0.27,0.25
1e20,1e20,1000.
1e20,1e20,1000.
1e20,1e20,1000.
3
4
45.65,300.,0.
-61.49,300.,90.
-76.54,300.,45.
60.70,300.,135.
4
166.1,180.,45.
99.39,180.,135.
219.8,180.,90.
45.69,180.,0
4
45.65,60.,0.
163.7,60.,90.
140.0,60.,45.
69.35,60.,135
95.,2.45

Output file ICSIR2.out

BOREHOLE AZIMUTH      90.00 
BOREHOLE RISE          0.00 
DIP ANGLE  30.00 
DIP DIRECTION         30.00 

YOUNG MODULUS IN N DIRECTION   17500.00 
YOUNG MODULUS IN S DIRECTION   35000.00 
YOUNG MODULUS IN T DIRECTION   35000.00 
SHEAR MODULUS IN NS PLANE       7000.00 
SHEAR MODULUS IN NT PLANE       7000.00 
SHEAR MODULUS IN ST PLANE      14000.00 
POISSON RATIO MUNS      0.27 
POISSON RATIO MUNT      0.27 
POISSON RATIO MUTS      0.25 

JOINT SET # 1
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 

JOINT SET # 2
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 



APPENDIX 3-4 158

JOINT SET # 3
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 

ROSETTE 1 

STRAIN 0.4565E-04  ALPHA  300.00  PSI    0.00 
STRAIN -.6149E-04  ALPHA  300.00  PSI   90.00 
STRAIN -.7654E-04  ALPHA  300.00  PSI   45.00 
STRAIN 0.6070E-04  ALPHA  300.00  PSI  135.00 

ROSETTE 2 

STRAIN 0.1661E-03  ALPHA  180.00  PSI   45.00 
STRAIN 0.9939E-04  ALPHA  180.00  PSI  135.00 
STRAIN 0.2198E-03  ALPHA  180.00  PSI   90.00 
STRAIN 0.4569E-04  ALPHA  180.00  PSI    0.00 

ROSETTE 3 

STRAIN 0.4565E-04  ALPHA   60.00  PSI    0.00 
STRAIN 0.1637E-03  ALPHA   60.00  PSI   90.00 
STRAIN 0.1400E-03  ALPHA   60.00  PSI   45.00 
STRAIN 0.6935E-04  ALPHA   60.00  PSI  135.00 

COMPLIANCE MATRIX [A] IN xyz COORDINATE SYSTEM 

0.3793E-04 -.1861E-04 -.9522E-05 -.5722E-05 0.4871E-05 0.1688E-04 
-.1861E-04 0.5493E-04 -.1511E-04 0.3340E-05 -.6062E-05 0.5786E-05 
-.9522E-05 -.1511E-04 0.3190E-04 0.1117E-04 0.5583E-05 -.7446E-05 
-.5722E-05 0.3340E-05 0.1117E-04 0.1245E-03 0.2432E-04 -.8042E-06 
0.4871E-05 -.6062E-05 0.5583E-05 0.2432E-04 0.8805E-04 0.1120E-04 
0.1688E-04 0.5786E-05 -.7446E-05 -.8042E-06 0.1120E-04 0.1236E-03 

ROOTS MU1, MU2 AND MU3 

MU1  -.1930E+000.8206E+00 
 0.7387E-04-.6428E-040.6162E-06-.1137E-050.2358E-08-.1691E-07 

MU2  0.3000E+000.1166E+01 
 -.3380E-050.8760E-05-.4098E-05-.1727E-040.2486E-040.2254E-04 

MU3  0.5550E+000.1235E+01 
 -.1012E-040.6411E-04-.1270E-04-.2070E-040.8646E-050.2801E-05 
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      MATRICES YROS AND XROS

0.4565E-04 -.9522E-05 -.1511E-04 0.3190E-04 0.1117E-04 0.5583E-05 -.7446E-05 

-.6149E-04 -.1012E-04 0.9026E-04 -.1049E-04 0.7590E-05 -.7702E-05 -.1181E-03 

-.7654E-04 -.1293E-04 0.4366E-04 0.1414E-04 0.1005E-03 -.3751E-04 -.6607E-04 

0.6070E-04 -.6712E-05 0.3150E-04 0.7266E-05 -.8171E-04 0.3539E-04 -.5947E-04 

0.1661E-03 0.5463E-04 -.2713E-04 0.1398E-04 0.1676E-04 0.1013E-03 0.1723E-04 

0.9939E-04 0.4562E-04 -.2294E-04 0.8396E-05 -.7566E-05 -.8667E-04 0.1498E-05 

0.2198E-03 0.1098E-03 -.3497E-04 -.9522E-05 -.1976E-05 0.9013E-05 0.2618E-04 

0.4569E-04 -.9522E-05 -.1511E-04 0.3190E-04 0.1117E-04 0.5583E-05 -.7446E-05 

0.4565E-04 -.9522E-05 -.1511E-04 0.3190E-04 0.1117E-04 0.5583E-05 -.7446E-05 

0.1637E-03 0.1255E-04 0.1033E-03 -.1694E-04 0.8858E-05 0.5925E-05 0.1538E-03 

0.1400E-03 0.1162E-06 0.4012E-04 0.1250E-05 -.9324E-04 -.5176E-04 0.6861E-04 

0.6935E-04 0.2912E-05 0.4810E-04 0.1371E-04 0.1133E-03 0.6327E-04 0.7775E-04 

STANDARD DEVIATION ABOUT REGRESSION   0.2532E-07 
MULTIPLE CORRELATION COEFFICIENT      0.1000E+01 

STRESS FIELD IN GLOBAL COORDINATE SYSTEM

SIGXO  0.2340E+01 
SIGYO  0.8535E+00 
SIGZO  0.2905E+01 
TAUYZO -.7306E+00 
TAUXZO 0.2151E+00 
TAUXYO 0.6537E+00 

SIG1   0.3139E+01 
L     0.0095 M    -0.3020 N     0.9532 
BEARING   89.43  DIP  17.58 

SIG2   0.2581E+01 
L     0.9436 M     0.3183 N     0.0914 
BEARING  185.54  DIP  18.56 

SIG3   0.3784E+00 
L    -0.3311 M     0.8986 N     0.2880 
BEARING  318.98  DIP  63.97 

STRESS FIELD, UPPER 95.00% LIMITS 

SIGXO  0.2340E+01 
SIGYO  0.8539E+00 
SIGZO  0.2906E+01 
TAUYZO -.7302E+00 
TAUXZO 0.2155E+00 
TAUXYO 0.6540E+00 

SIG1   0.3139E+01 
L     0.0102 M    -0.3017 N     0.9534 
BEARING   89.39  DIP  17.56 
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SIG2   0.2582E+01 
L     0.9435 M     0.3187 N     0.0908 
BEARING  185.49  DIP  18.59 

SIG3   0.3789E+00 
L    -0.3312 M     0.8986 N     0.2879 
BEARING  319.00  DIP  63.97 

STRESS FIELD, LOWER 95.00% LIMITS 

SIGXO  0.2339E+01 
SIGYO  0.8531E+00 
SIGZO  0.2904E+01 
TAUYZO -.7309E+00 
TAUXZO 0.2147E+00 
TAUXYO 0.6534E+00 

SIG1   0.3138E+01 
L     0.0088 M    -0.3024 N     0.9531 
BEARING   89.47  DIP  17.60 

SIG2   0.2580E+01 
L     0.9436 M     0.3180 N     0.0921 
BEARING  185.58  DIP  18.54 

SIG3   0.3780E+00 
L    -0.3309 M     0.8986 N     0.2882 
BEARING  318.95  DIP  63.97 
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Numerical Examples 3 

Input file ICSIR3.dat

90.,0.
0.,0.,1
35000,35000,35000,7000,7000,14000,0.27,0.27,0.25
1e20,1e20,1000.
1e20,1e20,1000.
1e20,1e20,1000.
3
4
45.65,300.,0.
-61.49,300.,90.
-76.54,300.,45.
60.70,300.,135.
4
166.1,180.,45.
99.39,180.,135.
219.8,180.,90.
45.69,180.,0
4
45.65,60.,0.
163.7,60.,90.
140.0,60.,45.
69.35,60.,135
95.,2.45

Output file ICSIR3.out

BOREHOLE AZIMUTH      90.00 
BOREHOLE RISE          0.00 
DIP ANGLE   0.00 
DIP DIRECTION          0.00 

YOUNG MODULUS IN N DIRECTION   35000.00 
YOUNG MODULUS IN S DIRECTION   35000.00 
YOUNG MODULUS IN T DIRECTION   35000.00 
SHEAR MODULUS IN NS PLANE       7000.00 
SHEAR MODULUS IN NT PLANE       7000.00 
SHEAR MODULUS IN ST PLANE      14000.00 
POISSON RATIO MUNS      0.27 
POISSON RATIO MUNT      0.27 
POISSON RATIO MUTS      0.25 

JOINT SET # 1
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 

JOINT SET # 2
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 
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JOINT SET # 3
   NORMAL STIFFNESS KN        0.1000E+21 
   SHEAR  STIFFNESS KS        0.1000E+21 
   SPACING  S                 1000.00 

ROSETTE 1 

STRAIN 0.4565E-04  ALPHA  300.00  PSI    0.00 
STRAIN -.6149E-04  ALPHA  300.00  PSI   90.00 
STRAIN -.7654E-04  ALPHA  300.00  PSI   45.00 
STRAIN 0.6070E-04  ALPHA  300.00  PSI  135.00 

ROSETTE 2 

STRAIN 0.1661E-03  ALPHA  180.00  PSI   45.00 
STRAIN 0.9939E-04  ALPHA  180.00  PSI  135.00 
STRAIN 0.2198E-03  ALPHA  180.00  PSI   90.00 
STRAIN 0.4569E-04  ALPHA  180.00  PSI    0.00 

ROSETTE 3 

STRAIN 0.4565E-04  ALPHA   60.00  PSI    0.00 
STRAIN 0.1637E-03  ALPHA   60.00  PSI   90.00 
STRAIN 0.1400E-03  ALPHA   60.00  PSI   45.00 
STRAIN 0.6935E-04  ALPHA   60.00  PSI  135.00 

COMPLIANCE MATRIX [A] IN xyz COORDINATE SYSTEM 

0.2857E-04 -.7714E-05 -.7143E-05 0.0000E+00 0.0000E+00 0.0000E+00 
-.7714E-05 0.2857E-04 -.7714E-05 0.0000E+00 -.1734E-19 0.0000E+00 
-.7143E-05 -.7714E-05 0.2857E-04 0.0000E+00 0.0000E+00 0.0000E+00 
0.0000E+00 0.0000E+00 0.0000E+00 0.1429E-03 0.0000E+00 0.0000E+00 
-.6120E-19 -.1734E-19 0.6120E-19 0.0000E+00 0.7143E-04 0.0000E+00 
0.0000E+00 0.0000E+00 0.0000E+00 0.1224E-18 0.0000E+00 0.1429E-03 

ROOTS MU1, MU2 AND MU3 

MU1  0.8941E-070.4747E+00 
 0.1268E-030.6063E-11-.9981E-27-.2026E-200.2093E-110.9465E-11 

MU2  -.8941E-070.2095E+01 
 -.1706E-03-.2675E-100.1808E-25-.1423E-18-.2742E-110.4176E-10 

MU3  0.0000E+000.1414E+01 
 0.4890E-110.0000E+000.0000E+00-.4443E-19-.1135E-030.0000E+00 
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MATRICES YROS AND XROS

0.4565E-04  -.7143E-05 -.7714E-05 0.2857E-04 0.1663E-19 -.3122E-11 0.3804E-12 

-.6149E-04 0.5818E-05 0.6658E-04 -.7571E-05 -.1518E-10 0.4939E-11 -.1360E-03 

-.7654E-04 -.6624E-06 0.2943E-04 0.1050E-04 0.1056E-03 -.4311E-04 -.6801E-04 

0.6070E-04 -.6624E-06 0.2943E-04 0.1050E-04 -.1056E-03 0.4311E-04 -.6801E-04 

0.1661E-03 0.4513E-04 -.1621E-04 0.1071E-04 0.1454E-11 0.8622E-04 0.3813E-11 

0.9939E-04 0.4513E-04 -.1621E-04 0.1071E-04 -.1454E-11 -.8622E-04 0.3813E-11 

0.2198E-03 0.9740E-04 -.2471E-04 -.7143E-05 0.2062E-18 0.1601E-11 0.7625E-11 

0.4569E-04 -.7143E-05 -.7714E-05 0.2857E-04 -.2548E-26 -.3122E-11 -.5829E-19 

0.4565E-04 -.7143E-05 -.7714E-05 0.2857E-04 -.6487E-20 -.3122E-11 -.1484E-12 

0.1637E-03 0.5818E-05 0.6658E-04 -.7571E-05 0.1518E-10 0.4939E-11 0.1360E-03 

0.1400E-03 -.6624E-06 0.2943E-04 0.1050E-04 -.1056E-03 -.4311E-04 0.6801E-04 

0.6935E-04 -.6624E-06 0.2943E-04 0.1050E-04 0.1056E-03 0.4311E-04 0.6801E-

04

STANDARD DEVIATION ABOUT REGRESSION   0.2524E-07 
MULTIPLE CORRELATION COEFFICIENT      0.1000E+01 

STRESS FIELD IN GLOBAL COORDINATE SYSTEM

SIGXO  0.2646E+01 
SIGYO  0.8183E+00 
SIGZO  0.2481E+01 
TAUYZO -.4922E+00 
TAUXZO 0.3866E+00 
TAUXYO 0.8278E+00 

SIG1   0.3045E+01 
L     0.8859 M     0.2418 N     0.3960 
BEARING  204.08  DIP  13.99 

SIG2   0.2569E+01 
L    -0.2878 M    -0.3829 N     0.8778 
BEARING  108.16  DIP  22.52 

SIG3   0.3316E+00 
L    -0.3639 M     0.8916 N     0.2696 
BEARING  323.46  DIP  63.07 

STRESS FIELD, UPPER 95.00% LIMITS 

SIGXO  0.2647E+01 
SIGYO  0.8189E+00 
SIGZO  0.2482E+01 
TAUYZO -.4919E+00 
TAUXZO 0.3870E+00 
TAUXYO 0.8281E+00 
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SIG1   0.3046E+01 
L     0.8856 M     0.2416 N     0.3967 
BEARING  204.13  DIP  13.98 

SIG2   0.2569E+01 
L    -0.2886 M    -0.3831 N     0.8775 
BEARING  108.20  DIP  22.52 

SIG3   0.3321E+00 
L    -0.3640 M     0.8916 N     0.2695 
BEARING  323.48  DIP  63.07 

STRESS FIELD, LOWER 95.00% LIMITS 

SIGXO  0.2646E+01 
SIGYO  0.8178E+00 
SIGZO  0.2480E+01 
TAUYZO -.4925E+00 
TAUXZO 0.3862E+00 
TAUXYO 0.8276E+00 

SIG1   0.3044E+01 
L     0.8861 M     0.2420 N     0.3952 
BEARING  204.04  DIP  14.00 

SIG2   0.2568E+01 
L    -0.2871 M    -0.3828 N     0.8781 
BEARING  108.11  DIP  22.51 

SIG3   0.3311E+00 
L    -0.3638 M     0.8916 N     0.2697 
BEARING  323.44  DIP  63.07
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APPENDIX 3-5: MANUAL FOR CSIRA_DATA CODE 
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Help for Csira_Data Version 2.99

General:  - Background Program:  - Input Figures:  - Figure 1
 - Product rights  - CSIRA_In  - Figure 2
 - Disclaimer  - CSIRA_Out  - Figure 3
 - Contact  - Stress_Results  - Figure 4
 - Installation  - Fig_Orinetation
 - Operation  - Fig_Magnitude Data file:  - Format

Background CSIRA_Data is an Microsoft Excel WorkBook interface for CSIRA code (Amadei 2000).  The original CSIRA code is a 
Fortran computer program to determine In Situ Stresses by Overcoring in Anisotropic Rock with CSIR-Type Triaxial  
Strain Cells.  The code can be applied for different overcoring strain cells. 

In order to use the CSIRA code via this Excel interface the cource code was modified into F90/F95 Fortran format (Absoft 
Pro Fortran v 9.0, Pro Fortran 2004 ) and the external subroutine calls were changed to work with IMSL Fortran Numerical 
Libraries v 5.0 (IMSL 2004).  The new console application csira_excel.exe uses fixed temporary input and output files.

This Csira_Data application is designed specially for SwedPower's Borre Probe (nine gauges) and 12 gauge CSIRO-HI
cell.  The material model for intact rock is assumed to be Isotropic or Transversely Isotropic.  Input for other cells or
material models must be done manually via CSIRA_Data sheet. Full description can be found below.

CSIRA_Data consist of five worksheets; Input, CSIRA_In, CSIRA_Out, Stress_Results and two figure sheets named 
Fig_Orientation and Fig_Magnitude.  The code is operated by worksheet controls which uses worksheet funtions and 
Visual Basic for Application macros.

CSIRA_Data is designed to use with biaxial test interpretation code Biax_TI_Borre_v13 and Biax_TI_HI_v10 developed by:
Jonny Sjöberg, Vattenfall Power Consultant AB, Infra & Civil Engineering, SE-971 77 Luleå, SWEDEN,�
 e-mail:jonny.sjoberg@vattenfall.com

Product rights This code is developed within a joint Posiva-SKB project. The code is provided to Posiva, SKB, KMS Hakala and Vattenfall 
Power Consultant, which are allowed to use the program freely in their own work. If the code is used in consulting work for 
other parties, the rights have to be agreed with the developer of original CSIRA code: professor Bernand Amadei, University 
of Colorado, Department of Civel Engineering, Boulder CO 80309-0428.

Disclaimer This computer code is provided on an "as-is"-basis. The use of this program and the possible implications thereof are the
sole responsibility of the user.

Contact Any comments, complaints or suggestions can be sent to:
Matti Hakala
KMS Hakala Oy
Tönsberginkatu 10
80140 Joensuu, Finland
email: matti.hakala@kolumbus.fi

Installation This application consist of two files: this Csira_Data_v3.xls Excel workbook and the csira_excel.exe console application.
Two temporary files incsira.tmp and outcsira.tmp are written during the calculation, but those are not needed further and
 can be deleted at any time.

The two files Csira_Data_v3.xls and csira_excel.exe  can be placed in any folder but it is suggest to make a "Csira" folder 
under 'Program Files' folder and set this "c:\Program Files\Csira\" as working directory on Input sheet.

This Csira_Data_v3.xls is tested to work in Excel 2003 / Win XP SP2 environment.

Operation This file is opened with Excels own File Open - command or launching Excel via this Csira_Data_v3.xls in My Computer.
While openned in Excel a Security Warning is displayed asking to Disable or Enable Macros - you must Enable macros.
After this the Input sheet is displayed and you are prompted to save the workcopy of Csira_Data_v3 with different name -
please do this to have unchanged copy of this original Csira_Data_v3.xls.  The work copy can be saved in any folder, for
example into the same directory were other measurement data is ( your current project folder ).

The data input, saving and re-opening of input data and actual calculation of stresses is operated via the Input sheet. The
CSIRA_Data sheet has the input data for csira_excel.exe in insisted format (data in cells B3:B31 is actually written into
temporary incsira.tmp file) .  Data on this sheet can be modified for other probe types or material models than given in
Input sheet. CSIRA_Out sheet has the complete result information readed from outscira.tmp file which is written by 
csira_excel.exe application.  The intermediate matrix values are not imported.  The Stress_Results sheet has the resulting
in situ stress from last calculation and previous calculation results which have been pasted into lines below. Fig_Orientation
and Fig_Magnitude figuresheets shows orientation of principal stresses on lower hemisphere plot and the principal stress
magnitudes of all resulting stress states on Stress_Results sheet.
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Input Input values are placed in the white boxes only.  Depending on selected options some boxes are changed to light gray
indicating that the value is not used for current options.  Anyhow, all white and light gray input values and selected options
are saved with Save command.

 - Case name Optional text to identify case values

 - Set folder ... Optional but recommended to prevent run time errors.  Check this box and write or paste 
the folder name of csira_excel.exe. Example:  c:\Program Files\Csira\

 - Borehole orientation Azimuth, ( degrees, positive clockwise from North )
Rise, ( degrees, positive upward )

 - Probe Select one of the three probes 
- 9 gauge Borre probe with Needle Compas reading
- 9 gauge Borre probe Bearing Ball reading
- 12 gauge CSIRO-HI cell

 - Probe orientation Needle Compas or Bearing Ball reading ( degrees )
This is used for Borre probe only

 - Material Model Either Isotropic or Transversely Isotropic.
- this sets the indexa input value ( see on SCIRA_Data sheet ), indexa is 1 if there is a 
  plane of symmetry normal to the hole axis ( see Figure 2 below ) or if the rock is 
  isotropic, otherwise idexa is 0.

 - Rock Properties - Dip Dir of the plane of transverse isotropy, ( degrees, positive clockwise from North )
- Dip of the plane of transverse isotropy, ( degrees, positive down from horizontal )
- E, ( GPa, Young's modulus E_22 = E_33 ) *
- E', ( GPa, Young's modulus E_11 )
- n, ( Poisson's ratio n_23 ) *
- n', ( Poisson's ratio n_12 = n_13 )
- G', ( GPa, Shear modulus G_12 = G_13 )
- G, ( GPa, Shear modulus G_23 ),  allways calculated automatically !

* only the parameters marked with asterix are needed for isotropic material model

 - Confidence limit Confidence limit in percent ( 90% - 100%) for determination of stress, Selected from 
combo box.

 - Strains Measured microstrain ( ie. strain * 1 000 000 ) values of each strain gauge used for 
stress calculation. Extensile strains are taken positive.  All non-rejected strains are used
for stress calculation.  The naming of the strain gauges is the one used by the probe
manufacturer.

Caution - for stress calculation 6 indipendent strains are needed !!!

Note , for the strain gauge orientations on CSIRA_Data sheet:
- for Borre probe the psii for inclined strain gauges have to be 135 degrees for
  unknown reason
- for CSIRO-HI cell the angles presented by manyfacturer are changed according to
  the notation used in original CSIRA code.

line of strains to transpose

- this optinal strain input method can be used if you have measured strains in line format
  instead of column format. The strain values are copied to column above by clicking the 
  Transpose Strains button.  
  Note, that the values on this line are not saved with Save command.

 - Buttons Open - opens a input data file saved with Save command button

Save - saves all input values and options on Input sheet.  The format of file is given in
          the end of this Help sheet.

Reset - resets all input values to none

Calculate - calculates the in situ stress and activates the CSIRA_Out sheet

CSIRA_In Shows the actual data to be saved in incsira.tmp file which is the input file for csira_exel.exe console application. This
data can be modified indipendently of the Input sheet and the calculation can be performed by clicking the Calculate
button.  Note, that the modifications done on this sheet must be saved manually by the user.  Complete explanation for
input data can be found from Amadei ( 2000 ) or from the Posiva Working Report xx-06.

CSIRA_Out CSIRA_Out sheet has the complete result information readed from outscira.tmp file which is written by csira_excel.exe
application.  The intermediate matrix values are not imported.  The average and the confidencelimit results can be copied
to Stress_Results sheet by clicking the "Paste conf. limit results to Stress_Result sheet" button.  The average stress is
automatically pasted on the upper part of the Stress_Results sheet.
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Stress_Results Contains the last calculated average stress on upper part of the sheet, named as Current case.  Below the current case
there is space to collet previous calculation results.  The current resulting stress can be copied below by clicking the
Paste Below button and the confidence limit results of last calculation can be copied from CSIRA_Out sheet by cliking
Paste conf. limit results to Stress_Result sheet button.  The resulting stress can be cleared by cliking the Reset Results 
button.

Fig_Orinetation Fig_Orientation and Fig_Magnitude sheets shows orientation of principal stresses on lower hemisphere plot and the 
Fig_Magnitude principal stress magnitudes of all resulting stress states on Stress_Results sheet.

Data file format row example explanation

1 Borre case case header
2 10 borehole azimuth
3 89 borehole rise
4 315.407 dip direction of foliation
5 59.7114 dip of foliation
6 2 1 for transverse isotropy, 2 for isotropy
7 59 Young's modulus, E
8 51.6817 Young's modulus, E'
9 0.2 Poisson's ratio, n

10 0.19201 Poisson's ratio, n'
11 23.6971 Shear modulus, G'
12 24.5833 Shear modulus, G
13 2 1 for Borre Needle, 2 for Borre Ball and 3 for CSIRO-HI
14 110 Borre compass reading
15 65 strain for gauge 1
16 391 strain for gauge 2
17 64 strain for gauge 3
18 -13 strain for gauge 4
19 415 strain for gauge 5
20 308 strain for gauge 6
21 40 strain for gauge 7
22 283 strain for gauge 8
23 205 strain for gauge 9
24 0 strain for gauge 10
25 0 strain for gauge 11
26 0 strain for gauge 12
27 #TRUE# flac if gauge 1 is accepted
28 #TRUE# flac if gauge 2 is accepted
29 #TRUE# flac if gauge 3 is accepted
30 #TRUE# flac if gauge 4 is accepted
31 #TRUE# flac if gauge 5 is accepted
32 #TRUE# flac if gauge 6 is accepted
33 #TRUE# flac if gauge 7 is accepted
34 #TRUE# flac if gauge 8 is accepted
35 #TRUE# flac if gauge 9 is accepted
36 #FALSE# flac if gauge 10 is accepted
37 #FALSE# flac if gauge 11 is accepted
38 #FALSE# flac if gauge 12 is accepted
39 2 confidence limit index: 1=90%, 2=95%, 3=98%, 4=99% and 5=99.8%

Figures

Figure 1. Geometry of the problem.
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Figure 2. Borehole orientation (a) and Anisotropy orientation (b).

Figure 3. Definition of strain gauge orientations ( see also Figures 1 and 2 ).
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Figure 4. Four cases of anisotropy for which the hole axis is normal to a plane of elastic symmetry ( indexa is 1 ).
Cases (a) and (b) are orthotropic and cases (c) and (d) are transversely isotropic.

References: Amadei, B., 2000.  CSIRA: A Computer Program to determine In Situ Stresses by Overcoring in Anisotropic Rock with CSIR-Type
Triaxial Strain Cellls, Version 3.0. University of Colorado, Department of Civel Engineering, Boulder CO 80309-0428.

Pro Fortran 2004. Windows Fortran & C/C++ User Guide. Absoft Corporation, USA.

IMSL Fortran Library Version 5.0, Volume 1-2. Visual Numerics, Inc. USA (2004).
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APPENDIX 3-6: MANUAL FOR NUNES CODE—BORRE AND CSIRO HI
VERSION
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Navigation General and Background
Product Rights
Disclaimer
Contact
Installation and Setup
Quick Guide
Definitions
Strain Data
Results_Biax_Iso
Summary_Iso
Results_Trans_Iso
Chart_Trans_Iso
Summary_Trans_Iso
Gauge Config
Data file format (*.dat)

General and Background
This computer code is used to calculate elastic constants (Young's modulus and Poisson's ratio) from biaxial 
tests on overcored rock samples. The code is applicable for the Borre  overcoring probe strain gauge 
configuration. The code calculates elastic constants for (i) an isotropic assumption of material behavior, and (ii) 
a transversely isotropic assumption of material behavior. In both cases, continuous, homogeneous and linear-
elastic behavior must be assumed. For the transversely isotropic material, the solution by Nunes (2002) is 
utilized, with some adaptions for the Borre  probe strain gauge configuration.  

Another version of the code is available (on request, see Contact below) for a CSIRO-HI  probe 12-strain gauge 
configuration.

The calculated elastic constants may subsequently be used to calculate stresses from recorded strains in 
overcoring measurements. This is carried out in a separate computer code.

Product Rights
This code is developed within a joint Posiva-SKB project. The code is provided to Posiva, SKB, KMS Hakala 
and Vattenfall Power Consultant which are allowed to use the program freely in their own work. If the code is 
used in consulting work for other parties, the rights have to be agreed with the sponsors of this work, i.e., 
Posiva and SKB. 

Disclaimer
This computer code is provided on an "as-is"-basis. The use of this program and the possible implications 
thereof are the sole responsibility of the user.

Contact
Comments, complaints, discovered bugs, suggestions for improvement, praises and appreciative gifts should 
be sent to: 
Jonny Sjöberg
Vattenfall Power Consultant AB
SE-971 77 Luleå
Sweden
email: jonny.sjoberg@vattenfall.com

Installation and Setup
The code runs using Microsoft Excel in a Windows environment. The code has been tested to run in Windows 
2000 and with Excel 2000 and in Windows XP with Excel 2003.

Make sure that Excel is installed in your computer. Excel must be configured to run macros. To do so, choose 
from the Excel menu: 'Tools'-'Macro'-'Security', and click on the 'Medium' or 'Low' setting.

To install the program, simply copy the file "Biax_TI_Borre_v13.xls" to a folder of your choice on your hard disk.

To start the program, double-click on the file "Biax_TI_Borre_v13.xls". The code will start in Excel. Make sure 
that you enable macros. The code will then prompt you to save your work under a new name (highly 
recommended). 

Biax_TI_Borre_v13.xls  - Version 1.3 (May, 2006)
Analysis of Biaxial Test Data for Transversely Isotropic Materials - Borre  Strain Gauge Configuration
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Quick Guide
To facilitate running the code, command buttons have been implemented on each worksheet. The user may, 
however, also use the Excel menus and toolbars to navigate between sheets. Each worksheet, except the 
'Strain Data'-sheet has been locked for editing, to prevent from accidently erasing key components of the 
code. "Print"- and "Copy"-buttons have been placed on the result sheets, to facilitate printing and exporting of 
the results to other applications.

A quick guide to running the code is given below:

1. Open the 'Strain Data'-sheet. Input values in the colored field. Input strain and pressure data from a biaxial 
test, as well as dimensions of the test sample, on the 'Strain Data'-sheet. Also input orientation data for the 
probe and the borehole on this sheet, as well as a descriptive title. Make sure that loading and unloading 
strains and pressures are pasted/typed at the correct location.

2. If you are uncertain about the gauge configuration, please view the 'Gauge Config'-sheet (click the "View 
Gauge Config"-button). 

3. Click "Update"-button to update results based on the input strain values. 

4. Biaxial test data may be saved to a data-file. Click the "Save Strains"-button and type in a file name. File 
will be saved as text (ASCII) file with .dat-extension. 

5. Test data may also be read from an existing data-file. Click the "Read Strains"-button and locate the file you 
want to open. [Note: This updates results automatically; no need to click the "Update"-button.]

6. Isotropic results can be viewed on the 'Results_Biax_Iso'-sheet, or the 'Summary_Iso'-sheet. These may 
also be accessed by clicking the "Isotropic Results"-button, and the "Summary Isotropic"-button, respectively.

7. Transversely isotropic results can be viewed on the 'Results_Trans_Iso'-sheet, 'Chart_Trans_Iso'-sheet 
and 'Summary_Trans_Iso'-sheet. These may also be accessed by clicking the "Anisotropic Results"-button, 
the "View Chart", and the "Summary Anisotropic"-button, respectively.

The contents and function of each sheet is described below, in the recommended order in which they are to 
be used.

Definitions
Isotropic Material
E  = Young's modulus

= Poisson's ratio
R1  = Rosette 1
R2  = Rosette 2
R3  = Rosette 3

Transversely Isotropic Material
DD  = dip direction of isotropy plane relative to 0-direction of gauges
Dip  = dip of isotropy plane relative to core circumferential plane

DD Global  = dip direction of isotropy plane relative to global north

Dip Global = dip of isotropy plane relative to the horizontal plane

E  = Young's modulus in the plane of transverse isotropy
E'  = Young's modulus normal to the plane of transverse isotropy

 = Poisson's ratio (stressed parallel to plane of isotropy)
'  = Poisson's ratio (stressed normal to plane of isotropy)

G'  = shear modulus in planes normal to plane of isotropy
G = shear modulus in plane of isotropy (calculated for comparative purposes)

Sign convention
Compression (strains) are defined negative when input on 'Strain Data'-sheet. 
Compression (strains) are negative on 'Results_Biax_Iso'-sheet. 
Compression (strains) are positive on 'Results_Trans_Iso'-sheet. 
Applied pressures are defined positive.
All orientations are defined as CW from a certain reference point (e.g., zero-mark or north).
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Strain Data
Data from a biaxial test may be input here. Both pressures and strains must be input. Currently, a maximum of 
23 readings is allowed for the loading and unloading cycle. If more strain data is recoreded, please contact the 
author (see Contact above). Loading strains and pressures should be input starting with zero (0) pressure on 
row 11 and up through row 22. Unloading strains and pressures should be input in rows 23 through 33, so that 
final unloading zero (0) pressure is on row 33.

The physical dimensions of the overcore sample, i.e., outer and inner diameter, should also be input.

Input data should also include the measured orientation of the installed Borre  probe, and the orientations 
(bearing and dip) of the borehole from which the overcore sample was taken. These orientations are to be 
given with respect to a common reference, e.g., geographic/magnetic north.

A descriptive title may also be typed for easier identification of a particular case. 

Data may also be read from, or saved to, a data file in ASCII (text) format. This is a convenient way to save all 
required biaxial test data for later retrieval and perusal.

Results_Biax_Iso
The recorded strains are plotted vs. applied biaxial pressure, allowing the user to assess the linearity and 
possible anisotropy of the test sample. To view selected strain gauges, click on the check-boxes on the right-
hand side of the chart. 

It is also possible to show the theoretical strain for the inclined (45 degree) gauges for an isotropic material 
through the check-boxes (R1-Theory, R2-Theory, R3-Theory). 

A linear fit for the unloading curve can also be displayed through the check-boxes 
(Linear Fit T1, Linear Fit T2, Linear Fit T3).

The user can evaluate the elastic constants for any selected pressure from the loading or unloading cycle. The 
values shown for each of the strain rosettes are secant values. In addition, values calculated for a linear fit of 
the loading (0-10 MPa) or unloading (10-0 MPa) curve may be displayed. Thus, the user can easily check 
whether the sample behaves in a realistic manner during the loading and unloading cycle.

Summary_Iso
All results for an isotropic material assumption is summarized on this sheet. Elastic constants are calculated for 
each of the strain gauge rosettes, making use of the tangential (and axial) gauges and/or with addition of the 
inclined gauges. The first is the traditional approach for determining elastic constants. The latter provides an 
supplementary determination of the elastic constants (e.g., when one or several gauges are malfunctioning), 
but usually yield more scattered values. All values are secant values calculated from the recorded strain-
pressure data, for each pressure stage. In addition, a linear fit for the entire loading or unloading curve is 
calculated.

Note that elastic constants cannot be calculated from the inclined gauges for all cases. This is shown as N/A 
(not applicable) on the output sheets.

The user can calculate mean values for Young's modulus and Poisson's ratio at the bottom of the sheet. The 
user can select what pressures/strains to include by marking the checkboxes to the right. The strain gauge 
rosettes to be included can also be chosen (click on the check-boxes to include/exlclude a rosette). In addition, 
mean values for the linear fit of the entire loading curve or unloading curve are calculalated. 

Biaxial pressure [MPa] E R1 E R2 E R3 R1 R2 R3

124.1 86.2 83.8 0.56 0.47 0.46

(+ loading; - unloading; Linear loading = linear fit loading; Linear unloading = linear fit unloading)

1

Include/exclude gauges

Tangential Inclined

Linear fit mean (all pressures)
E  = 104.2 E  = 101.5

 = 0.51  = 0.53

Mean values for selected pressures (mark above to include)

Secant value mean

Rosette 1

Rosette 2

Rosette 3

Rosette 1

Rosette 2

Rosette 3

Loading

Unloading
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Results_Trans_Iso
The recorded strains are plotted vs. circumferential location, as sinusoidal functions, together with the strain 
gauge position. In theory, the tangential, axial and shear strains  follow a sinusoidal variation. Furthermore, 
tangential strains have minima at DD  + n *180, axial strains have maxima at DD  + n *180, and shear strains 
have maxima at DD  + n *360 (degrees). The results must be evaluated with caution if these conditions are not 
fulfilled. 

Values of orientations and elastic constants are currently calculated using real maxima and minima for each 
strain function. Maxima and minima does not necessarily coincide (i.e., they are not in phase, as theory 
dictates). For each pressure stage, a "phase shift"-index is calculated to assist the user in determining the 
severity of this violation. The index is defined as the phase shift (degrees) for the axial and shear strain 
maxima/minima compared to the tangential strain maxima/minima, divided by the period of each function (180 
and 360 degrees, respectively). An index of 100% indicates that maxima and minima coincide perfectly for the 
strain functions. 

The user can evaluate the orientation and elastic constants for any selected pressure from the loading or 
unloading cycle. In addition, values calculated for a linear fit of the loading or unloading curve may be 
displayed. Thus, the user can easily check whether the sample behaves in a realistic manner during the 
loading and unloading cycle.

Note that, for certain cases of transverse isotropy, orientations and/or elastic constants cannot be determined. 
This is shown as N/A (not applicable) on the output sheets. 

Note that orientation angles are given with respect to both as local (core) and global (north) coordinate 
systems. 

Chart_Trans_Iso
Chart showing calculated orientations of the plane of isotropy for all pressure stages (in biaxial testing). 
Orientations are calculated for all strain values, i.e., tangential, axial, and shear strains.  Orientation angles 
are given with respect to both as local (core) and global (north) coordinate systems.

In theory, all three strain values should produce the same value on the dip direction of the plane of isotropy 
(strains in phase, i.e., Phase Shift Index = 100% ). Deviations from this can be assessed using this chart. 
Note that only one value of the dip angle can be calculated (based on shear strains). 

Summary_Trans_Iso
All results for a transversely isotropic material assumption are summarized on this sheet. All values are 
secant values determined from recorded strain-pressure data, for each pressure stage.  In addition, a linear fit 
for the entire loading or unloading curve is calculated. It should be noted that the Nunes (2002) solution 
requires all strain gauges to function properely (no redundancy); hence, even small deviations for single strain 
gauges may case large scatter in the results. Unrealistic values (such as negative Poisson's ratio) may also 
result. These must be discarded by the user, exercising good engineering judgment. 

The user can calculate mean values for Young's modulus and Poisson's ratio at the bottom of the sheet. he 
user can select what pressures/strains to include by marking the checkboxes to the right, and by chosing 
loading or unloading. Orientation angles are given with respect to both as local (core) and global (north) 
coordinate systems. Note that, for certain cases of transverse isotropy, orientations and/or elastic constants 
cannot be determined. This is shown as N/A (not applicable) on the output sheets.   

Gauge Config
Displays strain gauge configuration of the Borre probe and definitions of orientations for a transversely 
isotropic material (in the local borehole/core coordinate system).

Biaxial  pressure  [MPa] DD  [ °] Dip  [°] DD Global  [° ] Dip Gl obal  [°] E  [G Pa] E '  [G Pa] ' G '  [GPa]

92 .2 59 .6 299.2 59.6 124.2 68.0 0 .51 0 .39 29.1 A xial st ra in

(+ loading; - u nloading; Linear loading = li near fi t loading; Linear unloading = l inear fi t unloading) S hear s tra

Phase 

1

DD = 88.5 E  = 147.1
Dip  = 73.4 E' = 70.9

DD Global = 295.5 = 0.68
Dip Global = 73.4 ' = 0.38

G'  = 31.5
Shear modulus in plane of isotropy, G = 43.9

Mean values for selected pressures (mark above to include/exclude)

Loading

Unloading
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Data file format (*.dat)
Data files are stored in text (ASCII)-format as line-, and comma-separated values, as described below. Note 
that if there are less than 23 values for each strain gauge, blanks are inserted in the file to maintain 
consistency.

Line 1: "Description in quotation marks"
Line 2: Outer_diameter, Inner_diameter (in mm)
Line 3: Probe_orientation, Borehole_bearing, Borehole_dip (in degrees)
Line 4: Pressures separated by commas (up to 23 values currently possible) (in MPa)
Line 5: Recorded strains (microstrain) for gauge no. 1 for each pressure stage separated by commas.
Line 6: Recorded strains (microstrain) for gauge no. 2 for each pressure stage separated by commas.
Line 7: Recorded strains (microstrain) for gauge no. 3 for each pressure stage separated by commas.
Line 8: Recorded strains (microstrain) for gauge no. 4 for each pressure stage separated by commas.
Line 9: Recorded strains (microstrain) for gauge no. 5 for each pressure stage separated by commas.
Line 10: Recorded strains (microstrain) for gauge no. 6 for each pressure stage separated by commas.
Line 11: Recorded strains (microstrain) for gauge no. 7 for each pressure stage separated by commas.
Line 12: Recorded strains (microstrain) for gauge no. 8 for each pressure stage separated by commas.
Line 13: Recorded strains (microstrain) for gauge no. 9 for each pressure stage separated by commas.
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Navigation General and Background
Product Rights
Disclaimer
Contact
Installation and Setup
Quick Guide
Definitions
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Results_Biax_Iso
Summary_Iso
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Chart_Trans_Iso
Summary_Trans_Iso
Gauge Config
Data file format (*.dat)

General and Background
This computer code is used to calculate elastic constants (Young's modulus and Poisson's ratio) from biaxial 
tests on overcored rock samples. The code is applicable for the CSIRO HI  overcoring probe strain gauge 
configuration. The code calculates elastic constants for (i) an isotropic assumption of material behavior, and 
(ii) a transversely isotropic assumption of material behavior. In both cases, continuous, homogeneous and 
linear-elastic behavior must be assumed. For the transversely isotropic material, the solution by Nunes (2002) 
is utilized, with some adaptions for the CSIRO HI  probe strain gauge configuration.  

Another version of the code is available (on request, see Contact below) for a Borre probe 9-strain gauge 
configuration.

The calculated elastic constants may subsequently be used to calculate stresses from recorded strains in 
overcoring measurements. This is carried out in a separate computer code.

Product Rights
This code is developed within a joint Posiva-SKB project. The code is provided to Posiva, SKB, KMS Hakala 
and Vattenfall Power Consultant which are allowed to use the program freely in their own work. If the code is 
used in consulting work for other parties, the rights have to be agreed with the sponsors of this work, i.e., 
Posiva and SKB. 

Disclaimer
This computer code is provided on an "as-is"-basis. The use of this program and the possible implications 
thereof are the sole responsibility of the user.

Contact
Comments, complaints, discovered bugs, suggestions for improvement, praises and appreciative gifts should 
be sent to: 
Jonny Sjöberg
Vattenfall Power Consultant AB
SE-971 77 Luleå
Sweden
email: jonny.sjoberg@vattenfall.com

Installation and Setup
The code runs using Microsoft Excel in a Windows environment. The code has been tested to run in Windows 
2000 with Excel 2000 and in Windows XP with Excel 2003.

Make sure that Excel is installed in your computer. Excel must be configured to run macros. To do so, choose 
from the Excel menu: 'Tools'-'Macro'-'Security', and click on the 'Medium' or 'Low' setting.

To install the program, simply copy the file "Biax_TI_HI_v10.xls" to a folder of your choice on your hard disk.

To start the program, double-click on the file "Biax_TI_HI_v10.xls". The code will start in Excel. Make sure 
that you enable macros. The code will then prompt you to save your work under a new name (highly 
recommended). 

Biax_TI_HI_v10.xls  - Version 1.0 (May 2006)
Analysis of Biaxial Test Data for Transversely Isotropic Materials - CSIRO HI  Gauge Configuration
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Quick Guide
To facilitate running the code, command buttons have been implemented on each worksheet. The user may, 
however, also use the Excel menus and toolbars to navigate between sheets. Each worksheet, except the 
'Strain Data'-sheet has been locked for editing, to prevent from accidently erasing key components of the 
code. "Print"- and "Copy"-buttons have been placed on the result sheets, to facilitate printing and exporting of 
the results to other applications.

A quick guide to running the code is given below:

1. Open the 'Strain Data'-sheet. Input values in the colored field. Input strain and pressure data from a biaxial 
test, as well as dimensions of the test sample, on the 'Strain Data'-sheet. Also input orientation data for the 
probe and the borehole on this sheet, as well as a descriptive title. Make sure that loading and unloading 
strains and pressures are pasted/typed at the correct location.

2. If you are uncertain about the gauge configuration, please view the 'Gauge Config'-sheet (click the "View 
Gauge Config"-button). 

3. Click "Update"-button to update results based on the input strain values. 

4. Biaxial test data may be saved to a data-file. Click the "Save Strains"-button and type in a file name. File 
will be saved as text (ASCII) file with .dat-extension. 

5. Test data may also be read from an existing data-file. Click the "Read Strains"-button and locate the file you 
want to open. [Note: This updates results automatically; no need to click the "Update"-button.]

6. Isotropic results can be viewed on the 'Results_Biax_Iso'-sheet, or the 'Summary_Iso'-sheet. These may 
also be accessed by clicking the "Isotropic Results"-button, and the "Summary Isotropic"-button, respectively.

7. Transversely isotropic results can be viewed on the 'Results_Trans_Iso'-sheet, 'Chart_Trans_Iso'-sheet 
and 'Summary_Trans_Iso'-sheet. These may also be accessed by clicking the "Anisotropic Results"-button, 
the "View Chart", and the "Summary Anisotropic"-button, respectively.

The contents and function of each sheet is described below, in the recommended order in which they are to 
be used.

Definitions
Isotropic Material
E  = Young's modulus

= Poisson's ratio
A = Strain gauge A0/A90
B = Strain gauge B90 + A0,C0
C = Strain gauge C0/C90
E = Strain gauge E90 + A0,C0
F = Strain gauge F90 + C0

Transversely Isotropic Material
DD  = dip direction of isotropy plane relative to 0-direction of gauges
Dip  = dip of isotropy plane relative to core circumferential plane

DD Global  = dip direction of isotropy plane relative to global north

Dip Global = dip of isotropy plane relative to the horizontal plane

E  = Young's modulus in the plane of transverse isotropy
E'  = Young's modulus normal to the plane of transverse isotropy

 = Poisson's ratio (stressed parallel to plane of isotropy)
'  = Poisson's ratio (stressed normal to plane of isotropy)

G'  = shear modulus in planes normal to plane of isotropy
G = shear modulus in plane of isotropy (calculated for comparative purposes)

Sign convention
Compression (strains) are defined negative when input on 'Strain Data'-sheet. 
Compression (strains) are negative on 'Results_Biax_Iso'-sheet. 
Compression (strains) are positive on 'Results_Trans_Iso'-sheet. 
Applied pressures are defined positive.
All orientations are defined as CW from a certain reference point (e.g., zero-mark or north).
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Strain Data
Data from a biaxial test may be input here. Both pressures and strains must be input. Currently, a maximum of 
23 readings is allowed for the loading and unloading cycle. If more strain data is recoreded, please contact the 
author (see Contact above). Loading strains and pressures should be input starting with zero (0) pressure on 
row 10 and up through row 21. Unloading strains and pressures should be input in rows 22 through 32, so that 
final unloading zero (0) pressure is on row 32. 

The physical dimensions of the overcore sample, i.e., outer and inner diameter, should also be input.

Input data should also include the orientation of the installed CSIRO HI  probe, and the orientations (bearing 
and dip) of the borehole from which the overcore sample was taken. These orientations are to be given with 
respect to a common reference, e.g., geographic/magnetic north. A value on the K 1 -correction factor may also 

be entered.

A descriptive title may also be typed for easier identification of a particular case. 

Data may also be read from, or saved to, a data file in ASCII (text) format. This is a convenient way to save all 
required biaxial test data for later retrieval and perusal.

Results_Biax_Iso
The recorded strains are plotted vs. applied biaxial pressure, allowing the user to assess the linearity and 
possible anisotropy of the test sample. To view selected strain gauges, click on the check-boxes on the right-
hand side of the chart. 

It is also possible to show the theoretical strain for the inclined gauges for an isotropic material. 

A linear fit for the entire unloading curve (mean of all gauges) can also be displayed.

The user can evaluate the elastic constants for any selected pressure from the loading or unloading cycle. The 
values shown for each of the strain rosettes are secant values. In addition, values calculated for a linear fit of 
the loading or unloading curve may be displayed. Thus, the user can easily check whether the sample behaves 
in a realistic manner during the loading and unloading cycle.

Summary_Iso
All results for an isotropic material assumption is summarized on this sheet. Elastic constants are calculated for 
each of the strain gauges, making use of the tangential (and axial) gauges and/or with addition of the inclined 
gauges. Values are calculated for the "nearest" strain gauge. All values are secant values calculated from the 
recorded strain-pressure data, for each pressure stage. In addition, a linear fit for the entire loading or 
unloading curve is calculated.

The user can calculate mean values for Young's modulus and Poisson's ratio at the bottom of the sheet. The 
user can select what pressures/strains to include by marking the checkboxes to the right. The strain gauge 
rosettes to be included can also be chosen (click on the check-boxes to include/exlclude a rosette). In addition, 
mean values for the linear fit of the entire loading curve or unloading curve are calculalated. 

Biaxial pressure [M Pa] E A E B E C E E E F A B C E

66.6 66.6 67.2 70.0 66.6 0.23 0.44 0.21 0.462.5

(+ loading; - unloading; Linear loading= linear fit loading; Linear unloading = linear fit unloading)

Secant value mean Linear fit mean (all pressures)
E  = 63.8 E  = 66.9

= 0.29 = 0.20

Mean values for selected pressures (mark above to include in calculation)
Include/exclude gauges

Gauge A Gauge B Gauge C Gauge E Gauge FLoading

Unloading
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Results_Trans_Iso
The recorded strains are plotted vs. circumferential location, as sinusoidal functions, together with the strain 
gauge position. In theory, the tangential, axial and shear strains  follow a sinusoidal variation. Furthermore, 
tangential strains have minima at DD  + n *180, axial strains have maxima at DD  + n *180, and shear strains 
have maxima at DD  + n *360 (degrees). The results must be evaluated with caution if these conditions are not 
fulfilled. 

Values of orientations and elastic constants are currently calculated using real maxima and minima for each 
strain function. Maxima and minima does not necessarily coincide (i.e., they are not in phase, as theory 
dictates). For each pressure stage, a "phase shift"-index is calculated to assist the user in determining the 
severity of this violation. The index is defined as the phase shift (degrees) for the axial and shear strain 
maxima/minima compared to the tangential strain maxima/minima, divided by the period of each function (180 
and 360 degrees, respectively). An index of 100% indicates that maxima and minima coincide perfectly for the 
strain functions. 

The user can evaluate the orientation and elastic constants for any selected pressure from the loading or 
unloading cycle. In addition, values calculated for a linear fit of the loading or unloading curve may be 
displayed. Thus, the user can easily check whether the sample behaves in a realistic manner during the 
loading and unloading cycle.

Note that, for certain cases of transverse isotropy, orientations and/or elastic constants cannot be determined. 
This is shown as N/A (not applicable) on the output sheets. 

Note that orientation angles are given with respect to both as local (core) and global (north) coordinate 
systems. 

Chart_Trans_Iso
Chart showing calculated orientations of the plane of isotropy for all pressure stages (in biaxial testing). 
Orientations are calculated for all strain values, i.e., tangential, axial, and shear strains.  Orientation angles 
are given with respect to both as local (core) and global (north) coordinate systems.

In theory, all three strain values should produce the same value on the dip direction of the plane of isotropy 
(strains in phase, i.e., Phase Shift Index = 100% ). Deviations from this can be assessed using this chart. 
Note that only one value of the dip angle can be calculated (based on shear strains). 

Summary_Trans_Iso
All results for a transversely isotropic material assumption are summarized on this sheet. All values are 
secant values determined from recorded strain-pressure data, for each pressure stage.  In addition, a linear fit 
for the entire loading or unloading curve is calculated. It should be noted that the Nunes (2002) solution 
requires all strain gauges to function properely (no redundancy); hence, even small deviations for single strain 
gauges may case large scatter in the results. Unrealistic values (such as negative Poisson's ratio) may also 
result. These must be discarded by the user, exercising good engineering judgment. 

The user can calculate mean values for Young's modulus and Poisson's ratio at the bottom of the sheet. he 
user can select what pressures/strains to include by marking the checkboxes to the right, and by chosing 
loading or unloading. Orientation angles are given with respect to both as local (core) and global (north) 
coordinate systems. Note that, for certain cases of transverse isotropy, orientations and/or elastic constants 
cannot be determined. This is shown as N/A (not applicable) on the output sheets.  

Gauge Config
Displays strain gauge configuration of the CSIRO HI  probe and definitions of orientations for a transversely 
isotropic material (in the local borehole/core coordinate system).

Biaxial pressure [MPa] DD  [°] Dip  [°] DD Global  [°] Dip Global  [°] E  [GPa] E'  [GPa] ' G'  [GPa]

144.2 27.8 144.2 27.8 61.2 51.8 -0.33 0.28 21.5 Axial strai

(+ loading; - unloading; Linear loading = linear fit loading; Linear unloading = linear fit unloading) Shear stra

Phase
2.5

DD = 140.1 E  = 59.0
Dip  = 35.9 E' = 47.1

DD Global = 140.1 = -0.24
Dip Global = 35.9 ' = 0.29

G' = 19.8
Shear modulus in plane of isotropy, G = 40.0

Mean values for selected pressures (mark above to include/exclude)

Loading

Unloading
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Data file format (*.dat)
Data files are stored in text (ASCII)-format as line-, and comma-separated values, as described below. Note 
that if there are less than 23 values for each strain gauge, blanks are inserted in the file to maintain 
consistency.

Line 1: "Description in quotation marks"
Line 2: Outer_diameter, Inner_diameter (in mm)
Line 3: Cell_rotation, Borehole_bearing, Borehole_dip (in degrees), K-factor
Line 4: Pressures separated by commas (up to 23 values currently possible) (in MPa)
Line 5: Recorded strains (microstrain) for gauge A0 for each pressure stage separated by commas.
Line 6: Recorded strains (microstrain) for gauge A90 for each pressure stage separated by commas.
Line 7: Recorded strains (microstrain) for gauge A45 for each pressure stage separated by commas.
Line 8: Recorded strains (microstrain) for gauge B45 for each pressure stage separated by commas.
Line 9: Recorded strains (microstrain) for gauge B135 for each pressure stage separated by commas.
Line 10: Recorded strains (microstrain) for gauge B90 for each pressure stage separated by commas.
Line 11: Recorded strains (microstrain) for gauge C0 for each pressure stage separated by commas.
Line 12: Recorded strains (microstrain) for gauge C90 for each pressure stage separated by commas.
Line 13: Recorded strains (microstrain) for gauge C45 for each pressure stage separated by commas.
Line 14: Recorded strains (microstrain) for gauge D135 for each pressure stage separated by commas.
Line 15: Recorded strains (microstrain) for gauge E90 for each pressure stage separated by commas.
Line 16: Recorded strains (microstrain) for gauge F90 for each pressure stage separated by commas.
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APPENDIX 3-7: TRANSVERSELY ISOTROPIC STRESS RESULTS 
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Sigma 1

Sigma 2

Sigma 3

S1 Isotropict

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=8-3 MPa

S2 Transversely Iso., p=8-3 MPa

S3 Transversely Iso., p=8-3 MPa

S1 Transversely Iso., p=10-0 MPa

S2 Transversely Iso., p=10-0 MPa

S3 Transversely Iso., p=10-0 MPa

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60° dip=30° dip=0°

0 5 10 15 20

Olkiluoto KR10, 1:12 - Isotropic

Olkiluoto KR10, 1:12 - Transversely
Iso., p=8-3 MPa

Olkiluoto KR10, 1:12 - Transversely
Iso., p=10-0 MPa

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 1. Olkiluoto, OL-KR10, Level 1, Test 12, 329.91 m. Orientations and 
magnitudes of principal stress components for transversely isotropic and isotropic 
models.
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Sigma 1

Sigma 2

Sigma 3

S1 Isotropic

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=8-3 MPa

S2 Transversely Iso., p=8-3 MPa

S3 Transversely Iso., p=8-3 MPa

S1 Transversely Iso., p=10-0 MPa

S2 Transversely Iso., p=10-0 MPa

S3 Transversely Iso., p=10-0 MPa

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60°

dip=30°

dip=0°

0 5 10 15 20 25

Olkiluoto KR10 2:1 -  Isotropic

Olkiluoto KR10 2:1 - Transversely
Iso., p=8-3 MPa

Olkiluoto KR10 2:1 - Transversely
Iso., p=10-0 MPa

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 2. Olkiluoto, OL-KR10, Level 2, Test 1, 448.18 m  Orientations and magnitudes 
of principal stress components for transversely isotropic and isotropic models. 
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Sigma 1

Sigma 2

Sigma 3

S1 Isotropic

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=8-3 MPa

S2 Transversely Iso., p=8-3 MPa

S3 Transversely Iso., p=8-3 MPa

S1 Transversely Iso., p=10-0 MPa

S2 Transversely Iso., p=10-0 MPa

S3 Transversely Iso., p=10-0 MPa

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60° dip=30° dip=0°

0 5 10 15 20 25 30 35 40 45

Olkiluoto KR24 1:8:1 - Isotropic

Olkiluoto KR24 1:8:1 - Transversely
Iso., p=8-3 MPa

Olkiluoto KR24 1:8:1 - Transversely
Iso., p=10-0 MPa

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 3. Olkiluoto, OL-KR24, Test no. 1:8:1, 310.12 m. Orientations and magnitudes 
of principal stress components for transversely isotropic and isotropic models. 
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Sigma 1

Sigma 2

Sigma 3

S1 Isotropic

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=0-10 MPa

S2 Transversely Iso., p=0-10 MPa

S3 Transversely Iso., p=0-10 MPa

S1 Transversely Iso., p=3-8 MPa

S2 Transversely Iso., p=3-8 MPa

S3 Transversely Iso., p=3-8 MPa

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60° dip=30° dip=0°

0 5 10 15 20

Olkiluoto KR24  2:2:6 - Isotropic

Olkiluoto KR24 2:2:6 - Transversely
Iso., p=0-10 MPa

Olkiluoto KR24 2:2:6 - Transversely
Iso., p=3-8 MPa

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 4. Olkiluoto, OL-KR24, Test no. 2:2:6, 310.12 m. Orientations and magnitudes 
of principal stress components for transversely isotropic and isotropic models. 
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Sigma 1

Sigma 2

Sigma 3

S1 Isotropic

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=8-6 MPa

S2 Transversely Iso., p=8-6 MPa

S3 Transversely Iso., p=8-6 MPa

S1 Transversely Iso., p=10-0 MPa

S2 Transversely Iso., p=10-0 MPa

S3 Transversely Iso., p=10-0 MPa

North = Y 
= Trend 0°

East = X 
= Trend 90°

dip=60°

dip=30°

dip=0°
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Forsmark KFM01B, 1:4:1, - Isotropic

Forsmark KFM01B, 1:4:1, -
Transversely Iso., p=8-6 MPa

Forsmark KFM01B, 1:4:1, -
Transversely Iso., p=10-0 MPa

Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 5. Forsmark, KFM01B, Test no. 1:4:1, 238.94 m. Orientations and magnitudes 
of principal stress components for transversely isotropic and isotropic models. 
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S1 Isotropic

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=8-6 MPa

S2 Transversely Iso., p=8-6 MPa

S3 Transversely Iso., p=8-6 MPa

S1 Transversely Iso., p=10-0 MPa

S2 Transversely Iso., p=10-0 MPa

S3 Transversely Iso., p=10-0 MPa

North = Y 
= Trend 0°
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= Trend 90°
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Forsmark KFM01B, 1:7:1 -
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Principal stress ( MPa )
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Figure 6. Forsmark, KFM01B, Test no. 1:7:1, 242.05 m. Orientations and magnitudes 
of principal stress components for transversely isotropic and isotropic models. 
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Sigma 1

Sigma 2

Sigma 3

S1 Isotropic

S2 Isotropic

S3 Isotropic

S1 Transversely Iso., p=6-3 MPa

S2 Transversely Iso., p=6-3 MPa

S3 Transversely Iso., p=6-3 MPa

S1 Transversely Iso., p=10-0 MPa

S2 Transversely Iso., p=10-0 MPa
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Figure 7. Forsmark, KFM01B, Test no. 2:3:1, 412.79 m. Orientations and magnitudes 
of principal stress components for transversely isotropic and isotropic models. 
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Sigma 1
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Sigma 3
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Principal stress ( MPa )

Sigma 3

Sigma 2

Sigma 1

Figure 8. Oskarshamn/Ävrö, KAV04, Test no. 2:8:1, 456.35 m. Orientations and 
magnitudes of principal stress components for transversely isotropic and isotropic 
models.
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Figure 9. Laxemar, KLX04, Test no. 2:1:3, 374.68 m. Orientations and magnitudes of 
principal stress components for transversely isotropic and isotropic models. 
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Figure 10. Äspö HRL – ZEDEX, KXZSD8HL, MP5, 25.44 m. Orientations and 
magnitudes of principal stress components for transversely isotropic and isotropic 
models.
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APPENDIX 3-8: EFFECT OF ORIENTATION OF FOLIATION ON RESULTING 
STRESSES
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Figure 1. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 0º relative to the  plane perpendicular to the core axis. 
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Figure 2. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 15º relative to the plane perpendicular to the core axis. 
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Figure 3. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 30º relative to the plane perpendicular to the core axis. 
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Figure 4. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 45º relative to the  plane perpendicular to the core axis. 
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Figure 5. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 60º relative to the plane perpendicular to the core axis. 
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Figure 6. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 75º relative to the plane perpendicular to the core axis. 
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Figure 7. Magnitudes and orientations of principal stresses with different dip directions 
of foliation. Reference case is Olkiluoto KR24 2:2:6 and dip of foliation is assumed to 
be 90º relative to the plane perpendicular to the core axis. 




