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ABSTRACT 
 
This thesis presents new developments of the Integrated Stress Determination Method 
(ISDM) with application to the Äspö Hard Rock Laboratory (HRL), Oskarshamn, 
Sweden. The new developments involve a 12-parameter representation of the regional 
stress field in the rock mass. The method is applicable to data from hydraulic 
fracturing, hydraulic tests on pre-existing fractures (HTPF), and overcoring data from 
CSIR- and CSIRO-type of devices. When hydraulic fracturing/HTPF data are 
combined with overcoring data, the former may be used to constrain the elastic 
parameters, i.e. the problem involves 14 model parameters. 
 
The Swedish Nuclear Fuel and Waste Management Co. (SKB), have conducted a vast 
amount of rock stress measurements at the Äspö Hard Rock Laboratory (HRL) since 
the late 1980s. However, despite the large number of stress measurement data 
collected in this limited rock volume, variability in the stress field exists. Not only 
does the result vary depending on measuring technique, e.g. overcoring data indicated 
larger stress magnitudes compared to hydraulic fracturing data; the results are also 
affected by existing discontinuities, indicated by non-linear stress magnitudes and 
orientations versus depth. 
 
The objectives for this study are therefore threefold: (1) find explanations to the 
observed differences between existing hydraulic and overcoring stress data at the 
Äspö HRL; (2) explain the non-linear stress distribution indicated by existing stress 
data; and (3) apply the ISDM, including the new developments, based on the results 
obtained in step 1 and 2. 
 
To evaluate the observed differences between existing hydraulic and overcoring stress 
data, a detailed re-interpretation was conducted. Several measurement-related 
uncertainties were identified and corrected for when possible, which effectively 
reduced the discrepancies between the hydraulic and overcoring measuring results. 
 
Modeling studies managed by SKB have shown that the redistribution of the stresses 
at Äspö HRL to a large extent can be correlated to the NE-2 Fracture Zone, which 
divides the rock stress data into two stress domains. The effect of this zone was 
confirmed in this study, and the re-analyzed data suggest an orientation of σ1 equal to 
124oN±13o for the NW domain and 139oN±18o for the SE domain. Later, the 
application of the ISDM further verified the influence of the NE-2 Fracture Zone on 
the regional stress field. The results in the vicinity of the NE-2 Fracture Zone indicate 
that σ1 is perpendicular to the zone, whereas the σ2 and σ3 coincide with the plane 
defined by the zone (strike 21oN, dip 77o towards SE). However, the principal stress 
magnitudes seem less influenced by the zone. 
 
The amount of data located outside the zone of influence from the NE-2 Fracture 
Zone is limited, and the regional stress tensor is hence difficult to define. Most likely, 
the orientation of the regional σ1 is trending about 140oN. 
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SAMMANFATTNING 
 
I denna avhandling beskrivs en vidareutveckling av en integrerad metod för 
bestämning av spänningsfältet i en bergmassa (ISDM). Metoden har därefter 
applicerats på existerande bergspänningsdata från Äspölaboratoriet i Oskarshamns 
kommun. Den nya utvecklingen inkluderar en beskrivning av spänningsfältet i en 
bergvolym med hjälp av 12 modellparametrar. Metoden kan appliceras på data från 
hydraulisk spräckning, hydrauliska tester på existerande sprickor (HTPF) samt på 
överborrningdata från CSIR- och CSIRO-celler. När data från hydraulisk 
spräckning/HTPF kombineras med överborrningdata, kan man som option välja att 
beräkna de elastiska parametrarna, vilket innebär att problemet består i att bestämma 
14 modellparametrar. 
 
Vid Äspölaboratoriet, som ägs och drivs av Svensk Kärnbränslehantering AB (SKB), 
har ett stort antal bergspänningsmätningar utförts sedan slutet av 1980-talet. 
Mätningarna uppvisar stora skillnader i resultat mellan olika mätmetoder. 
Överborrningsdata indikerar betydligt högre spänningsmagnituder jämfört med data 
från hydraulisk spräckning. Dessutom är spänningarna icke-linjära mot djupet, vilket 
är ett resultat av påverkan av strukturer i bergmassan. Sammanfattningsvis har 
spänningsbilden vid Äspölaboratoriet inte varit väldefinierad trots det stora antalet 
utförda mätningar. 
 
Syftet med denna studie är att (1) finna förklaringar till resultskillnader mellan olika 
metoder; (2) förklara den icke-linjära spänningsfördelningen mot djupet; samt (3) 
applicera den vidareutvecklade integrerade spänningsmetoden på omtolkade 
spänningsdata. 
 
För att bedöma orsaken till resultatskillnaderna mellan olika mätmetoder har en 
omfattande omtolkning av data utförts, vilket resulterade i identifiering av flera 
mätrelaterade osäkerheter. Korrektionsmetoder för ett flertal av dessa osäkerheter 
utvecklades. Genom att tillämpa dessa reducerades skillnaderna mellan de olika 
mätmetoderna avsevärt. 
 
Numeriska modelleringar i SKBs regi har visat att den icke-linjära 
spänningsfördelningen på Äspö är en effekt av sprickzon NE-2. Resultaten från 
omtolkade överborrningdata indikerar att zonen delar in bergmassan i två 
spänningsdomäner. Orienteringen av σ1 är 124oN±13o i den nordvästra domänen 
respektive 139oN±18o i den sydöstra domänen. Vid senare applicering av ISDM 
kunde effekten av zon NE-2 ytterligare befästas. Resultaten visar att spänningarna i 
närheten av zonen är reorienterade så att σ1 är vinkelrät mot zonen, medan σ2 och σ3 
sammanfaller med zonens plan (strykning 21oN, stupning 77o mot SO). 
Spänningsmagnituderna verkar dock vara mindre påverkade av zonen än 
orienteringarna. 
 
Det regionala spänningsfältet i Äspöregionen är svårbedömt på grund av att antalet 
mätdata utanför den av NE-2 zonen störda volymen är begränsat. Det är dock troligt 
att σ1 är orienterad omkring 140oN. 
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INTRODUCTION 
 
Stress field determinations are fundamental for all work on rock mechanics as they 
provide means to analyze the mechanical behavior of rock, serve as boundary 
conditions in rock engineering problems, help understand the groundwater fluid flow, 
and at larger scales, shed some light on the mechanisms causing tectonic plates to 
move or fault to rupture. Stresses in the rock are commonly divided into primary and 
secondary sources. The secondary rock stresses are man-made by e.g. excavations, 
whereas the primary, or in-situ, stress field is the cumulative product of events in its 
geological history, e.g. gravitational, tectonic, residual, and terrestrial stresses (e.g 
[Amadei and Stephansson, 1997]). This thesis investigates the contemporary state of 
stress at the Äspö Hard Rock Laboratory (HRL), using in-situ stress data. 
 
The state of stress in a point is defined as the mean stress per unit area, and as such, it 
is usually referred to as a local stress tensor [Cornet, 1993a]. Stress is normally 
described within the context of continuum mechanics and is defined as a second-order 
Cartesian tensor with six independent components. Thus, the determination of the 
local stress tensor requires appraisal of six independent variables, expressed in a 
chosen frame of reference. The unit area involved in the local stress tensor is usually 
described within the concept of Representative Elementary Volume (REV). The REV 
in rock mechanics is defined as the smallest volume in which there is equivalence 
between the idealized continuum material and the real rock. For large rock volumes, 
body forces cannot be neglected, whereas for smaller volumes, the various functions 
involved in the homogenization of the rock mass within the REV cannot be used 
[Cornet, 1993a]. This implies that stress measurements preferably should be 
conducted within a volume of comparable size to the REV. Smaller volumes should 
be avoided, whereas larger volumes are acceptable provided that the stress variation 
within the volume is negligible or taken into account [Cornet, 1993a]. 
 
Most stress measurements are conducted at a considerably smaller scale compared to 
the rock-engineering problem to be solved. Hence, in larger rock masses, the regional 
stress tensor is sought which comprises six functions of spatial coordinates. In these 
cases, the rock mass must be idealized by definition of an equivalent continuum. One 
of these methods, the Integrated Stress Determination Method (ISDM; [Cornet, 
1993b]), is applied in this thesis. 
 
The rock stress data at the Äspö HRL include both hydraulic fracturing and 
overcoring stress data. A main objective of this thesis has been to develop the ISDM 
from these methods. The developments include: (1) a 12-parameter representation of 
the regional stress field; (2) application to overcoring data; and (3) application to 
combined data sets of hydraulic fracturing and overcoring stress data. The earliest 
applications of the ISDM used a Gradient method, i.e. an iterative approach, which 
was based on the least squares criterion. Later, the inversions were made using 
Genetic Algorithms and Monte Carlo simulations (e.g. [Yin and Cornet, 1994]), 
which use random processes to search the model space. One advantage with the 
Genetic Algorithm and the Monte Carlo methods is that they require no derivative 
information and therefore avoid linearization of the problem. The major difference 
between the Gradient and the random methods is the number of models (sets of 
unknown model parameters) that are exploited, where Gradient methods are limited 
and random methods unlimited (in theory). Further, geophysical optimization 
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problems are usually non-linear, and a solution using the Gradient method therefore 
depends on the a priori information [Menke, 1984; Gallagher et al., 1991]. 
Conclusively, Gradient methods may result in non-unique solutions and convergence 
problems if the problem is too non-linear. To avoid this problem in this thesis, both 
the Gradient and the Monte Carlo method were applied. 
 
At the Äspö HRL, results from stress measurements using hydraulic fracturing and 
overcoring stress techniques indicate a non-linear stress distribution with depth and 
large discrepancies between these measurement methods [Bjarnason et al., 1989; Lee 
and Stillborg, 1993; Lee et al., 1994; Litterbach et al., 1994; Ljunggren and Klasson, 
1996; 1997; Ekman, 1997; Ekman et al., 1997; Nilsson et al., 1997; Ljunggren and 
Bergsten, 1998; Klee and Rummel, 2002; Klasson et al., 2002; Klasson and 
Andersson, 2002]. Recent modeling work has established that the redistribution of the 
stresses at Äspö HRL can be correlated to the NE-2 Fracture Zone [Berglund et al., 
2003; Vidstrand, 2003; Laaksoharju and Gurban, 2003; Hakami, 2003]. The major 
discrepancy between overcoring and hydraulic fracturing data concerns the stress 
magnitudes: overcoring measurements indicate significantly larger magnitudes than 
the hydraulic fracturing measurements. Additional objectives of this thesis have been 
to find explanations to the observed differences between the stress measuring 
techniques, and to further verify the influence of the NE-2 Fracture Zone on the 
regional stress field at the Äspö HRL. 
 
This thesis summarizes the result of a detailed re-interpretation of existing rock stress 
data at the Äspö HRL. The data were analyzed and the stresses calculated using a 
stepwise increase in the involved volume: (1) single test scale; (2) single borehole 
scale; and (3) multiple borehole scale. To solve the stresses, several computer 
algorithms have been developed and calibrated, which are all written in MATLAB® 
[MathWorks, 2001]. The data analysis revealed that the stress measurements contain 
several measurement-related uncertainties, and as a result, a rational for reducing 
these uncertainties was also developed. 
 
The thesis starts with a brief description of the different stress measuring methods 
used at the Äspö HRL. This is followed by a detailed description of the ISDM 
[Cornet, 1993b] and the new developments made in this study. Finally, I describe the 
case study at Äspö HRL, with a summary of the results obtained. 
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METHODS FOR MEASURING ROCK STRESS 
 
Two stress measurement methods, hydraulic fracturing and overcoring methods, have 
been used to probe the stress field at the Äspö HRL. The hydraulic tests on pre-
existing fractures (HTPF) method are also described. HTPF tests have not been 
conducted at the Äspö HRL, but it is described here because it is closely linked to 
hydraulic fracturing measurements and the Integrated Stress Determination Method 
(ISDM). 
 
Hydraulic fracturing 
 
Measurement and analysis 
 
A hydraulic fracturing (HF) measurement involves subsequent pressurization of a 
sealed-off section in a borehole until the borehole wall fractures. During these 
measurements, the pressure in the sealed-off test section versus time is recorded (Fig. 
1). The pressure required to induce fractures is called the breakdown pressure, Pb. 
Succeeding re-pressurizations, resulting in re-opening pressures Pr, are usually 
defined as the points, for each pressurization cycle, where the pressure-time curve 
begins to deviate from linearity (Fig. 2). A more objective method for defining Pr 
using the statistical reference threshold method is given in Lee and Haimson [1989]. 
 

 
 
Figure 1. Pressure - time record from a hydraulic fracturing measurement with 

permeability test, fracturing and two re-opening cycles and finally a 
hydraulic jacking test or step-pressure test (After Ask [2003b]). 

 
When the hydraulic system is sealed, or shut-in, two mechanisms are controlling the 
observed pressure drop in the test section: (1) the movement of the fluid in the system 
is stopped, giving zero frictional losses (difference between propagation pressure and 
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instantaneous shut-in pressure, Ps); and (2) the excess fluid in the system, which is a 
function of the system compressibility, further propagates the fracture and depletes 
into the rock mass (difference between Ps and fracture closure pressure). This yields 
the instantaneous shut-in pressure, Ps, on the pressure time curve. At that instant, the 
pressure in the test section is equal to the magnitude of the minimum horizontal stress. 
The shut-in pressure, Ps, was originally determined using graphical methods, e.g. the 
inflection point method [Gronseth and Kry, 1983], the maximum curvature method 
[Hardy, 1973; Hayashi and Sakurai, 1989], or the tangent intersection method 
[Enever and Chopra, 1986], Fig. 2. Later, when data sampling became digital, more 
advanced methods were applied, which are summarized in Guo et al [1993]. Klee and 
Rummel [2002] used the inflection point method to determine Ps in hydraulic 
fracturing measurements at the Äspö HRL. However, they also specified maximum 
(at zero flow) and minimum (Muskat method; [Aamodt and Kuriyagawa, 1981]) shut-
in pressures, Psmax and Psmin. In this thesis, the maximum and minimum shut-in 
pressures were used to describe the confidence intervals (99%) for the shut-in 
pressures, Fig. 2 [Paper 6]. 
 

 
 
Figure 2. Idealized pressure - time record from a hydraulic fracturing measurement 

and determination of Ps using inflection point method (first cycle) and 
tangent method (second cycle). Po denotes the formation pore pressure 
(After Ask [Paper 6]). 

 
The orientations of the fractures are usually determined with oriented impression 
packers, geophysical logging, or electrical imaging methods [Haimson and Cornet, 
2003]. Each of these tools have drawbacks: (1) impression packers yield 
unsatisfactory results in strongly inclined boreholes and for test sections with multiple 
fractures; (2) the resolution of geophysical logs may not allow detection of very small 
fractures; and (3) electrical images may yield unsatisfactory results in certain rock 
types such as claystone and salt (although recently improved) [Haimson and Cornet, 
2003]. 
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For an axially induced fracture in a vertical borehole, the orientation of maximum 
horizontal stress, σH, is equal to the strike of the fracture, Fig. 3. The minimum 
horizontal stress, σh, is perpendicular to σH. 
 

 
 
Figure 3. Imprint of an induced axial fracture (solid lines) and mean vertical plane 

occupied by the fracture (dashed lines). 
 
Theory 
 
Consider a vertical borehole in a horizontal plate composed of an ideally elastic and 
isotropic material with one of the principal stresses in the direction of the borehole, 
and subjected to a homogeneous stress field. The resulting stress concentration around 
the borehole includes radial (σrr), circumferential (σθθ), and shear stresses (σrθ; Fig. 
4). Their theoretical relationship for applied far-field stresses has been described by 
Kirsch [1898] and Jaeger and Cook [1969]: 
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where σH and σh are the maximum and minimum horizontal stresses, R is the 
borehole radius, r the radial distance to the measurement point, and ∆P is the 
difference between the borehole fluid pressure, Pb, and the formation pore pressure, 
Po. At the borehole wall, where r=R, the formulas reduce to: 
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Figure 4. Coordinate system and the orientation of stress components in cylindrical 

coordinates (Modified after Lund [2001] and Brudy [1995]). 
 
Maximum and minimum stress concentrations occur at θ = 90° and θ = 0°, 
respectively. These two angles represent the borehole breakout and hydraulic 
fracturing conditions, respectively. For the hydraulic fracturing case, Eq. 5 reduces to: 
 

PHh ∆−σ−σ=σ °=θ 30  (7) 

 
At the time of fracture initiation, σθ=0° = -T, where T is the tensile strength of the 
material. Rearranging Eq. 7 then gives the classical hydraulic fracturing formula 
[Hubbert and Willis, 1957]: 
 

03 PPT bhH −−+= σσ  (8) 

 
A few different solutions for σH exist depending on if the rock is porous or non-
porous and if the fluid is penetrating or non-penetrating (e.g. [Schmitt and Zoback, 
1989; Amadei and Stephansson, 1997; Ito et al., 1999]). Equation 8 is dependent on 
the tensile strength of the rock, which normally is determined using Brazilian tests 
and, less commonly, using hydraulic fracturing measurements on cores [Haimson and 
Cornet, 2003]. One drawback with the Brazilian test is that it does not mimic the 
conditions of the hydraulic fracturing test and it has not been established that the 
obtained tensile strength is representative for hydraulic fracturing measurements 
[Haimson and Cornet, 2003]. Both methods include a scale-effect between field and 
laboratory dimensions. If the tensile strength is not known, Bredehoeft et al [1976] 
introduced a modified hydraulic fracturing equation: 
 

rhH P−= σσ 3  (9) 
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The modified hydraulic fracturing equation has several known uncertainties: (1) There 
is a non-zero residual aperture after each pressurization cycle and the re-opening 
pressure, Pr, is therefore dependent on the pressurization rate (e.g. [Ratigan, 1992; 
Cornet, 1993b; Rutqvist, 1995; Rutqvist et al., 2000]); (2) Pr may not be identified 
objectively on the pressure time record because the fluid volume that is pumped into 
the test section is far greater than the volume that enters the fracture [Ito et al, 1999]. 
Ito et al. [1999] concluded that the system compliance must be very low (less than 
5·10-7 m3/MPa) for correct identification of Pr, and for measurements at great depth, a 
down-hole flow meter is essential; and (3) The induced fracture disturbs the 
assumption of linear-elastic, homogeneous, and isotropic rock conditions, entailing 
that Pr is always close to σh and independent of the value of σH [Rutqvist et al., 2000]. 
For these reasons, the magnitude of σH determined using Eq. 2 is very uncertain. 
 
Hydraulic tests of pre-existing fractures (HTPF) 
 
Measurement and analysis 
 
The HTPF method is normally associated with a hydraulic jacking or step-pressure 
test (Fig. 1 and 5), which is made to determine the borehole pressure that exactly 
balances the fracture normal stress. A steady injection flow should be attained at each 
pressure level, before proceeding to the next level. The distinctive features of the 
pressure curve in Figure 5 are two slightly non-linear slopes connected with a plateau 
part. This plateau is used to determine the fracture normal stress. Generally, it is 
assumed that the fracture remains closed for pressures less than the fracture normal 
stress. For pressures above the fracture normal stress, the fracture opens, and a 
considerably higher flow rate is required to keep the fracture open. The fracture re-
opening is gradual, and depends on the fracture normal stiffness and effective stress 
inside the fracture near the borehole [Rutqvist, 1995]. In tests on granite, Cornet et al. 
[2003b] showed that the fracture normal stress from hydraulic jacking may be 
overestimated for a mean fracture opening of less than 15-20 µm, and for a 
channeling-controlled fluid flow. They concluded that hydraulic jacking tests should 
discard results from the opening phase. 
 

 
 
Figure 5. Pressure and flow rate versus time record from hydraulic jacking test 

(After Rutqvist [1995]). 
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A cyclic hydraulic jacking test consists of a step-wise increase in borehole pressure to 
a maximum flow rate. This is followed by a step-wise decrease in borehole pressure 
until back-flow is obtained. Back-flow occurs when the injection flow is too small to 
keep the fracture open. As the fracture closes, the flow is reversed, causing a 
temporary flow increase on the flow chart [Rutqvist and Stephansson, 1996]. The 
results are plotted on graphs for borehole pressure versus fluid flow at the end of each 
pressure level (Fig. 6). 
 

 
 
Figure 6. Pressure versus flow rate and determination of fracture normal stress at 

zero-flow pressure of a cyclic hydraulic jacking test (Modified after 
Rutqvist and Stephansson [1996]). 

 
The orientations of the tested fractures are similar to the hydraulic fracturing method 
determined with oriented impression packers, geophysical logging, or electrical 
imaging methods [Haimson and Cornet, 2003]. However, in HTPF measurements the 
fracture orientation must be known with higher accuracy than in hydraulic fracturing 
measurements. If there are multiple fractures within the HTPF test section, it is crucial 
to determine which of these fractures that has been opened. Therefore, electrical 
imaging tools are preferable. The method for determining the fracture orientation and 
its standard deviation of an inclined fracture is given in Fig. 7. Two sinusoidal curves 
are drawn which completely cover the extent of the fracture (dotted lines in Fig. 7) 
and the fracture orientation is then given by the central value, whereas its standard 
deviation is determined from the scatter described by the two sinusoidal curves [Ask, 
2001]. 
 
Theory 
 
HTPF measurements involve hydraulic tests on pre-existing planes of weakness with, 
preferably, a large range of fracture directions and inclinations [Cornet, 1993b]. In 
case of multiple fractures within a test section, it is necessary to verify that only one 
single fracture has been opened. The HTPF method assumes planar fractures with 
persisting orientation away from the borehole but, unlike the hydraulic fracturing 
theory, is independent of pore pressure and tensile strength. 
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Figure 7. Schematic view of how fracture orientation and standard deviation is 

determined for an inclined fracture. Two sinusoidal curves (dotted lines) 
that completely cover the extent of the fracture (thick solid line) describe 
the standard deviation of the fracture orientation, whereas its orientation 
is given by the central value (thin solid line; Modified after Ask [2001]). 

 
The choice of parameterization for stress calculation depends on the number of 
measurement points and the range of orientations of the tested fractures. The theory of 
HTPF measurements is given in the next section describing the ISDM. 
 
Overcoring 
 
Measurement and analysis 
 
The overcoring method is based on coring a larger diameter borehole over a coaxial 
small-diameter pilot hole in which the strain-measuring instrument is located (Fig. 8). 
Thus, the cylindrical core sample is relaxed from the stress field in the rock mass and 
the strains associated with the relaxation are measured. Data sampling may be analog 
or digital, but generally, the digital sampling has a higher sampling frequency, which 
simplifies identification of malfunctioning strain gauges during analysis. During 
measurement, the temperature is measured; one objective of overcoring measurements 
is to minimize the temperature difference between the strain gauge readings, which 
are made before and after overcoring [Amadei and Stephansson, 1997; Sjöberg et al., 
2003]. 
 
There exist several types of overcoring cells, see summary of Amadei and 
Stephansson [1997]. The cells developed at the Council of Scientific and Industrial 
Research (CSIR) and the Commonwealth Scientific and Industrial Research 
Organization (CSIRO) are two main types. CSIR- and CSIRO-type of devices include 
9 or 12 strain gauges, Fig. 9. The strain gauge configuration includes axial gauges, 
tangential, and from the axial direction inclined ±45o strain gauges (e.g. [Leeman, 
1968; 1971; Hiltscher et a., 1979; Duncan Fama and Pender, 1980; Hallbjörn et al, 
1986; 1990; Worotnicki, 1993; Sjöberg and Klasson, 2003]). The Borre Probe, which 
is a CSIR-type of cell, and the CSIRO cells with thick and thin hollow inclusions (HI) 
have been used at the Äspö HRL. 
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Figure 8. Measurement procedure for the Borre Probe: (1) Advance φ 76 mm main 
borehole to measurement depth; (2) Drill φ 36 mm pilot hole and recover 
core for appraisal; (3) Lower Borre Probe in installation tool down-hole; 
(4) Release Probe from installation tool. Strain gauges bond to pilot-hole 
wall under pressure from the cone; (5) Raise installation tool. 
Probe/gauges bonded in place; and (6) Overcore the Borre Probe and 
recover to surface in core barrel (After Ljunggren and Klasson [1996]). 

 

 
 
Figure 9. Strain gauge configuration for the 9- and 12-gauge CSIRO HI cells. The 9 

gauge version lacks gauges D135, E90, and F90 (Modified after Stillborg 
and Leijon [1982] and Worotnicki [1993]). 

 
Strain readings are taken at a stable point before and after the overcoring phase. For 
measurements with the Borre Probe, these are taken immediately before and after the 
activation/termination of flush-water (Fig. 10). Ask [Paper 3] made three 
recommendations for overcoring data analysis: (1) include verification of the glue 
hardening process (Fig. 10); (2) include detailed studies of strain gauge response at 
the time of activation/termination of flush-water (may indicate poorly glued rosettes 
in CSIR-type of devices); and (3) incorporate temperature corrections when the 
temperature difference between strain readings before and after the overcoring phase 
exceeds ±1oC. 
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Figure 10. Schematic response of a tangential strain gauge versus time during 

overcoring. The strongest strain gauge response occurs at tdag, i.e. when 
the drill bit is at the position of the strain gauge. The time interval before 
overcoring (30 min) is from the glue hardening process. tfw and CB denote 
the time when flush-water is activated/terminated and core break, 
respectively (Modified after Ask [Paper 3]). 

 
Ask [Paper 3] also suggests an approximate method for correction of boundary 
yielding [Irvin et al., 1987] based on rotation of σH towards the borehole direction as 
a function of increasing axial strain in a borehole. 
 
Following overcoring, the recovered overcore sample is usually placed in a biaxial 
test chamber to determine the elastic parameters Young’s modulus, E, and Pisson’s 
ratio, ν. During biaxial testing, the overcore sample is first subjected to a step-wise 
increase of applied pressure to the desired maximum pressure level, followed by a 
step-wise decrease to zero pressure while the resulting strains are measured (e.g. 
[Amadei and Stephansson, 1997]). The loading and unloading thus allows 
examination of possible inelastic and anisotropic behavior of the rock sample 
[Amadei, 1983a; 1983b]. The results are plotted as strains versus applied pressure 
(Fig. 11) and in theory, the strain gauges within each group (i.e. axial, tangential, and 
±45° inclined) should respond identically to loading/unloading (see insert of Fig. 11). 
 
The values of E and ν are normally taken as tangent or secant values, calculated from 
the strain data during the unloading of the core sample [Amadei and Stephansson, 
1997], because the unloading mimics the overcoring process. The tangent modulus 
represents the slope of the stress-strain curve and thus requires relatively small 
increments of applied pressure. The secant modulus describes the slope of a straight 
line that joins a point on the stress-strain curve with the origin [Brady and Brown, 
1985]. 
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Figure 11. Result from biaxial testing in borehole KA2198A, Äspö HRL, with 

description of the secant Young’s modulus and hypothetical results from 
biaxial testing of an ideal elastic material in the lower left corner (After 
Ask [Paper 5]). 

 
Theory 
 
The overcoring theory generally assumes that the rock is linear-elastic and isotropic, 
although anisotropic solutions exist (see e.g. [Amadei and Stephansson, 1997]). The 
deformation of the overcore sample during stress relief is assumed to be identical in 
magnitude to that produced by the in-situ stress field, but of opposite sign. 
Application of elastic theory also requires knowledge of the elastic parameters of the 
overcore sample, Young's modulus, E, and Poisson's ratio, ν. Furthermore, it is 
assumed that the rock mass is both continuous and homogeneous and that the 
measuring probe is mounted far enough from the end of the borehole, to ensure that 
no stress/strain variations exist along the axis of the probe (e.g. [Merril, 1964; Amadei 
and Stephansson, 1997]). With these assumptions, displacements from stress 
concentrations around a borehole are given by (e.g. [Hirashima and Koga, 1977]): 
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where R is the borehole radius, r the radial distance to the measurement point, E and ν 
are Young’s modulus and Poisson’s ratio, respectively, and θ is the location of a 
strain gauge in the borehole according to the chosen coordinate system. The CSIR- 
and CSIRO HI-type of measuring devices includes strain gauges in the axial, 
tangential, and ±45° inclined strain gauges with respect to the borehole axis. For these 
orientations, the following relationships are valid: 
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Combining Eqs. 13 to 18 and using r = R, gives the final solution: 
 

( ) ( ) ( ){ }[ ]
( )[ ]

( )( )( )EK

E

EKKK

zxyzz

yxzz

zxyyxyx

/sincos145.0

/

/2sin22cos12

345

42
2

1

θτθτνεεε

σσνσε

νσθτθσσνσσε

θ

θ

−+±+=

+−=

−+−−−+=

± o

 

(20) 

(21) 

(22) 

 
where K1-K4 are correction factors for the CSIRO HI cells representing the effect of 
locating the strain gauges at some distance from the rock surface and of the resistance 
of the HI cell to deformation [Worotnicki, 1993; Duncan Fama and Pender, 1980]. 
 
The elastic properties are derived using the theory for an infinitely long, thick-walled 
circular cylinder subject to uniform external pressure, and the assumption that plane 
stress applies (e.g. [Worotnicki, 1993; Amadei and Stephansson, 1997]): 
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where p is the applied load, εθ and εz are the tangential and axial strains, respectively, 
Di and Do are the inner and outer diameters of the cylinder, respectively, and K1 is a 
correction factor for inclusion-type devices. Ask [Paper 5] suggested that also the 
±45° inclined gauges are used in cases where few data are available: 
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THE INTEGRATED STRESS DETERMINATION METHOD (ISDM) AND 
NEW DEVELOPMENTS 
 
Introduction 
 
The Integrated Stress Determination Method was developed in the 1980s by Cornet 
and Valette [1984] as a tool to determine the stress field using hydraulic tests of pre-
existing fractures (HTPF). A full description of the method is presented by Cornet 
[1993b]. However, as the name indicates, it was also intended as a mean to integrate 
different types of stress measurement methods and stress indicators. A main benefit of 
this approach is that the determined stress field is consistent with a much larger 
amount of data, and may thus be regarded more reliable. Up to date, the ISDM has 
been used to determine the stresses using HTPF and hydraulic fracturing (e.g. [Cornet 
and Valette, 1984; Cornet, 1986; 1988; 1992; 1993b; 1997; Ljunggren and Raillard, 
1987; Burlet et al., 1989; Ljunggren, 1990; Cornet and Burlet, 1992; Yin and Cornet; 
1994; Yin, 1994; Scotti and Cornet, 1994a; 1994b; Cornet and Yin, 1995; Ask, 2001; 
Ask et al., 2001b; Cornet et al., 1997; 2003a; 2003b; Ask, 2003b; 2003c]), flat jack 
[Cornet, 1996], induced seismicity and focal mechanisms (e.g. [Julien and Cornet, 
1987; Yin and Cornet; 1994; Yin, 1994; Scotti and Cornet, 1994a; 1994b; Cornet and 
Yin, 1995]), fault slips [Angelier et al., 1982], and various combinations of these (e.g. 
[Yin and Cornet; 1994; Yin, 1994; Scotti and Cornet, 1994a; 1994b; Cornet and Yin, 
1995]). This thesis contributes to this list by adding the overcoring method for four 
different overcoring devices, and the integration of overcoring and hydraulic 
fracturing/HTPF data [Paper 1; 6]. 
 

The ISDM involves several steps that for each case study must be considered (Fig. 
12): (1) the number and type of available data defines the parameterization of the 
stress field within the rock volume of interest. An increasing number of data can solve 
an increasing number of unknown model parameters, provided that the stress data 
sample more than one stress vector. For example, because the induced fracture during 
hydraulic fracturing measurements generally is parallel with the borehole axis, such 
data can only be used to determine the magnitude and orientation of minimum 
horizontal stress versus depth; (2) the rock volume, which is defined by the 
distribution of the available stress data, should be considered with respect to the 
homogenization criterion. Existing discontinuities may lead to sub-divisions of the 
rock volume and data sets; (3) select a proper mathematical algorithm. The early 
applications of the ISDM were using a non-linear least squares method (applied in 
this thesis and referred to as the Gradient method) but recent work has been based on 
Genetic Algorithms (e.g. [Yin, 1994]); (4) a priori values for the Gradient method are 
determined from available stress data or using a global Monte Carlo search for model 
parameters (applied in [Paper 6]); and finally (5) the solution is verified (fit with data, 
resolution of model parameters, strict minimum, comparison with Monte Carlo 
solutions; Fig. 12). 
 
When different types of stress measurements are integrated, care must be taken 
regarding e.g. the number of each data set, the nature of the different data sets, and 
involved volume during measurement. These differences can be overcome by 
definition and inclusion of misfit functions. A more detailed description of each step 
in Fig. 12 is given in the following sections based on the 12-parameter representation 
of the stress field in the rock mass used in Ask [Paper 6]. 
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Figure 12. Approach for stress determination using the ISDM based on the Gradient 

method. The rock stress data and the geological information control the 
parameterization of the stress field in the rock mass. A priori values for the 
Gradient method are derived from available stress data (in [Paper 1]) or 
from Monte Carlo simulations (in [Paper 6]). When a solution has been 
found, it is verified using four methods (After Ask [Paper 6]). 

 
Parameterization 
 
The measured rock volume is discretized into sub-volumes in which the stress field is 
approximated by its first order linear expansion. The stress at a point Xm of the mth 
measurement is given by [Cornet, 1993b] 
 

( ) ( ) ( ) [ ] ( ) [ ] ( ) [ ]zmymxmm zzyyxxXX ααασσ −+−+−+=  (27) 

 
where σ(Xm) and σ(X) are the stress tensor in points Xm and X, respectively, and α[x], 
α[y], and α[z] are second-order symmetrical tensors characterizing the stress gradient in 
the x-, y- and z-directions. Equation 1 satisfies the following equilibrium constraints 
[Cornet,1993b]: 
 

( )( ) ( ) 0=− i
m bXXdiv ρσ  (28) 

 
where ρ(X) is the density of the rock mass in the point X, and bi is the gravitational 
acceleration (bi = gδi3; δi3 = 0 for i ≠ 3; δi3 = 1 for i = 3). The first order approximation 
of the stress field requires determination of 22 parameters. If the data set is too small 
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to determine all 22 parameters, the number of unknowns can be reduced using the 
following assumptions: (1) the lateral stress variations are zero; (2) one principal 
stress is vertical throughout the volume; (3) if 2 applies, the rock mass density is 
obtained from direct measurements on cores; (4) there is no rotation of principal 
stresses (in small rock volumes); (5) the stress field is continuous up to ground 
surface. If lateral stress gradient can be neglected, the stress field is characterized by 
12 parameters according to 
 

( ) ( ) ( ) [ ]zmm zzXX ασσ −+=  (29) 

 
In Ask [Paper 6], σ(X) and α[z] are expressed with three Euler angles and three 
principal values. For σ(X), the eigenvalues are S1 to S3 and the three Euler angles are 
E1 to E3, which are expressed in the geographical frame of reference. Corresponding 
eigenvalues for α[z] are α1 to α3 and the three Euler angles E4 to E6, which are 
expressed in the σ(X) frame of reference. Thus, the gradients α1 to α3 correspond to 
the vertical gradient of S1 to S3 only if E1 to E3 are equal to E4 to E6. 
 
Application to hydraulic fracturing/HTPF and overcoring data 
 
For hydraulic fracturing/HTPF data, the fracture normal stress can be expressed as: 
 

( )[ ] m
normal

mmm nnX σσ =
rr  (30) 

 
where nm is the normal of the mth fracture plane and includes the dip direction φm and 
the dip ϕm of the normal to the mth fracture plane with respect to the vertical direction. 
With these definitions, Eq. 29 can be formulated in matrix form according to: 
 

( )[ ]( ) mmTomTom
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⋅⋅⋅−+⋅⋅=σ  (31) 

 
where matrices So and Ao represent the stress and gradient tensors, SB includes the 
Euler angles E1 to E3, which describe So in the geographical frame of reference, AB 
includes Euler angles E4 to E6, which describe Ao in the So frame of reference, zm is 
the depth of the mth fracture, and z is the chosen calculation depth (normally the 
average depth of the data set). 
 
For overcoring data, the general equations for the measured strains related to the 
stresses in a local xyz frame of reference are given in Eqs. 20 to 22. Using the 
parameterization expressed by Eq. 29, the expression for σx

n of the nth measurement 
in matrix form is: 
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x

n
x

TomTon
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where nx

n is the direction of the local x-axis with respect to the geographical frame of 
reference. The expressions for the remaining stress components are analogous. 
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The inverse problem and its solution 
 
The inversion is performed using a method developed by Cornet [1993b], based on 
the least squares criterion [Tarantola and Valette, 1982]. In this method, a priori 
knowledge of the unknown model parameters is assumed to exist, which can be 
formulated in terms of expected value, variance and covariances. In practice, large 
error bars are placed on assumed central values for the unknown parameters. The 
hydraulic fracturing and HTPF data consist of four components: the depth, zm, of the 
mth fracture plane, the dip direction, φm, and the dip, ϕm, of the normal to the mth 
fracture plane with respect to the vertical direction, and the fracture normal stress, 
σn

m. For overcoring data, 12 components are measured: four device dependent 
correction factors, K1

n-K4
n, the depth, zn, of the nth measurement, the dip direction, φn, 

and the dip, ϕn, of the nth borehole, the rosette angle, the rotation angle (for the Borre 
Probe), the strain, and the elastic parameters. Thus, for a 12-parameter problem, 
hydraulic fracturing and HTPF data involve 4m+12 = M components for m 
measurements and the overcoring data 12n+12 = N components for n overcoring 
measurements. 
 
Using a hydraulic fracturing or HTPF data set to exemplify the solution procedure, a 
vector πo can be created which includes a priori values according to: 
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The corresponding covariance matrix is denominated Co and is diagonal, because 
measurements and unknown parameters are assumed independent [Cornet, 1993b]. 
The correspondingly computed, or a posteriori, vector is of the form: 
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A vector function f(π) may be introduced in which the mth component is defined by: 
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For the overcoring case, there are four different expressions for fm(π); for axial, 
tangential and ±45o-inclined strain gauges. Continuing with the hydraulic 
fracturing/HTPF data case, the solution of the inverse problem is defined by the 
minimum of: 
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The problem is a conditional least square, i.e. the minimum of Eq. 36 is sought as to 
satisfy the condition f(π)=0. Tarantola and Valette [1982] demonstrated that this can 
be solved using the iterative algorithm based on the fixed-point method: 
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where F is a matrix of partial derivatives of f(π) valued at point π. Accordingly, the 
components of F are 
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where fm is the mth component of f(π) and πj is the jth component of π. The iterative 
procedure is stopped when f(πn) is sufficiently close to zero (10-6). The procedure is 
repeated with different a priori values for the unknown parameters to verify that the 
final solution does not depend on the start value. This procedure can be time 
consuming and possibly inconclusive, but may be overcome by a global search for 
model parameters that yields a minimum misfit with the observed data, e.g. using 
Monte Carlo simulation. The obtained parameters may be used as a priori values of 
the unknowns, and in that case, the least squares algorithm should converge to the 
searched global minimum. 
 
Tarantola and Valette [1982] have demonstrated that the stationary point π obtained 
from the iterative process in Eq. 37 corresponds to a strict local minimum of f if, and 
only if, Co

-1LπQπ is not negative. Qπ is the linear projector defined by 
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and Lπ is the operator defined by 
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where Kπ is the second order partial derivative operator of f(π) taken at point π. 
 
Combined inversion of hydraulic fracturing/HTPF and overcoring data 
 
There are two purposes for making a combined inversion of hydraulic 
fracturing/HTPF and overcoring data sets: (1) the solution involves a considerably 
larger amount of data; and (2) the average elastic parameters can be solved 
independently, which can be compared with the results from biaxial testing on 
overcore samples. 
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A combined inversion of hydraulic fracturing/HTPF and overcoring stress data 
implies that two methods with different physical nature, scale, and number of 
available data of each data set may differ. These differences may be overcome by 
definition and inclusion of misfit functions, which are described below. 
 
Misfit functions 
 
In this thesis, the misfit functions are based on the l1-norm because this is more robust 
than the l2-norm (smaller variance and less influenced by atypical data; [Parker and 
McNutt, 1980]). The misfit is a non-dimensional feature that describes the difference 
between a model and data (or squares of differences in the Gradient method). In 
general, it is defined as the sum of the difference between an observed and calculated 
datum normalized by the uncertainty of the datum. For hydraulic fracturing and HTPF 
data, the misfit is defined by (e.g. [Yin and Cornet, 1994; Yin, 1994]): 
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where δn

m is the uncertainty of the normal stress determination and δf
m is associated 

with the maximum rotation of the fracture plane within the domain of uncertainty of 
its orientation (i.e. including both dip and dip direction of the fracture). The 
uncertainty with respect to depth is very small and hence neglected. 
 
For overcoring data, the misfit is defined by: 
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where εi is the strain (i denotes axial, tangential, ±45o-inclined strain gauges), δi

n is 
the uncertainty of the strain measurement, and δbh

n is the uncertainty associated with 
the borehole direction. The overcoring misfit function is simplified, and neglects the 
uncertainty in strain associated with depth, corrections factors, rosette angle, and 
elastic parameters. As for hydraulic fracturing and HTPF data, the uncertainty of the 
strain associated with depth is small. The correction factors, K1 to K4 (Eqs. 20 to 22), 
are complex functions of, for example, the elastic parameters of the rock and 
overcoring cell, but regardless, they are always fairly close to one [Worotnicki, 1993]. 
The inclusion of the rosette angle was found time consuming, and was therefore 
excluded. Finally, the elastic parameters cannot be included in the misfit function for 
ovecoring data because the results from individual data sets are used in the combined 
inversion (Eq. 46), which uses the elastic parameters as unknowns. 
 
The hydraulic fracturing and HTPF methods are of different nature compared with the 
overcoring method. Therefore, the global misfit function for a combined data set 
should include weighting factors, which are complex functions. 
 
 
 



 21

The general global misfit function can be expressed as [Yin and Cornet, 1994; Yin, 
1994]: 
 

ocochhhoc ψωψωψ +=  (43) 

 
Due to time constraints, a simplified global misfit was used that considers: (1) the 
volume or area involved by a given measurement in each method; and (2) the 
individual misfit related to the misfit obtained in the combined solution [Paper 6]. 
The weighting factors are expressed as: 
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where ωh, Ah, and AREV denote the weighting factor, the measurement area, and the 
area involved in the Representative Elementary Volume (REV), respectively. 
Corresponding notations for the overcoring data set are ωoc, Voc (measurement 
volume) and VREV (REV volume). 
 
For the case study at the Äspö HRL, the REV at the scale of stress measurements has 
not been determined. As an approximation, the REV is set to 1 m3 (i.e. area 1 m2). It 
is the ratio ωhψh/ωocψoc that determines the weighting of the two data sets in the 
combined inversion, which, in this simplified global misfit function, is independent of 
the size of the REV. The area involved during hydraulic fracturing measurements 
depends on the injected volume but was set to 1 m2, which corresponds to one liter 
injected water into a fracture with a mean width of 1 mm (assuming no loss of water 
due to rock mass permeability). The volume involved in overcoring measurements 
was set to the average volume of the resulting hollow rock cylinder. The global misfit 
for the combined inversion thus becomes [Paper 6]: 
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The suggested global misfit function gives the hydraulic fracturing/HTPF data more 
weight than the overcoring data. Once the global minimum has been found (minimum 
of ψhoc), the confidence interval can be estimated using for example [Parker and 
McNutt, 1980]: 
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where W is the number of unknown parameters. 
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Monte Carlo search for a priori values to the Gradient method 
 
Because the solution of the Gradient method may be dependent on the a priori choice 
of model parameters, which may be difficult to define, a global search for model 
parameters was attempted using Monte Carlo technique. For overcoring data and 
combined data sets with 12 and 14 unknown parameters, the first global search was 
conducted with large steps to avoid too time consuming simulations. Successive 
simulations with smaller steps were then made until a minimum misfit was obtained. 
The model parameters corresponding to the minimum misfit was then used as a priori 
values in the Gradient method. Once the minimum misfit was determined, the 
corresponding confidence interval and standard deviations were determined using Eq. 
47. 
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CASE STUDY: ÄSPÖ HARD ROCK LABORATORY (HRL) 
 
Introduction 
 
In Sweden, the concept for disposal of high-level radioactive nuclear waste is based 
on geological deposition at approximately 500 m depth. The Swedish Nuclear Fuel 
and Waste Management Co. (SKB) is responsible for the storage of all radioactive 
waste produced in Sweden, including spent fuel from Swedish reactors. The 
responsibility also comprises development of rock characterization methods, as well 
as selection of a site for final disposal of high-level waste. The purpose of the Äspö 
Hard Rock Laboratory (HRL), which is managed by SKB and opened in 1994, was to 
provide an opportunity for research, development, and demonstration of site 
characterization methods, modeling tools, and repository technology in a realistic and 
undisturbed rock environment down to repository depth. 
 
The Äspö HRL is located in southeastern Sweden (Fig. 13) in a region characterized 
by a slightly undulated topography of well-exposed rocks. The bedrock is dominated 
by metagranitoides belonging to the Trans-Scandinavian Igneous Belt [Patchett et al., 
1987]. According to the established rock classification system at Äspö HRL, the rocks 
consist of four main rock types: Småland granite, Äspö diorite, greenestone, and 
aplite (e.g. [Wikberg et al., 1991; Rhén et al., 1997; Berglund et al., 2003]). 
 
A wealth of hydraulic fracturing and overcoring measurements has been collected at 
the Äspö HRL since the late 1980s. The existing data indicate a non-linear stress 
distribution with depth that is influenced by discontinuities [Leijon, 1995; Hansson et 
al., 1995; Andersson, 1996; 1997; Myrvang, 1997; Lundholm, 2000a; 2000b; Hakami 
et al., 2002; Hudson, 2002]. The results also vary depending on the measuring 
technique applied. For example, overcoring data indicate larger stress magnitudes 
compared to hydraulic fracturing data. Thus, despite the large amount of data 
collected in this limited area, the data variability has obstructed the attempts to resolve 
the stress field. 
 
Main objectives for this thesis have been to explain the non-linear stress distribution 
with depth, and to understand why the hydraulic fracturing and overcoring methods 
yield different results. Modeling work indicates that the redistribution of the stresses 
at the Äspö HRL can be attributed to the NE-2 Fracture Zone [Berglund et al., 2003; 
Vidstrand, 2003; Laaksoharju and Gurban, 2003; Hakami, 2003]. The NE-2 Fracture 
Zone is interpreted as a strongly undulating NE-striking fracture zone (21oN) dipping 
about 77o towards SE, Fig. 14. The observed width of the zone varies between 0.5 and 
7 m and seems to narrow towards depth and northwards. The NE-2 Fracture zone is a 
ductile deformation zone that has been reactivated in brittle mode. In general, the 
stiffness increases with depth but the confidence of the geometry and character 
decreases [Berglund et al., 2003; Hakami, 2003].  
 
As a result of the modeling studies [Berglund et al., 2003; Vidstrand, 2003; 
Laaksoharju and Gurban, 2003; Hakami, 2003], this thesis has concentrated on 
finding explanations to the observed differences in results between the stress 
measuring techniques. An additional objective of this thesis project has been to 
develop the ISDM for hydraulic fracturing and overcoring stress data, and to apply the 
ISDM on existing data at the Äspö HRL. 
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Figure 13. The Äspö Hard Rock Laboratory, south-eastern Sweden. Arrow points at 

its location in the European World Stress Map in the lower left corner. 
The detailed map of the Äspö HRL displays the boreholes included in this 
study together with major fracture zones at the tunnel intersection depth. 
Stress measurement boreholes are marked with lines and borehole names. 
Vertical boreholes are marked with circles and sub-vertical boreholes with 
circles and a solid line in the borehole direction (Modified after Ask 
[Paper 3] with permission from Elsevier). 
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Figure 14. The location of the NE-2 Fracture Zone, top view. The NE-2 Fracture 

Zone divides the Äspö HRL into two domains located north-west and 
south-east of the zone (Modified after [Berglund et al., 2003]). 

 
Figure 15 summarizes the steps of this thesis to resolve the regional state of stress at 
Äspö HRL. The hydraulic fracturing and overcoring data were first collected and 
subjected to a detailed analysis. The next step was to determine the state of stress. 
While the state of stress only was determined on the single borehole scale for 
hydraulic fracturing data, it was determined on three scales for overcoring data; single 
test, single borehole, and multiple borehole scale. The third step regarded definitions 
of standard deviations of the measured parameters, a necessity for the ISDM. The 
final step of the thesis work was to integrate the two data sets from hydraulic 
fracturing and overcoring; which also represent the most recent work of the thesis. 
 
Existing data 
 
In the Äspö region, about 100 hydraulic fracturing [Bjarnason et al., 1989; Ljunggren 
and Klasson, 1997; Ekman, 1997; Ekman et al., 1997; Nilsson et al., 1997; Klee and 
Rummel, 2002;] and 140 overcoring measurements have been made [Bjarnason et al., 
1989; Lee and Stillborg, 1993; Lee et al., 1994; Litterbach et al., 1994; Ljunggren 
and Klasson, 1996; Nilsson et al., 1997; Ljunggren and Bergsten, 1998; Klasson et 
al., 2002; Klasson and Andersson, 2002].  
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Figure 15. Progress of work to calculate the state of stress at the Äspö HRL. 
 
This thesis considers the hydraulic fracturing data collected in the immediate 
surroundings of the Äspö HRL excavation, Fig. 13, which excludes hydraulic 
fracturing data in boreholes KAS03 and KLX02 [Bjarnason et al., 1989; Ljunggren 
and Klasson, 1997; Ekman, 1997; Ekman et al., 1997; Ask, 2001]. Data from the 
AECL doorstopper were also excluded [Christiansson and Jansson, 2002; 2003]. 
 
The hydraulic fracturing data in KAS02 were collected using a multihose system in 
which pressure lines, signal cables and a load carrying wire is combined into one 
single umbilical cable [Bjarnason and Torikka, 1989; Ljunggren, 1990]. The 
hydraulic fracturing measurements in KA2599G01 and KF0093A01 were performed 
using the MeSy hydrofrac and impression packer unit PERFRAC II [Klee and 
Rummel, 2002]. 
 
The overcoring data have been collected using four overcoring cells: (1) the 9-gauge 
CSIRO HI cell [Worotnicki, 1993]; (2) the thick 12-gauge CSIRO HI cell 
[Worotnicki, 1993]; (3) the thin 12-gauge CSIRO HI cell [Worotnicki, 1993]; and (4) 



 27

the 9-gauge Borre Probe [Hiltscher et al., 1976; Hallbjörn,1986; Hallbjörn et al., 
1990; Sjöberg and Klasson, 2003]. The CSIRO HI data includes 49 measurements 
collected in 12 short boreholes drilled from the ramp between 140 and 420 m depth at 
the Äspö HRL, Fig. 13 [Lee and Stillborg, 1993; Lee et al., 1994; Litterbach et al., 
1994; Nilsson et al., 1997]. The CSIRO HI data were collected at such borehole 
depths as to minimize the tunnel excavation effect, and therefore, in general, they are 
considered to sample the primary stress (in-situ) field. The Borre Probe data consist of 
65 measurements in seven boreholes including sampling of both primary and 
secondary (excavation disturbed) stress fields [Bjarnason et al., 1989; Ljunggren and 
Klasson, 1996; Ljunggren and Bergsten, 1998; Klasson et al., 2002; Klasson and 
Andersson, 2002], Fig. 13. Data sampling the primary stress field include 20 
measurements. Also the secondary stress field was studied at the Zedex Test Site 
because both the CSIRO HI cell and the Borre Probe were employed in two adjacent 
boreholes allowing comparisons (e.g. [Paper 2; 4]). 
 
Results of data analysis 
 
Hydraulic fracturing data 
 
The analysis of hydraulic fracturing data involved detailed studies of the pressure 
versus time records and the fracture imprints. The main difference in results between 
the original interpretations [Bjarnason et al., 1989; Klee and Rummel, 2002] and this 
study concerns from which test cycle the shut-in pressure is evaluated. The rules of 
thumb used in this thesis are (1) that the fracture radius should exceed three borehole 
radii; and (2) the earliest possible pump cycle that fulfils this condition is used. The 
second rule is based on the fact that the fracture is allowed to propagate further during 
each test cycle. During propagation, the fracture plane may rotate and thus differ from 
the fracture plane defined by the intersection with the borehole (i.e. the fracture 
imprint; [Evans and Engelder, 1989; Evans et al., 1989]). Changes in shut-in pressure 
during test cycles are interpreted as fracture plane rotation (for the case of a fracture 
radius exceeding three borehole radii). 
 
In borehole KAS02, a multihose unit was employed, with pressure lines consisting of 
reinforced plastic tubes of low stiffness [Bjarnason and Torikka, 1989]. As a result, 
the pressure-time curves are smooth with poorly defined shut-in pressures, which 
generally lead to larger uncertainties of the shut-in pressures. Rutqvist et al. [2000] 
showed in a modeling study that the fracture radius after the first test cycle 
(breakdown) is about 1 m. For this reason, the shut-in pressures were based on the 
first test cycle and, because the data were analogue, determined using the graphical 
tangent method [Enever and Chopra, 1986]. The corresponding standard deviation 
was determined as described in Fig. 2 [Paper 6]. 
 
The measurements in boreholes KA2599G01 and KF0093A01 were conducted with a 
stiff system (stainless steel coil tubing) and with digital data sampling [Klee and 
Rummel, 2002]. The results of Klee and Rummel [2002] were used in Ask [Paper 6] 
(after verification). The standard deviation of the shut-in pressure was based on the 
difference between estimates of maximum and minimum values of the shut-in 
pressure (Fig. 2; [Paper 6]). 
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The tested fractures in boreholes KAS02, KA2599G01 and KF0093A01 were 
determined using a standard impression packer equipped with a single-shot magnetic 
compass giving the down-hole orientation of the packer [Bjarnason and Torikka, 
1989; Bjarnason et al., 1989; Klee and Rummel, 2002]. The fracture orientation data 
have been assumed to follow normal distribution, and expressed by expected value 
and standard deviation (Fig. 7). The main drawback with the imprint system is when 
multiple fractures appear in the test section. In those cases, different fracture 
combinations were tested; a time consuming process that might lead to inconclusive 
results. However, the hydraulic fracturing measurements at Äspö HRL were originally 
not intended for ISDM; therefore it is merely stated that for this study, the choice of 
method for detection of fracture orientations is not optimal. 
 
Overcoring stress data 
 
The analysis of overcoring data involved detailed studies of: (1) the glue hardening 
process prior to the overcoring; (2) the strain gauge response in relation to flush-water 
activation/termination; (3) the recorded strains during overcoring; (4) temperature 
effects during overcoring; and (5) biaxial tests conducted on the overcore samples. 
 
The initial strain gauge readings are taken at a stable point before flush-water is 
turned on, Fig. 10. The glue hardening process, which is characterized by a strain 
increase with time until a stable plateau has been reached, is also verified and includes 
a period of about 30 minutes prior to the overcoring [Paper 3]. A close examination 
of the strain gauge response at the initiation of flush-water (only for the Borre Probe 
[Bjarnason et al., 1989; Ljunggren and Klasson, 1996; Ljunggren and Bergsten, 
1998; Klasson et al., 2002; Klasson and Andersson, 2002]) was used to verify the 
quality of the bonding between the cell and the rock. Poorly glued rosettes are 
recognized by deviating strains at flush-water activation/termination, Fig. 16. Post-
coring strain readings were taken close to core break, which normally coincides with 
flush-water stop and occurs a few minutes after the end of overcoring. These, extra 
minutes with running flush-water generally minimizes the temperature effects [Paper 
3]. 
 
For the CSIRO HI data [Lee and Stillborg, 1993; Lee et al., 1994; Litterbach et al., 
1994; Nilsson et al., 1997], the sampling frequency was poor during the overcoring 
phase, which made the analysis of overcoring data from the CSIRO HI cells difficult, 
especially regarding identification of malfunctioning strain gauges. This also 
prevented application of the same analysis technique to both the Borre Probe and the 
CSIRO HI cells. The analysis of strain data from the CSIRO HI cells was therefore 
extended to include the strain versus time response during overcoring, as well as a 
careful examination of the recorded strains in each borehole [Paper 3]. The CSIRO 
HI data have one advantage compared to the Borre Probe, because the cell is installed 
with the same orientation in all measurements along a borehole. This facilitates direct 
comparison for each group of recorded strains (e.g. [Myrvang, 1997]). For example, 
tangential strains from borehole KA1623A (Table 1) reveal maximum tangential 
strains for gauge B90, implying roughly a horizontal-vertical strain distribution. Strain 
gauges A90 and E90 have intermediate strain levels and symmetry implies that strain 
gauges C90 and F90 should have the smallest recorded strains.  
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Figure 16. Observed strains from Borre Probe during overcoring test in borehole 

KA3579G. Strain rosette number three is not glued properly, which is 
reflected by strong strain deviations when flush-water is 
activated/terminated. A rapid temperature increase (thick solid line) is 
observed after the flush-water was turned off, as a result of the higher 
temperatures in the rock. Axial gauges (Ax-1 to Ax-3) are represented by 
solid lines, tangential gauges (Tg-1 to Tg-3) by dotted, long segment lines, 
and 45°-inclined gauges (45-1 to 45-3) by dotted, short segment lines. The 
number (1 to 3) following the strain gauge abbreviation denotes the strain 
rosette number (Modified after Ask [Paper 3] with permission from 
Elsevier). 

 
Table 1 Analysis of tangential strains from CSIRO HI measurements in 

borehole KA1623A (Modified after Ask [Paper 3] with 
permission from Elsevier). 

 

 
Depth 
[m] 

A90 
[-] 

B90 
[-] 

C90 
[-] 

E90 
[-] 

F90 
[-] 

222.62 544 418 116 197 292 
222.60 267 423 104 298 120 
222.58 200 310 116 232 108 
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Following this reasoning, the recorded strains for gauge A90 and possibly also for 
F90 in the first measurement point are identified as too high, leading to the conclusion 
that these two strain gauges are regarded as uncertain in the subsequent stress 
calculation. These strains are thus removed if they have a strong impact on the stress 
tensor. 
 
Ask [Paper 5] revealed that most CSIRO HI overcore samples fractured as a result of 
too high applied pressures during biaxial testing, Fig. 17. After the most affected 
strain gauges were removed, the elastic parameters were determined to E=61.8±5.1 
GPa and ν=0.25±0.01, which is considerably lower than the results of the original 
interpretations [Lee and Stillborg, 1993; Lee et al., 1994; Litterbach et al., 1994; 
Nilsson et al., 1997] and with good agreement with biaxial tests on Borre Probe 
overcore samples [Bjarnason et al., 1989; Ljunggren and Klasson, 1996; Nilsson et 
al., 1997; Ljunggren and Bergsten, 1998; Klasson et al., 2002; Klasson and 
Andersson, 2002].  However, Ask [Paper 5] concludes that the results for Poisson’s 
ratio for the CSIRO HI overcore samples are uncertain. 
 
These cited elastic parameters correspond to the secant values of the unloading 
curves. The unloading parameters were chosen because they mimic the overcoring 
process and the secant modulus was chosen because the low sampling frequency in 
combination with overcore fracturing during the CSIRO biaxial testing did not allow 
tangent values, and because the results from biaxial tests on Borre Probe overcore 
samples were based on secant values, allowing comparisons. 
 
The standard deviations for the measured strains were determined by comparing strain 
gauge readings from gauges at the same orientation in each borehole. For borehole 
KA1899A, five measurements are available giving 10 possible strain comparisons for 
each group of tangential gauges (e.g. A901-A902, A901-A903, A901-A904, A901-A905, 
A902-A903, A902-A904, A902-A905, A903-A904, A903-A905, A904-A905 for the A90 
group; Table 2). The observed scatter is assumed to correspond to a 99% confidence 
interval (± 3 standard deviations). If the scatter is assumed to be the results of in-situ 
stress variations only (i.e. zero measurement-related uncertainties), the scatter should 
be centered about zero microstrain for normally distributed data. However, this cannot 
be verified at the single borehole scale as the number of combinations is too small. A 
statistical test on all overcoring data suggests that strain difference is approximately 
normal distributed [Paper 6]. The suggested method is straight forward for the 
CSIRO HI cells because the cell is installed with the same orientation in each 
measurement point along a borehole. For the Borre Probe, comparisons were made 
between gauges that were less than 20o (average difference 13o) from each other. This 
gave similar standard deviations as found for the CSIRO HI cells, although it is likely 
that the standard deviations are slightly overestimated for the Borre Probe. 
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Figure 17. Typical example of core fracturing during biaxial testing, mainly affecting 

gauges C0, C90, C45, and F90 (borehole KA2198A). The secant method is 
depicted for gauge C90 between 0 and 10 MPa applied biaxial load 
(Modified after Lee et al. [1994]). 

 
Table 2 Analysis of tangential strains from CSIRO HI measurements in borehole 

KA1899A (After Ask [Paper 6]). 
Depth 
[m] 

A90 
[µstrain] 

B90 
[µstrain] 

C90 
[µstrain] 

E90 
[µstrain] 

F90 
[µstrain] 

256.3 101 183 104 127 89 
256.3 114 159 99 100 80 
256.3 135 191 173 197 115 
256.2 137 252 164 208 175 
256.2 75 193 210 275 115 
Maxdiff 62 59 9 43 77 
Mindiff -36 -93 -111 -159 -149 
Std 16 25 37 34 38 

Keys: Maxdiff and Mindiff are the maximum and minimum difference of the combinations, 
respectively. The observed scatter is assumed equal to correspond to a 99% confidence interval, 
thereby giving the standard deviation of the strain gauge 
 
 
The main observations from the overcoring data analysis in this study can be 
summarized according to: 
 

• Gluing problems during Borre Probe measurements affect entire rosettes and 
the state of stress for these measurements are not reliable at the single test 
scale (must be included to solve the local stress tensor) [Paper 3]. 
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• About 25 % of the Borre Probe data were corrected with respect to 
temperature. These corrections are likely underestimation due to an erroneous 
location of the temperature-measuring gauge. It is estimated that about 2 MPa 
should be added to most Borre Probe results. 

• The strains during CSIRO HI stress measurements and biaxial tests are not 
sampled with sufficient frequency to enable evaluation of correct theoretical 
strain responses [Paper 5]. 

• A majority of the CSIRO HI measurements suffer from boundary yielding, 
and an identification and approximate correction method is presented in Ask 
[Paper 3] 

• A majority of the biaxial tests on CSIRO HI cores fractured during loading 
because too high biaxial loads were applied [Paper 3]. 

• The standard deviation of the principal stresses for the Borre Probe is larger 
than that of the CSIRO HI cells. Based on standard deviation determined using 
Monte Carlo simulation, the maximum random measuring error is ±1.9 and 
±1.5 MPa for the Borre Probe and CSIRO HI cells, respectively. Based on 
standard deviation determined using Jackknifing simulation, the maximum 
random measuring error is ±6.2 and ±1.5 MPa for the Borre Probe and CSIRO 
HI cells, respectively [Paper 4]. 

• The overcoring strain residuals do not follow normal distribution. Instead, the 
residuals are more concentrated around the central value (of zero microstrain 
or MPa) and have shorter tails compared to the normal distribution [Paper 4]. 

• The overcoring data at the single test scale do not indicate that sampling has 
favoured good quality rock, i.e. there is no systematic overestimation of the 
stresses at this scale [Paper 4]. 

• Two strongly deviating boreholes, KA1192A and KA3068A (the two deeper 
measurement points), indicating an EW orientation of maximum horizontal 
stress were found to be influenced by EW-oriented water-bearing minor 
fracture zones [Ask, 2004c]. 

 
Results of stress calculation 
 
Stress calculation using re-analyzed hydraulic fracturing and overcoring data sets 
were made at three different scales: single test scale, STS (overcoring data); single 
borehole scale, SBS (hydraulic fracturing and overcoring data); and multiple borehole 
scale, MBS (hydraulic fracturing and overcoring data). Applied corrections for 
measurement-related uncertainties in the overcoring data have resulted in a 3 MPa 
reduction in the average stress magnitude, σ = (σ1+σ2+σ3)/3. As a consequence, the 
results at all scales indicate, on contrary to the original interpretations, that the stress 
field at the Äspö HRL is quite well constrained with a good agreement between stress 
measuring methods. Detailed results at each scale are presented in the next sections, 
preceded by a sub-division of data as a result of the NE-2 Fracture Zone. 
 
Sub-division of data sets 
 
Ask [Paper 3] found that the NE-2 Fracture Zone divides the rock into two stress 
domains, NW and SE of the zone, based on results from overcoring data. This result, 
combined with the results of modeling studies [Berglund et al., 2003; Vidstrand, 
2003; Laaksoharju and Gurban, 2003; Hakami, 2003], implies that the NE-2 Fracture 
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Zone influences the stress field at the Äspö HRL. For this reason, the data were sub-
divided into a NW and a SE domain. 
 
The data in the NW block include 25 hydraulic fracturing measurements in three 
boreholes (KAS02 below the intersection with the NE-2 Fracture Zone, KA2599G01, 
and KF0093A01) and 35 overcoring measurements in five boreholes using the CSIRO 
HI cells (KA1623A, KA1625A, KA1626A, KA2510A, and KA2870A) and two Borre 
Probe boreholes (KF0093A01 and KA3579G). Corresponding data sets for the SE 
domain were nine hydraulic fracturing measurements (KAS02 above the intersection 
with the NE-2 Fracture Zone) and 79 overcoring measurements in seven boreholes 
using the CSIRO HI cells (KA1045A, KA1054A, KA1192A, KA1899A, KA2198A, 
KA3068A, and KZ0059B) and four boreholes using the Borre Probe (KXZSD8HR, 
KXZSD8HL, KXZSD81HR, and KK0045G01). These data sets were even more 
reduced in Ask [Paper 6] as a result of data heterogeneity and, because that study 
assumes no lateral stress variations, in order to reduce the involved rock volume. 
 
Single test scale (STS) 
 
At this scale, only results from the overcoring data are presented because the re-
interpreted hydraulic data was the same as the original results [Bjarnason et al., 1989; 
Klee and Rummel, 2002]. The results from overcoring data reveal a considerable 
scatter, primarily in stress magnitudes. In general, the CSIRO HI measurements 
indicate larger stress magnitudes compared to the Borre Probe, especially for major 
principal stress, σ1. The comparison with hydraulic fracturing stress data, i.e. 
projecting the principal stresses to the horizontal/vertical planes, shows that re-
analyzed overcoring data overestimates maximum horizontal stress, σH, (although the 
magnitude of σH have known uncertainties, e.g. Rutqvist et al. [2000]) and 
underestimates minimum horizontal stress, σh, between 250-400 m depth. The 
magnitude of the vertical stress, σv, versus depth is rather scattered around the trend of 
the theoretical vertical stress from the weight of the overburden [Paper 3; 5]. Because 
the principal stresses are inclined, the principal stress magnitudes are presented, Fig. 
18-20, but still including the hydraulic fracturing stress data. In this comparison, σ1 is 
compared with σH and theoretical vertical stress, whereas the intermediate and minor 
principal stresses, σ2 and σ3, are compared with σh and theoretical vertical stress. 
 
The orientation of the principal stresses indicates a deviation from the 
horizontal/vertical direction. Major principal stress has a strike in the range 93°-
163°N and a dip between 0° to 49° (average 13°), whereas σ2 and σ3 are more 
complex as their orientation shift as a function of depth. Separating them into one 
sub-vertical and one sub-horizontal stress component, i.e. disregarding the stress 
magnitudes and strikes, the sub-vertical component has a dip between 30° and 86° 
(average 64°), whereas the sub-horizontal is in the range 0° to 44° (average 20°), Fig. 
21 [Paper 5]. 
 
The NE-2 Fracture Zone appears to impact mainly the stress field orientation, 
separating the data into a NW and a SE stress domain based on the average 
orientation of σH (124oN±13o and 139oN±18o NW and SE of NE-2, respectively. 
[Paper 3; 5]. 
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Figure 18. Magnitude of major principal stress, σ1, and comparison with hydraulic 

fracturing data (After Ask [Paper 5]). 

 
 
Figure 19. Magnitude of intermediate principal stress, σ2, and comparison with 

hydraulic fracturing data (After Ask [Paper 5]). 
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Figure 20. Magnitude of minor principal stress, σ3, and comparison with hydraulic 

fracturing data (After Ask [Paper 5]). 
 

 
Figure 21. Orientation of principal stresses at the single test scale at Äspö HRL. 

Filled circles represent the true orientation of σ1, unfilled circles denote 
one sub-horizontal stress component (includes both σ2 and σ3), and plus 
signs represent one sub-vertical stress component (includes both σ2 and 
σ3; After Ask [Paper 5]). 
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Single borehole scale (SBS) 
 
At the single borehole scale, hydraulic fracturing and overcoring data have been 
compiled. The lumping of data in each borehole naturally decreases the scatter 
observed at the single test scale (Figs. 18-20). Two types of result have been obtained 
for overcoring stress data: (1) using average elastic parameters and K-factors in the 
borehole [Paper 3]; and (2) using the individual elastic parameters and K-factors 
[Paper 5]. In Ask [Paper 3; 5], different values of elastic parameters from CSIRO HI 
measurements were used. Nevertheless, the results from the two studies are similar. 
 
The first application of the ISDM to overcoring data [Paper 1], was based on an 
eight-parameter model of the stress field, and a preliminary data analysis. Yet, there 
were a relatively good agreement between with overcoring and hydraulic fracturing 
data, with σh and σv of the same order of magnitude at 470 m depth, Figs. 18-20 
[Paper 1]. The principal stresses were found inclined with two sub-horizontal 
components (dip 2o and 24o from the horizontal) and one sub-vertical (dip 65o from 
the horizontal). 
 
The first application of the ISDM to hydraulic fracturing data [Ask, 2001; Ask et al., 
2001b], was made before more detailed knowledge of the NE-2 Fracture Zone was 
established. As a result, the first inversions involve an improper sub-division of the 
data and should be regarded somewhat uncertain (included in Fig. 7 of Ask [Paper 
3]). The second attempt [Paper 6], was made using a five- and seven-parameter 
model, and shows a reasonable agreement between calculated horizontal stress 
magnitudes and the hydraulic fracturing and overcoring data. In general, σH is less 
constrained than σh, which is a result of using hydraulic fracturing data with one 
dominating fracture orientation. In these solutions, the stress gradients are poorly 
constrained. This implies that the solutions are only reliable at the chosen calculation 
depths (450 m depth NW and 280 m depth SE of the NE-2 Fracture Zone, 
respectively). 
 
Multiple borehole scale (MBS) 
 
The stress calculation at the multiple borehole scale can be described as three separate 
studies [Paper 2; 6]. The first dealt with integration of Borre Probe and CSIRO HI 
overcoring data within, or in the vicinity of the Zedex Test Site [Paper 2]. Two cases 
was investigated, a primary stress case using data from two boreholes (KXZSD8HL 
and KA3068A), and a secondary stress case, also using data from two boreholes 
(KXZSD8HR and KZ0059B). The secondary stress field was found to be similar to 
the primary stress field and both cases showed a good agreement with hydraulic 
fracturing stress data [Bjarnason et al., 1989]. The principal stresses were found to be 
slightly inclined with dips with respect to the horizontal for σ1/σ2/σ3 equal to 
13o/77o/0o and 7o/16o/72o, for the secondary and the primary stress fields, respectively. 
 
The second study was the application of the ISDM to overcoring stress data using a 
12-parameter representation of the rock mass [Paper 6]. This investigation generally 
confirmed the results from the single test and single borehole scales, that the principal 
stresses are inclined, and the data on each side of the NE-2 Fracture Zone display 
slightly different solutions, primarily with respect to the orientation of σ1. The 
solutions are reliable with good resolution (ratio a posteriori variance/a priori 
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variance of a parameter) for all unknown parameters. The results are further 
strengthened by the fact that both the Gradient and the Monte Carlo solutions yield 
very similar results. The solutions for both the domain NW and SE of the NE-2 
Fracture Zone agree with both individual hydraulic fracturing and overcoring 
measurements, Figs. 22-23. The regional stress field seems to be controlled by the 
NE-2 Fracture Zone, with σ1 approximately perpendicular and whereas the σ2 and σ3 
nearly coincide with the plane defined by the zone (strike 21oN, dip 77o towards SE). 
 
The third study at the multiple borehole scale dealt with combined hydraulic 
fracturing and overcoring data sets using ISDM [Paper 6]. The objective was to 
constrain the average elastic parameters based on the hydraulic fracturing data, thus 
solving 14 model parameters, and to compare this solution with results based on the 
average elastic parameters obtained from biaxial tests on overcore samples. However, 
in the SE domain, the hydraulic fracturing and overcoring solutions were 
heterogeneous and the data sets could not be integrated (Fig. 23). In the NW domain, 
because the hydraulic fracturing data are very few compared to the number of 
overcoring data, the suggested global misfit function and associated weighting factors 
could not be implemented. Solutions for combined data sets were obtained with either 
of two models: a 12-parameter model using known average values of elastic 
parameters from biaxial tests (E = 61.6 GPa and ν = 0.26); and a 14-parameter model 
in which the elastic parameters are unknown. When the elastic parameters were 
chosen as unknowns, E and ν was found to be 50.8 GPa and 0.33, respectively. The 
calculated stresses using known and unknown average elastic parameters were found 
quite similar, except for the magnitude of major principal stress, σ1. Both solutions 
were comparable with the results obtained using individual hydraulic fracturing and 
overcoring data sets. 
 
In Ask [Paper 6], the results of the combined data sets were based on average elastic 
parameters, whereas the overcoring data were based on elastic parameters from 
biaxial testing for each measurement point. Ask [Paper 6] concluded that the 
difference between the overcoring and the combined solutions were a result of the 
different representation of the elastic parameters. This implies that the hydraulic 
fracturing data, in general, do not influence the solution of the combined data sets. An 
exception is the minor principal stress at 450 m depth, which approximately 
correspond to minimum horizontal stress, where the hydraulic fracturing contributes 
by fixing the magnitude to 10 MPa (Fig. 24). 
 
The results at the multiple borehole scale indicate that the NE-2 Fracture Zone 
influences the regional stress field at the Äspö HRL. In the vicinity of the NE-2 
Fracture Zone (all data in the NW domain and data below 330 m depth in the SE 
domain), major principal stress strikes 128oN and dips between 0o and 19o. This is in 
agreement with the normal of the NE-2 Fracture Zone (strike 111oN and dip 13o). For 
σ2 and σ3, which are of the same order of magnitude for all depths, the orientations 
are complex.  
 
In the NW domain, σ2 is sub-vertical and σ3 is sub-horizontal, whereas in the SE 
domain, the opposite situation prevails. However, in the vicinity of the NE-2 Fracture 
Zone, the σ2:σ3-plane approximately coincide with the zone [Paper 6]. 
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Figure 22. Three-dimensional state of stress in the NW domain, with respect to the 

NE-2 Fracture Zone. Stresses are viewed from above and projected onto 
the horizontal plane. The length of each stress vector is proportional to the 
corresponding magnitude, and the fan-shaped symbol describes the dip of 
the stress vector. Results of combined inversions in the NW domain with 
elastic parameters assumed known (E = 61.6 GPa and ν = 0.26; After Ask 
[Paper 6]). 

 
The results in Ask [Paper 6] were based on the assumption that lateral stress 
variations may be neglected. In the vicinity of discontinuities, however, lateral 
gradients have been encountered (e.g. [McGarr, 1980]). The indicated influence of 
the NE-2 Fracture Zone on the regional stress field at the Äspö HRL implies that the 
chosen description of the stress field may not be optimal. 
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Figure 23. Three-dimensional state of stress in the SE domain, with respect to the NE-

2 Fracture Zone. Stresses are viewed from above and projected onto the 
horizontal plane. The length of each stress vector is proportional to the 
corresponding magnitude, and the fan-shaped symbol describes the dip of 
the stress vector (After Ask [Paper 6]). 
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Figure 24. Three-dimensional state of stress in the NW domain, with respect to the 

NE-2 Fracture Zone. Stresses are viewed from above and projected onto 
the horizontal plane. The length of each stress vector is proportional to the 
corresponding magnitude, and the fan-shaped symbol describes the dip of 
the stress vector. Results of combined inversions in the NW domain with 
elastic parameters assumed known (E = 61.6 GPa and ν = 0.26) and when 
they have been calculated (E = 50.8 GPa and ν = 0.33; After Ask [Paper 
6]). 
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CONCLUSIONS 
 
Results from this study reveal that the Integrated Stress Determination Method 
(ISDM) may effectively improve the interpretation of the regional stress field. The 
new developments of the ISDM may solve up to 12 model parameters for data sets 
including hydraulic fracturing measurements, hydraulic tests on pre-existing fractures, 
and data from CSIR- and CSIRO-type of overcoring devices. When hydraulic 
fracturing and/or HTPF data are combined with overcoring data, the hydraulic 
fracturing and/or HTPF data may be used to constrain the elastic parameters, i.e. the 
problem involves 14 model parameters. 
 
The application of the ISDM and associated re-analysis of stress data at the Äspö 
HRL has been successful. The results indicate, on contrary to what was believed prior 
to this study, that the stress field is well constrained with depth and with comparable 
results between different stress measuring methods. The study also verified that the 
NE-2 Fracture Zone influences the regional stress field, which is indicated by 
rotations of the principal stresses. The solutions in the vicinity of the NE-2 Fracture 
Zone (both NW and SE domain) indicate that σ1 is perpendicular to the zone, whereas 
the σ2:σ3–plane coincide with the NE-2 Fracture Zone. The principal stress 
magnitudes seem less influenced by the zone. 
 
The amount of data located outside the zone of influence from the NE-2 Fracture 
Zone is limited, and the regional stress tensor is difficult to constrain. Most likely, the 
regional σ1 orientation is about 140oN. The presumably unaffected overcoring data 
suggests that the principal stresses are inclined. However, this is not in agreement 
with the prevailing slightly undulating topography in the Äspö region, and further 
studies are required to resolve this issue. 
 
The re-analysis of the stress data identified several measurement-related uncertainties. 
For hydraulic fracturing data, these include (a) uncertainties associated with 
measurements with low-compressibility systems; (b) multiple fracture orientations in 
test section; (c) the magnitude of σH using the re-opening formula (Eq. 9). For 
overcoring data, the measurement-related uncertainties involve: (1) poor glue mixture 
(Borre Probe); (2) poorly glued strain rosettes (Borre Probe); (3) poorly selected strain 
readings (Borre Probe); (4) temperature effects (Borre Probe, CSIRO HI); (5) effects 
of boundary yielding (CSIRO HI); (6) poor sampling frequency during overcoring 
and biaxial testing (CSIRO HI); and (7) poorly conducted biaxial tests (CSIRO HI). 
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RECOMMENDATIONS 
 
To avoid measurement-related uncertainties in future stress measurement campaigns, 
general recommendation for overcoring, hydraulic fracturing and HTPF 
measurements are given. In general for all methods, the data recording should 
preferably be digital and all field and laboratory work should be documentation in 
detail. Method-specific recommendations are given below, preceded by 
recommendations for future research. 
 
Future research 
 
During data analysis, it was concluded that the stress measuring techniques used at 
Äspö HRL included several measurement-related uncertainties. Although corrections 
have been made leading to comparable results between the methods, there are still a 
number of remaining uncertainties. Combined with the fact that the number of data in 
each data set is unbalanced, especially considering that mostly hydraulic fracturing 
data are available with a very limited range of fracture orientations, entails that the 
Äspö HRL is not an optimal a case study the developed method. It would be valuable 
to test the methodology on a data set with an equal number of overcoring data and 
hydraulic fracturing/HTPF data). 
 
The combined inversion of hydraulic fracturing and overcoring data was, due to time 
restraints, based on the least squares algorithm. This method is robust only if the 
problem is not too non-linear. As a consequence, complementary Monte Carlo 
programs were developed to give an independent solution and to provide a priori 
values of the unknown parameters for the least squares programs. It is recommended 
that an alternative, more efficient and robust algorithm be used in future inversions, 
for example, the Genetic Algorithm [Gallagher et al., 1991]. 
 
Hydraulic fracturing and HTPF measurements 
 

• Low compressibility equipments should be avoided, unless the effects of the 
low system compliance are corrected for, because these equipments yield 
larger uncertainties in the fracture normal stress. 

• Impression packer systems should not be used in strongly inclined boreholes, 
because friction effectively removes the fracture imprint on an impression 
packer during mounting to ground surface. In HTPF measurements, the 
fracture orientation must be known with great accuracy for a reliable inversion 
result. For this reason, it is recommended that the fracture orientations are 
determined using imaging methods (e.g. electrical imaging tools [Cornet, 
1993b]). These imaging equipments are unfortunately rare, but they provide a 
more accurate fracture plane orientation and, more importantly, indicate which 
fracture that has been tested in case where more than one fracture is located in 
the test section. 

• Data interpretation should preferably include estimates of maximum and 
minimum values of the shut-in pressure. This effectively limits the range of 
the shut-in value. 

• Maximum horizontal stress in hydraulic fracturing measurements should 
preferably be determined using Eq. 8, i.e. avoid using the re-opening pressure. 
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• The HTPF test cycle normally includes a hydraulic jacking test. It is 
recommended that this test be conducted also for hydraulic fracturing 
measurements. Hydraulic jacking tests, when properly conducted, pinpoint the 
fracture normal stress with great accuracy. Based on the results of Cornet et al. 
[2003b], it is recommended that cyclic hydraulic jacking tests are conducted, 
where the fracture normal stress is determined from the closing phase (e.g. 
[Rutqvist, 1995]). A method for validation of the absence of channeling should 
also be used, e.g. using an electrical imaging tool or applying pulse testing 
which can be evaluated with respect to flow dimension by curve fitting 
[Barker, 1988]. 

• The hydraulic fracturing formula based on the re-opening pressure includes 
uncertainties [Ito et al., 1999, Rutqvist et al., 2000] and the magnitude of σH 
should therefore be used with care. 

 
Overcoring stress measurements 
 

• The data sampling frequency during overcoring and the biaxial pressure 
increments should enable verification of proper strain response from the strain 
gauges. 

• The temperature-measuring gauge of a chosen overcoring device should be 
located at the position of the strain gauges and actions should be made to 
minimize temperature effects (e.g. leave the cell in the pilot hole with flush-
water activated for about 10 minutes). 

• The glue hardening process prior to overcoring should be verified. 
• The strain gauge response to flush-water activation/termination should be 

investigated as it indicates the gluing quality of strain gauges/rosettes (CSIR-
type of cells). 

• The pre- and post-overcoring strain readings should be chosen at stable strain 
levels (before and after the overcoring process, respectively). 

• Temperature should be monitored continuously and the difference in 
temperature between the pre- and post-overcoring strain reading should not 
exceed 1oC. To reduce potential boundary yielding, the temperature during 
overcoring must not be higher than the temperature interval within which the 
glue is operating properly. 

• Potential boundary yielding can be investigated by plotting the major principal 
stress versus the borehole orientation. If yielding can be established, 
corrections can be applied as described in Ask [Paper 3; 2003b]. 

• The biaxial test should be conducted at pressures applicable to the dimensions 
of overcore, which is about 10 MPa for the Borre Probe and the CSIRO HI 
overcore samples at Äspö HRL [Paper 3]. 
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ERRATA 
 

New developments of the Integrated Stress Determination Method 
and application to the Äspö Hard Rock Laboratory, Sweden 

 
by Daniel Ask 

 
Errors are marked with underlined bold font 
 
1. Page 5, Fig. 3: The strikes of the induced fractures are 90o and 270o. 
2. Page 5 and 6, Eqs. 6 and 7, exchange ∆P with Pb - Po. 
3. Page 7, 1st paragraph, last line: …determined using Eq. 9 is very uncertain. 
4. Page 11, 2nd paragraph, line 2-3: …and Poisson’s ratio, ν. 
5. Page 17, Eqs. 31 and 32: 

( )( )( )( ) mTmTTomom
n nnSBABAABzzSSB rr

⋅⋅⋅−+=σ  (31) 

( )( )( )( ) nTnTTomon
x xx nnSBABAABzzSSB rr

⋅⋅⋅−+=σ  (32) 
6. Page 18, Eq. 35 

( ) ( )( )( )( ) mTmTTomom
n

m nnSBABAABzzSSBf rr
⋅⋅⋅−+−= σπ  (35) 

7. Page 33, 5th paragraph, last line: Missing bracket. 
8. Page 41, 4th paragraph, line 3: …measurements with high-compressibility 

equipments; … 
9. Page 42, 4th paragraph, line 1: High compressibility equipments should be avoided, 

unless the effects of the high system compliance… 
10. Page 44, line 20: Amadei, B., 1983b. 
11. Page 45, line 7. Missing end of line. 
12. Page 47, line 41: Evans, K.F., Engelder, T., and Plumb, R.A., 1989. 
13. Page 49, line 37: Klee, G. And Rummel, F., 2002. 
14. Page 51, line 41: Rutqvist, J., Tsang, C.-F., and Stephansson, O., 2002. 
15. Page 52, line 15: Sjöberg, J., Christiansson, R., and Hudson, J.A., 2003. 
16. Paper 4, page 8, 2nd column, 1st paragraph, line 9: …normalized mean stress is 1.0… 
17. Paper 4, page 9, 1st column, 5th paragraph, line 5: …(3) location of the 

measurements;… 
18. Paper 5, page 3, 1st column, 1st paragraph, line 1: …re-alyzed in Ask [13], he used… 
19. Paper 6, page 5, 1st column, 1st paragraph, line 6: …for the high compressibility… 
20. Paper 6, page 7, 1st column, 1st paragraph, line 21: …in this paper and referred to… 
21. Paper 6, page 8, 2nd column, Eq. (8), see point 4 above. 
22. Paper 6, page 9, 1st column, Eq. 11, see point 5 above. 
23. Paper 6, Page 11, 2nd column, 1st paragraph, line 8: At 330 m depth, the major 

principal… 
24. Paper 6, Page 13, 1st column, 2nd paragraph, line 5: ... because of the high 

compressibility… 
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