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Effect of Deformation Zones on the State of /7 Sifu Stress at
a Candidate Site of Geological Repository of
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( Abstract The state of in situ stress is an important factor in considering the suitability of a site as a geological
repository for nuclear waste. In this study, three-dimensional distinct numerical analysis was conducted to investigate
the effect of deformation zones on the state of stress in the Oskarshamn area, which is one of two candidate sites
in Sweden. A discontinyum numerical model was constructed by explicitly representing the numerous deformation
zones identified from site investigation and far-field tectonic stress was applied in the constructed model. The
numerical model successfully captured the variation of measured stress often observed in the rock mass containing
large-scale fractures, which shows that numerical analysis can be an effective tool in improving the understanding
of the state of stresses. Discrepancies between measured and modelled stress are attributed to the inconsistent quality
of measured stress, uncertainty in geological geometry, and input data for fractures.
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1. INTRODUCTION and design (Amadei and Stephansson, 1997). One of
the difficulties encountered in characterizing in situ

Knowledge of in situ stress is critical for the stress is that it is rarely uniform in a rock mass. The
construction of a geological repository for nuclear stress distribution in a rock mass can be so complex
waste, and in situ stress should be taken into account in that local stress may be quite different from average
determining repository site suitability, characterization, stress (Amadei and Stephansson, 1997). The dis-
tributions of in situ stresses depend largely on the
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A<=ql ;2008 49 102 geological history. Often, it is difficult to establish
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loads applied to the rock mass throughout its entire
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This difficulty has been addressed in a recent collection
of state-of-art papers dedicated to ‘rock stress’ in
which the term ‘stress estimation’ was preferentially
used instead of ‘stress determination’ or ‘stress measure-
ment’ to emphasize the fact that the measurement of
rock stress requires a significant component of ‘judgment’
or ‘opinion’ (Hudson and Comet, 2003; Fairtwwst, 2003).
Therefore, conscientious efforts are necessary regarding
both the accuracy of measured stress and the represen-
tation of the measured stress for a region of interest.

Various studies (Pollard and Segall, 1987; Martin
and Chandler, 1993; Homberg et al., 1997; Su and
Stephansson, 1999) have shown that the existence of
fractures can alter the state of stress nearby and that
it is important to properly consider the effect of
fractures when in sifu stress is measured. Due to the
complexities involved in stress estimation, numerical
analysis can be a useful tool to enhance the under-
standing of rock stress. For point-wise accuracy of
stress measurement, numerical modelling can be used
for the interpretation of the obtained stress by si-
mulating the transient overcoring process (e.g., Min et
al., 2003; Hakala et al., 2003). For the estimation of
the global state of stress, numerical modelling can be
used to account for the effects of surface topology,
excavations, loading history and geological structures
on stress state by modelling the region of interest
(Hakami et al., 2002; Hart, 2003).

The objective of this paper is to investigate the
effect of deformation zones on the measured in situ
stress at Oskarshamn, Sweden, which is one of the
two candidate sites for a geological repository of
nuclear waste in Sweden. Measured stresses in the
Oskarshamn area are scattered, and it is likely that the
large-scale deformation zone identified in the area
affects the state of stress. Hence, it is important to
understand the mechanisms that influence existing
geological structures and to explain with confidence
the roles these mechanisms play in the scattered stress
values. Attempts have been made to simulate many
important large-scale deformation zones that can
affect the current state of stress. Furthermore, the
modelled state of stress can also provide useful
information for the selection of location for the next
rock stress measurement campaign.

Despite the usefulness of the two-dimensional nu-

merical study in gaining insights about the problem, a
three-dimensional study is necessary to help determine
the influence of fracture on the stress state (Hart, 2003).
The two-dimensional study can consider either dip or
dip direction of fractures, but it cannot model both
components of orientation. It is worthwhile to note that
the purpose of on-going site characterization is to find
a ‘volume’ of rock that is suitable for the storage of
nuclear waste, whereas conventional civil engineering
projects, such as the construction of a tunnel, are usually
concerned with the state of stress along a ‘line’. To
understand the state of stress in a volume of rock, three
-dimensional numerical analysis was conducted in this
study using the three-dimensional distinct element code,
3DEC (Itasca, 2003). Deformation zones obtained from
the site investigations were included in the geometry
of the numerical model, and far-field boundary stresses
are applied in the model to obtain the resulting stress
distribution. A comparison was made between the
measured stress state in situ and the simulated stress

state that reflects the influence of large-scale fractures.

2. SITE INVESTIGATION IN SWEDEN AND
GEOLOGICAL MODEL

Finding a site that can safely serve as the final
repository for nuclear waste is a long, difficult pro-
cess. While finding such a site is a national issue for
many countries, it requires a suitable local solution
because it is important that the solution is acceptable
to the population located neatby. In Sweden, after
feasibility studies conducted in eight municipalities from
1993 to 2000, the Swedish Nuclear Fuel and Waste
Management Company (SKB) selected two locations
for further investigation based on both technical
considerations and local acceptability (Figure 1). Sub-
sequently, SKB has been conducting extensive site
investigations in the two selected locations, namely
Forsmark and Oskarshamn, since 2003. According to
the current plan by SKB, a decision on the final site
will be made in 2009, and construction is expected to
start early in 2012. A detailed description on the Swe-
dish program for research, development, and methods
for the disposal of nuclear waste can be found in SKB
(2007). The current study addresses a case study from the
Oskarshamn area,
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Geological structures at Oskarshamn were characterized
through various methods, including out-crop mapping,
drill-core mapping, and an extensive geophysical
investigation program. The structural model at Oskarshamn
consists of a three-dimensional geometrical model of
all the major deformation zones and a property table
describing the deformation zones. According to the
generated map, many deformation zones exist in the
Oskarshamn area. Figure 2 shows the geological model
and the numerical model of deformation zones at the
Oskarshamn site.

Large-scale deformation zones from the geological
survey are modelled as planar joints for numerical
modelling (Figure 2b). Important borehole locations
and reference sections made for analysis are indicated.
Section AA’ and BB’ are parallel with the direction
of maximum principal stress and pass through the
center and the borehole KAV04 of the local model,
respectively. Section CC’ passes through the center of
the local model and is oriented West- East. Sections
DD’ and EE’ are oriented North-South and pass the
boreholes KLX06 and KLX04, respectively. According
to the geological survey data, there are more defor-
mation zones inside the local model than outside the
local model. This is mainly due to the greater em-
phasis on characterization in the local model, and
comparison of stress should be made in the local

model.
Forsmark
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Fig. 1. Locations of two candidate sites in Sweden for a
geological repository of nuclear waste (adapted from SKB,
2007)
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Fig. 2. (a) Geological model, (b) numerical model of
deformation zones at Oskarshamn Area (SKB, 2006). The
sizes of regional and local models are 21 km x 13 km and
7.7 km x 3.2 km, respectively. AA’, BB’, CC’, DD’, and
EE’ denote vertical sections for analysis, and KAV04,
KLX04, and KLX06 denote borchole locations
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Fig. 3. Vertical section views produced by the local model.
The depth of each model is 1.2 km, and the scale of each
model can be referred from Figure 2. Section EE’ has
similar geometry to that of section DD’
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The deformation zones that can significantly influence
the stress regime are included for the modelling, and
the criterion for inclusion is a thickness of 50 m. In
certain cases, two narrow-width deformation zones
are merged and included in the modelling when they
are close and similar in orientation. Figure 3 shows
the section views produced by the model along
various sections. In the Figure, deformation zone
numbers are given and vertical lines without defor-
mation numbers are fictitious joints that were used
merely for the construction of the geometry. This does
not affect the mechanical behavior of the model. Figure
4 shows horizontal section views of the geometry
within the local model. The view changes depending
on the depth of the model because of the joints that
are not vertical. For example, deformation zone EW002A
appears inside the local model with increasing depth,
while zone EW007A moves toward the upper boundary
of the local model.

3. THREE-DIMENSIONAL DISTINCT ELEMENT
MODELLING

The tectonic load acting on the model rock volume
is simulated by initiating a major stress in the
direction of the overall NW trending tectonic load.
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(b) Plan view at the depth of 500 m

Fig. 4. Plan view of geometry generated by the local model
in which each line denotes the deformation zone. Compare
with the mapped structures at Figure 2

Since the deformation zones are simulated as weak
features that may not sustain the applied stress, there
may be movements and stress redistribution in the
numerical model until an equilibrium state is reached.
This equilibrium state is considered as a possible
model for the actual distribution in the area, and the
results of each model can be compared with the
measured stresses until a numerical model is found
that gives a reasonable fit. The main mechanism
controlling the analysis results is the slip criteria on
the fractures, and they are assumed to follow a simple
coulomb failure criterion with zero cohesion and a
friction angle. Therefore, the friction angle, orientation
of fractures, and applied boundary stress are governing
factors that control the outcome of the numerical
modelling. The credibility of the obtained stress redistribu-
tion is based on whether any consistent pattern can be
seen in the measurement data (Hakami et al.,, 2006).
Since the detailed characterization of the geological
structure is currently on-going, the measured stress
data and the input data used in this study involve
significant uncertainties. Thus, it is emphasized that
the objective of this modelling study is to gain initial
insight into the state of stress.

Figure 5 presents the entire geometry of the numerical
model with boundary stress conditions. The side
lengths of the model are 40 km, and the depth of the
model is 4 km. The side of the model is set per-

[:] Regional model
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Fig. 5. Geometry of Oskarshamn area modelled by 3DEC.
Vertical or horizontal lines shown in the model are fictitious
joint and these does not affect the modelling results
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pendicular to the direction of principal stress. The
regional model, which includes the local model, lies
in the center of the model. The boundary stresses are
applied with the gradient with increasing depth so
that the gradual increase of stress with depth can be
modelled properly. The surface of the model is free
to move, but displacement of the bottom of the model
is confined.

In situ stress obtained from the measurements is
used as boundary conditions (SKB, 2004). Horizontal
stresses were applied to the lateral boundaries and
gravitational stress was imposed within the model.
The measured stress data show that the ratio of
horizontal stress to vertical stress is about three to
four and that the vertical stress is the intermediate
principal stress (SKB, 2004). In this study, three
stress models (LSMs, Laxemar Stress Models) are
used as shown in Figure 6. In order to verify the
numerical model used for this study, a square model
containing a closed, single fracture was subjected to
a biaxial stress, and the resultant shear displacement
within the fracture was compared to the available
analytical solution. Analytical solution for relative
shear displacement (Au) within a fracture is given as
(Pollard and Segall, 1987);
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Fig. 6. Three stress models (Laxemar Stress Models) used
in the numerical modelling. Note that the gravitational
vertical stress is taken as the intermediate principal stress
and the major principal stresses LSM1, LSM2, and LSM3
are 3, 1.5, and 4 times gravitational stress, respectively

where 7' is remote shear stress; 7° is shear stress on
the crack (fracture); v is Poisson’s ratio; G is shear
modulus; a is a half crack length; and x is the
distance from the center of a crack. For this
verification study, remote shear stress was 20 MPa
without shear stress on the crack, Poisson’s ratio was
0.25, shear modulus was 20 GPa and half crack length
was 2.44 m. As is shown in Figure 7, numerical and
analytical solutions reach a perfect agreement. Note
that the comparison was made with the friction angle
of zero under plane strain condition which is a
requirement for the analytical solution.

Figure 8 shows the generated meshes for the model.
Finer meshes were used in the region of interest and
coarser meshes were used outside of the regional
model. The maximum mesh size in the outer model
is 2 km, and this is gradually decreased to 0.1 km in
the center of the model.
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Fig. 7. Verification of numerical model. (a) geometrical
model and boundary condition and (b) comparison of
displacement in the a fracture between analytical and numerical
solutions
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Boundary stresses for the study are listed in Table
1. LSM3 has the largest stress magnitude and the
largest stress ratio between maximum and minimum
principal stresses, while LSM 2 has the lowest
magnitude and the lowest stress ratio. Hence, LSM3
is expected to provide a more optimal condition for
the slip of the fracture, which will result in greater
effect on stress distribution. Young’s modulus and
Poisson’s ratio for rock masses used in this study
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Fig. 8. Generated meshes for (a) entire model (40 km x
40 km x 4 km) and (b) regional model (21 km x 13 km
x 2 km). Average edge length of mesh for the local model
was 0.1 km

were 40 GPa and 0.15, respectively (SKB; 2004).
Friction angle is the most important parameter when
the effect of discontinuous joint is considered for
stress distribution. Friction angle for this study is
inferred from existing data on the deformation zone
and for small-scale fractures. The measured friction
angle of a single fracture ranges from 30 to 40
degrees, and empirical studies suggest that the
internal friction angle of the deformation zone is in
the order of 40 degrees (SKB, 2004). In this study,
a reduced value of 20 degrees was used for the
friction angle of fractures. This reduction is justified
because larger fractures have smaller friction angles
than laboratory-scale fractures, and pore pressure,
which allows failure at lower friction angles, was not
considered in this study. Discussion of the selection
of friction angle for modelling deformation zones as
planar joint is presented later.

Normal stiffness of a planar joint that models the
deformation zone is 1 GPa/m, and this was determined
by estimating the displacement of deformation zones
with a width of 50 m. While shear stiffness of the
planar joint is assumed to be similar, it would have
been more reasonable to assign shear stiffness as
10-20% of normal stiffness (Bandis et al., 1983).
However, this does not influence the result of this
study because the elastic deformation along the joint
does not affect the stress distribution significantly
along the joint. In order to consider the simplification
of deformation zone NSO001A-D, a higher friction
angle of 35 degrees and a higher stiffness of 10
GPa/m were assigned for this deformation zone, since
sliding along this deformation zone is not expected.

4, MODELLED STATE OF STRESS

The state of stress in the area is presented in

various vertical and horizontal sections focusing on

Table 1. Boundary conditions, geometry, and parameters used for the study. The symbol p is the density of rock, g is

gravitational acceleration, and z denotes the depth

LSM 1 LSM 2 LSM 3
Maximum Principal stress, o, (MPa) 3 x pgz 3/2 x pgz 4 x pgz
Intermediate Principal stress, 0, (MPa) pgz pgz pgz
Minimum Principal stress, 03 (MPa) 3/4 x pgz 1/2 x pgz pgz
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the best stress model in order to compare with the
measured stress data. Further, the prediction of the
stress in a specified borehole and selection of a
location for the next measurement campaign are
presented.

4.1 Comparison between measured and modelled stress

Measured and modelled stresses in boreholes
KLX04 and KAV04 in the Aspo area were compared.
Borehole KLLX04 is located in the mid-west of the
local model (Figure 2), and rock stress was measured
by the overcoring method. Borehole intersects the
deformation zone EW007A between 314 m and 391
m. The effect of the deformation zone is apparent
from the sudden change of measured stress around
the location. Figure 9 shows the stress distribution at
section EE’ for three stress models. Section EE’ passes
the KLX04 and its location is indicated in the figure.
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A significant influence of deformation zone EW007A
can be observed in LSM 1 and LSM 3. In LSM 2,
the effect of deformation zone is not noticeable since
sliding of the joint did not occur and, therefore, the
stress is not redistributed. In LSM 1 and LSM 3, the
wedge formed by EW007A and EW002A has lower
stress than other areas. This distinct change of stress
is clearer for LSM 3 than LSM 1 because LSM 3 is
more favorable for the sliding of the joint, and this
induces a greater influence of the deformation zone.
Figure 10 presents the comparison between measured
and modelled stresses at KLX04. Measured stress
shows a distinct increase of stress for maximum and
intermediate principal stresses. This is explained by
the effect of deformation zone EW007A. Of the three
stress models, LSM3 matches best with the measured
results.

Borehole KAV04 is located in the mid-east of the

KLX04

500 4 = e

(b) LSM2

interval = 2.000E+07
min max

-1.200£+08 -1.000E+08
-1.000E+08 -8.000E+07
-8.000E+07 -6.000E+07
-6.000E+07 -4.000E+07
-4 000E+07 -2.000E+07
-2.000E+07 0.000E+00

1gonet

Fig. 9. Stress distribution at Section EE’ across borehole KLX04 at (a) LSM1; (b) LSM2; and (¢) LSM3. LSM3 model
shows most dramatic change of stress. Note that two inclined lines are deformation zones (EW002A and EW007A) forming

a wedge
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Fig. 11. Modelled stress distribution around borehole KAV04
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Fig. 12. Comparison between measured and modelled stresses at
borehole KLX04. (a) Major principal stress; (b) Intermediate

principal stress; and (c¢) Minor principal stress

4.2 Stress distribution in vertical and horizontal sections

Figure 14 presents the joint shear displacement in
the vertical and horizontal sections in the local model.
Deformation zones EW002A, EW007A and NE024A
have the largest displacement, and their corresponding
impacts on the stress distribution are anticipated. In
general, vertical joints do not have large displacements
along the joints due to the unfavorable stress direction
with respect to the orientation of joints. Displacement
along vertical deformation zones EW038A and NEOO4A
(upper part) are relatively larger than other vertical

deformation zones, because their directions are more
favorable for sliding, which reconfirms the importance
of the orientation of joint for the effect on the stress.

Figure 15 presents principal stresses along vertical
sections AA’, BB’, and CC’. The results are plotted
with respect to the entire length of the regional
model, and boundary stresses are indicated. Note that
the boundary stresses for intermediate and minimum
principal stress are the same for LSM 3. Variation of
stresses is due to the influence of the deformation
zones and their interactions. In general, maximum
principal stress decreases in wedge-type blocks that
are confined by the intersecting deformation zones.

Intermediate and minimum principal stresses show
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Horizontal section
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Fig. 14. Joint shear displacements in the local model in vertical and horizontal sections
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relatively modest changes. In section AA’, a distinct
decrease of stress is observed in two locations. A
decrease occurs at a wedge-type block formed by
deformation zones EW002A and EW007A and near
deformation zone NE024A. Between these two locations,
a slight increase of intermediate principal stress is
observed, which can be explained in view of stress
equilibrium. In section BB’, there is an overall decrease
of maximum principal stress. In this section, the big
wedge formed by deformation zones EW002A and
NE024A is a clue for the explanation of the trend of
the stress. In section CC’, more fluctuation of stress
is observed. Especially near the x-coordinate 52000,
unusually high stress is observed due to the small
wedge formed by NEO12A and NEOO4A. Since this
may be due to a lock up of the wedge, additional
analysis with alternative geometry (GEO2) was performed
and will be presented separately as a parametric study.

Figure 16 presents the stress distribution along
horizontal sections at depths of 50 m and 450 m in
the local model. At a depth of 50 m, there is a clear
influence of fractures on the orientation of the prin-

RIS
RIS L - < N ST

(b)

cipal stress. The influence on the orientation of the
principal stress is more prominent at shallow depths
than deeper depths because there is no overburden in
the surface of the model that may promote the sliding
of the fractures near surface. In terms of magnitude,
stress is smaller along the major deformation zones,
EWO002A, EW007A, and NEOO4A. Stress concentration
is found in the mid-south and south-west of the local
due to abrupt termination of joints. It is not clear
whether the in situ deformation zone has such an
abrupt termination as modelled in this numerical
study. If the termination of the deformation zone has
a smoother end, the stress obtained in this study may
be exaggerated and should be interpreted carefully.

4.3 Predicted stress at planned measurement campaign
at KLX09 and KLX10
Prediction of stress is made on borehole KLX09
and KLX10, which are located below KLX06 on
section DD’ (Figure 2). These two boreholes are
considered for a possible stress measurement study.
Borehole KLX09 meets deformation zone EW007A,

min max
-1.500E+07 -1.260E+07
-1.250E+07 -1.000E+07
-1.000E+07 -7.500E+06
-7.500E+06 -5.000E+06
-5.000E+06 -2.500E+06
-2.500E+06 0.000E+00
X compress. stress
-4.188E+07

g1dqa1gl

min max
-6.000E+07 -5.167E+07
-5.167E+07 -4.333E+07
-4.333E+07 -3.500E+07
-3.500E+07 -2.667E+07
-2.667E+07 -1.833E+07
-1.833E+07 -1.000E+07
Max compress. stress
-1.066E+08

12ne

10

Fig. 16. Principal stress distribution along the horizontal section in the local model (a) 50 m depth and (b) 450 m depth
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but KLX10 does not. Prediction by numerical modelling
shows that stress at KLX09 will be generally lower
than at KLX10. Figure 17 shows the distribution of
principal stress along section DD’ containing borehole
KLX09 and KLX10, and the influence of deformation
zone EWO007A is evident. It is intended that the
modelling results shown in this study can be used to
assist in interpreting the stress data obtained during
future stress measurement studies.

5. DISCUSSION

It is shown in this study that the degree of ag-
reement between measured and modelled stresses varies
significantly. While the numerical model successfully cap-
tured the variation of stress in borehole KLX04, com-
parisons with borehole KAV04 or the Asp area only
provide anecdotal evidence that numerical modelling
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may be useful. Some of the remaining issues and
concerns are discussed here.

A possible extension of deformation zone NEO12A to
deformation zones NEOI8A and NEOO4A was examined
with alternative geometry called GEO2. Figure 18 shows
the section views for GEO2 that have different
extensions of NEO12A from the original model
called GEO1l. The marked circles indicate the
differences from GEOIl. As noted in Figure 18, the
NEO12 terminates against NEQO4 in GEOI, while it
terminates against NEO18A and NE024A in GEO2.

Principal stress along vertical section CC’ shows
that an anomaly in model GEO1 near x-coordinate
52000 that is not observed in model GEO2. This
seems to suggest that the anomaly observed in GEO1
may be misleading, since such a large difference is
hard to explain. Figure 19 shows the comparison of
modelled stresses along section AA’ and BB’ between

KLX09 KLX10

depth (m) 1 l

0T

500 +

1000+

(b) LSM 2

min max
-1.200E+08 -1.000E+08
-1.000E+08 -8.000E+07
-8.000E+07 -6.000E+07
-6.000E+07 -4.000E+07
-4.000E+Q7 -2.000E+07
-2.000E+07 0.000E+00

FaJ0881

Fig. 17. Distributions of principal stresses along section DD’. Magnitudes and directions are indicated. (a) LSM 1; (b) LSM

2; and (c) LSM 3
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NEQOSA  NEOI2A
v

AR

NEOOSA EW038A  NE004A
A4 v v

BB'

Fig. 18. Section view of the local model for GEO2. Section
AA’ and Section BB’ are shown with circular marks that
indicate the different area from GEOI1

models GEO1 and GEO2. More stress relaxation is
observed in model GEO2 in which the joint extends

more, and larger joint displacement can occur.
Explicit representation of the deformation zone
requires a very fine mesh in the numerical modelling,
and this can require excessive computing time, es- L .
pecially for three-dimensional modelling. Since the . 7'
minimum width of the deformation zone included in - - ' S
the modelling is 50 m, minimum mesh size needs to
be in the order of tens of meters. Since the size of . -
the local model is in the order of a kilometer, com-
puting time for the model would be too severe, i.e.,
one calculation would take a few weeks with a modern

personal computer. In order to avoid this severe

computing time, deformation zones in this study were () GEOL, BB’
modelled as planar joints. Compared with the defor- i ) T
mation zone, the planar joint has a distinct discontinuity, Lt s

but it does not have a thickness. The friction angle of R - S . AT
the deformation zone estimated from an empirical
approach is about 40 degrees (SKB, 2004). The comparison
study conducted by two-dimensional, distinct-element
modelling shows that the extent of stress redistribution

with an internal friction angle of 40 degrees for the
deformation zone is achieved with a friction angle of

min max
-1.200E+08 -1.000E+08

approximately 20 degrees for a joint, and this provides = -1:000E+08 -8.000E+07
) o =  -8.000E+07 -6.000E+07

support for the choice of a friction angle of 20 ey

degrees used for this study (Hakami et al., 2006). = -2.0008+07 0.000E+00

Furthermore, it is necessary to consider the fact that (d) GEO2, BB’

pore pressure is not included in this purely mechanical Fig. 19. Comparison of modelled stress along section AA’

analysis. As pore pressure will facilitate the sliding of and BB’ (near KAV04) between GEO1 and GEO2
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.y Reduce @

-
Effective stress
due to pore pressure

Reduction of friction angle
without pore pressure

Fig. 20. Concept of reduction of friction angle for pure
mechanical analysis

fractures, reduction of friction angle is necessary to
consider this effect.

Given that the effect of topology is limited in the
Oskarshamn area, the deformation zone is one of the
most important factors that influences the state of
stress significantly. The result of this study is de-
pendent largely on the specific geological structures
that were included in the geometry of the numerical
model. With more detailed characterization regarding
the geometry of the deformation zone and frictional
properties of the fractures, the results of this study
can be refined further. Such detailed characterization
includes a more accurate characterization of the geo-
metry and nature of the deformation zone, and this
information may be used to assign different properties
in each deformation zone.

This model did not simulate the tectonic history of
the region, i.e., only the final state of stress is applied
in the model. However, the current state of stress is
the function of present-day tectonic load as well as
the past loading path. Previous studies indicate that
the state of stress can be different depending on the
loading path (Brady et al., 1986, Homand et al.,
1997). Locked-in stress can be generated due to the
past loading history, and this adds to the complexity
of the state of stress. According to a study of the
geological evolution in the Oskarshamn region, the
direction of principal stress direction changed a few
times due to the crustal movement (SKB, 2004). For
instance, the direction of principal stress was south,
southwest, and west in different periods. It is plausible
that such a change in the past could have an impact
on the current stress state. The sequential modelling
of tectonic history may be able to provide a useful
clue to the explanation of the state of stress in relation
to the tectonic history in the Oskarshamn area.

6. CONCLUSION

Three-dimensional numerical analysis was conducted
to model the state of stress in the Oskarshamn area
using the three-dimensional distinct element method.
Far-field stress was applied on the geometrical model
that represented the deformation zones as a planar
joint. Measured and modelled stresses were compared
in order to choose the numerical model that best fits
the measured data. Main conclusions are summarized
as follows:

1. The numerical model successfully captured the
variation of measured stress observed at borehole
KLX04 which showed a sudden increase in stress.
This change was explained by the influence of the
deformation zone EW007A and the modelled state
of stress is closely related to the geometry of
large-scale deformation zones identified in the
region. The study shows that numerical analysis
can be an effective tool in improving the un-
derstanding of the state of stresses in a geological
formation.

2. The modelled stress at KAV04 slightly overestimated
the measured stress, and this needs further inves-
tigation. The modelled stress at the Aspd area
matched the measured stress only moderately. Dis-
crepancies between measured and modelled stress
are attributed to the inconsistent quality of measured
stress, uncertainty in geological geometry, and input
data for fractures.

3. A significant decrease of maximum principal stress
was observed in the area where a wedge is formed.
Stress release in the area can be explained by the
formation of a wedge by a few intersecting, large
-scale deformation zones. The change of stress is
more significant when the large-scale fractures are
more optimally oriented for sliding under the given
in situ stress condition. The amount of change
depends on the conditions that affect the sliding of
fractures. The initial boundary condition of stress
and the selection of frictional properties are most
important factors that determine the state of stress
with the given geometry of fractures.
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