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MODELLING OF THE IN SITU STRESS STATE AT OLKILUOTO 
 
ABSTRACT 
 
In order to determine the interaction of in situ stress and geological features at Olkiluoto 
with the ONKALO area under more specific focus, stress modelling work was launched 
in 2009. This entailed updating a previously used model geometry to suit current needs 
whilst also updating interpreted brittle deformation zones according to the data provided 
by Posiva in the beginning of 2010. The previous model geometry was originally used 
for seismic and glacial load simulations. Brittle deformation zones were updated in the 
model according to a new selection criterion which added a number of brittle 
deformation zones. Changes in the geometry of certain brittle deformation zones were 
also necessary to better fit the early 2010 interpretations from Posiva. 
 
Modelling goals were to clarify the effect of joint parameters on stress magnitude and 
orientation and which of the major brittle deformation zones detected in the ONKALO 
region could have potential effects on local in situ stress states. Additional goals 
included modelling the effect of several optional thrust boundary conditions and an ice-
age. Compression from the northwest-southeast was used as the default approach whilst 
north-south, east-west and northeast-southwest were optional conditions. A simplified 
glaciation cycle was also simulated. 
 
Results were clear in demonstrating the critical effect of joint cohesion and joint friction 
angle, i.e. shear strength, on stress-geology interaction, essentially in this order of 
importance. The case that utilised both drillhole core-logging and ONKALO tunnel 
mapping results did not exhibit much if any stress-geology interactions as BFZ strength 
parameters were too high in order to allow any interactions to occur. The geometry and 
orientation of brittle deformation zones was found to be of significant importance; 
deformation zones with a shallow dip roughly in the direction of applied compression 
were optimal for causing stress rotations and the increase of stress magnitude. Although 
some correlation to current measured in situ stress orientation and magnitude was found 
at specific depth levels, discrepancies exist. Glacial simulations demonstrated that 
viscous residual horizontal stresses can result in slip of BFZ in the top most part of the 
bedrock. The first 300 m of bedrock experienced heavy stress rotations as a result of 
glaciation whilst magnitudes were roughly the same, essentially a reset of in situ stress. 
Below this depth level stress magnitudes and trends were similar to those seen prior to 
loading. 
 
As a result of modelling the stress state at Olkiluoto can be considered to be 
heterogeneous up to a depth of roughly 300 m which is a result of the affects imposed 
by brittle deformation zones and glaciation. Below this depth principal stress 
orientations can be considered to match those expected from regional stress. 
 
Further studies may include the re-evaluation of core-logging results with the objective 
of using such parameters in modelling, if it is found necessary to attempt to simulate as 
realistic a situation as possible.  
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IN SITU JÄNNITYSTILAN SIMULOINTI OLKILUODOSSA,  
LÄNSI-SUOMESSA 
 
TIIVISTELMÄ 
 
Olkiluodon alueen jännitystilan mallinnuksen tavoitteena on tarkastella hauraiden 
deformaatiovyöhykkeiden vaikutusta kallion in situ jännitystilaan. 
 
Jännitystilamallinnuksen ensimmäiset mallit simuloitiin ns. vanhalla geologisella tulkin-
nalla, jotka päivitettiin vuoden 2010 tulkinnoilla. Lisäksi mallinnuksessa mukana 
olevien hauraiden rakenteiden valintakriteerejä on tarkennettu, ja edelliseen jännitys-
tilamalliin verrattuna mallissa on mukana uusia rakenteita.   
 
Mallinnuksen tavoitteena on selventää hauraiden deformaatiovyöhykkeiden ja reuna-
ehtojen vaikutusta Olkiluodon kallion jännitystilaan. Lisäksi mallinnettiin yksin-
kertaistaen jääkauden vaikutus jännitystilan suuntaan ja suuruuteen. Simulointi tehtiin 
puristamalla mallia eri suunnista. Perusoletus oli, että puristus on kaakkois-luode 
suuntainen, mutta myös pohjois-etelä, itä-länsi ja koillinen-lounas suuntainen puristus 
mallinnettiin. Deformaatiovyöhykkeet mallinnettiin rakopintoina. 
 
Tulokset osoittivat rakovyöhykkeen koheesion ja kitkakulman kriittiset vaikutukset 
jännitystila-geologia vuorovaikutukseen. Käytettäessä ONKALOn ajotunnelin kallio-
laatukartoituksesta ja kairasydämistä johdettuja rakoparametrejä, oli vyöhykkeiden 
vaikutus jännitystilaan hyvin vähäinen. Rakovyöhykkeiden vaikutus jännitystilaan on 
suurin, kun vyöhykkeellä on loiva kaade, ja vyöhyke on jokseenkin yhdensuuntainen 
puristuksen kanssa. 
 
Jääkausimallinnuksessa pääjännityksien suunnat vaihtelivat voimakkaasti 300 metrin 
syvyyteen asti. Syvemmällä jääkauden vaikutukset olivat vähäisemmät ja tilanne lähellä 
samaa kuin ennen jääkautta. 
 
Keskeisimmät tulokset simuloinneista osoittivat voimakkaan jännitystilan vaihtelun 
noin 300 metrin syvyyteen asti jonka jälkeen horisontaalin pääjännityksen suunta 
vaihettuu alueellisen jännitystilan suuntaiseksi. 
 
Avainsanat: Kalliomekaniikka, in situ jännitystila,  rakovyöhyke, rakovyöhykkeen 
ominaisuudet, jääkausi, Olkiluoto, ONKALO, jännitystilamallinnus, ydinjätteen loppu-
sijoitus, 3DEC. 
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1 INTRODUCTION 

1.1 Background 

Posiva is a nuclear waste management organisation in Finland and is responsible for 
research into the final disposal of spent nuclear fuel and for the construction, operation 
and eventual backfilling and closure of the final disposal facility located in Olkiluoto, 
Finland (Posiva 2009). 
 
Olkiluoto is an island (~10 km2) on the Baltic Sea coast and separated from the 
mainland by a narrow strait. The Olkiluoto nuclear power plant, with two reactors in 
operation, a third one under construction and a fourth in the planning stage, as well as 
the VLJ repository for low and intermediate waste, are located in the western part of the 
island. The repository for spent fuel will be constructed in the central and eastern part of 
the island. 
 
Site characterisation has been taking place for over 20 years with the ultimate aim of 
providing sufficient support for the selection of the most suitable locations for the first 
deposition tunnels and disposal holes for the spent fuel canisters. Site characterisation is 
described in detail in the site reports which contain all of the relevant data (Posiva 
2009). Three such reports have been released thus far with the fourth due early 2011. A 
major part of site characterisation includes modelling work related to several disciplines 
such as geology, rock mechanics, hydrogeology etc. This report concerns modelling 
work related to rock mechanics, more specifically numerical modelling of the regional 
and local in situ stress state. 
 
1.2 Goals 

The primary goal of modelling in this report was the aim of understanding the 
interaction of geological features and the in situ stress state, i.e. how the brittle 
deformation zones can change stress magnitudes and orientations from bounding 
conditions. Characterisation of the in situ stress regime at Olkiluoto is crucial for 
validating stress measurement data and to confirm local in situ stress field variations at 
the ONKALO site within the context of repository design and the choice of the 
orientation of the repository tunnels. It is therefore essential to create a stress model of 
the Olkiluoto area wherein individual stress fields are identified with their respective 
locations when considered under the influence of regional stresses.  
 
The in situ state of stress at Olkiluoto has been characterized using direct and indirect 
stress measurement data from the site along with regional stress data and information on 
the geological-tectonic history of the Olkiluoto area (Posiva 2009). The regional major 
stress orientation in Fennoscandia is NW-SE which can be thought of as the boundary 
stress condition for the site. Stresses at the ONKALO site may, however, be very 
different than those expected when geological features such as faults and deformation 
zones are taken into consideration because these locally affect the magnitudes and 
orientations of the principal stresses.  
 
Brittle deformation zones at Olkiluoto have been quantified but possible influences on 
the stress state pertaining to ONKALO have not been studied. A total of 179 brittle 
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deformation zones have been identified at Olkiluoto of which those deemed most 
influential to modelling of the ONKALO project have been selected and included. This 
report aims to improve the understanding of the effect of brittle deformation zones on 
local stress states. 
 
Numerical stress modelling has been used in the past as an approach by SKB to better 
grasp a connection between geological features and rock stresses and has also been 
chosen as the primary methodology in this report (Ivars and Hakami 2005). It should be 
noted though that replicating the entire tectonic history of the site has not been 
considered vital although boundary conditions have been established. 
 
This report made use of a three-dimensional computer code (3DEC) developed by Itasca 
Consulting Group (Itasca 2010). 3DEC was chosen as an appropriate resource for 
modelling due to its capabilities in both mechanical and thermal calculations as well as 
its abilities to cope with numerous discontinuities. 
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2 TECTONICS THEORY 

2.1 In situ stress 

As this report largely concerns in situ stress and thus both gravitational and tectonically 
induced stresses, the terminology and theory involved is briefly clarified. 
 
The method by which stress varies through space is called the stress field and is defined 
as the distribution of internal forces in a body that balance a given set of external forces 
(Zang and Stephansson 2010). The stress field thus consists of stress components with 
their respective magnitudes and orientations. The state of stress at any point in a 
deformable body with respect to a global coordinate system (x, y, z) can be described by 
three stress components or principal stresses �1,�2,�3 and three associated stress 
directions i.e. so-called principal stress axes (Zang and Stephansson 2010). 
 
Ordinarily, stresses within the Earth’s crust are typically defined in terms of the 
principal stresses. Therefore, it is understandable that one of the principal stresses 
results from the Earth’s gravity field and is often vertical i.e. �v. The other two principal 
stresses required to define the stress field are the minimum horizontal stress �h and 
maximum horizontal stress �H. As a result it can also be assumed that with increasing 
overburden �v can, at a sufficient depth, become the maximum principal stress �1 (Zang 
and Stephansson 2010). 
 
As the stresses found within the Earth’s crust can vary both regionally and locally and 
reach considerable magnitudes it is vital to predict and understand the in situ stress 
orientation and magnitude is when planning underground excavations. This is no less 
important when considering the deposition of thermally active material at depth, i.e. the 
heat-generating canisters. The combination of geological conditions such as faults, 
anisotropy and excavated cavities in the rock mass causes a perturbed structural stress 
state which is further altered upon the deposition of thermally active material leading to 
an uncertain stress state (Zang and Stephansson 2010). 
 
Boundary conditions used in modelling have largely been based on identified regional 
stresses which are mostly a direct result of plate-tectonics. This is due to plate-
movement which causes intra-plate regions of the world to exhibit relatively uniformly 
oriented compression. Three distinct regional patterns have been identified in Europe 
from stress orientation determinations across Europe: a consistent NW to NNW �Hmax 
stress orientation in Western Europe, a WNW-ESE �Hmax orientation in Scandinavia and 
a consistent E-W �Hmax orientation and N-S extension in the Aegean Sea and western 
Anatolia (Figure 2-1).  
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Figure 2-1. World Stress Map of Europe (Heidbach et al. 2008). 

This has largely been attributed to plate-driving forces acting on the boundaries of the 
Eurasian plate, locally modified by lithospheric properties in different regions (Müller et 
al. 1992). The relative motion between the European and American plates is WNW-
ESE (Figure 2-2) resulting in the conclusion that a WNW-ESE compression in 
Scandinavia can be expected (Müller et al. 1992). This is also supported by the 
combination of an E-W direct compression at the mid-Atlantic ridge and a N-S 
compression from the Alpine margin (Posiva 2009). These observations are the basis for 
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the most commonly used NW-SE thrust boundary conditions used in modelling. This 
trend is also apparent from data collected in the World Stress Map (Figure 2-3). It is 
worth noting that as the stresses displayed in figure 2-2 are a result of modelling they 
are far more uniformly oriented than actual measurements conducted in Scandinavia, as 
seen in figure 2-3. 
 

 

Figure 2-2. Predicted tectonic surface stresses in Europe from the 2D elastic finite-
element model of Gölke and Coblentz (1996) using line-ridge forces which are 
equivalent to a horizontal deviatoric stress of 25 MPa over a 100-km thick lithosphere. 
Displacements are prescribed to zero along the pinned eastern and southern boundary 
of the study area. Principal stresses (solid bars=compression, open arrows=tension) 
are shown at selected Gaussian integration points (Zang and Stephansson 2010). 

 



 

 

8

 

Figure 2-3. World Stress Map of Scandinavia (Heidbach et al. 2008). 

It is, however, worth noting that the mid-Atlantic ridge is a mid-ocean ridge and is thus 
an extensional regime and that the boundary between the African and Eurasian plate 
south of Scandinavia is of a strike-slip nature. Thus the prevailing assumption that plate-
driving forces are the sole reason for the in situ stress state could be considered to be a 
rough approximation – studies on glacial isostacy in Scandinavia have pointed to a hot-
spot of post-glacial rebound located in the area of Kvarken. Permanent GPS 
measurement sites located throughout Scandinavia have measured horizontal velocities 
which are relatively higher closer to the hot-spot. These velocities are naturally oriented 
away from the point of fastest rebound – which when considered from the Finnish 
perspective is approximately 325° azimuth (Figure 2-4). It could therefore be inferred 
that perhaps post-glacial rebound is a major component of the current stress field found 
in Finland. Zang and Stephansson (2010) also postulate that post-glacial uplift may 
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cause the scatter seen in the majority of near-surface based stress measurements. This 
may largely be due to the isostatic response of the thick crust from ice loading, effect of 
topography and shear strength variability of faults. Post-glacial up-lift could therefore 
be a factor in the somewhat significant scatter apparent from earlier stress measurement 
campaigns in Olkiluoto (Posiva 2009). 
 

 

Figure 2-4. BIFROST project data (2006 data) compared to WSM data. Black vectors 
indicate horizontal velocities measured at permanent GPS sites. WSM measurements in 
quality order from excellent to poor, A-D. Red = A, blue = B, green = C, yellow = D.  

 
2.2 Shear strength of large-scale geological features 

It has been clear for some time that geometrical features in bedrock such as brittle 
deformation zones can have significant effects on principal stresses and thus perturb a 
local stress field (Pollard and Segal 1987). The specific effects and the parameters 
required for such phenomena to occur have not, however, been identified to a detailed 
degree. Earlier studies have focused on the degree of shear displacement related to such 
features when perturbations occur but have considered the significance of shear strength 
parameters assigned to such features (Stimpson 1983). The peak shear strength of a 
planar discontinuity can be expressed by the following Mohr-Coulomb equation: 
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��� tannp c ��  (1) 
 
where p�  is the peak shear strength, c is the cohesive strength of the surface, n�  is the 
normal stress and Ø is the angle of friction (Hoek et al. 1995). It is generally accepted 
that fractures in rock that have failed previously have a lower shear strength (residual 
shear strength/post-peak strength) than fractures which have experienced little to no 
shear. As an important component of defining the shear strength of a fracture is joint 
friction angle, consideration of its value is essential in this study prior to modelling. 
Since fractures which have previously experienced shear are assumed to be weaker it is 
thus reasonable to assume that a low friction angle is an acceptable approximation. 
When considering large-scale fractures such as brittle deformation zones which have 
large dimensions and can also be volumetrically significant, re-evaluating shear strength 
is vital. This is largely due to faults often consisting of a range of fault material, which 
is often gouge or breccia produced due to failure. Such infillings do not have high shear 
strengths and therefore lower the shear strength of such features. As this is common in 
large-scale faults, it can therefore be assumed that the shear strength and therefore the 
friction angle of brittle deformation zones can be fairly low. An additional complication 
also gives reason for using low shear strength values for brittle deformation zones: 
large-scale geological discontinuities are rarely fully planar features which also vary in 
width. This results in varying shear strength throughout the dimensions of the entire 
feature. Hence a conservative approach using low shear strength values which describe 
the weakest part of a zone is reasonable, as any results based on these assumptions 
assume the worst. 
 
Having established that a low shear strength is an acceptable approximation of the 
properties of large-scale geological features such as brittle deformation zones, the 
geometry applied in modelling of such features should be explained. Considering the 
limitations of the modelling programs available, especially those able to model 
discontinuities and their response to stress, the modelling of large, undulating brittle 
deformation zones is inevitably restricted to the best generalisation. This means that, 
although a more realistic situation would be achieved by accounting for undulating 
faults and thus varying shear strengths in different parts, the clarity of results may be 
clouded with too many variables involved in modelling. A best-fit plane which is a 
single, planar discontinuity minimises variables especially when assigned a single set of 
shear strength parameters. This allows for clear interpretation of the influences imposed 
by modelled brittle deformation zones on an in situ stress regime. 
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3 PRELIMINARY STUDY 

3.1 Previous model geometry 

As earthquake modelling had been done in the past using a 3DEC model, it was seen 
reasonable to use what was possible from earlier modelling. This model geometry 
(Figure 3-1) was used for preliminary simulations and as such did not include new 
brittle deformation zone interpretations. Fictional joints are coloured in black, bounding 
lineaments in blue and brittle deformation zones in orange. Fictional joints are joints 
generated during model design and are therefore necessary in model geometry. They do 
not, however, have any effect on modelling results. Model dimensions were 16 km x 12 
km x 3 km. It should be noted that both bounding lineaments and brittle deformation 
zones are modelled as best-fit planes, as explained in more detail in section 4.1. 
ONKALO, the spiral access tunnel, is situated in the centre of the model. 
 

 

Figure 3-1. Preliminary model geometry. 
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3.2 Original cases and scenarios 

Currently a total of 17 different cases have been tested in the past with varying BFZ 
parameters and boundary conditions. All of the cases are detailed below (Table 3-2) 
along with the relevant joint parameters used in each case. Tension corresponds to the 
tensile strength assigned to brittle deformation zones. The velocities of applied 
compression from the NW and the SE are detailed in the v_NW_x and v_SE_x 
columns, respectively. The last column specifies the maximum shear displacement of 
brittle deformation zones observed in each model. 
 
The 17 cases tested were a result of earlier testing to determine which mechanisms 
significantly impact the in situ stress state and can therefore be regarded as a record of a 
series of tests to serve as a basis for a final modelling approach. 

Table 3-2. Original case list.  

Model Vers. cohesion tension friction normal
stiffness

shear
stiffness v_NW_x v_SE_x max BFZ shear

[MPa] [MPa] [°] [GPa/m] [GPa/m] [m/cy] [m/cy] [m]

Model 1 3 0.001 20 50 20 0.05 -0.05 0.45

Model 2 6 0.1 20 50 20 0.05 -0.05 0.13

Model 3 9 0.1 20 - - 0.05 -0.05 unavailable

Model 4 0.3 0.001 20 50 20 0.05 -0.05 0.85

Model 5 0.3 0.001 20 50 20 0.11 0.01 1.31

Model 6 0.3 0.001 20 50 20 0.055 0.005 0.94

Model 7 3 0.001 20 50 20 0.055 0.005 0.51

Model 8 0.3 0.001 20 50 20 0.0275 0.0025 0.91

Model 9 0 0 20 0.5 1 0.05 -0.05 unavailable

Model 10 0 0 20 50 20 0.05 -0.05 0.9

Model 11 0 0 25 50 20 0.05 -0.05 0.8

Model 12 0 0 25 50 20 0.05 -0.05 0.77

Model 13 0 0 30 50 20 0.05 -0.05 0.7

Model 14 0 0 20 50 20 0.05 -0.05 0.82

Model 15 0.3 0.001 20 50 20 0.05 -0.05 0.82

Model 16 0.3 0.001 20 50 20 0.05/E-W -0.05/E-W 0.35

Model 17 0.3 0.001 20 50 20 0.05 -0.05 0.5  
 
Of the cases tested velocities of 0.05 m/cy and -0.05 m/cy in a NW-SE thrust situation 
are dominant and considered most accurate. This speed is however completely 
dependent on the cycle (cy) length which is determined by 3DEC upon calculation – as 
such a cycle cannot be considered to be an expression of time. Further detail on this 
concept is available in Section 4.1. 
 
The general methodology used in each case was the following: the model was first 
calculated to an equilibrium state with higher than normal discontinuity values applied 
for lineaments and brittle fracture zones to accommodate for the initial gravitational 
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stress state. This was done with fixed boundary conditions. After this initial cycling, the 
“true” contact values detailed above were applied whilst maintaining fixed boundaries. 
Only after this was the previously mentioned thrust condition initiated. Thrust was 
maintained until in situ stresses reached a cut-off criteria previously defined as ((�H + 
�h)/2))/�v = 1 at a depth of approximately -1150 m. This was adopted from a rough 
approximation of previous Scandinavian in situ stress measurements in Hudson and 
Harrison (1997) (Figure 4-14). Upon reaching these levels, thrust was terminated and 
fixed boundary conditions were applied. The model was then calculated to a final 
equilibrium state. 
 
Model 1:  
 
The first case tested a scenario where brittle deformation zone and lineament parameters 
were set to the following: joint cohesion was set to 3 MPa, joint tensile strength to 0.1 
MPa and joint friction to 20°. Joint normal stiffness was assigned a value of 50 GPa/m 
and joint shear stiffness a value of 20 GPa/m. Joints which were used for geometry 
generation were assigned values considered sufficiently high so as not to behave as 
“true” discontinuities. 
 
Model 2: 
 
Model 2 differed from Model 1 only by joint cohesion as it was assigned a value of 6 
MPa. Identical thrust velocities were maintained. 
 
Model 3: 
 
Similarly to Models 1 and 2, joint cohesion was raised by 3 MPa to 9 MPa. The first 
three models demonstrated that if joint cohesion was set high enough, the brittle fracture 
zones did not noticeably affect the in situ stress state. Thus the following models 
maintained low cohesion values. 
 
Model 4: 
 
Model 4 made use of the following parameters: 0.3 MPa joint cohesion, 0.001 MPa 
tensile strength, 20° joint friction angle, 50 GPa/m joint normal and 20 GPa/m shear 
stiffness. Boundary velocities with respect to thrust were kept the same as in previous 
scenarios. 
 
Model 5: 
 
This case tested asymmetric thrust with a higher thrust velocity applied from the NW 
whilst the SE thrust condition was attributed a tenth of the velocity applied from the 
NW. Joint parameters were otherwise kept identical. 
 
Model 6: 
 
Asymmetric testing continued in this case, although velocities for thrust were increased 
by a magnitude of 5. Joint parameters remained the same. 
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Model 7: 
 
This case was identical to model 6 but increased joint cohesion to 3 MPa. 
 
Model 8: 
 
Joint cohesion was decreased back to 0.3 MPa whilst asymmetric thrust conditions were 
maintained, although this time thrust velocities were halved from those used in models 6 
and 7. 
 
Model 9: 
 
Cohesion and tensile strength were dropped to 0 values, joint friction angle held at 20°, 
joint normal stiffness dropped to 0.5 GPa/m and joint shear stiffness to 1 GPa/m. Thrust 
velocities at the NW and SE boundaries were returned to the same symmetric velocities 
used in models 1-4. 
 
Model 10: 
 
This case was identical to model 9, although joint normal stiffness was increased to 50 
GPa/m and shear stiffness to 20 GPa/m. 
 
Model 11: 
 
Otherwise identical to model 10, except for the joint friction angle, which was increased 
to 25°. 
 
Model 12: 
 
This scenario involved a division of the rock mass by properties as the upper part of the 
model was given differing properties then those assigned to the rest of the rock mass. 
The upper part was assigned a density of 2730 MN/m3, a Poisson’s ratio of 0.25 and a 
Young’s modulus of 42 GPa whereas the remainder had a density of 2730 MN/m3, a 
Poisson’s ratio of 0.25 and a Young’s modulus of 55 GPa. 
 
The properties concerning the rock mass used for the remainder of the model in this 
case are the same as used in all prior modelling cases. Although it would be expected 
that this differentiation of the rock mass would be unrealistically planar as rock 
properties change immediately once the boundary has been crossed, when executed in 
modelling the property boundary was in fact irregular which was a direct result of 
model zoning. This is technically closer to reality as rock type contacts are rarely 
distinct whilst rock property changes are even more unclear when observed on a large 
scale. 
 
Model 13: 
 
This case was identical to model 11, although the joint friction angle was increased to 
30°. 
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Model 14: 
 
Identical to model 12, although the joint friction angle was decreased to 20°. 
 
Model 15: 
 
Model 15 was a modelling scenario which was identical to model 4 but incorporated the 
same properties and approach for creating two different rock mass zones as did model 
12. 
 
Model 16: 
 
Although identical to model 15 with regards to joint parameters, this case excluded the 
rock mass differentiation and also involved an E-W thrust scenario unused in previous 
modelling scenarios. Due to this E-W thrust boundary condition, the geometry had 
subtle differences as the far-field boundaries were modified to create a block which had 
faces for each cardinal direction. The area under focus i.e. the area constrained by the 
bounding lineaments remained identical. 
 
Model 17: 
 
This case involved the same parameters as used in many models previously as well as in 
model 16 where joint cohesion was set to 0.3 MPa, tensile strength to 0.001 MPa, joint 
friction angle to 20°, joint normal stiffness to 50 GPa/m and shear stiffness to 20 
GPa/m. Boundary conditions were however changed to oppose those in earlier cases. 
This meant that instead of a NW-SE thrust condition, an opposite NE-SW thrust 
condition was applied. The NW and SE boundaries were fixed in the face normal 
direction as in earlier models.  
 
3.3 Conclusions of the preliminary study 

Both stress magnitude and stress orientation graphs include data for principal stresses 
�1, �2 and �3. Magnitude graphs are somewhat self-explanatory as they display the 
change in stress magnitude with increase in depth. Stress orientation graphs do, 
however, display both the trend of each principal stress and its plunge. Stress trend is 
displayed on a 360 degree scale. Trend could however, be viewed on a 180 degree scale 
when maximum horizontal stress is exactly horizontal, as it is in that case bidirectional. 
Stress plunge is naturally viewed on the same scale but cannot for obvious reasons 
exceed a plunge of 90 degrees. Note that the trend of principal stress components can be 
entirely scattered without practical meaning when their plunge is close to 90°. Labels 
sigma-1, sigma-2, sigma-3 in the legend correspond to �1, �2 and �3. Mgz is the trend of 
stress imposed by gravity and SR-mean is the trend of �H as detailed in the 2008 site 
report, as mentioned in section 5.5. Figure 3-3 clarifies the interpretation of result 
graphs. 
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Figure 3-3. Result interpretation graphically. 

 
Modelling results of preliminary studies pointed to a number of conclusions: 
 

- joint friction angle greater than 30° prevents stress-geology interaction (Figure 
3-4 and Figure 3-5) 

- stress rotation requires low cohesion of brittle deformation zones and 
lineaments, < 3 MPa (Figure 3-6 and Figure 3-7) 

- in studied cases, the major principal stress trend does not deviate from the 
applied orientation of thrust 

- with low brittle deformation zone cohesion, the plunge of the major compression 
can vary between 0° and 25° 

- low cohesion of brittle deformation zones can cause a drop of �1 and �2 as well 
as variation in magnitude 

- strong rotation of  �2 and �3 around the �1 axis obvious above -500 m 
- a 0.05 m/cy thrust speed was found optimal; resulting in a short calculation time 

without dynamic effects 
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Figure 3-4. Preliminary modelling results. Comparison of the effect of different BFZ 
friction angles on stress magnitude. The effect of the BFZ is apparent at a depth of -500 
m, where a significant change in �1 can be observed, which is negated by increasing 
friction angle, as seen in the case of friction = 30°. 

 

 

Figure 3-5. Preliminary modelling results. Comparison of the effect of different BFZ 
friction angles on stress orientation. 
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Figure 3-6. Preliminary modelling results. Comparison of the effect of different BFZ 
cohesion on stress magnitude. 

 

 

Figure 3-7. Preliminary modelling results. Comparison of the effect of different BFZ 
cohesion on stress orientation. 
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This led to the work-flow established for new modelling work (Figure 3-8). 
 

 

Figure 3-8. Planned work-flow of new modelling work. 

 
3.4 Repository heat-induced BFZ stress-geology interaction 

The large scale effects of repository heat on in situ stress were modelled prior to new 
studies. This was done using a model geometry which was based on the model 
geometry used in earlier original cases whilst also applying thermal properties. This 
model geometry simplified the geometry of the space around the repository and was 
oriented in the direction of the deposition panels. The model had a length of 5.4 km, a 
width of 4 km and a height of 2 km. The repository was located in the middle of the 
model with canister centres located at a depth level of -420.5 m. Capsules were assumed 
to be located at distances of either 50 m, 75 m or 100 m from the repository (Figure 
3-10). The study modelled the stress response to repository induced heat during the first 
120 years following deposition. The thermal and mechanical properties and the 
repository heat production were obtained from Ikonen (2007) (Table 3-11). Three 
different cases were calculated with varying BFZ cohesion. These were 0.3 MPa, 3 MPa 
and 6 MPa. BFZ friction angle was maintained at 20°. The heat production of capsules 
at the time of deposition was assumed to be 7.3 W/m2 = 1830 W / (25 m * 10 m) which 
was assumed to decay according to the manner detailed in Ikonen (2007). Capsules 
were modelled as heat point sources within ranges that corresponded to panel 
layoutsseen in figure 3-9. Heat sources were initiated according to the planned 
deposition schedule (Figure 3-9). Repository geometry as such was thus not modelled in 
this instance. 
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Figure 3-9. Repository layout and schedule. Spacing of deposition tunnels is 25 m. 

 

Figure 3-10. Deposition distances used in simulations, deposition distance = the 
horizontal distance to the capsule closest to the repository. 
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Table 3-11. Mechanical and thermal properties used in modelling stress response to 
repository induced heat (Ikonen 2007). 

Young’s Modulus 55 GPa
Poisson’s ratio 0.25
Uniaxial compressive
strength 115 MPa

Density 2700 kg/m3

Thermal expansion
coefficient 9.50E-06 1/K

Thermal conductivity 2.61 W/m/K
Diffusivity 1.21E-06 m2/s
Specific heat 784 J/kg/K  

 
Results pertinent to this report can be summarised briefly as the following: 

- BFZ slip initiated 40 years after deposition (Figure 3-12). 
- Maximum BFZ slip was determined to be 6 cm at repository depth after 120 

years (Figure 3-13). 
- A maximum BFZ slip of 6 cm did not increase after further time. 
- No noticeable slip was observed on vertical or sub-vertical brittle deformation 

zones.  
 

 

Figure 3-12. Time elapsed since deposition: 40 y. Shear displacement of brittle 
deformation zones at maximum 20 mm. Cohesion of brittle deformation zones is 0.3 
MPa. 
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Figure 3-13. Time elapsed since deposition: 120 y. Shear displacement of brittle 
deformation zones at maximum 60 mm. Cohesion of brittle deformation zones is 0.3 
MPa. 
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4 NUMERICAL MODEL 

4.1 3DEC background 

Developed primarily for discontinuum modelling, 3DEC is a three-dimensional 
numerical program based on the distinct element method. The distinct element method 
uses an explicit time-marching scheme to solve the equations of motion directly. The 
calculation cycle that is involved in solving the equations is in order the following: the 
law of motion and the constitutive equations are applied, sub-contact force-
displacement relations are prescribed for both rigid and deformable blocks, integration 
of the law of motion provides the contact displacement velocities and finally the sub-
contact force-displacement law is then used to obtain the new sub-contact forces (Figure 
4-1) (Itasca 2010). Therefore the calculation cycle is not a measure of time as such, as it 
varies in each simulation according to how complex or extended the cycle is determined 
to be by 3DEC. It is also necessary to clarify that in 3DEC compression is negative and 
as such the nomenclature of principal stresses is reversed e.g. the maximum principal 
stress is the minimum principal stress in 3DEC. This does not, however, affect 
statements in the report, wherein the maximum principal stress does indeed refer to the 
maximum principal stress. 
 

Sub-Contact Force 
Update

Block Centroid 
Forces

or Gridpoint Forces

Block/Gridpoint
Motion Update

Relative Contact 
Velocities

 

Figure 4-1. Calculation cycle in 3DEC (Itasca 2010). 

3DEC is thus capable of simulating the response of discontinuous media to either static 
or dynamic loading wherein the medium is represented as an assemblage of discrete 
blocks. Due to the discontinuities being treated as boundary conditions between blocks, 
large displacements along discontinuities and rotation of blocks are allowed. Individual 
blocks behave as either rigid or deformable material (Itasca 2010). In this particular 
case, deformable blocks are required to describe the in situ stress state. The program 
itself is command-driven (with the exception of the graphics mode) and the necessary 
data for computation is contained in a .dat or .txt file which can be opened by any text 
editing program. It should be noted that the accuracy of an approach utilising 3DEC is 
wholly dependent on the approximations of each discontinuity; discontinuities are 
modelled as planes and thus do not represent actual geometries. Therefore best-fit 
planes are used through-out modelling. A comparison of real BFZ and bounding 
lineament geometries vs. those used in modelling can be seen in Figure 4-2.  Generally, 
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the applied extended planar BFZs can lead to higher BFZ shear or slip and lower stress 
concentrations on intact bridges (Figure 4-2). 
 

 

Figure 4-2. Comparison of real BFZ and lineament geometries (left) vs. those used in 
3DEC (right) as a horizontal cutting plane from the surface. 

 
4.2 Geometry of the model 

The 3DEC model is created by successive splits into boundary blocks before creating 
the actual model. The function of bounding blocks is to apply uniform boundary 
conditions unaffected by BFZs. The initial block dimensions are 20x16x3 km, after 
which successive cuts reduce it to 16x12x2 km. This inner block includes the bounding 
lineaments which are also modelled as joints. The area coloured in orange in Figure 4-3 
within the bounding lineaments is the final block which contains all of the modelled 
discontinuities and is the area under focus (Figure 4-3). 
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Figure 4-3. Model geometry, the area in red is the immediate area around the 
ONKALO. 

4.2.1 Model geometry for N-S and E-W boundary conditions 

Due to the need to test different boundary conditions it was necessary to create a model 
that was identical in all vital features while modifying the boundary block so as to 
orientate the block sides along the N-S and E-W axes. Although the change in geometry 
is minor, it is appropriate to display this geometry which was used in model cases 4A 
and 4B (Figure 4-4). These models are described in detail in Section 4.7. 
 

 

Figure 4-4. Model geometry for cases 4A and 4B. 
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4.2.2 Bounding lineaments 

Modelling incorporated the following bounding lineaments: LIN-0072, LIN-0112, LIN-
0257, LIN-0320 and LIN-0477. Bounding lineaments were modelled with the same 
properties as those adopted for brittle deformation zones in each respective modelling 
type. Figure 4-5 displays the full model block with the bounding lineaments emphasised 
in blue. It should be noted that these bounding lineaments are not entirely confirmed 
geological features as there are no direct observations and interpretations are based on 
geophysical data. Rock mechanical properties are therefore unavailable. Fictional joints 
are joints generated out of geometrical necessity, as they either limit brittle deformation 
zones to more appropriate dimensions or limit the dimensions of the ONKALO region 
to sufficient extents. 
 
 

 

Figure 4-5. Model geometry. BFZs in orange, bounding lineaments in blue, fictional 
joints in black. 
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4.2.3 Brittle deformation zones 

In order to avoid unnecessary complication of the model, brittle deformation zones to be 
included in modelling were selected according to the following criteria: 
 
- zones determined to be long and continuous and therefore significant to modelling 
 
- zones with a dip of 90° are excluded unless they have an orientation that is  
approximately at a 15-75° angle to the maximum horizontal stress 
 
- zones with a shallow dip 
 
- zones with a total surface area larger than 250000 m2 
 
As specified above, the following brittle deformation zones have been selected and 
incorporated in modelling. Modelled brittle deformation zones are coloured in orange in 
Figure 4-6, Figure 4-7, Figure 4-8, Figure 4-9, Figure 4-10, Figure 4-11 and display the 
best-fit planes used in 3DEC as well as currently interpreted “true” geometries for 
brittle deformation zones which affected the in situ state of stress most significantly. 
 

 

Figure 4-6. Modelled brittle deformation zones in orange, labeled according to 
numerical brittle deformation id’s assigned by Posiva. 
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The following written descriptions have been obtained from Aaltonen. et al. 2010. 
3DEC best-fit planes coloured in orange are in most cases larger than interpreted “true” 
geometries due to 3DEC software functionality. In order to limit the size of a best-fit 
plane, limiting joints must either pre-exist or be created which restrict the extents of a 
discontinuity generated to represent a BFZ. Therefore brittle deformation zone extents 
in modelling were largely dependent on neighbouring zones, unless a fictional joint was 
found necessary to limit the range of a particular BFZ.  
 
OL-BFZ019c is a moderately dipping thrust fault with an approximate dip of c. 10 - 25 
degrees towards the SSE. The fault is located a few tens of metres beneath fault OL-
BFZ018 and is subparallel to it. The thickness of the fault core is approximately 0.1 – 
1.4 m and the core zone is also frequently hydraulically conducting. The geometry of 
the fault is based mainly on Mise-a-la-masse results in combination with geological 
observations in the drillholes and in the ONKALO tunnel. 
 

 

 
Figure 4-7. OL-BFZ019c. Grey surface = current interpretation. Orange surface = 
best-fit plane in 3DEC. Y-axis is elevation. Two viewpoints displayed for clarity. 

OL-BFZ020a is a moderately dipping thrust fault with an approximate dip of c. 20 
degrees towards the SE. It is the main splay of another subparallel deformation zone 
OL-BFZ080, located at the maximum of a few tens of meters beneath OL-BFZ020a. 
The thickness of the fault core of OL-BFZ020a is approximately 0.1 – 2.7 m thick, with 
an average thickness of 1 m (Aaltonen et al. 2010). Its geometry is strongly based on 
Mise-a-la-masse results, seismic reflectors revealed by VSP, 3D and 2D reflection 
surveys and Sampo Gefinex conductors. The thickness of the influence zone of OL-
BFZ020a is on average 40 m, varying from 15 m to 73 m. 
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Figure 4-8. OL-BFZ020a. Grey surface = current interpretation. Orange surface = 
best-fit plane in 3DEC. Y-axis is elevation. Two viewpoints displayed for clarity. 

OL-BFZ39: The intersection in KR29 is composed of veined gneiss (VGN) and 
diatexitic gneiss (DGN), with some short sections of pegmatite (PGR). The intersection 
exhibits 61 fractures, with a dip direction towards the SE with a moderate dip. 
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Figure 4-9. OL-BFZ039. Grey surface = current interpretation. Orange surface = best-
fit plane in 3DEC. Y-axis is elevation. Two viewpoints displayed for clarity. 

 
OL-BFZ099 is a site-scale, moderately dipping thrust fault with an approximate dip of 
40 degrees towards the SE. The deformation zone is geologically well-pronounced, the 
fault core being well-developed and characterised by abundant fracturing, clay-filled 
fractures and slickensides, hydrothermal fracture-controlled/pervasive illitisation and 
kaolinisation and variable amounts of incohesive fault breccia and gouge (i.e. crushed 
rock). The thickness of the fault core varies from 1 to 13 m, the average thickness being 
5 metres. The thickness of the deformation zone (core zone plus influence zone) is on 
average about 44 m but varies between 11 and 103 m in different drillholes. 
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Figure 4-10. OL-BFZ099. Grey surface = current interpretation. Orange surface = 
best-fit plane in 3DEC. Y-axis is elevation. Two viewpoints displayed for clarity. 

OL-BFZ100: The fault consists of a clearly definable core and transition zone; the core 
has a varying width of 0.15 to 2 metres and has in places strongly developed schistose 
fabric with associated slickensided surfaces. The deformation zone shows sinistral sense 
of movement by numerous kinematic indicators. 
 
OL-BFZ106: Descriptions only from KR cores and do not describe the zone as a whole. 
 
OL-BFZ146: “Liikla shear zone”, a major ductile shear zone detected in TK14 and 
lineament interpretation. The zone is characterised by strongly foliated, pervasively 
altered and weathered veined gneiss. Most foliation planes are weathered open, which 
gives the rock a densely fractured look. The sense-of-shear remains ambiguous but the 
rock contains some sub-horizontal lineations plunging slightly towards the WSW. The 
upper parts of drillholes KR27, KR40 and KR45 are highly fractured (numerous RiIII-
RiIV zones), indicating that also brittle deformation may be related to this zone. The 
zone has also been fixed to highly fractured sections in drillholes KR49 and KR50, 
showing slickenside fractures, alteration and indications of semi-brittle deformation. 
According to the recent magnetic interpretation, the zone may be cut by several N-S 
trending deformation zones. 
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Figure 4-11. OL-BFZ146. Grey surface = current interpretation. Orange surface = 
best-fit plane in 3DEC. Y-axis is elevation. Two viewpoints displayed for clarity. 

OL-BFZ147: The zone is based on linked lineament LINKED0600 (mainly topographic 
observations, possibly magnetic). It is extrapolated to the 2007 seismic survey area, 
where it displaces seismic reflectors. No direct geological observations. 
 
OL-BFZ148: The zone is based on topographic lineaments TOPO0195 and TOPO0480. 
It is extrapolated to the 2007 seismic survey area, where it displaces seismic reflectors. 
No direct geological observations. 
 
OL-BFZ158: The zone is based on magnetic lineament SURFMAGN88. It is observed 
as a magnetic minimum. No direct geological observations. 
 
OL-BFZ159: The zone is based on topographic lineament TOPO0117. There are also 
some magnetic indications (magnetic lineament SURFMAGN 0116). The intersection is 
located mainly in PGR. The intersection is characterized by fractures oriented 035/60°. 
The amount of visible fragments is > 90%, so material could be classified as fault 
breccia. 
 
OL-BFZ169: A feature that cuts and possibly displaces the seismic reflectors in 2007 
survey. No direct geological observations. 
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4.3 Boundary conditions 

The boundary conditions used in the most recent modelling scenarios have involved the 
bottom of the model being restricted in the y-axis (elevation) whilst otherwise free. This 
equates to a “roller” condition. Thrust boundaries were applied from the NW-SE with 
velocities of 0.05 m/cy and -0.05 m/cy respectively. The NE and SW boundaries i.e. 
normal planes were fixed in the face normal direction. It was also found necessary to 
test other boundary conditions such as thrust applied from the NE-SW, N-S and E-W 
directions (Figure 4-12). This was done in order to analyse whether or not the brittle 
deformation zones are able to cause the maximum horizontal stress to shift to a NW-SE 
orientation and if any of the three additional thrust orientations can cause more 
significant stress-geology interactions related to brittle deformation zones in the 
ONKALO region than seen in the NW-SE thrust cases. An additional scenario with all 
boundaries fixed and a pre-determined in situ stress state applied was also tested. 
Finally, a glacial loading scenario was tested to attempt to simulate the impact of 
glaciation (Figure 4-13). 
 

 

Figure 4-12. Boundary conditions used in modelling cases. In order from top left to 
bottom right: N-S thrust, E-W thrust, NW-SE thrust and NE-SW thrust. 
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Figure 4-13. Boundary conditions used in the simulation of glaciation. 

In all cases thrust was applied until a pre-determined cut-off criterion was reached. This 
was defined as (�H + �h) /2 = �v at an approximate depth of -1150 m and is roughly in 
agreement with Scandinavian mean horizontal stress measurements from collated 
worldwide in situ stress data (Figure 4-14) (Hudson and Harrison 1997). 
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Figure 4-14. Collated worldwide in situ stress data (Hudson and Harrison 1997). 
K_mean is 1.0 at a depth of -1150 m.  

 
 
4.4 Rock mass strength properties 

The numerical simulations made use of the Hoek-Brown strength criterion in parameter 
determination for brittle deformation zones. It can be expressed as (Hoek et al. 2002): 
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where �'1 and �'3 are the major and minor effective principal stresses at failure, �ci is the 
uniaxial compressive strength of the intact rock material. 
 
mb is a reduced value of the material constant mi and is given by  
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s and a are constants for the rock mass given by the following relationships:  
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GSI is calculated from the Q� value using the following equation (Hoek et al. 1995): 
 

44'ln9 �� QGSI  (6) 
 
where GSI is a geological strength index. D is a factor which depends upon the degree 
of disturbance to which the rock mass has been subjected to by blast damage and stress 
relaxation. It varies from 0 for undisturbed in situ rock masses to 1 for very disturbed 
rock masses.  
 
Both rock mass properties and brittle deformation zone properties used in modelling 
were thus calculated with RocLab-sofware which makes use of the above criterion 
(Rocscience 2010). 
 
 
4.5 Rock mass properties 

The rock mass was assumed to be homogeneous, isotropic and linearly elastic with the 
equivalent properties: density 2730 kg/m3, Young’s modulus 55 MPa and Poisson’s 
ratio 0.25 which in turn were based on intact rock parameters (Table 4-15) (Posiva 
2009). Full input parameters were calculated in Roclab (Rocscience 2010): 
 
It should be noted that whilst otherwise constant, Young’s modulus differed in one 
modelling scenario (model 2), where the model was segregated into two separate zones 
where the rock mass above a depth of -120 m had a Young’s modulus of 42 GPa. The 
remaining mass was assigned the same Young’s modulus as in other modelling 
scenarios. 
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Table 4-15. Default model parameters. Ei is 48 GPa and Erm 42.3 GPa in model 2. 
Default input parameters

Hoek Brown Classification
sigci 115 MPa
GSI 80
mi 9.99
D 0
Ei* 63 GPa
Hoek Brown Criterion
mb 4.89
s 0.108
a 0.501
Failure Envelope Range
Application Tunnels
sig3max 4.26 MPa
Unit Weight 0.0273 MN/m3
Tunnel Depth 300 m
Mohr-Coulomb Fit
c 6.08 MPa
phi 51.65 degrees
Rock Mass Parameters
sigt -2.55 MPa
sigc 37.81 MPa
sigcm 43.97 MPa
Erm* 55.5 Gpa  

 
 
4.6 Brittle Deformation Zone (BFZ) properties 

As modelling scenarios involved varying BFZ properties, general properties will be 
detailed first. In most cases, brittle deformation zones were given a joint cohesion of 0.3 
MPa, a joint friction angle of 20°, a joint tensile strength of 1 kPa, a joint normal 
stiffness of 50 GPa/m and a joint shear stiffness of 20 GPa/m. Joint tensile strength was 
set to 1 kPa although it was originally intended to be 0 to consider as conservative an 
approach as possible; 3DEC often treated joints with no tensile strength illogically. A 
low joint cohesion was chosen as previous results demonstrated that higher joint 
cohesions did not allow geological features to affect the proximal stress state in a 
significant manner. 
 
Some other scenarios were tested with a joint cohesion of 3 MPa but only to clarify the 
effect of higher joint cohesion and are thus only selectively available – not all new 
models were tested with a joint cohesion of 3 MPa. 
 
One modelling scenario did, however, require the use of “true” BFZ properties (Table 
4-16 and Table 4-17). This meant properties were defined in Roclab (Rocscience 2010) 
using the GSI value determined by Q� classification of drill cores and tunnel mapping as 
well as BFZ data detailed in Posiva (2009). 
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Table 4-16. Brittle deformation zone parameters obtained from tunnel mapping and 
core logging used in model 3. 

OL-BDZ016 OL-BDZ039 OL-BDZ019c OL-BDZ020a OL-BDZ099 OL-BDZ100 OL-BDZ106 Units
Hoek Brown Classification

sigci 22 22 22 22 22 22 22 MPa
GSI 49 60 64 54 40 43 37
mi 9.99 9.99 9.99 9.99 9.99 9.99 9.99
D 0 0 0 0 0 0 0
Ei 63000 63000 63000 63000 63000 63000 63000 MPa

Hoek Brown Criterion
mb 1.62 2.39 2.76 1.93 1.17 1.30 1.05
s 0.0035 0.0117 0.0183 0.0060 0.0013 0.0018 0.0009
a 0.51 0.50 0.50 0.50 0.51 0.51 0.51

Failure Envelope Range
Application Tunnels Tunnels Tunnels Tunnels Tunnels Tunnels Tunnels

sig3max 3.67 3.73 3.75 3.70 3.63 3.64 3.61 MPa
Unit Weight 0.0273 0.0273 0.0273 0.0273 0.0273 0.0273 0.0273 MN/m3

Tunnel Depth 300 300 300 300 300 300 300 m
Mohr-Coulomb Fit

c 0.83 1.02 1.11 0.91 0.71 0.75 0.67 MPa
phi 33.5 36.7 37.8 35.0 30.9 31.8 29.97 degrees

Rock Mass Parameters
sigt -0.047 -0.108 -0.146 -0.069 -0.024 -0.030 -0.019 MPa
sigc 1.25 2.35 2.95 1.67 0.73 0.87 0.60 MPa

sigcm 3.75 4.80 5.29 4.19 3.07 3.29 2.87 MPa
Erm 18203 32760 38425 24376 10058 12332 8189 MPa  

Table 4-17. Brittle deformation zone parameters obtained from tunnel mapping and 
core logging used in model 3 –continued. 

OL-BDZ146 OL-BDZ147 OL-BDZ148 OL-BDZ158 OL-BDZ159 OL-BDZ169 Units
Hoek Brown Classification

sigci 22 22 22 22 22 22 MPa
GSI 58 42 42 42 73 42
mi 9.99 9.99 9.99 9.99 9.99 9.99
D 0 0 0 0 0 0
Ei 63000 63000 63000 63000 63000 63000 MPa

Hoek Brown Criterion
mb 2.23 1.26 1.26 1.26 3.81 1.26
s 0.0094 0.0016 0.0016 0.0016 0.0498 0.0016
a 0.50 0.51 0.51 0.51 0.50 0.51

Failure Envelope Range
Application Tunnels Tunnels Tunnels Tunnels Tunnels Tunnels

sig3max 3.72 3.64 3.64 3.64 3.80 3.64 MPa
Unit Weight 0.0273 0.0273 0.0273 0.0273 0.0273 0.0273 MN/m3

Tunnel Depth 300 300 300 300 300 300 m
Mohr-Coulomb Fit

c 0.98 0.74 0.74 0.74 1.39 0.74 MPa
phi 36.1 31.5 31.5 31.5 40.1 31.5 degrees

Rock Mass Parameters
sigt -0.093 -0.028 -0.028 -0.028 -0.288 -0.028 MPa
sigc 2.10 0.82 0.82 0.82 4.89 0.82 MPa

sigcm 4.58 3.21 3.21 3.21 6.73 3.21 MPa
Erm 29904 11527 11527 11527 49472 11527 MPa  

 
 
4.7 Updated scenarios 

Due to the significant changes applied to the geometry of the model along with the 
addition of several brittle deformation zones, a number of new updated scenarios were 
chosen for modelling (Table 4-18). 
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As earlier modelling scenarios indicated that low joint cohesion was necessary in order 
to create stress-geology interaction, it was decided that mainly the joint friction angle 
would be varied to discern its effect on stress-geology interactions. Certain scenarios 
were however calculated with a cohesion of 3 MPa for verification of the effect of 
higher BFZ cohesion. In addition to this, other modelling scenarios tested the effect of 
two rock mass zones, N-S thrust boundary conditions, E-W thrust boundary conditions, 
application of the currently determined in situ stress state accompanied by BFZ 
properties obtained from core-logging and tunnel-mapping results as well as the effect 
of glaciation simulated by loading. 

Table 4-18. New model list. 

Model Vers. cohesion tension friction normal
stiffness

shear
stiffness

Thrust
orientation

max
BFZ shear

Units [MPa] [MPa] [°] [GPa/m] [GPa/m] [m]
Model 1A 0.3 0.001 20 50 20 NW-SE 0.54
Model 1B 0.3 0.001 25 50 20 NW-SE 0.45
Model 1C 0.3 0.001 30 50 20 NW-SE 0.37
Model 2 0.3 0.001 20 50 20 NW-SE 0.58
Model 3 BFZ BFZ BFZ BFZ BFZ in situ 0.06
Model 4A 0.3 0.001 20 50 20 N-S 0.41
Model 4B 0.3 0.001 20 50 20 E-W 0.46
Model 4C 0.3 0.001 20 50 20 NE-SW 0.43
Model 5 0.3 0.001 20 50 20 Glaciation 0.83  

 
Model 1: 
 
This case involved the familiar NW-SE thrust boundary condition used in earlier 
scenarios with joint cohesion set to 0.3 MPa, tensile strength to 1 kPa, joint friction 
angle to 20°, joint normal stiffness to 50 GPa/m and shear stiffness to 20 GPa/m.  
Sub-scenarios A, B and C were also calculated to attempt to clarify the effect of 
changing the joint friction angle. 
 
Model 2: 
 
This model was identical to model 1 in all respects, apart from a change in Young’s 
modulus up to a depth of -120 m. The default Young’s modulus used in each model 
(section 2.7) was changed above this depth to 42 GPa. Model 2 was primarily a 
simulation of the existence of two rock domains. 
 
Model 3: 
 
Model 3 was the only case to involve the application of in situ stress by means of using 
the interpreted in situ stress detailed in the 2008 site report (Posiva 2009). Boundaries 
were fixed whilst the applied in situ stress was allowed to reach equilibrium. 
Additionally, brittle deformation zones were given properties defined by Q� 
classification. This meant that primarily properties were dependent on the GSI assigned 
for each brittle deformation zone. GSI’s were obtained from Mönkkönen et al. expected 
2011. In all other regards this case was identical to model 1. 



 

 

40

Model 4: 
 
Model 4 and its sub-scenarios were markedly different to earlier models as they 
incorporated a different geometry for the model block as it had to be suited to the N-S 
and E-W boundary conditions. This meant creating a block identical to the primary 
model in all respects apart from the boundary block which was aligned along the north 
and south axes (section 4.2.1). 
Scenario 4A had identical properties to other models apart from the boundary block. 
Additionally, boundary conditions were changed to match a north-south thrust 
condition. The east and west boundaries were fixed. 
4B used the same geometry as 4A although boundary conditions were now changed to 
an east-west thrust condition with fixed north and south boundaries. 
4C entailed the use of the same geometry as used in model 1A as the boundary 
conditions were changed to the opposite of those used in models 1 and 2. This meant a 
thrust condition applied from the NE and SW with the NW and SE boundaries fixed. 
 
Model 5: 
 
The final model used the end result of model 1A as the starting point and attempted to 
simulate one simplified glaciation cycle as a result of an ice-age. The ice sheet itself, the 
viscous time dependent bending and the rebound of the crust was not modelled, instead 
it was simulated with simple boundary stress conditions (Lund et al. 2009) (Figure 
4-13). This was accomplished by increasing all stress components equally by +30 MPa 
which was achieved by applying thrust conditions for every boundary apart from the 
bottom. The vertical stress increase is caused by a 3 km thick ice sheet and the 
horizontal stress increase is a result of the horizontal components induced by the 
vertical load and the resultant maximum bending of the crust. Boundary velocities were 
determined by calculating velocities relative to the original velocity used during 
application of the NW-SE thrust condition. This resulted in a NW-SE velocity of 0.05 
m/cycle, 0.04 m/cycle for the NE-SW boundaries and 0.015 m/cycle for the top surface. 
Upon reaching +30 MPa, the entire model was fixed and brought to equilibrium. 
Loading was then removed by removing the vertical load in the same time as it was 
applied whilst removing the horizontal load in half that. When the vertical load was 
fully removed, the model was fixed again with the surface free and then brought to 
equilibrium. Only after this was the remaining horizontal load removed. The final phase 
required fixed boundaries with the surface free to allow for final equilibrium to be 
attained. The entirety of this process was based on a similar approach used earlier (Lund 
et al. 2009) wherein the final phases attempt to simulate the isostatic response related to 
post-glacial rebound. 
 
 
4.8 Numerical data analysis locations 

As data analysis of modelling results was accomplished with both graphical and 
numerical analysis methods, analysis of numerical data involved data collection from 
pre-determined areas. These were chosen to be areas in the shape of cylinders which 
covered areas both around the personnel shaft of the ONKALO and the western-most 
end of the ONKALO access tunnel. Due to zoning geometry i.e. the mesh created for 
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simulation runs in 3DEC, data collection for each of the two points required the use of 
cylinders that were not of a uniform radius in order to obtain a roughly equal amount of 
data up to the analysis depth of -1000 m (Figure 4-19). The cylinder diameter at shallow 
depths was 80 m and below that 250 m. 
 

 

 

Figure 4-19. The data collection regions from the shaft and western area of the 
ONKALO. Cylinder diameters are 80 m and 250 m. Compression denoted as positive. 
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5 RESULTS 

Results will be detailed in model order with reference to the new case list (Table 4-18). 
In addition, result presentation procedure will largely follow a systematic methodology 
wherein results concerning the shaft area of ONKALO will be displayed first before 
presenting results acquired from the western area. Graphical cutting planes of each 
model will include the following: along the applied maximum horizontal stress 
orientation (cutting plane A in model 1), perpendicular to it (�h, cutting plane B in 
model 1) and two horizontal cutting planes from depth levels -420 m and -150m (Figure 
5-1). Although maximum horizontal stress orientations change with each model, vertical 
cutting planes A and B will always concern �H and �h. It should also be noted in this 
report 3DEC figures display compression as positive. Additionally, numerical analysis 
results will be displayed in graphs based on data collected from afore-mentioned 
locations (section 4.8). Finally, histograms of the distribution of principal stresses �1, �2 
and �3 and of the distribution of �H, �h and �v from a depth level of -420 m ±10 m are 
available in the appendix. Histograms are available for all of the new models. 
 

 

Figure 5-1. Cutting plane locations and viewing directions. 

 
For instructions on the interpretation of result graphs see Section 3.3. 
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5.1 Model 1A – NW-SE thrust, BFZ friction 20° 

Stress-geology interaction is apparent in this case as stress magnitude and orientation 
are affected greatly by brittle deformation zones (Figure 5-6, Figure 5-7). Brittle 
deformation zones OL-BFZ039, OL-BFZ019c, OL-BFZ20a, OL-BFZ099 cause 
noticeable �H magnitude and plunge changes in Figure 5-2. This can also be seen in 
Figure 5-3. 
 
Changes in maximum principal stress orientation in the ONKALO region can be seen 
up to depth of -200 m after which brittle deformation zones do not cause any significant 
changes in �H orientation (Figure 5-4, Figure 5-5).  
 
Maximum principal stress orientations in the immediate vicinity of the ONKALO 
personnel shaft display significant variation up to a depth of approximately -100 m. 
Below -100 m �H has a trend of 135/315° matching the direction of applied thrust 
(Figure 5-6). Magnitude changes of ca. +10 MPa at depths of ca. -100 m and -300 m are 
an effect of OL-BFZ19c and OL-BFZ20a, respectively (Figure 5-7). Specifically, �1 and 
�2 magnitudes drop when approaching a shallow-dipping BFZ from above, after which 
they rise by approximately 10 MPa below it. This general phenomenon applies to every 
case where stress-geology interaction is discernable. 
 
Orientation of �H in the western-most area of the ONKALO access tunnel does not vary 
in the same manner as near the ONKALO shaft and is mainly identical to the direction 
of applied thrust (Figure 5-8). An increase in magnitude in the range of + 5 MPa at ca. -
150 m depth is evident due to the effect of OL-BFZ039 (Figure 5-9). The larger amount 
of data points available below -500 m causes increased scatter although BFZ099  
 
The magnitudes of �2 and �3 are close to each other or even equal, thus the orientations 
are poorly defined. 
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Figure 5-2. Model 1A, vertical cutting plane B, plane along applied thrust = �1.  

 

Figure 5-3. Model 1A, vertical cutting plane A, plane perpendicular to applied thrust or 
�1. 
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Figure 5-4. Model 1A, horizontal cutting plane, depth level -150 m. 

 

Figure 5-5. Model 1A, horizontal cutting plane, depth level -420 m. 
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Figure 5-6.  Model 1A, trend and plunge of principal stresses, shaft area. 
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Figure 5-7. Model 1A, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-8. Model 1A, trend and plunge of principal stresses, western area. 
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Figure 5-9. Model 1A, principal stress magnitudes (MPa) vs. depth (m), western area. 
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5.2 Model 1A - cohesion 3 MPa 

Upon increasing joint cohesion to 3 MPa, stress-geology interaction decreased 
significantly with the most marked changes occurring in stress magnitude (Figure 5-11) 
in the shaft region of ONKALO. Stress orientation changes were minimal in this area, 
as seen in Figure 5-10. 
 
The western area of ONKALO displays even less stress-geology interaction, with 
regards to both principal stress orientation and magnitude (Figure 5-12 and Figure 
5-13). The scatter related to the bearing of �2 at a depth level of -500 m is largely due to 
�2 becoming the vertical component (gravity/overburden) at this depth. An additional 
reason is that there is a larger amount of data points available in relation to the data 
points available above -500 m.  
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Figure 5-10. Model 1A, trend and plunge of principal stresses, shaft area. 



 

 

50

-1000

-900

-800

-700

-600

-500

-400

-300

-200

-100

0
0 10 20 30 40 50 60 70 80 90

D
ep

th
 (m

)
Stress (MPa)

Sigma-1
Sigma-2
Sigma-3
mgz
SR trend (LL)

Properties of BFZs 
and Lineaments:

Kn = 50 GPa/m
Ks = 20 GPa/m
coh = 3 MPa
fric = 20 deg
ten = 1 kPa

Boundary Conditions:
NW-SE thrust (model 1A)

 

Figure 5-11. Model 1A, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-12. Model 1A, trend and plunge of principal stresses, western area. 
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Figure 5-13. Principal stress magnitudes (MPa) vs. depth (m), model 1A, western area. 

 
 
5.3 Models 1B and 1C – NW-SE thrust, BFZ friction 25° and 30° 

Models 1B and 1C were simulated in order to verify the effect of joint friction on stress-
geology interaction – this was determined to be moderate when considered independent 
of other parameters but minor when compared to the effect of increasing joint cohesion. 
Models 1B and 1C increased joint friction by 5 degrees consecutively to the selected 
default parameter of 20 degrees. 
 
Results from model 1B and model 1C did not indicate significant differences to those 
obtained from model 1A, although stress orientation scatter was progressively reduced 
so that by model 1C the scatter of �1 was limited to between a trend of 120° - 155° 
above a depth of -100 m. Increasing joint friction caused the maximum principal stress 
�1 magnitude to increase by an additional + 2.5 MPa for every 5° increase in BFZ 
friction angle (Figure 5-14). 
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Figure 5-14. Model 1C, principal stress magnitudes (MPa) vs. depth (m), shaft area. 

 
 
5.4 Model 2 – NW-SE thrust, two Young’s modulus zones 

As model 2 only involved a change in Young’s modulus at a depth of -120 m from 42 
GPa to 55 GPa, any effect imposed by this change should be visible at this depth. As 
model 1A is essentially identical to model 2 apart from the Young’s modulus zones, the 
only noticeable difference in comparison to results from model 1A is a slight increase in 
stress magnitude when transitioning into the higher Young’s modulus zone (Figure 
5-16). The increase is on the order of + 2 MPa, so this can be termed negligible. Other 
magnitude increases are caused by the same brittle deformation zones as those 
mentioned in model 1A results. The general trend of principal stress components in the 
upper part of the model is not as diverse as in model 1A, as trends vary much less in 
comparison. This diminished variation applies to the upper part of the model, suggesting 
that a lower Young’s modulus may decrease stress-geology interaction. The trend of �1 
varies between 100° and 130° up to a depth of approximately -100 m. Below a depth of 
approximately -150 m the trend of �1 settles to ca. 135° (Figure 5-15). 
 
Results from the western part of the ONKALO area do not differ markedly from model 
1A results, although a similar phenomenon of diminished variation in the upper part of 
the model is clear as mentioned previously (Figure 5-17 and Figure 5-18). 
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Figure 5-15. Model 2, trend and plunge of principal stresses, shaft area. 
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Figure 5-16. Model 2, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-17. Model 2, trend and plunge of principal stresses, western area. 
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Figure 5-18. Model 2, principal stress magnitudes (MPa) vs. depth (m), western area. 
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5.5 Model 3 – in situ stress, mapped and logged BFZ parameters 

This case was the only case that used the current in situ stress state interpretation of 
Olkiluoto when applying a stress state to the model. Stress was applied according to the 
mean stress limits determined for the lower stress domain (-300 m -900 m) in the 2008 
site report: �H = 13.6 + 0.030z where z = depth. Additionally, BFZ parameters were 
applied according to core logging and tunnel mapping results and thus were generally 
much higher than in all other cases. 
 
Stress-geology interaction is at a minimum in this case however, as higher parameters 
did not allow distinct stress state rotations to occur. This applies to the majority of the 
model, although some rotation can be seen near the surface in the immediate proximity 
of BFZ020a, BFZ019c and BFZ146. Out of these three, BFZ020a causes a significant 
rotation which is largely only evident in the western area of ONKALO (Figure 5-19 and 
Figure 5-20). Magnitude changes occur in the ONKALO region due to BFZ019c, where 
magnitudes drop above it and rise below it. 
 
Results from the ONKALO shaft region display stress orientation changes when �3 is 
considered. This is only apparent near the surface, where �H plunge also changes due to 
BFZ019c. As mentioned earlier, magnitude changes related to �H also occur here with a 
change of + 4 MPa recorded.  
 
The western part of the ONKALO region does, however, exhibit a strong rotation of �H 
(from ca. 90°/270° at the surface to 135°/315° at -100 m depth) due to BFZ020a which 
also causes changes in the plunge of the maximum and minimum principal stress (�1 and 
�3) (Figure 5-21). Similar stress magnitude changes occur here as well, although 
attributed to OL-BFZ020a (Figure 5-22). 
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Figure 5-19. Model 3, horizontal cutting plane, depth level -50 m. 

 

Figure 5-20. Model 3, horizontal cutting plane, depth level -150 m. 
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Figure 5-21. Model 3, trend and plunge of principal stresses, western area. 
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Figure 5-22. Model 3, principal stress magnitudes (MPa) vs. depth (m), western area. 
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5.6 Model 4A – N-S thrust, BFZ friction 20° 

The only case to simulate a north-south oriented thrust boundary condition, case 4A had 
results which were moderately different to those seen in previous models. This model 
also made use of the alternate block model described in Section 4.2.1. 
 
Maximum horizontal stress rotations occur in this model in a number of places, 
primarily due to the following brittle deformation zones: OL-BFZ19c, OL-BFZ20a, OL-
BFZ039, OL-BFZ099, OL-BFZ146, and OL-BFZ147 (Figure 5-24). Rotations in the 
ONKALO shaft region are somewhat less pronounced as most of the major rotations are 
visible when the area is viewed on a large scale. It should be noted though that rotations 
are less pronounced when thrust is oriented N-S than in other modelled cases. 
 
The ONKALO shaft region displays a maximum principal stress orientation of 
approximately 23°/203° near the surface which gradually diminishes with depth 
increase to 0/180°, i.e. the orientation of thrust (Figure 5-25, Figure 5-26). Magnitude 
variations are apparent as well, with two noticeable increases in maximum horizontal 
stress �H between depths of -100 m and -350 m (Figure 5-23, Figure 5-27). The first rise 
in magnitude is nearly + 10 MPa with the second roughly the same, increasing from 17 
MPa to 29 MPa. These are due to OL-BFZ19c and OL-BFZ20a, respectively. This 
increase occurs similarly to other models, where �1 and �2 are reduced in magnitude 
above shallow-dipping brittle deformation zones and increase below them. 
 
A more dramatic shift back to the orientation of thrust can be seen in the western part of 
the ONKALO region (Figure 5-28) where �H or �1 starts at 40°/220° but decreases to 
0°/180°. Magnitude changes of ca. + 5 MPa are evident at depths -100 m and between -
100 - -200 m (Figure 5-29). These shifts are mainly due to OL-BFZ20a and OL-
BFZ039. 
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Figure 5-23. Model 4A, vertical cutting plane A, plane along applied thrust = �1. 

 

Figure 5-24. Model 4A, horizontal cutting plane, depth level -150 m. 
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Figure 5-25. Model 4A, horizontal cutting plane, depth level -420 m. 
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Figure 5-26. Model 4A, trend and plunge of principal stresses, shaft area. 
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Figure 5-27. Model 4A, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-28. Model 4A, trend and plunge of principal stresses, western area. 
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Figure 5-29. Model 4A, principal stress magnitudes (MPa) vs. depth (m), western area. 

 
 
5.7 Model 4A – N-S thrust, BFZ friction 20°- cohesion 3 MPa 

The increase in joint cohesion in this model was a clear indication that higher cohesion 
decreases stress-geology interaction. Both stress orientation and magnitude displayed 
very little scatter or variation with some minor effects evident in the shaft area due to 
OL-BFZ019c and OL-BFZ020a. 
 
OL-BFZ020a and OL-BFZ039 still cause magnitude and orientation changes in the 
western region of ONKALO, although their effects are much less pronounced due to the 
increased joint cohesion. Changes on principal stress trends are on the order of 10° in 
the top 100 m but quickly return to their original orientation below this depth if not 
somewhat earlier (Figure 5-30). Magnitude changes are primarily only due to OL-
BFZ039 as the effect of OL-BFZ020a is barely noticeable due to the higher joint 
cohesion (Figure 5-31). 
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Figure 5-30. Model 4A, trend and plunge of principal stresses, western area. 
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Figure 5-31. Model 4A, principal stress magnitudes (MPa) vs. depth (m), western area. 
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5.8 Model 4B – E-W thrust, BFZ friction 20° 

Model 4B tested the E-W thrust scenario and therefore used the same block as did 
model 4A. Results naturally differed from earlier results to some degree. 
 
Maximum horizontal stress rotations also occur in this case as OL-BFZ19c, OL-
BFZ20a, OL-BFZ039 and OL-BFZ147 cause �H to rotate to 45°/225° near the surface. 
�H returns gradually to 90°/270° (the orientation of thrust) at a depth of approximately -
300 m (Figure 5-33, Figure 5-34, Figure 5-35). Changes in �H magnitude occur at depths 
of -100 m and -350 m as a result of the interaction with OL-BFZ019c and OL-BFZ020a 
(Figure 5-32, Figure 5-36). The same phenomenon of a general reduction above a 
shallow-dipping brittle deformation zone and an increase below is applicable in this 
model as well. It is notable that at roughly -600 m depth, the vertical stress component 
�v becomes �2 and is no longer �3. 
 
The western ONKALO region exhibits similar results: �H returns to the orientation of 
thrust at a depth of ca. -500 m after starting at 55°/235° at the surface (Figure 5-37). 
Magnitude changes are, however, different to the shaft area. �H decreases by 2 MPa to a 
depth of -100 m after which it returns to the initial level (Figure 5-38). A similar 
decrease is apparent to a depth of -200 m. A more significant rise by + 5 MPa then 
occurs causing �H to reach a level of approximately 20 MPa. 
 

 

Figure 5-32. Model 4B, vertical cutting plane B, plane along applied thrust = �1. 
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Figure 5-33. Model 4B, Horizontal cutting plane, depth level -150 m. 

 

Figure 5-34. Model 4B, horizontal cutting plane, depth level -420 m. 
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Figure 5-35. Model 4B, trend and plunge of principal stresses, shaft area. 
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Figure 5-36. Model 4B, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-37. Model 4B, trend and plunge of principal stresses, western area. 
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Figure 5-38. Model 4B, principal stress magnitudes (MPa) vs. depth (m), western area. 
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5.9 Model 4C – NE-SW thrust, BFZ friction 20° 

This case simulated the opposite situation used in the majority of models, with thrust 
applied from the northeast and southwest boundaries. 
 
Maximum principal stress orientation exhibits minor variation in the ONKALO shaft 
area between 40-55° and plunge does not vary much (Figure 5-39, Figure 5-41). Whilst 
�2 and �3 demonstrate the same variation in trend, the plunge of �2 and �3 change 
significantly with depth. �1 magnitude changes occur at depths of -100 m and ca. -300 
m. This is a direct result of BFZ019c causing a decrease above and an increase below 
resulting in an increase of + 5 MPa in magnitude at a depth of -100 m and BFZ020a an 
increase of + 6 MPa at approximately -300 m (Figure 5-42). 
 
The trend of the maximum horizontal stress does not vary greatly in the western part of 
the ONKALO region whilst plunge increases gradually to approximately 15° up to a 
depth of -500 m (Figure 5-43). Below -500 m the amount of data causes plunge readings 
to display a variation between 0 - 15°. �2 and �3 plunge readings vary greatly to a depth 
of -200 m, after which they remain fairly stable (�3 = �v and �2 = �h). Stress magnitude 
does not increase entirely linearly, as small jumps occur between 0 - -100m and -100 - -
200m, which could be attributed to BFZ020a and BFZ039 (Figure 5-44). The wealth of 
sampling data below a depth of -500 m may cause confusion as it could be assumed that 
stress-geology interaction also occurs at this depth. This is however not the case, as the 
sampling data range envelopes a larger area resulting in greater stress variation. 
Granted, BFZ020a also has an effect at this particular depth. 
 

 

Figure 5-39. Model 4C, vertical cutting plane A, plane along applied thrust = �1. 
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Figure 5-40. Model 4C, vertical cutting plane B, plane perpendicular to applied thrust 
or �1. 
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Figure 5-41. Model 4C, trend and plunge of principal stresses, shaft area. 
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Figure 5-42. Model 4C, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-43. Model 4C, trend and plunge of principal stresses, western area. 
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Figure 5-44. Model 4C, principal stress magnitudes (MPa) vs. depth (m), western area. 

 
 
5.10 Model 5 – glaciation after end of NW-SE thrust, BFZ friction 20° 

The final case of modelling, model 5 was a glacial load simulation that used model 1A 
as its basis to which loading was applied. Refer to section 4.7 for further detail on 
modelling methods for loading simulation. 
 
Following glacial load removal, principal stress orientations are very varied up to a 
depth of -400 m in a large area including both the shaft and western area of ONKALO. 
Clearly discernable trends are only apparent after exceeding a depth of -800 m (Figure 
5-45, Figure 5-46, Figure 5-47). The maximum shear displacement observed related to 
brittle deformation zones is 0.83 metres. 
 
Maximum horizontal stress in the ONKALO shaft area returns to the orientation of 
thrust at a depth of -400 m (135°/315°). Plunge of �H also decreases to 0° although an 
increase up to 26° occurs to depth -800 m. Principal stress magnitudes in this region are 
remarkably similar up to depth -350 m, after which �H is much more pronounced 
reaching a value of ca. 20 MPa (roughly 10 MPa higher than �h and �v) (Figure 5-48). 
This is due to OL-BFZ020a causing a decrease in magnitude above it and an increase 
below. Scatter in stress magnitude at level -700 m is largely due to the interaction of 
multiple brittle deformation zones causing complex geometry at this depth. 
 
The western area of ONKALO shows even more scatter in principal stress direction up 
to ca. -500 m depth (Figure 5-49). �H then exhibits a trend of 135°/315° as expected 
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with plunge gradually decreasing with depth from 10°. Stress magnitude changes are 
largely the same as in the ONKALO shaft region, although the increase in �H is much 
higher with �H reaching 40 MPa. �v turns into �2 at approximately -700 m (Figure 5-50). 
 
 

 

Figure 5-45. Model 5, horizontal cutting plane, depth level -150 m. 
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Figure 5-46. Model 5, horizontal cutting plane, depth level -420 m. 
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Figure 5-47. Model 5, trend and plunge of principal stresses, shaft area. 
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Figure 5-48. Model 5, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-49. Model 5, trend and plunge of principal stresses, western area. 
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Figure 5-50. Model 5, principal stress magnitudes (MPa) vs. depth (m), western area. 

 
 
5.11 Model 5 – glaciation after end of NW-SE thrust, BFZ friction 20°- 

cohesion 3 MPa 

A BFZ cohesion of 3 MPa causes a major reduction in the scatter seen in principal stress 
orientations in the shaft region when BFZ cohesion is 0.3 MPa. Discernable trends are 
already noticeable at a depth of -100 m (Figure 5-51). Stress magnitudes are also only 
equal to this depth, after which magnitudes are near those seen prior to loading (Figure 
5-52). 
 
The western region confirms the reiterated determination related to increasing BFZ 
cohesion – stress orientation displays visible trends both in plunge and trend below a 
depth of -100 m (Figure 5-53). Principal stress magnitudes are similar to those seen 
before loading below this depth, although as in the shaft region �1 is somewhat lower 
than prior to loading (Figure 5-54). 
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Figure 5-51. Model 5, trend and plunge of principal stresses, shaft area. 
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Figure 5-52. Model 5, principal stress magnitudes (MPa) vs. depth (m), shaft area. 
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Figure 5-53. Model 5, trend and plunge of principal stresses, western area. 
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Figure 5-54. Model 5, principal stress magnitudes (MPa) vs. depth (m), western area.
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6 DISCUSSION AND CONCLUSIONS 

Stress modelling of the Olkiluoto area indicates a variety of results which are largely 
dependent on the boundary conditions and parameters used in modelling. The accuracy 
of results is entirely subject to the validity of interpreted boundary conditions and as 
such results should be considered along with model-specific boundary conditions. BFZ 
parameters are critical when evaluating results as they can either allow stress-geology 
interaction to develop or hinder it completely. This was apparent when high joint 
cohesion values were tested in the same models detailed in this report, as high BFZ 
cohesions did not allow significant stress-geology interactions to transpire. 
 
Evaluation of results as a whole is thus far too a generalised view, although a certain 
phenomenon that features in all models can be described: stress magnitude changes are 
mostly a result of brittle deformation zones that have a sufficiently shallow dip and are 
optimally situated in relation to the direction of thrust. Magnitude changes regarding �1 
and �2 occur according to a phenomenon distinguishable throughout all models – 
magnitudes are lowered above a shallow-dipping brittle deformation zone and are 
increased below it. Of the brittle deformation zones included in modelling, those that 
had the most interaction with the local stress field are the following: OL-BFZ019c, OL-
BFZ020a, OL-BFZ039 and OL-BFZ099. 
 
Case 1 was a clear demonstration of the effect of solely altering the friction angle of 
BFZs – increasing BFZ friction led to principal stress trends to decrease in anisotropy 
thus leading to the conclusion that too high a BFZ friction angle will not allow 
geological features to interact with the local stress field. This clarifies the previously 
determined effect of changing BFZ parameters; BFZ friction and BFZ cohesion are the 
dominant parameters affecting stress-geology interaction. 
 
The second case exhibited the effect of changing rock mass parameters, as the lowered 
Young’s modulus in the upper part of the model caused an interesting decrease in the 
anisotropy in principal stress trends. Direct effects on magnitude were negligible. In 
summary, solely changing Young’s modulus does not cause significant changes in the 
stress regime. It remains to be seen whether or not other parameters have a more direct 
effect on their own, or if a combination of rock mass parameters need to be changed in 
order to cause changes in the local stress regime. 
 
Of the five modelling scenarios, the third case was clear in establishing the effect of 
BFZ parameters as this case incorporated core logging and tunnel mapping results. The 
use of the currently accepted and interpreted in situ stress state in this model was chosen 
to attempt to create a modelling scenario which was as realistic as possible when 
modelling an area of this size and on this scale. Although not much stress-geology 
interaction was perceptible throughout the model, OL-BFZ020a had the ideal trend and 
plunge in relation to the trend of applied maximum horizontal stress to cause stress 
rotations of 45° to occur near the surface up to a depth of -100 m. Below this depth 
principal stress plunge or trend did not change. 
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This points to two possible conclusions: either parameters procured through core 
logging and tunnel mapping are too high and are in reality much lower or that the in situ 
stress state is only affected by geological features near the surface region of bedrock, 
possibly up to a depth of -250 m. In any case BFZ parameters may need to be re-
evaluated if modelling of this type is to be continued in the future. 
 
The fourth case consisted of varying boundary conditions with thrust being applied from 
several alternative directions. Each sub-scenario demonstrated markedly different 
results to the dominant NW-SE thrust boundary condition used in all other cases. When 
thrust was applied from the north and south, maximum horizontal stress rotated near the 
surface by approximately 20° clockwise with no rotation occurring by a depth of -350 
m. Plunge of �2 and �3 do vary as well up to -350 m after which �v becomes �2 at 
approximately -600 m. Stress magnitude changes (�H) of +10 MPa were associated with 
OL-BFZ19c and OL-BFZ20a. These results were compounded in the western region of 
the ONKALO area where �H rotation was determined to be 40°. If BFZ cohesion is 
close to mapped values, ca. 3 MPa, the magnitude increase related to OL-BFZ19c is still 
observed but �H rotation does not occur. 
 
Sub-scenario 4B tested thrust applied from the east and west, which caused �H to rotate 
near the surface by 45° counter clockwise on average, although by -300 m �H has 
returned to the orientation of thrust. �H magnitude changes are in general less than those 
seen in scenario 4A. 
 
The final sub-scenario of case 4, 4C simulated thrust from the opposite direction of 
usual thrust application, imposing thrust from the NE-SW. Stress rotation does occur 
here as well, although �H does not rotate markedly below a depth level of -100m. A 
magnitude increase of +5 MPa occurs here in conjunction with rotation due to OL-
BFZ019c. Similar rotation and magnitude change can be noted in the proximity of OL-
BFZ020a. 
 
The final case was a simplified glacial simulation scenario where a glacial load 
estimated to add an additional + 30 MPa to each stress component was applied. This 
was achieved by compressing the model from all fronts except the bottom. The increase 
of horizontal stress is justified as being caused mainly by the viscous bending of the 
Earth’s crust. To simulate the withdrawal of glaciation, vertical loading was removed in 
the same amount of time as it was applied in, whilst horizontal loading was removed in 
twice that time. This equates to a +15 MPa horizontal stress increase at the time when 
the vertical load is completely removed. 
 
Results in both the shaft and western area of the ONKALO region were highly scattered 
following the end of loading near the surface up to a depth of -300 m. Trend and plunge 
of principal stresses below this depth were much less scattered and �H seemed to have 
the same original orientation it had prior to loading. Similarly, stress magnitudes were 
remarkably equal (�1=�2=�3) for the first 300 m but below this returned to values much 
like those seen before loading (�1 or �H approximately 10 MPa higher than �2 and �3). 
This is an indication of the extents of change that loading can apply as loading can 
cause severe disturbances in the local stress state of an area but it is restricted primarily 
to the most shallow parts of bedrock. Certainty of this is however questionable as this 
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effect could be entirely dependent on the duration and magnitude of loading – a further 
issue to be determined in the future. 
 
As for a comparison of modelling results vs. current measured in situ stress state results, 
it should be noted that modelling results are not meant to explain current measurements 
but are meant to elucidate the interaction of geological structures and the local in situ 
stress state. 
 
Final conclusions point to a number of observations: 
 

- accurate BFZ shear strength parameters are essential in simulating a realistic 
situation 

- brittle deformation zones with a shallow dip are critical in affecting the in situ 
stress state, as shear can be initiated due to high horizontal stress and low normal 
stress. Near-vertical brittle deformation zones in contrast are fairly passive and 
have little effect on the in situ stress state. 

- provided the mapped BFZ shear strengths are accurate, the trend of the 
maximum principal stress in the ONKALO region does not deviate from the 
trend of regional thrust. The minor changes in the trend and plunge of the 
maximum principal stress are limited to the first 100 m of bedrock. The 
magnitude of �2 and �3 are similar and thus their trends are scattered. 

- if the shear strength of brittle deformation zones is markedly lower than those 
mapped i.e. approximately a tenth of mapped values, the trend of the maximum 
principal stress can at maximum vary by 40° from the trend of regional thrust. 
The magnitude of the maximum principal stress can in this situation also vary by 
10 MPa in close proximity to shallow dipping brittle deformation zones as a 
reduction occurs above and an increase below. These deviations diminish 
completely by a depth of -350 m after which the trend of the maximum principal 
stress is determined by the trend of regional thrust. The magnitude of �2 and �3 
are similar and thus their trends are scattered. 

- when low shear strength parameters are applied for brittle deformation zones it 
is very likely that the vertical stress is not a principal stress above a depth of -
350 m. The vertical stress does not, however, exceed gravity levels. When shear 
strength parameters are those derived from mapping and logging, the vertical 
stress is the minimum principal stress �3 apart from at depths where its 
magnitude exceeds �h. This transition of �v at higher depths from �3 to �2 is a 
gradual process and occurs over a depth increase of ca. 250 m (Figure 5-4).  

- depending on what shear strength parameters are assigned to brittle deformation 
zones the effect of glaciation is restricted to an approximate depth range of 0 – 
300 m. Below a depth of -300 m regional thrust trends are still in effect. 

- increased scatter in the shaft area with regards to stress orientation is apparent in 
comparison to the western area. This is due to the increased number of brittle 
deformation zones in the area along with complexity they incur – which is 
significantly reduced in the western area. 

 
It should therefore be clear that principal stress orientation and magnitude is largely 
only affected by geology near the surface and is capable of significant variations in this 
region, which are in turn dependent on joint parameters (most notably joint cohesion 
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and joint friction angle). This could be an indication of an elementary explanation for 
very varied in situ stress measurements taken in close proximity to each other from the 
same location. When glacial loading is also considered, determination of the in situ 
stress state is much more complex near the surface. This is an implication that 
consideration of the in situ stress state in Olkiluoto is a complex task with a number of 
variables involved. 
 
Stress measurements conducted on-site should vary substantially according to the stress 
modelling results as the in situ stress is sensitive to brittle deformation zones in the 
upper part of the bed-rock. If glacially imposed variation is also considered then stress 
measurements in the upper part of the bedrock are bound to vary significantly, with only 
local similarities being distinguishable. Measurements should, however, indicate a 
regional maximum horizontal stress orientation or at the least a more uniform 
orientation upon reaching a depth of more than 300 m if modelling results can be 
considered to accurately represent the conditions at the Olkiluoto site. Current LVDT-
cell measurements are in some agreement with modelling results (specifically when 
regional stress is NW-SE) although some discrepancies exist which may be due to local 
factors such as unrecognised minor brittle deformation zones or geological features 
which affect the state of in situ stress. When evaluating the state of stress at repository 
level there should be less of a concern due to the decreased heterogeneity with 
increasing depth – measurements at these depth levels should indicate a linear trend 
throughout. These conclusions can, however, only be equated to educated guesses as 
modelling is always a result of the data available to construct the model. Therefore any 
misconceptions or errors in source data will have a significant impact on final 
conclusions. Current �H trend measurement results vs. results from selected models 
(models 1A and 4B) are available in appendix 6 (Ask 2011). 
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APPENDICES 

 

Appendix 1: Model 1 stress distribution histograms from depth level -420 m ± 10 m. 

 

Appendix 2: Model 2 stress distribution histograms from depth level -420 m ± 10 m. 

 

Appendix 3: Model 3 stress distribution histograms from depth level -420 m ± 10 m. 

 

Appendix 4: Model 4 stress distribution histograms from depth level -420 m ± 10 m. 

 

Appendix 5: Model 5 stress distribution histograms from depth level -420 m ± 10 m. 

 

Appendix 6: Trend of �H, measurement results vs. modelling results from models 1A 
and 4B. 



 

 

86

APPENDIX 1 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�1a�depth/s1,s2,s3�comparison

Model�1a��420�s1

Model�1a��420�s2

Model�1a��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�1a�depth/sH,sh,sv�comparison

Model�1a��420�sH

Model�1a��420�sh

Model�1a��420�sv

 



 

 

87

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�1b�depth/s1,s2,s3�comparison

Model�1b��420�s1

Model�1b��420�s2

Model�1b��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�1b�depth/sH,sh,sv�comparison

Model�1b��420�sH

Model�1b��420�sh

Model�1b��420�sv

 



 

 

88

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�1c�depth/s1,s2,s3�comparison

Model�1c��420�s1

Model�1c��420�s2

Model�1c��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�1c�depth/sH,sh,sv�comparison

Model�1c��420�sH

Model�1c��420�sh

Model�1c��420�sv

 



 

 

89

APPENDIX 2 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�2�depth/s1,s2,s3�comparison

Model�2��420�s1

Model�2��420�s2

Model�2��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�2�depth/sH,sh,sv�comparison

Model�2��420�sH

Model�2��420�sh

Model�2��420�sv

 



 

 

90

APPENDIX 3 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�3�depth/s1,s2,s3�comparison

Model�3��420�s1

Model�3��420�s2

Model�3��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�3�depth/sH,sh,sv�comparison

Model�3��420�sH

Model�3��420�sh

Model�3��420�sv

 



 

 

91

APPENDIX 4 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�4a�depth/s1,s2,s3�comparison

Model�4a��420�s1

Model�4a��420�s2

Model�4a��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�4a�depth/sH,sh,sv�comparison

Model�4a��420�sH

Model�4a��420�sh

Model�4a��420�sv

 



 

 

92

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�4b�depth/s1,s2,s3�comparison

Model�4b��420�s1

Model�4b��420�s2

Model�4b��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�4b�depth/sH,sh,sv�comparison

Model�4b��420�sH

Model�4b��420�sh

Model�4b��420�sv

 



 

 

93

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�4c�depth/s1,s2,s3�comparison

Model�4c��420�s1

Model�4c��420�s2

Model�4c��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�4c�depth/sH,sh,sv�comparison

Model�4c��420�sH

Model�4c��420�sh

Model�4c��420�sv

 



 

 

94

APPENDIX 5 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�5a�depth/s1,s2,s3�comparison

Model�5��420�s1

Model�5��420�s2

Model�5��420�s3

 

0�%

10�%

20�%

30�%

40�%

50�%

60�%

70�%

80�%

90�%

100�%

Magnitude�(MPa)�range

Model�5a�depth/sH,sh,sv�comparison

Model�5��420�sH

Model�5��420�sh

Model�5��420�sv

 



 

 

95

APPENDIX 6 

0

200

400

600

800

1000

0 30 60 90 120 150 180

D
ep

th
�(m

)

�H orientation�(°N)

OSH,�older�hydraulic OSH,�recent�hydraulic OSH,�LVDT+LSG OSH,�Overcoring Modelling,�M1A
 

0

200

400

600

800

1000

0 30 60 90 120 150 180

D
ep

th
�(m

)

�H orientation�(°N)

OSH,�older�hydraulic OSH,�recent�hydraulic OSH,�LVDT+LSG OSH,�Overcoring Modelling,�M4B
 



 

 

96

 




