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GEOLOGICAL HISTORY AND ITS IMPACT ON THE ROCK MECHANICS 
PROPERTIES OF THE OLKILUOTO SITE 

ABSTRACT

This report is one of three documents with background information for supporting the 

development of Posiva’s future rock mechanics programme.  The other two reports are a 

summary of all the rock mechanics work completed for Posiva before 2005 (Posiva 

Working Report) and a technical audit of the numerical modeling work that has been 

conducted previously for Posiva (REC Memo). The purpose of this report is to establish 

the extent to which the mechanical properties of the rocks at the Olkiluoto site can be 

estimated from a knowledge of the geological environment.   

The main information required for rock mechanics studies of the site is a knowledge of 

the prevailing stress state, the properties of the intact rock, and the properties of the 

fractures at all scales — from sizes that could form blocks in the tunnel roof up to the 

major brittle deformation zones that could be influence the location of the ONKALO 

and the subsequent repository.  Thus, the summary of the geological history in Chapter 

2 concentrates on these features and we summarise the ductile and brittle deformational 

tectonic history of the site, with emphasis on the inferred stress states causing the 

deformations.   

Then, in Chapter 3, the rock stress, the hierarchy of brittle fracturing, the fracture 

properties and the mechanical properties of the rock mass are considered in the light of 

the geological environment.  These features provide the baseline knowledge of the host 

rock from which the logic of the future rock mechanics programme can be developed, 

based on: the bedrock model; the site investigation results; the requirements for 

generating the site descriptive model; the prediction-outcome ONKALO studies; and 

numerically modeling the effects of excavation for design and safety analysis. The 

implications of this study for the future rock mechanics work are outlined in Chapter 4 

with emphasis on the key features for modeling. 

Keywords: geology, Olkiluoto, rock mechanics, rock stress, deformation zones 



GEOLOGISEN HISTORIAN VAIKUTUS OLKILUODON TUTKIMUSALUEEN 
KALLIOMEKAANISIIN OMINAISUUKSIIN 

TIIVISTELMÄ

Tämä raportti on yksi kolmesta taustaraportista, joiden tarkoituksena on tukea Posivan 

tulevaa kalliomekaanista ohjelmaa. Kaksi muuta raporttia ovat yhteenveto Posivan 

kalliomekaanisista töistä ennen vuotta 2005 ja aiempien numeeristen mallinnusten 

tekninen auditointi. Tämän raportin tavoitteena on selvittää, missä määrin Olkiluodon 

tutkimusalueen kalliomekaanisia ominaisuuksia voidaan arvioida alueen geologisen 

ympäristön perusteella.  

Kalliomekaanisten tutkimusten tärkeimmät tiedot ovat kalliossa vallitseva jännitystila, 

ehjän kiven ominaisuudet ja erisuuruisten rakojen ja rakovyöhykkeiden ominaisuudet. 

Tarkasteltava rakomittakaava vaihtelee rakojen muodostamista lohkoista kalliotilan 

ympärillä aina laajoihin hauraisiin kallion liikuntavyöhykkeisiin, jotka voivat vaikuttaa 

ONKALOn ja loppusijoitustilojen asemointiin. Kappaleessa 2 esitetään geologisen 

historian yhteenveto keskittyen näihin piirteisiin ja läpikäydään tutkimusalueen sitkeän 

ja hauraan liikuntojen deformaation historia korostaen etenkin liikunnoista johtuvia 

kallion jännitystiloja. 

Kappaleessa 3 kallion jännitystilaa, hauraan murtumisen hierarkiaa, rakojen 

ominaisuuksia ja kalliomassan mekaanisia ominaisuuksia arvioidaan geologisen 

ympäristön kannalta. Nämä ominaisuudet muodostavat kallioperän perustiedot, joiden 

pohjalta looginen tuleva kalliomekaaninen ohjelma voidaan kehittää. Kalliomekaaninen 

ohjelma perustuu myös kallioperämalliin, paikkatutkimusten tuloksiin, vaatimuksiin 

loppu-sijoituspaikan kuvaamiseksi, ONKALOn rakentamisen aikaisiin ennusteisiin ja 

mittauksiin sekä suunnittelua ja turvallisuusanalyysia palveleviin kallion louhinnan 

vaikutusten numeerisiin mallintamisiin. Tämän työn vaikutukset tuleviin kallio-

mekaanisiin tutkimuksiin korostaen mallintamisen keskeisiä piirteitä on esitetty 

kappaleessa 4. 

Avainsanat: geologia, Olkiluoto, kalliomekaniikka, kallion jännitystila, 

rikkonaisuusvyöhyke
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PREFACE

This study was undertaken to support Posiva’s rock mechanics planning activities in the 

Rock Mechanics Group of the Olkilouto Modelling Task Force.  It is considered 

essential that the geological nature of the host rock is understood when rock mechanics 

analyses are anticipated or being conducted.

Accordingly, for this study and in addition to the published literature, it was necessary 

to obtain assistance from Posiva’s geological experts. Special thanks are due to Liisa 

Wikström and Geoff Milnes for assistance in understanding the geological aspects of 

the Olkiluoto site.  The authors are also grateful to Kai Front, Erik Johansson, Aulis 

Kärki and Seppo Paulamäki who made constructive comments on the penultimate 

version of this report. 
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1 INTRODUCTION 

The rock mechanics aspects of Posiva’s work are co-ordinated through the Rock 

Mechanics Group supporting the Olkiluoto Modelling Task Force.  When this Group 

was formed in 2004, it was considered essential to establish the information base for the 

developing rock mechanics studies.  Therefore, three background reports have been 

prepared:

1. “Summary of rock mechanics work completed for Posiva before 2005” by John A 

Hudson and Erik Johansson.  This provides a tabular summary, with key 

information and figures, of all the 80 reports containing rock mechanics work 

conducted for Posiva before 2005. (Status: Posiva Report, in press) 

2. “Geological history and its impact on the rock mechanics properties of the 

Olkiluoto site” by John A Hudson and John W Cosgrove.  The geology at the 

Olkiluoto site is reviewed and the implications for rock mechanics considered. 

(Status: Posiva Working Report, this report) 

3. “Auditing of the rock mechanics numerical modelling work conducted before 

2005” by John A Hudson and J P Harrison.  Eleven reports, a sub-set of the 80 

tabulated in Report 1 above and dealing with numerical modeling, were studied 

further and the numerical work audited for ‘correctness’ and ‘relevance’.  

Conclusions are drawn regarding the past modelling and the ramifications for future 

modelling. (Status: Rock Engineering Consultants Memo, completed) 

Thus, the current report is Item 2 in the list above.  The reason for studying the geology 

within the rock mechanics context is because it is essential in rock engineering to 

understand the history and nature of the host rock.  Through this understanding, the rock 

mechanics studies and models will be compatible with the geological framework and 

hence are more likely to be accurate. 

Fr
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cture

Intact rock
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Rock
stress

Tunnel

Figure 1-1.  The basic components of the rock mechanics model. 
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From the rock mechanics model outline in Figure 1-1, it can be seen that a knowledge 

of the geological conditions at Olkiluoto can be of direct assistance in the development 

of appropriate rock mechanics models.   

The pre-existing rock stress is generated by geological processes, mainly tectonic 

plate movements. 

The type of intact rock is an indicator of its mechanical properties.  Moreover, a 

particular feature of the intact rock at Olkiluoto is its anisotropic character, 

generated by ductile geological processes. 

The pre-existing fractures are natural weaknesses in the mechanical continuum and 

their geometry and mechanical properties should be understood, as generated by 

brittle deformation processes. 

The R-structures, although not as frequent as the fractures, represent major zones of 

weakness generated by brittle deformation processes. 

When a borehole or tunnel is excavated in the pre-stressed rock mass (Figure 1-1), the 

consequences can be evaluated by the type of model illustrated; in particular, the 

potential excavation disturbed zone (EDZ) around the tunnel can be established.  By 

considering access tunnels, shafts and deposition holes at different locations and 

orientations, the rock mechanics model thus provides support for the repository design 

and safety analysis.  As is intimated by the bullet points above, knowledge of the 

geological features is the key to the rock mechanics validity. 

Hence, this report was generated to provide the geological background within the rock 

mechanics context and to establish the basic mechanical environment at the repository 

site for the rock mechanics work in the Olkiluoto Modeling Task Force.  In Chapter 2, 

we provide a condensed geological history of the Olkiluoto site.  Then, in Chapter 3, we 

consider the implications of the geological setting for the rock mechanics properties. 

Bullet point conclusions are presented in Chapter 4. 
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2 GEOLOGICAL HISTORY OF THE OLKILUOTO SITE 

2.1 Introduction 

The purpose of this section of the report is to outline the structural evolution of the 

Olkiluoto region. An attempt is made to understand the orientation, position and likely 

mechanical properties of the major structures, fractures
1
 and other planar zones of 

weakness affecting the repository site.  This information is required for the rock 

mechanics site descriptive models and for mechanical analyses supporting repository 

design and safety assessment.  Thus, the intention of the study described here is to 

understand the geology with the specific aim of determining its impact on the rock 

mechanics properties and hence the rock mechanics modeling.  The main rock 

mechanics components are the rock stress, the intact rock, pervasive fabrics, the 

smaller-scale fractures, the rock mass, and the larger-scale fracture zones. 

The following text starts with a description of the ductile structures and fabrics in the 

rock. These are mainly linked to the Precambrian tectonics of the Scandinavian Shield. 

This is followed by a section on the brittle structures (fractures and fracture zones) most 

of which post-date the ductile deformation. The impact of these fractures and other 

planar features
2
 on subsequent stress fields is then considered and the use of lineation 

maps to indicate the relative importance of the different fracture sets and to identify the 

geometry of the rock mass containing the proposed repository site is described. The 

Chapter ends with a discussion of the main fracture sets defining and cutting the 

bedrock and an attempt is made to relate these fractures to the various tectonic events 

that have affected the study area.

2.2 Brief tectonic history of SW Finland with specific reference to the 
Olkiluoto site 

In this section, the major tectonic events that have affected the bedrock at Olkiluoto are 

discussed and the type and orientation of any associated planar fabric or fracture set 

determined. The structures associated with ductile deformation are described first 

followed by a discussion of the fracture sets linked to the later, brittle deformation 

events.

1
The word ‘fracture’ indicates a sub-planar discontinuity formed by a brittle deformation process in the 

mechanical continuum.  Fractures can range in size, i.e. from several kilometres to the centimetre scale.

2
The term ‘planar feature’ is used to mean any geometrical feature having two dimensions much greater 

than the third; the planar feature can be at any scale — and includes shear zones, fault zones, faults and 

joints.
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Figure 2-1.   1:250,000 Geological map of the Sa takunta area, from Posiva 2002-04. 

In Figure 2-1, which shows the overall geology of the region, several features are 

apparent:

the Kynsikangas shear zone; 

the Satakunta graben
3
; and

the fracture controlled geomorphology of the coastline. 

These features and others are discussed below. 

2.2.1 Ductile structures 

The earliest formed structures to impact significantly on the mechanical properties of 

the rock at Olkiluoto are the deformation induced fabrics formed as a result of ductile 

deformation. These fabrics impart a planar mechanical anisotropy to the rock, the most 

important of which is that related to the latest major ductile deformation event. 

The repository site is situated in pelitic
4
 migmatites

5
 formed as a result of arc collision 

linked to the Svencofennian orogeny
6
, 1900-1800Ma, Figure 1-1. During this event the 

3 A graben is a trough bounded by normal faults, typically flat-bottomed and with steep sides 
4 The word ‘pelitic’ refers to a fine-grained sedimentary rock. 
5 A ‘migmatite’ is a rock that has been heated to the point where it has partially melted. 
6 The word ‘orogeny’ refers to a mountain building event associated with the collision of two tectonic 

plates.
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rocks of the area were subjected to four major phases of ductile deformation, Table 2-1. 

If strong enough, each deformation may produce a new planar deformation fabric 

together with a suite of other ductile structures. Because any existing fabric within the 

rock will be deformed and annealed during the formation of the next deformation fabric, 

its impact on the mechanical properties of the rock will be considerably reduced. It 

follows that, although the rocks of the potential repository area have experienced 

several major fabric producing ductile deformation events, it is the fabric associated 

with the latest of these, D2, that is the most important in determining the mechanical 

properties of the rocks, see Table 2-1.

This D2 fabric has a strike of E-W to ~SW-NE, and dips gently to the S-SE.  It is 

regionally consistently oriented but contains local variations within the repository area. 

The three later ductile deformations (D3 with SW-NE trending fold axes, D4 with N-S 

trending fold axes and vertical axial planes, and D5 which produced mainly small 

flexures, the fold axes of which plunge to the SE) do not destroy the important D2 fabric 

which remains the dominant ductile fabric in the rock. It is defined by a preferred 

orientation of mica and a metamorphic segregation banding and, as noted below, has an 

important influence on the orientation of later fractures. It should be noted that, 

although new foliations
7
 were created during D3 – D5, these are only developed locally.  

In addition, isoclinal F3 folding can locally reorient the D2 fabric to produce a foliation 

parallel to the F3 axial planes. 

In addition to the relatively penetrative foliation associated with the ductile deformation 

events discussed above, more widely spaced, large-scale shear zones were generated 

during the late stage of the D3 deformation (Pajunen et al., 2001). An example of this is 

the NW-SE trending Kynsikangas shear zone , Figure 2-1, which has a length of about 

70 km and is several 100s m wide. It is also suggested that such large, steeply inclined, 

shear zones sub-divided the area into blocks.

As suggested in the previous paragraph, the island of Olkiluoto, which contains the 

proposed repository site, could be situated in one of these shear zone-bounded blocks, 

as further discussed in the section on lineaments below. At present, the exact 

interpretation of the major lineaments, which the authors consider could be major shear 

zones, is not known; however, because these features are potentially of significant 

importance for the rock mechanics modeling, we must consider this mechanically worst 

case scenario as one of the interpretation options.

A summary of the ductile deformation phases to affect the region is given in Table 2-1. 

7 The word ‘foliation’ refers to a tectonically induced planar fabric created during ductile deformation and 

which imparts a mechanical anisotropy to the rock.
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Table 2-1. Ductile deformation history.

Time 

(Ma)

Pelitic migmatite belt 

 Deformation phases Metamorphism Magmatism 

<1910 D1:S1 foliation Regional - 

1890-

1885

D2: penetrative 

S2,

F2 folding, thrust tectonics? 

Regional,

T = 800-670ºC 

P = 5-6 kb 

Synorogenic

granitoids, mafic 

and ultramafic rocks

1885-

1870

   

1850-

1810

D3:F3 folds, shearing along 

axial plane 

Ductile to semi-brittle D4

Regional

T = 800-700ºC 

P =4-5kb 

Late-orogenic

granites

In addition to the ductile structures discussed above, the bedrock at Olkiluoto contains a 

variety of fracture sets. These brittle structures are considered in the following section.

2.2.2 Brittle structures 

Later extension of the region (~1600 Ma) resulted in the formation of a major NW-SE 

trending graben which filled with the Satakunta sandstone, Figure 2-2.  The graben may 

have been formed as early as ca. 1650 Ma (see Kohonen et al. 1993; Korja & Heikkinen 

1995) but this is uncertain, although it is known that the upper part of the Satakunta 

sandstone was deposited ca. 1400-1300 Ma ago. This rock type now outcrops in a broad 

NW-SE tending band to the north east of the repository area (Figure 2-1). Clearly, the 

extensional deformation linked to the formation of the graben was brittle and it 

produced a set of NW-SE trending normal faults. The faulting that marks the boundary 

between the Satakunta sandstone and the metamorphosed basement rocks is thought to 

have been controlled by subsidence related to eruption of the mafic magmas represented 

by the olivine diabases 1270-1250 Ma in age. However, this subsidence and extrusion 

could be linked to the reactivation of earlier, graben-related faults. 

Evidence that these faults are members of a much larger set of fractures is provided by 

the geomorphology of the Finnish coast line (Figure 2-1), aerial photographs of the 

region and various lineation maps (e.g. Figure 2-3). The use of lineaments to help 

determine the orientation, position and intensity of planar features cutting the study area 

is discussed further in the section on lineaments. 
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Figure 2-2.   The NW-SE trending Sat akunta graben and sections AA  and BB

perpendicular and parallel to the basin  axis respectively.  Section  AA  shows the two 

major marginal normal faults bounding the rift (Kohonen et al., 1993). 
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Figure 2-3.  Main orientations of the lineaments in the Pori area, interpreted from the 

aeromagnetic maps (Pajunen et al., 2001). 

It can be seen from Figure 2-1, that one of the main structures of the region, the 

Kynsikangas shear zone, runs parallel to the graben. As noted above, this structure 

predates the graben and indicates the existence of a pre-existing, steeply inclined family 

of NW-SE trending planar weaknesses in the rock which may have influenced the 

orientation of the graben and its related fractures — because ductile shear zones can 

influence the orientation of fractures linked to subsequent brittle deformation. 

The area was invaded by Rapakivi granite  (~1550Ma) and the Eurojoki stock, (Figure 

2-1), one of the plutons associated with this invasion, approaching to within 5 km of the 

repository site. E-W trending greisen veins and quartz veins 2cm-2m in width cut the 

Tarkki granite, (part of the Eurajoki stock). These are thought to represent local, fluid 

induced failure related to the intrusion of the slightly younger Väkkärä granite. Greisen 

veins are also occasionally found at Olkiluoto in the migmatitic country rock, also (see 

Paulamäki, 1989). 

Other brittle structures include the Postjotnian (1270 Ma) olivine diabase (dolerite) 

dykes and sills which cut the Rapakivi and the Satakunta sandstone, and a N-S trending 

dyke swarm which cuts the olivine diabases and sandstone, and which probably filled 

extensional fractures linked to an E-W extension. It is difficult to say how regionally 

extensive these fractures are. It has been proposed that the intrusion of Postjotnian mafic 

Pori
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magmas (olivine diabases) caused block movements, as evidenced by the tilted 

sandstone beds in the northeastern part of the graben. 

The two most important post-Cambrian tectonic events to affect the Scandinavian 

Shield were the Hercynian orogeny at the end of the Carboniferous, which led to the 

formation of Pangea and the subsequent fragmentation of this mega-continent which 

began in the Permian.  The Atlantic Ocean and the rift systems of the North Sea and the 

Baltic Basin are all linked to the second of these two events. The Central Baltic Rift 

trends NE-SW as does the coastline of SE Sweden which forms the present day basin 

margin. However, the repository site is situated near the north eastern end of the Basin 

on a NW-SE trending coastline (Figure 2-1).  Nevertheless, a detailed examination of 

the geomorphology of the coastline and the lineation maps (e.g. Figure 2-3) suggests to 

the authors that the fractures linked to the Baltic trend may well be developed in the 

area.  The important point from the rock mechanics perspective is to have an awareness 

of the major features with potentially significantly lower mechanical strength 

The fracture systems described above formed at some depth in the Earth’s crust. 

However, exhumation of the region has subsequently resulted in the formation of 

exfoliation fractures. These fractures, resulting from stress relaxation caused by the 

removal of the overburden and a reduction in confining stress, form parallel to the 

topography, a surface that cannot sustain shear stresses. Because of the low relief of the 

study area, these fractures tend to be sub-horizontal. They are particularly important in 

the upper 100 m of the crust.     

Recent faulting linked to deglaciation flexuring after the last Ice Age, has been reported 

(Gregersen et al., 1996) but it seems likely that movement generally occurred on pre-

existing fractures and that the magnitude of the stresses associated with this flexing was 

not large enough to generate new fractures. 

The combination of the fracture sets discussed above, together with the early-formed 

rock fabric which resulted from ductile deformation, generated the fracture network, 

which in turn determines the bulk mechanical properties of the rock representing the 

repository volume. 

A summary of the ductile and brittle deformation events is given in Table 2-2. 
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Table 2-2.  The history of ductile and brittle defo rmation events (modified from Posiva 
report 2002-04) with the oldest event at the bas e. The sketches in the right-hand column 

are plan views, north to the top of the page. The terms 1, 2, and 3 refer respectively 

to the major, intermediate and minor principal stresses. 
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2.3 Summary of the tectonic history 

The main tectonic events are listed below in Table 2-3 in chronological order with the 

oldest at the bottom. 

Table 2-3.  The main tectonic events affecting the Olkiluoto study area. 

Tectonic event Inferred associated 

stress state 

Stress perturbations linked to glacial loading and 

unloading cycles. 

* Cross-sectional view; all the other sketches are plan view, 

north to the top. 

*

Collision of Africa and Europe – the Alpine orogeny 

generates a N-S compression. The present day stress field 

(a NW-SE 25 MPa stress, i.e. 1 NW-SE) is the 

combined effect of this plate motion, plus the plate 

motion linked to the formation of the Atlantic. 

Break up of NW Europe – formation of the Atlantic and 

the Scandinavian rifts. 

Lake Saaksjarvi meteorite crater – point impact to the 

NW of the repository area. 

Fractures associated with various pulses of intrusion 

linked to the emplacement of the Rapakivi granites, e.g. 

E-W trending griesen and quartz veins 2cm-2m wide 

occur in the Tarkki granite, part of the Eurajoki stock. 

These fractures are probably of local, rather than 

regional, significance. 

N-S trending magnetic anomaly associated with a N-S 

trending dyke swarm, which cuts and therefore post-dates 

the Satakunta sandstone. The dykes fill N-S trending 

extension fractures linked to an E-W extension. 

Graben formation. Trends NW-SE indicating probable 

NE-SW extension with 1 vertical. 

Late D3 Kynsikangas shear zone trend, NW-SE. Can 

determine stress orientation if we know its internal 

geometry (see sketches). 1 30° clockwise if dextral 

shear, or 30° anticlockwise if sinistral shear. 

D2/3 ductile fabric (now with a regionally consistent dip 

to the SE). Thought to be related to compressional 

tectonics linked to the Svekokarelian tectonic evolution 

with an associated NE-SW compression. 

1

1

2

2

3

3

3

3

3

3

(vert. 1 -very local) 

3

3

33

2

2

3

3

1

1

1

1

1

1

2

2

(local)
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2.4 Implications of the geological features regarding the past and 
present state of stress 

It is clear from the above discussion that the proposed repository site is defined by and 

cut by important fracture zones which are likely to impact on the use of the site as a 

repository. The effect of these fracture zones on stress orientation and fluid conductivity 

relate directly to the difference in mechanical and hydrological properties between the 

intact rock and the fracture zones. It is these properties that must be determined in order 

to quantify the effect of these fracture zones on stress orientation and fluid flow.

The effect of this difference in properties on the orientation of the stress can be shown 

by examining the effect of pre-existing fractures on the orientation of later fractures, 

Figure 2-4.  If a pre-existing fracture is open, the sides of the fractures become free 

surfaces and cannot therefore sustain a shear stress. If the principal stresses within the 

rock are obliquely oriented with respect to an open fracture, they will be deflected into 

an orientation either parallel or normal to it as they approach the fracture wall. This 

effect can be seen in the limestone in the illustrative photograph in Figure 2-4a. The 

early horizontal linear fractures cause a deflection of the later fractures so that they are 

curved (see example of the curved fracture highlighted by the white arrow in Figure 2-

4a) and intersect the earlier fractures at right angles.  Although the fracture deflection 

shown in Figure 2-4a is on a small-scale, the mechanism will occur on all scales. 

Clearly, the larger the interacting fractures, the wider the zone of stress disturbance will 

be around the fracture. 

The degree of stress modification caused by the pre-existing fracture depends on the 

mechanical properties across the fracture. As noted above, when a fracture approaches 

an existing open fracture, (a fracture with zero value mechanical properties), it is 

deflected so as to intersect the pre-existing fracture at right angles. However, if the early 

fracture were to be infilled to such an extent that it had the same properties as the rock, 

then the stress, and therefore the later fractures, would not be deflected. 

Figure 2-4a.  Fractures in a limestone 

pavement demonstrating the influence of 

pre-existing fractures on the orientation of 

later fractures. Later fractures intersect 

pre-existing open fractures at right angles.

Figure 2-4b.  Illustration of a fracture (to 

the right of the coin) which has not 

intersected the pre-existing fracture at a 

right angle — because the pre-existing 

fracture was not open and had some 

mechanical integrity. 
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Thus, the mechanical properties of the fracture compared with those of the intact rock 

can be estimated from the geometry of the later fractures. For example, during the 

formation of the curved fracture to the right of the coin in Figure 2-4b, the horizontal 

fracture that it intersects was not open and was able to support shear stress. The 

deflection of the fracture is therefore less severe than that in Figure 2-4a. 

2.5 Lineaments and their implications for the planar features bounding 
and within the Olkiluoto site 

The study of lineaments, the lines generated by planar features cutting the Earth’s 

surface, is a powerful method of obtaining an insight into the orientation of the various 

fracture sets cutting a region. 

2.5.1 Lineaments 

A study of maps and aerial photographs of the study area and the surrounding region 

shows several sets of lineaments, interpreted to be related to planar features in the 

bedrock, Figure 2-3. The most recent lineation analysis of the region is by Kuivamaki, 

2003. It covers an area of 10 x 15 km around the Olkiluoto site. He concludes that the 

site is located inside an elongate, WNW-ESE trending regional bedrock block 11 x 3.5 

km in size, Figure 2-5, which is bordered to the north and south by two regional fracture 

zones. These have an estimated width of several 100 m and a length of 5-10 km. In the 

East, two fracture zones of the same category border this mega block (Figure 2-5) and 

the western border of the block is interpreted to be about 6 kms west of the western end 

of Olkiluoto island.

This regional block is divided into smaller blocks by fracture zones with estimated 

widths of 10 to 100 m and lengths of 1 to 5 km. According to Paananen’s interpretation 

of the aeromagnetic map (in Paulamäki et al., 2003), the most important lineament 

direction in the area around Olkiluoto is 130
o
 –150

 o
. Other lineament directions are 

110
o
-120

o
, 60

o
-70

o
, 40

o
-50

o
, and 10

o
-20

o
. A lineament study by Paananen and 

Paulamäki is in progress.

As noted above, the repository site is situated in a WNW-ESE trending block bounded 

by lineaments which the authors have suggested may be major shear zones, Figure 2-5. 

The northern and southern boundaries of the block are defined by 110
o
-120

o
 trending 

lineaments which, as can be seen from Figure 2-3, are members of an important set of 

lineaments. The eastern boundary of the block is defined by a lineament trending 60
o
-

70
o

which coincides with recognised planar structures on the ground, R4A & R4B. It is 

relevant to note that several of the smaller assumed shear zones within the block are 

parallel to one or other of the block margins (e.g. R1 & R7 trend 60
o
-70

o
 and R6 & R25 

trend 110
o
-120

o
).
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Figure 2-5.  Major lineaments (blue lines) defining the geometry of the Olkiluoto 

island, Posiva 2003-43. 
`

In order to determine whether or not the fractures and fracture zones defining and within 

the repository block can be related to any of the planar features linked to the tectonic 

evolution of the region, it is necessary to know their orientation. The orientation of 

some of the most important fracture zones within the block are shown in Figure 2-6.  
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Figure 2-6.  Structures within the repository rock volume having at least two correlated 

direct observations.  View towards the west (from Posiva 2003-43). 

Figure 2-6 is based on the Bedrock Model (Vaittinen et al., 2003) which has 92 fracture 

structures (R-structures), 75 hydraulically important structures (RH-structures) and 22 

structures belonging to both classes. All these structures have been ‘directly’ observed 

either in a borehole or outcrop. Those structures known by at least two direct 

observations (i.e. structures having correlated borehole intersections or correlated 

borehole and ground surface intersections) are the structures shown in Figure 2-6. There 

are 19 in all and the most important are RH9, RH19A, RH19B, RH20A, RH20B, RH21, 

& RH24. All dip to the SE, RH9 & 24 with a moderate dip, and all the others with a 

gentle dip. The orientations of these are summarized in Figure 2-7. 
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Hydraulic feature

Fracture zone

Chrushed zone

N

Hydraulic feature

Fracture zone

Chrushed zone

N

Figure 2-7. The orientations (poles) of the structures shown in Fig. 2-6, Posiva 

2003-43.

A detailed discussion and description of the 13 ‘important’ fracture zones shown in 

Figure 2-6 are given in the bedrock model (Posiva 2003-43). This description includes 

both the orientation and type of fractures zone as follows: 

Structure Category Name  Orientation (dip direction/dip) 

Crushed zone  R2  174-183
o
/68

o

Crushed zone  RH9  139/49
o

Fracture zone   RH19A 000
o
/03

o
   

Crushed zone   RH19B 180
o
/23

o

Crushed zone   RH20A 137
o
/18

o

Crushed zone   RH20B 126
o
/12

o

Crushed zone   RH20C 115
o
/24

o

Crushed zone   RH21  165
o
/19

o

Crushed zone   RH24  139
o
/63

o
 to 33

o

Fracture zone   RH26  137
o
/20

o

Crushed zone  R78  115
o
/38

o

Hydraulic feature  H79  65
o
/5

o

Fracture zone   RH80  115
o
/38

o

It can be seen that most of these structures dip to the SE. In addition, when all the 

directly observed structures are plotted on a stereographic projection, Figure 2-7, their 

orientations are found to cluster around the dip direction 140
o
 –180

o
 with dip angles 0

o
-

50
o
.

In addition to these fracture zones, numerous more pervasive fracture sets cut the 

repository volume. For example, Figure 2-8 shows the distribution of fracture 

orientations from seven boreholes within the repository area. The pole maxima all show 

that the fractures dip gently to the SE. This orientation is sub-parallel to the ductile 

foliation in the rock, Figure 2-9. It should be noted that the boreholes have not 

intersected the steeply inclined N-S striking fracture set (which is as common in the 

outcrops as the E-W to NE-SW sets) because the boreholes tend to be sub-vertical.  
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Figure 2-8.  Distribution of fracture orientations  measured in recently drilled boreholes 

(lower hemisphere projections, Posiva 2003-43). 

It is apparent from the above discussion and Figures 2-7 to 2-9 that the orientation of 

both the larger-scale fracture zones and smaller-scale fractures within and around the 

repository site are significantly influenced by the D2 ductile fabric (Table 2-1).  As 

noted earlier, this fabric was subsequently overprinted or rotated by D3, and thus can be 

classified as the S3 foliation in certain sub-zones. 
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Figure 2-9.  Orientation of ductile foliation from  outcrops, trenches and boreholes in 

the study area, N=117, Posiva 2003-43.

The representative geological cross-sections (see Figure 2-10 for the locations of these 

sections) shown in Figures 2-11 and 2-12 also show that the main fracture zones dip 

gently to the SE and are sub-parallel to the main foliation (Figures 2-7 & 2-9).  Figure 

2-13 shows three horizontal sections through the study area. 

6.   secV_KR1_KR5
7.   secV_KR4_KR10_KR14_KR15_KR2
8.   secV_KR3_KR23
9.   secV_KR6_KR7
10.  secV_KR12_KR20
11.  secV_KR8_KR10_KR16_KR17_KR18

12.  secV_KR9
13.  secV_KR11
14.  secV_KR13
15.  secV_KR19
16.  secV_KR21
17.  secV_KR22

Index map of the cross-sections
2.   z = 0 m
3.   z = -300 m
4.   z = -420 m
5.   z = -520 m

Figure 2-10.  Index map showing the orientations of the vertical cross-sections in 
Figures 2-11 and 2-12, Posiva 2003-43 .
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Figure 2-11. Cross section KR8-KR10-KR16-KR 17-KR18, location shown in Figure 

2-10, Section 11, Posiva 2003-43. 

Figure 2-12.  Cross-section KR6-KR7, location s hown in Fig. 2-10, Section 9, Posiva 

2003-43.
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Vertical scale 5 times horizontal scale

Figure 2-13. Three horizontal cross-sections through the repository area located at 

depths of 300, 420 and 520 m. (N.B. the vertical scale is x5, so that the gently dipping 

planar structures appear to be dipping steeply), Posiva 2003-43. 

2.6 Conclusions relating to tectonic history 

It was noted earlier (Figure 2-5) that the repository site is possibly situated in a body of 

bedrock defined by important, steeply inclined fracture zones trending WNW-ESE and 

NE-SW.  However, inspection of the cross sections through the repository volume, 

Figures. 2-10 to 2-13, shows that many of the important fracture zones and fractures 

within the repository volume are gently inclined, often dipping to the SE., (e.g. R21 

Figures 2-6, 2-11 to 13) suggesting that on the scale of the repository volume, fracture 

orientation is dominantly influenced by the ductile fabric.  

It was noted that the numerous small-scale fractures observed in the repository site, 

Figure 2-7, had their orientation controlled to a large extent by the ductile fabric, Figure 

2-9. It is apparent from the cross-sections shown in Figures. 2-11 to 2-13 and the data 

summarized in Figure 2-8 that this fabric also significantly influences the orientations of 

the larger-scale fracture zones within and around the repository site. 

However, although some of the major fracture zones in the repository area can be 

related to one or other of the fracturing events which occurred during the tectonic 

history outlined above, boreholes have revealed that there are others which are not 

predicted.
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3 IMPLICATIONS OF THE GEOLOGICAL SETTING FOR THE ROCK 
MECHANICS PROPERTIES 

3.1 Purpose of the rock mechanics work 

Given the geological circumstances described in the previous Chapter, we can now 

consider the overall implications for the rock mechanics programme. In Figure 3-1, 

there is a conceptual overview of the whole rock mechanics problem: given a pre-

loaded rock mass hosting a hierarchy of brittle fracture types, what is the site descriptive 

model, how can a repository be safely constructed and what are the consequences for 

the safety assessment?  

F1

F2

F3

Fn

Discontinuities

Intact rock

Boundary
conditions

Excavation

Water flow

Figure 3-1.  The overall rock mechanics and rock engineering problem. 

The specific type of manifestation of the repository layout generically illustrated in 

Figure 3-1 is shown in Figure 3-2.  There will be vertical shafts and deposition holes, 

horizontal exploratory, access and deposition tunnels, and a ramp descending at an 

angle of 10 , with an anticipated excavation rate of 1 km tunnel length and 100 m depth 

advance per year.

Figure 3-2. The type of repository layout for the shafts, ramp, exploratory tunnels, 

access tunnels and deposition tunnels at the Olkiluoto site. 
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One of the main objectives in the rock mechanics subject area is to establish the rock 

mechanics site descriptive model for the Olkiluoto site.  This model consists of the 

geometrical, mechanical and thermal descriptions of the rock mass.    

The geometrical description is based on the bedrock geological model which has 

been summarized in Chapter 2 of this document and is further outlined in Posiva 

2005-03.

The mechanical description includes the in situ stress state and the deformation and 

strength properties of the intact rock, the fractures, the rock mass between 

deformation zones, and the deformation zones themselves.   

The thermal description is based on the thermal properties of the intact rock.   

In fact, the main purpose of the rock mechanics site descriptive model is to supply 

information for the ONKALO and repository design and to provide input for the safety 

assessment.  The rock mechanics model will also therefore include a description of the 

effects of excavation and time on the deformation and strength properties of the rock 

mass.  Additionally, there is a particular need to consider the interaction with the 

hydrogeological model because of the effect of water pressure on the in situ stress and 

the inflow of water into excavations during and after construction.  In the long term, 

hydrogeochemical effects have to be taken into account because of potential 

precipitation in fractures and other effects.

To develop the necessary rock mechanics information for repository design and safety 

analysis requires a three component strategic approach: 

1. characterization of the rock properties (rock stress, intact rock, fractures,  fracture 

zones, rock mass); 

2. numerical modelling of the rock properties and behaviour; and 

3. measurements, monitoring and test cases in the access ramp and ONKALO. 

These three components are briefly summarized below. 

3.1.1 Component 1: Characterization of the rock properties   

In some cases, the rock properties can be directly measured, e.g. the magnitudes and 

orientations of the in situ principal stresses and the uniaxial compressive strength of the 

intact rock.  In other cases, the properties have to be estimated because it is not possible 

to measure them directly, e.g. the elastic modulus of a 100 m x 100 m x 100 m rock 

mass volume.  Such estimation can be made from numerical modelling and indirect in

situ measurements, e.g. P-wave velocity, or rock mass behaviour such as tunnel 

displacements.  Hence, the rock property site descriptive model interacts with the other 

two strategic components, numerical modelling and in situ measurements. The site 

descriptive model provides input data for numerical modeling, and the prediction-

outcome studies involving in situ measurements in the ONKALO tunnel enable the site 

descriptive model to be enhanced 
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3.1.2 Component 2: Numerical modelling of the rock properties and behaviour  

This encompasses continuum and discrete element numerical modelling using, e.g. the 

FLAC, UDEC, 3DEC and PFC programs, to simulate the mechanical properties and 

behaviour of the rock mass.  It is important to know how the stress state will be 

perturbed by the deformation zones, how the properties of the intact rock and fractures 

combine to determine the properties of the rock mass, how the excavation process 

causes an excavation disturbed zone (EDZ), etc. 

3.1.3 Component 3: Measurements, monitoring and prediction-outcome test 
cases in the ONKALO

The way to establish confidence in the rock mechanics modelling is to predict the rock 

properties and behaviour and then to measure them.  This also applies to the geological 

information. In the ONKALO there will be geology and rock mechanics prediction-

outcome test cases to provide comparisons of estimated and actual values of the rock 

properties (see Posiva 2005-03).

The predictive capability thus developed is essential for rock engineering design in 

order that the consequences of different engineering options can be assessed, e.g. the 

appropriate depth and orientation of repository tunnels.  Additionally, the work provides 

support for the CEIC (Co-ordination of Engineering, Investigations and Construction) 

process which aims to determine the site conditions beforehand and to ensure that the 

optimal design, based on the interpretation of the site conditions, is selected for 

implementation and for continuous updating. 

3.2 Overall implications of the geological history for the rock mechanics 
properties

Given the bullet point listing in Chapter 1 concerning the rock properties required and 

the text in Section 3.1, we now consider the information that can be established from the 

geological setting. 

3.2.1 Rock stress 

In Tables 2-2 and 2-3, the stress states responsible for the different brittle deformation 

and tectonic events have been inferred.  It is evident from these Tables that, not only is 

there an intimate link between stress and geological events, but there has been a variety 

of paleostress fields acting during geological times.  However, the current stress state is 

linked to current tectonic plate motions, possibly locally perturbed by glacial loading 

and unloading effects.

As described in the Olkiluoto site descriptive model (Posiva 2005-03), the current 

knowledge of the stress state at Olkiluoto is as follows. 

Stress orientations are, on average, fairly consistent with the regional stress data, 

indicating a maximum horizontal stress oriented E-W to SE-NW. The site data 

support the notion of a thrust faulting stress regime at Olkiluoto, i.e., H > h > v.
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The maximum horizontal stress has a gradient of, on average, 0.047 MPa/m, 

resulting in approximately 24 MPa at a target depth of 500 m. The vertical and 

minimum horizontal stresses are similar in magnitude, having a gradient which is 

about half that of the maximum stress, giving a magnitude of about 12 MPa at 500 m 

depth.

The major principal stress ( 1) is sub-horizontally oriented, thus being slightly larger 

in magnitude than the maximum horizontal stress. The other two principal stress 

components vary significantly in magnitude and orientation for the different 

measurement locations. This indicates the need to relate the stress field with the 

geological structure and to conduct associated numerical analyses. 

It should be noted that the three potential radioactive waste sites in Fennoscandia have 

different stress states.  At Forsmark, there is a thrust fault stress regime and at 

Simpevarp there is a normal fault stress regime.  At Olkiluoto, there is possibly a thrust 

fault regime. This variation between the three sites of Forsmark, Simpevarp and 

Olkilutoto would indicate that within a range of some hundreds of kilometres, the stress 

state can be of a significantly different nature — because of geological reasons, e.g. the 

Forsmark site is within a tectonic lens.  Therefore, there needs to be particular study of 

the relation between the geology at Olkiluoto and the currently prevailing stress state. 

Given this geology-stress linkage and the need to establish the stress boundary 

conditions for numerically modelling the generic and specific excavation geometries 

shown in Figures 3-1 and 3-2, the required overall rock stress strategy is evident, as 

indicated in Figure 3-3. 
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Step 1: Conceptual understanding of 
the geology-rock stress relation

Step 2: Studying the details of the 
geology-rock stress relation

Developing an 
understanding 

of the 
geology-stress

relationship

Step 3: Developing improved 
and additional rock stress 
measurement techniques 

Step 4: Conducting further rock stress 
measurements

Developing 
improved 

measurement 
techniques and 
making further 
measurements

Step 5: Comparison of field measurements 
and numerical modelling results

Step 6: Reconciliation of differences and 
further validation studies 

Comparison of 
results, 

reconciliation 
and validation

Figure 3-3.  Overview of the required rock stress programme.

The first step is to consider: the existing geological information and the existing rock 

stress information, and then establish an initial conceptual understanding of the 

relationship between the two. In terms of the geological understanding of the Olkiluoto 

site, the main features are the overall structure, the bounding and R-structures, and the 

foliation.  In terms of the existing rock stress information for Fennoscandia and the 

Olkiluoto site, there is a Fennoscandian database, a Finnish database and measurements 

made at Olkiluoto 

For example, there is prima facie evidence of a geology-stress relation: the principal 

stresses at Olkiluoto seem to be aligned with the main structure, i.e. perpendicular and 

parallel to the main foliation direction. This understanding should be developed with 

emphasis on: 

1)  whether the Olkiluoto stresses follow the Fennoscandian trends; 

2)  establishing the rock stress-geological structure understanding;   

3)  considering whether the bounding structures and R-structures are likely to locally 

influence the regional stress field. 
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The second step is to consider how the conceptual geology-stress understanding can be 

enhanced based on studies of the details of the existing rock stress measurements, e.g. 

variations with depth, magnitudes, and the specific structures and stresses at Olkiluoto.  

These questions should be asked: What are the geology-stress principles across Finland? 

Do the major lineaments affect the stress at Olkiluoto? What is the rock stress variation 

across the Olkiluoto site? How are the R-structures likely to affect rock stresses? 

The principles thus developed provide the foundation for enhancing the rock stress 

understanding directly by stress measurements. 

The third step is to consider the optimal stress measurement strategy based on the 

geological understanding, the stress measurement methods that are available, the results 

of other stress measurement experiences in the Fennoscandian bedrock, and enhanced 

quality control of stress measurements. This leads to the establishment of the optimal 

measurement strategy for obtaining the necessary rock stress information at the 

Olkiluoto site.

The fourth step is to conduct the necessary stress measurements. 

The fifth step is to compare the field measurements with the numerical modeling 

programme results.  It will be necessary to develop a protocol for the comparison so that 

the comparison methodology is orientated directly with the stress information 

requirements. 

The sixth step is to reconcile any differences by modifying the stress measurement 

approach and/or the numerical modeling methodology and then to conduct validation 

exercises to confirm that the rock stress state understanding is indeed confirmed by the 

modified procedures.  There may well be repeated iterations through the fifth and sixth 

steps.

The overall rock stress programme thus serves the three main purposes to:     

1.   verify the geology-stress principles by making measurements along relevant 

geological profiles (e.g. the ONKALO ramp);     

2.   provide further stress values at specific locations in the host rock volume; and     

3.   enable the state of stress at Olkiluto to be summarized for all ONKALO,  repository 

design and safety analysis purposes. 

An additional aspect is to assess to what extent variations in the stress magnitudes and 

orientations affect the repository design and safety considerations.  In this way, the 

required accuracy, precision and resolution of the stress data can be determined. 
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3.2.2 Mechanical properties of the intact rock  

It would be expected that there is an intimate link between lithological rock type and the 

mechanical properties — because the stiffness and strength of the intact rock is 

determined by its microstructural character.  There is considerable information from 

measurements made on core samples from the Olkiluoto site regarding the elastic 

moduli and strength properties of the intact rock (Posiva 2005-03), but the geology-

mechanical properties link has not yet been fully studied. 

In addition to the intrinsic constituent minerals forming the rock, the deformation-

induced foliation also impacts significantly on the mechanical properties. Although 

foliation is not a brittle structure, it does impart a strong deformational and strength 

anisotropy to the intact rock and hence to the orientation of later brittle fractures, 

Figures 2-8 and 2-9, including the fracturing induced during mechanical testing.   

It should be recalled that although the rocks of the study area have experienced several 

important ductile deformation events, as discussed earlier, it is the most recent pervasive 

deformation, D2, which is the most important in terms of the mechanical properties of 

the intact rock. Therefore, characterization of the foliation needs to be taken into 

account; indeed, the geological logging of the borehole cores now includes foliation 

measurements. 

Another geological factor affecting the mechanical properties of the intact rock is any 

alteration which has taken place, e.g. by hydrothermal or weathering processes, which 

in turn could be controlled by the existence and nature of the foliation.  The 

hydrothermal products, illite and kaolinite, are widespread in the Olkiluoto rocks. An 

example is the ‘soft rock’ experienced at the first major turning of the ONKALO access 

tunnel — which has been both hydrothermally altered and affected by surface 

weathering.

It follows that the lithological variations at the site characterising the geological setting 

directly indicates that we should expect heterogeneity and anisotropy in the properties 

of the intact rock.  This heterogeneity will be both within and between the different 

lithological units.   

Thus, once the linkage between the lithology and the mechanical properties has been 

established, the geology provides an initial indication of the variation in mechanical 

properties of the intact rock across the site.  This means that emphasis should be placed 

on

• characterising the rock as a transversely isotropic material in terms of its modulus 

and strength,

• establishing the linkage between lithology and the mechanical properties of the 

intact rock, and

• studies should be made of the best way of characterising variability across the site, 

possibly by geostatistical methods.  
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3.2.3 The geometry and mechanical properties of fractures  

For rock mechanics analyses, the fracture information required for input to the 

numerical modelling is the geometry and mechanical characteristics of the fractures.  In 

the numerical modelling, there are various methods of incorporating the fractures and 

all of these involve some form of data reduction, because the fracturing cannot be 

completely characterised.   

Table 3-1.  The planar features and their geological and mechanical attributes. 

(E, Young’s modulus; υ, Poisson’s ratio; σc, uniaxial compressive strength; kn, normal 

stiffness; ks, shear stiffness; c, cohesion; φ, angle of friction)
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However, within the current context, the first step is to outline the different types of 

planar features at Olkiluoto and consider their geometry and mechanical properties and 

whether these properties can be established either generically or specifically for any 

given feature.  A preliminary list of these factors is given in Table 3-1.   

In Table 3-1, in the first and second columns, we have listed the four key planar features 

that characterise the study area and their definitions.  In the third and fourth columns, 

we have provided sketches of their geological expression and made some comments  

regarding their mechanical properties.  In the last column, we have indicated how the 

properties can be estimated. 

Thus, the geological approach has indicated the way ahead.  The next step must be to 

establish a programme for quantifying the linkages between the nature of the planar 

features and their properties, as noted in Table 3-1.  By this means, the establishment of 

the rock mechanics properties of the fractures will be based on their geological 

occurrence, and hence the geology and rock mechanics aspects will be harmonised. 

3.2.4 Estimation of the mechanical properties of the rock mass (combination of 
the intact rock and the fractures) 

It is known from both geological and rock mechanics studies that fractures have a first 

order effect in significantly reducing the rock stiffness, i.e. from the intact rock stiffness 

to the rock mass stiffness.  Thus, to estimate the rock mass stiffness, emphasis should be 

placed on the mechanical properties of the planar features. The composite rock mass 

mechanical properties can be determined by various techniques such as  

• numerical modeling of example structures, which also allows sensitivity studies of 

the effects of the likely distributions of the mechanical properties, 

• through rock mass classification of borehole core and correlation equations linked 

to the mechanical properties, 

• by in situ geophysical measurements, such as seismic velocity and correlation with 

the mechanical properties. 

Additionally, there will have to be some study of domain volumes having similar 

properties, and how geological domains can be linked to mechanical domains across the 

site.  In this context, the geological studies would indicate that the planar features will 

have a greater effect on the rock mass mechanical properties than the lithology, and so 

the structural domains are more likely to be dictated by the distributions of the planar 

features.  This indicates the importance of basing the rock mechanics modeling on the 

geological understanding of the occurrence and nature of the planar features and their 

associated mechanical properties. 
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4 ROCK MECHANICS CONCLUSIONS DRAWN FROM THE GEOLOGICAL 
EVIDENCE 

We have already indicated the manifold advantages of basing the rock mechanics 

studies on geological knowledge.  We now list the major conclusions relating to the 

rock mechanics subjects that can be drawn from the geological evidence already 

outlined.  

4.1 Rock stress state 

1. The rock stress state at Olkiluoto and the surrounding region has changed many 

times in geological history as evidenced by the superposition of a variety of 

geological structures – each of which can be associated with a specific stress 

regime, i.e. the orientations and magnitudes of the principal stresses. A corollary is 

that significant residual stresses may be present in the proposed repository volume. 

2. The rock stress field is predominantly generated by horizontal tectonic plate 

motions, combined with the vertically applied overburden load.  Thus, given the 

subdued topography of the area, the regional principal stresses are expected to be 

sub-horizontally and sub-vertically orientated. 

3. The current regional trend of the maximum principal stress is approximately SE-

NW and is considered to be the combined effect of the mid-Atlantic ridge push and 

the European-African collision.  However, the stress state in the Olkiluoto island 

may also be affected by the lineaments and brittle deformation zones which define 

and cut the island. 

4. The most recent major modification to the current stress field is the glacial loading 

and unloading that occurred during the most recent Ice Age.  The magnitudes of the 

associated stress changes were probably insufficient to create new fractures, but 

geological evidence exists that reactivation of some fractures has occurred and 

further locally perturbed the regional stress state. 

5. The recognition of fractures on all scales within the study area, and the fact that 

these fractures will have reduced mechanical properties compared to the intact rock, 

indicates that the regional stress state will consequentially be locally modified.  

Because such modifications occur on a variety of scales, including the major brittle 

deformation zone scale, the stress state at Olkiluoto could deviate significantly from 

the regional stress conditions. 

6. The consequence of these points is that it must be anticipated that the stress states at 

different locations, e.g. stress measurement locations in boreholes, may be very 

different from the regional stress state, and so this should be recognized during the 

interpretation of stress measurements in the study area.  Also, for a full 

understanding of the Olkiluoto stress state, it is necessary to appreciate the effect of 

the large-scale geological structures on the regional stress field. 

7. In the earlier test, we have described a six-step stress estimation programme which 

accommodates all these points. 
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4.2 Intact rock 

1. The intact rock in the study area has undergone a variety of changes during its 

geological history. The successive tectonic events summarized in Table 2-3 

reconstituted and metamorphosed the original magmatic and sedimentary units.  

Associated with this process is the imposition of a mechanical anisotropy, the 

dominant feature being the pervasive SE dipping foliation.

2. Further changes to the intact rock properties occurred as a result of hydrothermal 

alteration and surface weathering.  These changes will have been facilitated by the 

presence of foliation.

3. Thus, for elastic calculations, it is expected that it will be necessary to model the 

rock using transversely elastic properties.  Similarly, failure criteria must 

incorporate orientational dependency, i.e. a failure criterion should include 

orientation of the fabric relative to the applied stresses. 

4. We know that the properties of intact rock are directly related to the lithology.  

Therefore, because there are different lithological units at Olkiluoto, consideration 

should be given in the rock mechanics modeling to whether these different units 

have significantly different mechanical properties and whether lithology-based rock 

mechanics domains have to be established.  Geostatistical analysis could be useful 

for this purpose. 

4.3 Fractures and brittle deformation zones 

1. We have noted that the rock stress state at Olkiluoto and the surrounding region has 

changed many times in geological history, as evidenced by the superposition of a 

variety of geological structures.  In the rock mechanics context, the ductile 

deformational fabrics are related to the properties of the intact rock; whereas, the 

expressions of brittle deformation are fracture events. 

2. Because the fractures have been created by the application of the various stress 

fields, they occur in sets of sub-parallel fractures, introducing a coarser anisotropy 

into the rock mass properties — i.e. coarser as compared to the ductile fabric in the 

intact rock.

3. The fracture sets have different spacings and orientations, reflecting the nature of 

the stress fields that induced them. Moreover, there is a wide spectrum of such 

fractures, ranging from minor fractures, a few hundreds of millimeters in length, to 

large-scale fracture zones, such as those that bound the Olkiluoto island.  This has 

to be recognized in the rock mechanics modeling. 

4. In the near surface rock at the study site, the rock mass is also characterized by 

well-developed and extensive sub-horizontal exfoliation fractures.  These stress 

relief fractures were caused by erosion and glaciation reducing the overburden 

stress.

5. Some of the fractures have been infilled and sealed by either igneous intrusions or 

mineralisation; others are barren and open; and others may also have been affected 
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by shear movement.  Hence, the mechanical properties are not solely determined by 

the fracture geometry but also by their history. 

6. The main mechanical properties of fractures are the normal and shear stiffnesses 

and the failure properties, the latter traditionally characterized by the cohesion and 

angle of friction.  Given the wide spectrum of fracture occurrence and alteration 

noted above, there will be a correspondingly wide spectrum in the mechanical 

properties of the fractures.  

7. It follows that it will be important for the rock mechanics modeling to understand 

the fracturing domains occurring at the Olkiluoto site and whether these are 

coincident with the mechanical intact rock domains. 

8. A special programme is required to address the properties of the brittle deformation 

zones since these will have to be explicitly introduced as discrete items in the rock 

modeling.

4.4 Rock mass modeling  

1. The conclusion from Section 4.3 is that for some purposes the rock mass will have 

to be modeled as an equivalent continuum (i.e. the rock mass comprising the intact 

rock and the fractures) — within which there are the deterministic major fracture 

zones.  This is because it is not practical to attempt to specifically model the details 

of the whole fracture network. 

2. The properties of the equivalent continuum, i.e. the rock mass between the brittle 

deformation zones, are determined by the properties of the intact rock, the fractures 

and the minor deformation zones.  

3. The mechanical properties of the large-scale brittle deformation and fracture zones 

cannot be established by direct measurement.  Therefore, an alternative approach 

must be used, such as numerical methods, empirical correlations, seismic 

interrogation and back calculation around excavations. 

4. The key is to establish the level of mechanical intensity of the large-scale brittle 

deformation and fracture zones above which a particular zone must be included in 

the model as a deterministic feature.  This level will depend on the purpose of the 

modeling.  To establish local variations in the stress field, for example, the level 

can be estimated through sensitivity studies in numerical modeling.  For 

considering tunnel displacements and convergence, another level may be 

appropriate.
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4.5 Conclusions relating to engineering effects 

1. The most important aspect of considering the mechanical features related to 

construction in this crystalline rock mass is to identify the mechanically weak 

components. This is because the rock mass fails either through stress induced 

failure of the intact rock and/or through rock block failure — and it is both the new 

and reactivated fractures that are important for the latter case.  

2. The worst combination is a horizontal tunnel perpendicular to the direction of the 

maximum principal stress and approaching a sub-horizontal brittle deformation 

zone dipping gently away from the excavation direction. This is because of the 

combination of a high stress concentration around the tunnel and the existence of 

the deformation zone — which may not be known until it is intersected.  The 

example illustrates that the effect of engineering is a combination of the geological 

features and the engineering parameters, such as tunnel orientation. 

4.6 Summarised conclusions 

Thus, the overall conclusion from the geological evidence and the rock mechanics 

requirements is that the following major items must be established and modeled for rock 

mechanics analyses supporting repository design and safety analysis: 

a)   the regional stress field;  

b)  the potential local variation in the stress field due to the presence of any 

  proximate brittle deformation zones. 

c)   the mechanical properties of the rock mass between the brittle 

 deformation zones; and 

d)   the size, orientation and location, and the mechanical properties of the 

 brittle deformation zones. 

In particular, in earlier sections we have recommended specific programmes for 

establishing these properties based on the geological setting and its implications. With 

this information, appropriate and auditable rock mechanics modeling can be undertaken, 

thus providing the necessary predictive capability required for repository design at the 

Olkiluoto site which is totally compatible with the geological setting. 
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5 SUMMARY 

The work described in this report is concerned with studying the geology within the 

rock mechanics context because it is essential in rock engineering to understand the 

history and nature of the host rock.  The main rock mechanics components are the rock 

stress, the intact rock, pervasive fabrics, the smaller-scale fractures, the rock mass, and 

the larger-scale fracture zones. Through enhanced understanding based on geological 

analysis, the rock mechanics studies and models will be compatible with the geological 

framework and hence will be more accurate. Thus, the intention of the study described 

here was to understand the geology with the specific aim of determining its impact on 

the rock mechanics properties and hence the rock mechanics programme.   

Accordingly, we have reviewed the structural evolution of the Olkiluoto region and an 

attempt has been made to understand the orientation, position and likely mechanical 

properties of the major structures, fractures and other planar zones of weakness 

affecting the repository site.  The information is required for the rock mechanics site 

descriptive models and for mechanical analyses supporting repository design and safety 

assessment.   

Chapter 2 contains a description of the ductile structures and fabrics in the rock. These 

are mainly linked to the Precambrian tectonics of the Fenno-Scandinavian Shield. This 

is followed by a section on the brittle structures (fractures and fracture zones) most of 

which post-date the ductile deformation. The impact of these fractures and other planar 

features on subsequent stress fields is then considered and the use of lineation maps to 

indicate the relative importance of the different fracture sets and to identify the 

geometry of the rock mass containing the proposed repository site is described. The 

Chapter ends with a discussion of the main fracture sets defining and cutting the 

bedrock, and these fractures are related to the various tectonic events that have affected 

the study area.

In Chapters 3 and 4, we establish the implications of the geological setting for the rock 

mechanics studies and draw conclusions on the key areas requiring attention. The 

overall conclusion from the geological evidence and the rock mechanics requirements is 

that the following must be established and modeled for rock mechanics analyses 

supporting repository design and safety analysis: the regional stress field; the potential 

local variation in the stress field due to the presence of any proximate brittle 

deformation zones; the mechanical properties of the rock mass between the brittle 

deformation zones; and the size, orientation and location, and the mechanical properties 

of the brittle deformation zones. 

Given the programmes for establishing the rock mechanics properties based on the 

geological setting and its implications, appropriate and auditable rock mechanics 

modeling can be undertaken, thus providing the necessary predictive capability required 

for repository design at the Olkiluoto site which is totally compatible with the 

geological setting. 
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