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ESTIMATING THE MECHANICAL PROPERTIES OF THE BRITTLE 
DEFORMATION ZONES AT OLKILUOTO 
 
ABSTRACT 
 

In rock mechanics modelling to support repository design and safety assessment for the 

Olkiluoto site, it is necessary to obtain the relevant rock mechanics parameters, these 

being an essential pre-requisite for the modelling.  The parameters include the rock 

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

brittle deformation zones which represent major discontinuities in the rock mass 

continuum. However, because of the size and irregularity of the brittle deformation 

zones, it is not easy to estimate their mechanical properties, i.e. their deformation and 

strength properties. 

 

Following Section 1 explaining the motivation for the work and the objective of the 

Report, in Sections 2 & 3, the types of fractures and brittle deformation zones that can 

be encountered are described with an indication of the mechanisms that lead to complex 

structures. The geology at Olkiluoto is then summarized in Section 4 within the context 

of this Report.  The practical aspects of encountering the brittle deformation zones in 

outcrops, drillholes and excavations are described in Sections 5 & 6 with illustrative 

examples of drillhole core intersections in Section 7. 

 

The various theoretical, numerical and practical methods for estimating the mechanical 

properties of the brittle deformation zones are described in Section 8, together with a 

Table summarizing each method‘s advantages, disadvantages and utility in estimating 

the mechanical properties of the zones. We emphasise that the optimal approach to 

estimating the mechanical properties of the brittle deformation zones cannot be 

determined without a good knowledge, not only of each estimation method‘s 

capabilities and idiosyncrasies, but also of the structural geology background and the 

specific nature of the brittle deformation zones being characterized.   

 

Finally, in Section 9, a Table is presented outlining each method‘s applicability to the 

Olkiluoto site. A flowchart is included to indicate the proposed structure for a brittle 

deformation zone mechanical property estimation campaign, noting that the exact nature 

of future work will depend on the results of the ONKALO Prediction-Outcome studies 

and decisions on the rock mechanics work required to support the repository design. 

 

Keywords: nuclear waste disposal, Olkiluoto, rock mechanics, brittle deformation 

zones, mechanical properties 



 

HAURAIDEN DEFORMAATIOVYÖHYKKEIDEN MEKAANISTEN OMINAI-
SUUKSIEN MÄÄRITTÄMINEN OLKILUODON TUTKIMUSALUEELLA 
 
TIIVISTELMÄ 

 

Ydinjätteiden loppusijoitustilan suunnitelmien tueksi ja pitkäaikaisturvallisuuden 

arvioimiseksi tehtävä kalliomekaaninen mallinnus vaatii oleellisten kalliomekaanisten 

lähtöarvojen tuntemista Olkiluodon tutkimusalueella. Oleellisia lähtöarvoja ovat kallion 

in-situ jännitystila, kiven ja kalliomassan ominaisuudet sekä hauraiden deformaatio-

vyöhykkeiden omaisuudet, joista jälkimmäiset ovat merkittävämmät epäjatkuvuudet 

kalliomassassa. Näiden vyöhykkeiden muodonmuutos- ja lujuusominaisuuksia on 

kuitenkin hyvin vaikea arvioida, koska vyöhykkeiden koko ja muoto vaihtelee. 

 

Tämän raportin kappaleessa 1 kerrotaan työn motivaatio ja tavoitteet, kappaleissa 2 ja 3 

kuvataan, minkälaisia vyöhykkeitä kalliomassassa tavataan, ja minkälaiset mekanismit 

ovat johtaneet näiden monimuotoisten rakenteiden syntyyn. Nämä huomioiden kuvataan 

Olkiluodon geologia kappaleessa 4. Kappaleissa 5 ja 6 kerrotaan, miten hauraita 

deformaatiovyöhykkeitä käytännössä tavataan kallion paljastumista, kairarei‘istä ja 

louhituista tiloista. Olkiluodon kairasydämistä otettuja kuvaesimerkkejä on esitetty 

kappaleessa 7. 

 

Erilaisia teoreettisia, numeerisia ja käytännön menetelmiä, joilla voidaan arvioida 

hauraiden deformaatiovyöhykkeiden mekaanisia ominaisuuksia, on kuvattu kappaleessa 

8. Lisäksi on esitetty jokaisen menetelmän edut, haitat ja käyttökelpoisuus. Työssä on 

korostettu, että pelkästään ko. menetelmien tunteminen ja optimaalinen käyttö ei riitä, 

vaan tulee tuntea myös vyöhykkeiden rakennegeologinen tausta ja erityispiirteet.  

 

Lopuksi kappaleessa 9 esitetään menetelmien käyttökelpoisuus Olkiluodon tutkimus-

alueella. Lohkokaavion avulla on esitetty tapa, miten hauraan deformaatiovyöhykkeen 

ominaisuudet voidaan määrittää huomioiden kuitenkin, että lopullinen määritystapa 

riippuu saaduista ONKALOn tuloksista (ennusteet ja havainnot) ja päätöksistä, kuinka 

kalliomekaanisen työn on tarkoitus tukea loppusijoitustilojen suunnittelua. 

 

Avainsanat: ydinjätteiden loppusijoitus, Olkiluoto, kalliomekaniikka, hauras 

deformaatiovyöhyke, mekaaniset ominaisuudet 
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1 INTRODUCTION  
 

For the design of a nuclear waste repository, it is essential to have an understanding of 

the rock mechanics circumstances prevailing at the site in order to provide the necessary 

support for repository design and safety assessment. Given the geometry of the key 

geological features and their mechanical parameters, numerical modeling can be 

undertaken to provide a predictive capability for engineering design – enabling, for 

example, the effects of deposition tunnel orientation, depth and proximity to brittle 

deformations zones (BDZs) to be established for the features of the repository shown in 

Figure 1-1. 

 

As indicated by the features highlighted in Figure 1-2 and as noted in Andersson et al. 

(2007), the main information required for the rock mechanics studies 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 and walls 

up to the larger scale major brittle deformation zones. The essence of the rock 

mechanics problem is to construct a model with the indicated components and then to 

establish the mechanical consequences of any engineering perturbations, especially the 

construction of the ONKALO access ramp, the shafts and the deposition tunnels and 

deposition holes. (Note that a review of rock mechanics work completed for Posiva 

before 2005 which summarises the contents of 80 reports has been compiled by Hudson 

& Johansson 2006.) 

 

 
 

Figure 1-1. The repository concept with the ONKALO access tunnel, shafts, deposition 

tunnels, and deposition holes. 
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Figure 1-2. The conceptual rock mechanics model: a pre-loaded rock mass with pre-

existing deformational features at various scales into which excavations will be made 

(the term ‘R-structure’ refers to a brittle deformation zone). The actual model will be in 

three dimensions. 

 

In the context of this Working Report, knowledge of the geometry and mechanical 

properties of the brittle deformation zones is therefore important for the following 

reasons. 

 

 In the overall repository design, where possible it is preferable to avoid 

intersecting the zones and to maintain a ‗respect‘ distance between the 

excavations and the zones. 

 It may be necessary to develop a repository design with some of the main 

tunnels intersecting major brittle deformation zones. 

 Minor brittle deformation zones may be intersected by the deposition tunnels. 

 The brittle deformation zones may have a significant effect on the in situ stress 

field. 

Knowledge of the mechanical properties of the deformation zones enables a prediction 

of the mechanical consequences of both the existence of the zones and their response to 

excavation. 

 

The pre-loaded nature of the rock mass occurs because of the existence of the pre-

existing rock stress field.  The stress fields that have occurred over geological time have 

caused the deformational features now evident in the Olkiluoto rock mass, but the 

present stress field determines the boundary conditions for the numerical model.  The 

brittle deformation zones (BDZs), termed ‗R-structures‘ in Figure 1-2, are critically 

important, not only because they can affect the local stress state, but also because they 

may cause problems during excavation. For example, it is noted in Paananen et al. 2006 

that ―The brittle deformation model describes large-scale structures produced during the 

long history of brittle deformation, i.e. the fault zones and joint cluster zones.  Brittle 

deformation products may have important implications for construction and long-term 

safety…‖.  It is estimated that 20 brittle deformation zones will be intersected by the 
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ONKALO ramp (Hellä et al. 2004) and a natural corollary is that the rock mechanics 

model must be fully compatible with the nature of these geological structures at the site. 

Even though many of these zones are of a minor nature, it is important to be able to 

accurately predict their response to the engineering perturbations. 

 

In our pre-cursor report, ―Geological history and its impact on the rock mechanics 

properties of the Olkiluoto site‖, Hudson & Cosgrove (2006), we considered the way in 

which the rock stress and rock properties have been determined by the geological 

history.  We provided a summary of the geological history at Olkiluoto, concentrating 

on the ductile and brittle deformational tectonic history of the site with emphasis on the 

inferred stress states causing the deformations. In this follow-on report, we now 

concentrate further on the BDZs because it is important to understand their modes of 

formation and hence their geometries and properties, the BDZs representing major 

discontinuities in the mechanical continuum (Figure 1-2). Later on in this report, in 

Section 8, we will discuss the methods available for assessing the mechanical properties 

of the BDZs.   

 

In Hudson & Cosgrove (2006), Table 1-1 below was included to illustrate the sub-

planar deformational features encountered at Olkiluoto together with their geological 

and mechanical attributes. 

 

Expanding on Table 1-1, we begin in Section 2 by summarizing the geological spectrum 

of deformational features that is structurally possible in general – from discrete fractures 

to pervasive fabrics – with descriptions of the geometrical characteristics of the main 

components. Additionally, it is important to be able to recognise multiple deformational 

sequences so, via the content of an interaction matrix, we illustrate examples of the 

possibilities when there have been two consecutive events (Section 3). In principle, 

cases where there have been more than two such events can be represented by a 

pathway through the interaction matrix. 

 

In Section 4, we present the geology of the Olkiluoto site and we note Posiva‘s 

geological classification of the deformation zones. The scale of observation of the 

features can impact on their classification, as is explained in Section 5. These points are 

expanded in Section 6 to the identification of specific deformational features in terms of 

the ease or difficulty in identifying the different types of deformational structures in 

outcrops, drillholes and tunnels. We then give examples in Section 7 of the BDZs 

observed in the Olkiluoto site investigation drillholes. In Section 8 the six different 

available methods for estimation/measurement are critically reviewed and followed by 

the overall conclusions in Section 9.  
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Table 1-1. The planar features in the Olkiluoto rock mass and their geological and 

mechanical attributes (E, Young’s modulus; , Poisson’s ratio; c, uniaxial 

compressive strength; kn, normal stiffness; ks, shear stiffness; c, cohesion; , angle of 

friction). R = brittle deformation zones; RH = hydraulically active brittle deformation 

zones. 
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2 THE SUITE OF TECTONICALLY-INDUCED DEFORMATIONAL 
FEATURES 

 

The nature of the Pre-Cambrian geology of Finland is well described in Lehtinen et al. 

(2005). For the purposes of considering the types of tectonically-induced geological 

structures that can exist in this Pre-Cambrian geology at Olkiluoto, we now briefly 

review the structural spectrum, varying from discrete fractures to pervasive mineral 

fabrics.  To provide an overview of the deformational possibilities and to place the 

BDZs within this overview, in Figure 2-1 we present the main individual structures as 

components of a deformational spectrum. Thus, each component is a member of the 

complete spectrum of possible structures, ranging from the extremes of individual 

tensile and shear fractures (which are examples of highly localised deformation) to a 

pervasive mineral fabric (which represents a uniform distribution of deformation). This 

enables the approach to the structure categorisation to be within several complementary 

contexts:  

 

 brittle to ductile deformation;  

 decreasing strain localisation or, conversely, increasing pervasiveness;  

 increasing pressure and temperature;  

 decreasing deformational strain rate; 

 from a continuum via a discontinuum back to a continuum; and  

 from homogeneity via inhomogeneity back to homogeneity.   

 

Also, and as we shall discuss later, the spectrum ranges from straightforward rock 

mechanics characterisation, through more problematical characterisation, back to 

straightforward characterisation. 

 

The individual structures highlighted in Figure 2-1 are discussed in turn in Section 2.1. 

Note that these are the fundamental modes comprising the deformational spectrum and 

that the in situ deformed rock may well manifest much more complex expressions of 

consecutive superimposed modes – which we discuss in Section 3. 
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Figure 2-1. The main modes of structural deformation in a rock mass. The shaded 

horizon in the block diagrams is a mechanically inert marker band, included to indicate 

the deformation occurrence. 

 

 

2.1 Individual deformational features 
  
2.1.1 Undeformed intact rock  

 

Block (a) in Figure 2-1 represents a homogeneous, isotropic rock with 

a mechanically inert marker horizon.  When stressed, this rock can 

form the variety of structures illustrated by blocks (b) to (f) depending 

primarily on the lithology, stress state, and the physical conditions 

(e.g. pressure, temperature and strain rate) operating during 

deformation.  

 

Note that, when dealing with a rock mass that has experienced 

multiple episodes of deformation, one can replace the undeformed 

intact rock block, (a) in Figure 2-1, with any of the other structures, 

blocks (b) to (f), as the starting point for further sequential 

deformation. The starting block will then no longer be homogeneous and isotropic, thus 

impacting on the expression of the new structures as they are superimposed on the 

earlier deformational mode. This is discussed further in Section 3. 
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2.1.2 Discrete tensile fractures  

 

Discrete tensile fractures will form when the conditions under which the 

deformation is occurring are appropriate for brittle deformation (i.e. low 

pressure and temperature and high strain rate) and when the differential 

stress is low ((σ1 – σ3) < 4T, where σ1 and σ3 are the maximum and 

minimum applied principal stresses and T is the tensile strength of the 

rock). The tensile fractures form perpendicular to the least principal 

stress and hence parallel to the major principal stress.  The result is the 

formation of parallel fractures which form a fracture set (Figure 2-1, 

block (b)). 

 

However, an exception to this uniform fracture orientation occurs when 

the intermediate principal stress σ2  is equal to σ3.  In this situation, the fractures still 

form parallel to σ1 but can open with equal ease in any direction, their strike orientation 

then being random and generating a polygonal array of vertical fractures. 

 

Tensile fractures in a rock mass are termed ‗joints‘ and are characterised by 

displacement normal to the fracture walls.  They can be sub-divided into two groups: 

those that are evenly distributed; and those that are clustered into fracture zones. One of 

the characteristic features of some fracture sets is that of ‗fracture clustering‘: instead of 

uniform fracture spacing, clusters of closely spaced fractures develop which are 

separated by areas of relatively uniform fracture spacing. The formation of a fracture 

zone can occur as a result of continued movement on a shear fracture (see Section 2.1.3) 

and the development of more and more second-order fractures. However, there is 

another mechanism by which closely spaced groups of sub-parallel fractures can form: 

this mechanism relates to the formation of fracture clusters during extensional failure; in 

this case, all the fractures in the cluster are generated at approximately the same time.  

 

The mechanism of the clustering can be demonstrated via numerical modeling, as is 

illustrated in Figure 2-2.  Renshaw & Pollard (1994) showed that the clustering or non-

clustering of fractures is dependent on a velocity exponent  (which relates the fracture 

propagation velocity to the stress intensity factor at the fracture tip). Figure 2-2 shows 

the development of typical fracture sets in two numerical models which only differ in 

the values of their velocity exponents. The initial distribution of flaws in both 

experiments was the same. The model with the higher velocity exponent shows the 

greater tendency for fracture clustering.  
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Figure 2-2. The evolution of typical fracture sets under two different velocity exponents 

α, indicated after 20, 50, and 100 growth iterations. The higher the velocity exponent, 

the greater the tendency of the fractures to form in clusters rather to be uniformly 

spaced (from Renshaw & Pollard, 1994). 

 

 
2.1.3 Discrete shear fractures  

 

Like tensile fractures, shear fractures will form when the conditions 

under which the deformation is occurring are appropriate for brittle 

fracture (i.e. low pressure and temperature, and high strain rate) but when 

the differential stress is high ((σ1 – σ3) > 4T).  Shear failure occurs along 

two planes (both containing the intermediate principal stress, σ2 ) and 

inclined at an angle of (45 – ( /2)) to σ1 where  is the angle of sliding 

friction, which for many rocks is about 30º. 

 

Thus, as illustrated in Figure 2-1, block (c), two sets of planes can 

develop in response to a single episode of shear deformation, each 

inclined at ~ 30º to σ1. The formation of two sets of fractures (referred to 

as conjugate sets), rather than one set which occurs during tensile fracturing, has 

significance when considering rock block stability in an underground excavation.  This 

is because rock blocks are formed by fractures (and the excavation surface). A block has 

a minimum of four faces (a tetrahedral block); one face is generated by the excavation 
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surface and the remaining three faces are fracture surfaces – the more fracture sets 

present, the more likely a rock block will occur. 

 

Shear fractures are characterised by displacements parallel to the fracture walls.  If such 

fractures have little displacement, they can be termed joints; otherwise, they are termed 

faults. Fracture parallel displacements tend to remove asperities on the fracture walls 

resulting in them generally being less cohesive than tensile fractures. 

 
2.1.4 Shear zones 

 

The expression of shear failure in rock can be varied. As discussed below, as the 

conditions under which deformation is occurring change from those appropriate for 

brittle deformation to those appropriate for ductile deformation, so the shear 

deformation becomes progressively less localised and is represented by a zone of shear 

deformation (a shear zone – Figure 2-1 (d) and (e)) rather than a discrete shear plane – 

Figure 2-1 (c). However, even under purely brittle deformation conditions, discrete 

shear fractures often form close to and sub-parallel to each other to form a zone of shear 

deformation which can divide and join to form a sub-planar band of shear deformation 

which can contain lenses of relatively undeformed rock adjacent to their highly sheared 

equivalents.  This is the typical geometry of natural faults and such structures can 

justifiably be classed as a shear zone.  The formation of different rock textures during 

the development of fault products is discussed in Section 2.1.6. 

 

Brittle Shear Zones 

 

In addition to the formation of the brittle shear zone of the type described 

above, another form also occurs commonly in rock masses.  Here the 

orientations of the zones are the same as for the discrete shear fracturing 

shown in Fig 2-1 (c), and for the zone of shear formation described 

above, but they differ in that the second order fractures developing within 

them are tensile rather than shear, Figure 2-1 (d).   

 

Because these shear zones develop under relatively ductile conditions 

compared to the discrete formation of Figure 2-1 (b) and (c), the second 

order tensile fractures often fill with minerals such as quartz to produce 

the en echelon quartz tension gashes or veins which can be used as 

kinematic indicators to determine the sense of movement across the shear zone.   

 

It can be seen from Figure 2-1 (d) that the tension gashes form parallel to the maximum 

compressive stress but that, once formed, they begin to rotate as shear deformation 

builds up along the shear zone.  The result is that the central part of the vein is inclined 

to σ1 and the younger vein tips are parallel to it. This results in the sigmoidal shape 

which characterises many natural examples of en echelon tension veins. 
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Ductile Shear Zones  

 

As the deformation conditions become progressively more conducive to 

ductile deformation, so the shear zones cease to form brittle structures 

within them and instead produce a ductile flattening fabric which forms 

normal to the maximum principal compression stress σ1, Figure 2-1 (e). 

With continued deformation, the fabric begins to rotate. However, the 

later-formed fabric, which forms at the edge of the shear zone as it 

develops and widens, continues to form normal to σ1.  The result is a 

sigmoidally curved shear fabric which, like the en echelon tension 

gashes, can be used as a kinematic indicator to determine the direction 

and sense of shear across the zone. 

 

As their name implies, ‗ductile shear zones‘ do not involve brittle deformation and, 

although shear displacements occur across the shear zone, continuity is not lost.  

However, the local formation of a shear fabric within the shear zone is likely to alter the 

rock properties, such as strength and permeability, particularly if the deformation is 

sufficiently intense to cause the early formed parts of the induced fabric to rotate into 

parallelism with the shear zone. The shear zones are then likely to represent planar or 

sub-planar zones of weakness in the rock which may be exploited during subsequent 

episodes of brittle deformation when they act as sites along which brittle fractures can 

form with relative ease.  In addition, the shear-induced mechanical anisotropy within the 

shear zone may result in the shear zone becoming a zone of relatively high permeability.  

 
2.1.5 Shear zone networks 

 

The varied expression of localised shear failure, namely discrete conjugate shear 

fractures (Figure 2-1(c)), brittle shear zones (Figure 2-1 (d)) and ductile shear zones 

(Figure 2-1 (e)) often result in the formation of a network of highly deformed shear 

zones enclosing lenses of relatively undeformed rock.  These networks can occur on a 

variety of scales ranging from anastomosing shear zones enclosing undeformed lenses 

just a few centimetres in width to those where the undeformed blocks are several 

kilometres across.  The impact of the scale and geometry of such non-pervasive 

deformation as observed in tunnels and drillholes is considered in Section 5. 

 
2.1.6 Fault products  

 

Continued movement along discrete shear fractures and shear zones can produce a 

variety of rock fabrics and textures which are known collectively as ‗fault products‘.  

They include  

 fault breccia – angular to sub-angular rock clasts formed by the breakdown of 

the fracture walls,  

 crushed rock – a more developed form of breccia in which the clasts have been 

broken down into smaller fragments and rock powder, and  

 fault gouge – the final product of this process in which the fault breccia has been 

reduced to fine powder. 
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Faults and fault zones are also likely to be characterised by slickensides and crystal 

fibres (features which indicate the direction and sense of slip along the fault) and 

various phases of mineralization reflecting the passage of mineralising fluids along the 

relatively permeable faults at different times.  The detailed features of the fault 

products, the orientation, sense of movement, type of slickenside and mineralization 

along the fault are all useful features that can be helpful when attempting to correlate 

fracture zones from one drillhole to another.  

 
2.1.7 Deformed intact rock with a pervasive fabric 

 

The  highly localised brittle deformation represented by the discrete 

fractures shown in Figure 2-1 (b) and (c) stand in marked contrast to 

the pervasive ductile fabric in Figure 2-1 (f) which characterises the 

opposite end of the total spectrum shown in Figure 2-1. It is interesting 

to note that all other structures that form in the rock (Figure 2-1 (b) to 

(e)) change the rock from its original homogeneous state into one 

which is inhomogeneous.  Conversely, the formation of a pervasive 

ductile fabric does not affect the rock‘s homogeneity.  However, the 

deformation does generate an important mechanical anisotropy in the 

rock and, as illustrated in Section 3, when other structures are 

superimposed onto this fabric as a result of multiple deformations, the anisotropy can 

influence both the orientation and expression of the later structures. 

 
2.1.8 Other fracture structures 

 

In addition to the shear zones discussed above which can be linked to the structures 

shown in Figure 2-1 (c) to (e), it is also possible to generate fracture zones during the 

formation of tensile fractures (see Section 2.1.2).  In many natural examples of tensile 

fracturing, the fractures form sets in which the fractures are fairly uniformly spaced – 

and there are sound mechanical reasons why this distribution should occur, particularly 

when the fractures form in layered strata.   

 

However, non-uniform distributions of tensile fractures are also observed and 

concentrations of these fractures are termed ‗fracture clusters‘ or ‗fracture corridors‘.  

As noted in Section 2.1.2 and illustrated in Figure 2-2, the reason for these different 

fracture distributions relates to the rock properties and in particular to the stress 

concentration at fracture tips. 
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3 MULTIPLE DEFORMATIONAL SEQUENCES  
 

In the previous Section, the suite of tectonically-induced structures that can form in a 

homogeneous and isotropic block of rock as the result of a single episode of 

deformation is illustrated in Figure 2-1. However, in many geological settings, 

particularly in ancient Pre-Cambrian shields, such as the Scandinavian craton in which 

the proposed repository site is to be located, the rocks have been subjected to a number 

of tectonic events, each of which may have generated structures of the type illustrated in 

Figure 2-1. It is therefore appropriate to consider the effect of the superposition of two 

or more of these structures on the internal geometry of the rock mass in order to 

understand and predict the consequential rock mechanics properties, Figure 3-1.  In this 

Section, we systematically consider the superposition of a new structure on the pre-

existing structures shown in Figure 2-1 and examine the resulting composite structures. 

Multiple episodes can then be studied as an extension of the binary permutations 

described here. 

 
 

Figure 3-1. In a multiple deformational sequence, any of the previously deformed states 

shown in Figure 2-1 can act as the new ‘protolith’ for subsequent deformational events. 
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Three specific examples of the superposition of such structures are considered in the 

following Sections, 3.1-3.3. They are the results of the superposition of:  

 a ductile deformation on a ductile deformation, 

 a brittle deformation on a pervasive ductile deformation, and  

 a brittle deformation on a localised ductile deformation.  

These three examples are now briefly discussed.  

 

3.1 Ductile deformation superimposed on ductile deformation  
 

If a ductile deformation is superimposed on a rock and if the result is the formation of a 

pervasive ductile fabric, then any previous structure (whether brittle or ductile) will be 

obliterated and the rock will exhibit a uniform ductile fabric.  If, as in the example 

shown in Figure 3-2, there is a previous pervasive ductile fabric, then there are two 

types of response.  

 

 The first is the formation of a new pervasive fabric. This can occur either by the 

enhancement of the pre-existing fabric if the orientation of the stresses are the same 

for the two deformations (Figure 3-2a) or by the obliteration of the early fabric and 

the generation of a new fabric in a different orientation if the stress orientations for 

the two deformations are different.  

 The second response to a second ductile deformation is the formation of a localized, 

rather than a pervasive, ductile deformation (Figure 3-2b).  

 
 

Figure 3-2. Superposition of a further ductile deformation on a previous pervasive 

ductile fabric.  
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The expression of this type of deformation is determined by the orientation of the 

applied stress with respect to the early ductile fabric and the magnitude of the pre-

existing anisotropy. If the anisotropy is high and the stress orientations for the first and 

second deformation are the same, then conjugate ‗normal kink bands‘ will form (Figure 

3-2 (b)).  

 

It is pointed out in passing that two fundamentally different types of shear zones are 

found in rocks (Price & Cosgrove 1990).  

 

 One relates to the formation of brittle shear fractures and is related to the 

classical Andersonian fault formation (Anderson 1942).  Their orientation is 

described by the Navier-Coulomb criterion of shear failure and they form as 

conjugate sets inclined at approximately 30°, as (45° – /2), to the maximum 

principal stress where  is the angle of friction. The three structures shown in 

Figure 2-1 (c), (d) and (e) are shear zones of this type.  

 The other type of shear zone relates to the formation of conjugate normal kink 

bands which develop when an anisotropic rock is compressed normal to a planar 

fabric (Figure 3-2 (b)). These structures form at angles greater than 45° to the 

maximum principal stress. 

 

 

3.2 Brittle deformation superimposed on pervasive ductile deformation  
 

The superposition of brittle deformation on ductile deformation is illustrated in Figure 

3-3 which shows two cases of the orientation of the maximum principal stress with 

respect to the pre-existing pervasive ductile deformation, perpendicular in the left-hand 

case and at an angle in the right-hand case. When the pre-existing pervasive ductile 

deformation is perpendicular to the major applied stress, either tensile or shear fractures 

can be formed depending on the magnitude of the differential stress ( 1 - 3). 

Conversely, in the right-hand case in Figure 3-3, complete block shear deformation can 

occur with the possibility of slip along the ductile planar anisotropy. 
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Figure 3-3. The possible consequences of the superposition of brittle failure on a 

pervasive ductile fabric. 

 

Thus, which of these modes of deformation occurs is controlled primarily by the 

orientation of the stress with respect to the ductile fabric or foliation. The two potential 

failure modes, i.e. the formation of new fractures or re-shear on the existing fabric, are 

shown via Figure 3-4.  
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Figure 3-4. The influence of the orientation of a pervasive ductile planar fabric (or 

foliation or discontinuity) on the rock strength and potential for shear along the ductile 

fabric which occurs in the region indicated by the ‘U’ in the failure locus. 
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When the pre-existing pervasive deformation, or foliation, is sub-perpendicular to the 

applied major principal stress, i.e. the left portion of the ‗failure locus‘ in Figure 3-4, the 

rock strength is higher and, when further deformation does occur, it is in the form of 

new brittle factures traversing the foliation (left hand diagram in Figure 3-3). However, 

as the pre-existing pervasive deformation becomes progressively more inclined to the 

principal compressive stress, shear along the ductile fabric occurs, resulting in the ‗U‘ 

locus in Figure 3-4.  

 

However, due to the idiosyncrasies of the pre-existing pervasive deformation, and the 

fact that the superimposed deformation is a progressive event, the consequential 

deformation may not result in a clearly defined geometry, as is illustrated by the results 

of the computer model of the microstructural breakdown shown in Figure 3-5. In this 

example, the pre-existing pervasive fabric is at 45°, with both axial splitting (tensile 

failure) and composite shear failure developing. 

 

 

 

 

           
 

 

 

 

Figure 3-5. The influence of foliation on the rock matrix microstructural failure during 

loading (in the direction of the long axis of the specimen) using the RFPA numerical 

code. 
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3.3 Brittle deformation superimposed on localised ductile deformation  
 

The superposition of brittle structures (tensile and shear fractures, Figure 2-1 (b) & (c)) 

on localised ductile deformation structures Figure 2-1 (e)) is shown in Figure 3-6. As 

with the previous pervasive ductile deformation examples, brittle structures may 

develop independently of the localised ductile structures; alternatively, their location 

and orientation may be controlled by them.  

 

The initial ductile shear zones are localised planar zones of deformation in which a 

ductile fabric has developed. These zones will have different properties to the unsheared 

country rock: the ductile shear zones are likely to be weaker and therefore can act as 

sites where later brittle deformation will preferentially occur. They may also have a 

higher permeability than the surrounding rock with the result that fluids selectively 

migrate along them leading to alteration of the rock and a further reduction in strength.  

 

Thus, if the ductile shear zones are not weaker than the surrounding rock or if they are 

not advantageously oriented with respect to the stress field linked to the brittle 

deformation, then the formation, location and orientation of the brittle structures will 

not be influenced by them, Figure 3-6 (a) and (b). Alternatively, if these shear zones are 

appropriately oriented with respect to the stress field generating the brittle deformation, 

then it is likely that brittle failure will occur along them, Figure 3-6 (c). 

 

 

 
                                           (a)                       (b)                        (c) 

 

Figure 3-6. Superposition of brittle deformation on localized ductile deformation. 
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3.4 Sequence of deformational events  
 

The examples of superimposed deformation modes illustrated and discussed in Sections 

3.1 to 3.3 are just three examples of a complete range of possible superpositions of two 

of the individual structures shown in Figure 2-1 (b)–(f).  The complete range of such 

possible double superpositions is illustrated in the interaction matrix in Figure 3-7.   

 

Note the five deformation modes in the boxes along the leading diagonal (from top left 

to bottom right) in Figure 3-7.  All possibilities of one deformation mode superimposed 

on another are then illustrated in the 20 off-diagonal boxes. For example, the 

consequence of tensile fracturing being superimposed on shear fracturing is shown in 

Box (1,2), i.e. Row 1, Column 2. Conversely, the consequence of shear fracturing being 

superimposed on tensile fracturing is shown in the complementary off-diagonal box 

(2,1), i.e. Row 2, Column 1 – and this same matrix component locational principle is 

applied to all the other deformation mode superimpositions. 

 

The specific deformation overlays discussed in Sections 3.1 to 3.3 can be located in this 

diagram. For example, brittle deformation (Figure 2-1 (b) tensile and (c) shear) 

superimposed on a pervasive ductile deformation (Figure 2-1 (f)) is illustrated in Row 1 

Column 5 and Row 2 Column 5, i.e. in Boxes (1,5) and (2,5) respectively.  Similarly, 

the superposition of brittle deformation (Figure 2-1 (b) tensile and (c) shear) on 

localised ductile deformation (Figure 2-1 (d)) is shown in Boxes (1,4) and (2,4) 

respectively.   

 

Note that the superposition of ductile deformation (Figure 2-1 (e)) on a pervasive 

ductile deformation (Figure 2-1 (f)) represented by Box (4,5) requires special 

consideration because, if the imposed deformation results in a pervasive ductile fabric, 

then any previous structures will be obliterated because the mineral constituents of the 

rock recrystallise in response to the later deformation.  The orientation of the new fabric 

is then controlled totally by the new orientation of the associated stress field with the 

fabric forming normal to the maximum compressive stress, 1.  
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Figure 3-7. Interaction matrix illustrating possible deformational overlay sequences 

consisting of two deformational events.  The leading diagonal terms (top left to bottom 

right) are the individual deformational modes illustrated in Figure 2-1. The off-

diagonal terms indicate the superposition of one mode in the leading diagonal on 

another mode in the leading diagonal – following the clockwise direction of the arrows.   

 

 

The Figure 3-7 matrix diagram considers just one deformation event superimposed on 

one other and assumes that the stress orientations in both cases are the same, i.e. with 1 

acting from top to bottom of the page and 3 acting across the page. In many rocks, 

particularly ancient Pre-Cambrian cratons such as the Scandinavian shield which 

contains the Olkiluoto repository site, many episodes of ductile and brittle deformation 

have affected the rock, and in general the stress orientations linked to the different 

events are unrelated and therefore are likely to have been different and had different 
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magnitudes. Such a change in the orientation of 1 would result in more complex 

deformation patterns than those shown in Figure 3-7. 

 

In addition, and in terms of the compilation of the matrix in Figure 3-7, it has been 

assumed for the purposes of illustration that the later structures have been superimposed 

passively on the earlier structures.  However, this assumption is also over-simplistic 

because the formation of the earlier structure destroys the homogeneous and isotropic 

properties of the protolith and generates a mechanically heterogeneous and often 

anisotropic rock mass. The possibility therefore arises that the early structures will not 

behave passively during subsequent deformation and may influence the orientation and 

location of any superimposed structure and can even result in the formation of new 

types of structures not illustrated in Figure 2-1, such as conjugate normal kink bands, 

shown in Figure 3.2 (b).  If a pervasive ductile fabric is compressed parallel to the fabric 

and if the pressure and temperature conditions are appropriate, folds can form. 

 

However, the graphical overview provided by the interaction matrix is helpful in 

considering the wide range of structures generated by superposition of the 

deformational modes illustrated in Figure 2-1. Similar matrices could be generated for 

considering more complex multiple superpositions according to other user 

requirements. An understanding of this potential complexity leads to a deeper 

understanding of the likely distribution of deformational features within the Olkiluoto 

rock mass and hence provides a clearer appreciation of how these deformational 

structures are likely to impact on the rock mechanics properties of the rock mass. 
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4 THE GEOLOGICAL CONDITIONS AT OLKILUOTO 
 

4.1 Geological history of the Olkiluoto site 
 

Having considered the spectrum of ductile and brittle deformation features likely to 

develop in rocks subjected to one or more episodes of tectonic deformation, it is 

necessary now to consider the geological evolution of the Olkiluoto site and the types of 

structures developed there. The geological model is built up from four sub-models 

(Paananen et al. 2006) based on the geological evolution which encompass the rock 

composition and structural history: 

 

 the lithological model 

 the ductile defomation model 

 the brittle deformation model, and 

 the alteration model. 

 

These are essentially chronological as listed above indicating the rock types and then 

the sequence of ductile and brittle deformational modes followed by alteration 

processes. The resulting composite geological model provides the basis for modelling 

the rock mechanics processes (and hydrogeology and hydrogeochemistry processes) at 

the Olkiluoto repository site. Note that a useful literature compilation has been prepared 

by Milnes (2006) titled ―Understanding Brittle Deformation at the Olkiluoto Site‖. The 

regional aspects of the geological setting are presented in the seminal book edited by 

Lehtinen et al. (2005). 

 
4.1.1 Lithologies 

 

Based on the lithology, the rocks at Olkiluoto have been divided into two main classes. 

 

1. Metamorphic rocks – which include high grade migmatitic gneisses, 

homogeneous tonalitic-granodioritic-granitic gneisses, mica gneisses, 

quartzitic gneisses and mafic gneisses. 

2. Igneous rocks – which include pegmatitic granites and metadiabase dykes. 

 

The rock lithologies and their distribution at Olkiluoto are well described by the 

geological model (Paananen et al. 2006). The textural and structural end members in the 

metamorphic rocks are shown in schematic form in Figure 4-1 and illustrated by the 

photographs in Figure 4-2. The percentage proportions of the different metamorphic and 

igneous rock types comprising the rock mass at the study area are given in Table 4-1. 
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Figure 4-1. Textural and structural end members in the migmatitic-gneiss system of 

Olkiluoto (Kärki & Paulamäki 2006; Paulamäki et al. 2006).  

 

  
(a) (b) 

  
(c) (d) 

 

Figure 4-2. a) veined gneiss, b) stromatic gneiss, c) & d) diatexitic gneiss. Photos by 

Seppo Paulamäki, Geological Survey of Finland. 
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Table 4-1. Percentage proportion of the different rock types comprising the rock mass 

at the Olkiluoto site, from Paulamäki et al. 2006. (Note: some of the geological terms in 

this Table are briefly explained in the square brackets for the benefit of non-geologists.) 
 

Metamorphic rocks 
Homogeneous gneisses 

Mica gneisses (MGN),  7% 

Mafic [quartz poor] gneisses (MFGN), 1% 

Quartzitic gneisses (QGN),  1% 

Tonalitic-granodioritic-granitic gneisses (TGG), 

(formerly grey gneisses) 8%  

 

Migmatites 

Stromatic [layered] gneisses (SGN),  

(formerly dyke migmatites)  0.4%  

Veined gneisses (VGN) (formerly vein migmatites)  40%  

Diatexitic [partially melted] gneisses (DGN) 

(formerly mica gneiss migmatites) 21% 

Igneous rocks  
Pegmatitic [coarse-grained] granites 20% 

 

 
4.1.2 Ductile deformation history 

 

Structural analysis of the rocks at Olkiluoto indicates that they have been subjected to at 

least five episodes of ductile deformation. The most important deformation, D2, is 

characterised by intense thrust-related folding and a regionally persistent foliation, 

Figure 4-3, which dips gently to the south-east, Figure 4-4.  It is the result of ductile 

deformation caused by a non-hydrostatic stress field operating under conditions of 

relatively high temperature and pressure (cf. Figure 2-1(f)). There is a complete fabric 

gradation from fine-grained slates through phyllites and schists to coarse-grained 

foliated gneisses, reflecting both the original rock type and the metamorphic conditions 

under which the deformation occurred.  

 

 

 
 

Figure 4-3. Strongly foliated sample of Olkiluoto rock from drillhole OL-KR7, 5.55 m 

(from Milnes et al. 2006). 

 

 

c) 
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                              (a)                                                                  (b) 

 

Figure 4-4. (a) Orientation of the foliation at Olkiluoto as determined from drillhole 

images/cores in drillholes OL-KR1 –OL-KR33, 9600 individual measurements. (b) 

Fault plane orientations measured from the same samples/holes (N = 1655, lower 

hemisphere equal area projections), from Paananen et al. 2006). 

 

In fact, the foliation at Olkiluoto has been the subject of a special study (Milnes et al. 

2006) and the core logging now includes foliation measurements. The overall 

orientation of the foliation is dipping to the SE at the Olkiluoto site, as is illustrated in 

Figure 4-4 (a).  

 

It is important to note that this foliation has a first order effect on the subsequent 

formation and orientation of the less pervasive planar deformational features that 

characterise the Olkiluoto site, see Figure 4-4 (b).  Although this foliation has been 

locally re-orientated by later ductile deformation events, it remains the most important 

ductile structure. 

 

In addition to planar fabrics, foliated rock frequently contains an element of linear 

fabrics, the formation of planar and linear features in a rock being related directly to the 

relative magnitude of the principal stresses generating the fabrics. The formation of a 

pure planar fabric is associated with equal intermediate and least principal stresses. This 

gives rise to a flattening deformation, as illustrated in Figure 4-5 a) to c). In contrast, the 

formation of a purely linear fabric is associated with equal intermediate and maximum 

principal stresses. This gives rise to a constrictional deformation and is illustrated in 

Figure 4-5 d) to f).   
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Figure 4-5. The effect of pure flattening deformation represented by a) (note: stippled 

volume  is the undeformed cube; unshaded the deformed cube) on an originally random 

distribution of b) platey minerals and c) needle shaped minerals. b) and c) are planar 

fabrics. d) represents a constrictional deformation and its effect on an originally 

random distribution of e) platey minerals and f) needle-shaped minerals, both of which 

are linear fabrics. 

 

In general, the stress regime falls somewhere between the two end members in Figure 

4 - 5 and the resulting rock fabric has elements of both planar and linear features, Figure 

4 - 6. 

 
 

Figure 4-6. A slatey cleavage representing a marked planar fabric containing a strong 

mineral lineation. Other lineations include cleavage-bedding intersection lineation 

(cl/b) and cleavage-joint intersection lineation (cl/j). 
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4.1.3 Brittle deformation history and kinematic indicators 

 

Because of the potential impact of brittle structures (fractures, fracture zones, etc.) on 

the stability and integrity of the planned repository, the brittle deformation that 

characterises the area at Olkiluoto has been studied in some detail. Based on the 

statistical analysis of orientation and sense-of-shear data, faults and fault zones have 

been divided into three main groups. The slip directions on these faults are plotted on 

the stereo-projections shown in Figure 4-7.  

 

The most apparent feature illustrated in Figure 4-7 is the important effect of the ductile 

foliation on the orientation of the later brittle structures.  Several of the fault groups are 

parallel to the foliation which dips gently towards the south-east and differ from each 

other only in the direction and sense of slip. Note that the dominant slip vector is 

parallel to the dip of the foliation (indicating dip-slip faulting), and the second and third 

most dominant slip vectors are parallel to the strike of the foliation (indicating strike-

slip faulting). The remaining slips are sub-parallel to the foliation plane – i.e. all are 

intimately influenced by the foliation orientation. These observations highlight the 

importance of pre-existing planar structures in controlling the orientation of subsequent 

shear failure, as already discussed in Section 3-2 and illustrated in Figures 3-3 and 3-4. 

 

 

 
                                  (a)                              (b) 

 

Figure 4-7. a) Stereogram showing fault slip directions (separation vector) measured 

from drill core samples OL-KR1 – 33 (N = 1655, lower hemisphere equal area 

projection). b) Generalized stereogram showing fault slip directions and three 

directional maxima (N = 1655, lower hemisphere equal area projection), from 

Paananen et al. 2006).  
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4.1.4 Alteration 

 

It is known that alteration effects can have a significant influence on the mechanical 

properties of the brittle deformation zones, although this has not yet been evident at 

Olkiluoto from the mechanical tests conducted to date. However, we have included this 

brief review of the three different modes of alteration that can be identified in the rocks 

at Olkiluoto. These are linked to three separate events, viz. a retrograde phase of 

metamorphism, hydrothermal alteration and surface weathering.  These alterations may 

take place either as large scale regional alterations or as a more local intense alteration.  

The alteration in the Olkiluoto area belongs to the latter type. Both influence the 

chemical composition and mineralogy of the altered rock and have an impact not only 

on the physical properties of the rock mass as a whole but also on the deformation zones 

along which alteration is often localised.   

 

Retrograde metamorphism 

 

Alterations linked to retrograde metamorphism affected the rocks at Olkiluoto ca. 1900-

1800 Ma ago. Temperatures were higher than during the later hydrothermal alteration 

and the main alterations were sericitisation and saussuritisation of the feldspars to form 

clay minerals and chloritisation and pinilisation of the mafic minerals. These alterations, 

although relatively pervasive in the Olkiluoto area, are not too intense and, unlike 

hydrothermal alteration, are not considered to be important in influencing the long-term 

safety of the repository. 

 

Hydrothermal alteration 

 

In the Olkiluoto region, the hydrothermal alteration is more localised than that linked to 

retrograde metamorphism.  It is thought to be related to the intrusion of the Rapakivi 

granites which occurred 1580-1570 Ma ago. The alterations took place over a 

temperature range of 50-300ºC and the products include iron sulphides (pyrrohtite, and 

pyrite), clay minerals (illites, smectites and kaolinites) and calcite. 

 

This type of alteration superimposed on the brittle deformation features, which already 

weaken the rock considerably, further deleteriously affects the mechanical properties, 

often significantly, because clay acts as a lubricant on the fracture surfaces. 

 

Weathering effects 

 

Surface weathering is the most recent of the alteration processes at Olkiluoto. It is the 

result of temperature changes and corrosion by meteoric waters and atmospheric 

oxygen.  It is particularly prevalent in areas of strong hydrothermal alterations and is 

often, like the hydrothermal alteration, localised along various types of planar 

deformation zones.  As is noted above, hydrothermal alteration and surface weathering 

are the two most important alteration processes at Olkiluoto. They can have a first order 

effect on the mechanical properties of planar and sub-planar deformation zones because 

these zones generally have a higher transmissivity than the surrounding country rock 

and may have acted as pathways along which hydrothermal and weathering fluids have 

repeatedly migrated.  Thus, deformation zones, being planar zones of weakness within 
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the rock mass, may become further weakened by the mineralogical changes which occur 

along them, linked to the hydrothermal and weathering processes. 

 

It follows that an understanding firstly of the mechanical principles that give rise to the 

deformation zones and secondly of the chemistry that is associated with the alteration 

that has occurred along them represents important first steps in attempting to determine 

the impact of these structures on the bulk and local rock mechanics properties of the 

bedrock at the repository site. 

 

The three main alteration types found in the Olkiluoto area are kaolinisation, 

sulphidisation and illitisation, and their expressions as seen in cores are shown in 

Figures 4-8, 4-9 and 4-10, respectively. 
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(a) 

 

 
 

(b) 

 
(c) 

 

Figure 4-8. a) Strong pervasive kaolinisation, KR4, ca. 525 m. b) Fracture-controlled 

kaolinite. OL-KR24, ca. 32 m. c) Advanced kaolinisation in drill core sample from OL-

KR24. The red circle surrounds a typical cluster of white kaolinised feldspars. (from 

Paananen et al. 2006). 
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(a) 

 

 
 

(b) 

 

Figure 4-9. Sulphidisation (a) Silicification and breccia-type pyrite in sheared mica 

gneiss, OL-KR22, ca. 390 m. (b) Silicification and mobilized pyrrhotite and pyrite 

forming breccia and veins, OL-KR24, ca. 240 m. (from Paananen et al. 2006). 
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                           (a)                                                                   (b) 

 

Figure 4-10. Illitisation (a) Slickensided illite, OL-KR4, ca.760 m. (b) Strong pervasive 

illitisation, OL-KR1, 526.20 m.  

 

 

4.2 Posiva’s classification of the deformation zones 
 

Posiva have used five classes for the deformation zones contained in the host geology 

just described (see Appendix 1 in Paulamäki et al. 2006) as follows. 

 

 BJ = (brittle) joint zone 

 BF = (brittle) fault zone 

 SF = semi-brittle zone  

 DS = low grade ductile zone  

 HG = high grade ductile zone 

 

These relate to the main modes of structural deformation in a rock mass as used in the 

current report and as illustrated in Figure 2-1 (b) – BJ, (c) – BF, (d) – SF, (e) – DS & 

HG. Thus, Posiva‘s nomeclature can be directly related to the deformational modes in 

this report as derived from first principles and as highlighted in Figs. 2-1 and the matrix 

in Figure 3-7. 

 

The direct evidence of the brittle deformation zones is through their intersection in the 

site investigation drillholes and in the ONKALO ramp.  Posiva have classified these 

intersections into four main types as shown in Table 4-1. 
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Table 4-1. Classification of the four main types of deformation zone intersections in 

drillholes and the ONKALO ramp. 

 

Intersection shows intensive post-migmatitic/post-magmatic deformation (i.e. deformation 

which is lacking in the wall rocks on either side of the zone) 

Designation: Deformation zone intersection 

Intersection shows cohesionless or low-cohesive deformation products: gouge, breccia, 

fractured rock and their partially mineralized equivalents 

Designation: Brittle deformation zone intersection (BDI ) (often called ―fracture zone‖or ―  

R-structure‖) 

Brittle Joint cluster intersection (BJI ) Intersection shows no clear signs of lateral movement 

Brittle fault zone intersection (BFI) Intersection shows clear signs of lateral movement 

Intersection shows cohesive deformation products: cataclasites,  peseudotachylite, welded crush 

rocks, etc. (all typically massive and structureless) 

Designation: Semi-brittle fault zone intersection (SFI)  

Intersection shows cohesive deformation products: mylonites, phyllonites, etc. (typically 

strongly foliated) 

Designation: Ductile shear zone intersection (DSI)  

Additionally: Composite deformation zones (informal name) Treat as BDI  +/- SFI +/- 

DSI zone, each component to be described separately 

 

 

We will present examples of these different types of deformation zone intersections in 

Section 6 but first it is important to bear in mind the effects of the sampling method 

(orientation and size of drillholes and tunnel) on the expression of the observed features, 

as discussed in Section 5. 

 

   



37 

5 ENCOUNTERING THE DEFORMATIONAL STRUCTURES IN 
DRILLHOLES OR A TUNNEL CONSIDERING THEIR RELATIVE 
SCALES  

 

 

5.1 Introduction 
 

We have already discussed the suite of individual deformational structures that can 

occur in principle and the consequences of superposition of these structures, followed 

by a review of the geological setting at Olkiluoto and the geological classification of 

deformational structures used by Posiva. In this Section, we discuss the effect of 

location, orientation and scale on the observations of the structures – with notes on the 

associated excavation stability. In the next Section, we discuss specific brittle zone 

intersections in the drillholes and ONKALO tunnel.  

 

A series of schematic diagrams showing the various planar deformational structures and 

excavations of different sizes is shown in Figure 5-1.  It can be seen that, depending on 

the location, orientation and size of the excavations with respect to the structures, a 

variety of potential excavation effects and instabilities can arise, some of which are 

described in the following sub-sections.  
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Figure caption, see the next page. 
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Figure 5-1. Drillholes (small red circles) and tunnels with circular cross-section 

(larger black circles) intersecting the principal deformational structures.  Note that, 

depending on the relative scales, the excavation can occur in intact rock or be 

intersected by one or more fractures/structures. Also note that the very small box within 

the shear zone network box represents the individual shear zone box above, i.e. the 

shear zone network will be on a much larger scale than the individual shear zone. 

 
Possible problems 
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5.2 Intact rock 
 

 

 

The intact rock case is at the ‗continuous‘ end of the 

deformational suite of structures in Figure 2-1, Case (a), and is 

assumed to contain no discontinuities.  Accordingly, there is no 

major issue of scale when encountering the intact rock in a 

drillhole or tunnel, although a minor scale effect can occur with 

the elastic modulus and strength of intact rock decreasing with 

the size of the sample being considered. 

 

The intact rock may be anisotropic and inhomogeneous. The 

former can be established by considering the material properties 

as being directionally dependent and the latter can be 

accommodated by dividing the rock into domains within which 

the material properties are essentially constant. 

 

Rock failure occurs through high prevailing stresses concentrated around the excavation 

or rock block movement or a combination of both. In the case of intact rock, failure can 

only occur through the presence of high stresses.    

 

 

5.3 Discrete fractures 
 

 

 The discrete fractures may take the form of a single fracture, 

either an extensional fracture (joint)  or a shear fracture (fault), 

fracture sets, i.e. uniformly spaced or clustered fracture systems, 

either a set of extension fractures (Figure 5-1 (b)) or one set of 

shear fractures, or conjugate sets of fractures, Figure 5-1 (c). All 

can potentially contribute to excavation stability. The case of 

discrete factures (e.g. Figure 5-1 (b)) is the one most commonly 

addressed in rock mechanics analyses with reference to the 

formation of blocks that can fall or slide into the excavation, as 

illustrated in Figure 5-2 (a).   

 

The minimum number of faces that a rock block can have is four, i.e. a tetrahedral-

shaped block.  Given that one of these faces can be the excavation periphery, a 

minimum of three fractures at different orientations is then required to form a rock 

block.  Whether such a block can fall or slide into the excavation will depend inter alia 

on its geometry relative to the excavation.  Considerable research has been undertaken 

to predict the formation of such blocks as a function of the geometry and orientation of 

the fracture sets and the orientation of the excavations (e.g. Goodman & Shi 1985). The 

associated geometrical analyses allow consideration of the potential for block failure in 

a given rock mass for all tunnel orientations, see the example in Figure 5-2 (b).  
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(a) (b) 

 

Figure 5-2. The influence of discrete brittle fractures on excavation stability. a) 

Illustration of rock blocks that can form around a disposal tunnel and deposition hole 

for the KBS-3V disposal system (from Rautakorpi et al. 2003). b) Showing the 

kinematically feasible (falling and sliding) rock blocks for a specific rock mass with 

four joint sets and for a horizontal tunnel excavated at any azimuth direction (from 

Johansson et al. 2002).  

 

5.4 Individual shear zones 
 

 

 Under this heading, both brittle and ductile shear zones are 

included, as illustrated in Figure 2-1 (d) and (e) and as described 

in Section 2.1.4.  In this case, because the degree of strain 

localization is high, as with the discrete fractures discussed 

above, and depending on the spacing of the fractures, both the 

small and large excavations could be located completely in the 

intact rock.  If the excavation does intersect a shear zone then, 

as illustrated in Figure 5-1 (e) and (f), the smaller excavation 

could be totally within the shear zone – with consequent 

problems of potential instability.   

In the case of the larger excavation, the stability will depend on the orientation and 

location of the deformation structure intersection, i.e. whether it is in the roof, sidewall 

or floor of the excavation, and on the direction in which the shear zone is approached. 

For example, it is better for construction if the tunnel first intersects a gentle dipping 

zone in the floor (i.e. the zone is dipping towards the tunnel approach), rather than in the 

roof first (i.e. the zone is dipping away from the tunnel approach), because in the latter 

case the presence of the structure is not evident until it is first intersected in the roof – 

and there could be unexpected roof collapse.  
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5.5 Shear zone networks 
 

 

The influence of the scale of the excavation relative to the 

deformational feature is illustrated in Figure 5-1 (g) for the 

case of the shear zone network that was described in Section 

2.1.5.  In terms of stress failure, the scale will not significantly 

affect the likelihood of rock spalling due to excessive stresses.  

The scale affects whether the excavation is located entirely 

within the intact rock or the shear zone and the likelihood of 

block failure (i.e. a block formed by the shear zone boundaries 

and the excavation surface) – which does depend critically on 

the scale. In the case of the larger excavation, the probabilility 

of a kinematically admissible block is naturally much greater 

than for a drillhole. 

 

It is also possible that more than one of the separate features 

shown in Figs. 2-1 and 5-1 could occur together – in line with 

the interaction matrix possibilities illustrated in Figure 3-7. 

However, the structural stability (rock blocks falling or sliding) 

is directly dependent on the discontinuities within the rock 

mass, their geometry and mechanical properties, and the 

geometry of the excavation being considered.  Thus, for the 

engineering rock mechanics analysis of kinematic feasibility, it 

is only necessary to know these factors.  However, for more  

general mechanical analyses, cf. Figure 1-1, it is necessary to understand the nature of 

the specific deformational features. Note that the small box in the lower sketch to the 

left represents the upper box. 

 

5.6 Pervasive fabrics 
 

 

In the case of a sub-planar pervasive fabric, the scale of the 

excavation relative to the scale of the rock fabric is not likely to 

be significant.  However, the orientation of the excavation 

surface relative to the foliation orientation is important. When 

an excavation is made in a rock mass, the in situ stress is 

deflected around the excavation, with the maximum principal 

stress being parallel to the excavation boundary – see the white 

arrows in Figure 5-3 (a). If this stress component is large 

enough, the rock can fail. However, the strength of the rock is 

determined by the relative orientation of the excavation 

boundary stress and the rock fabric, as has been already  

illustrated in Figure 3-4, so that the conditions for rock failure vary around the opening. 

In the case of pervasive fabric, there is little scale effect, so long as the size of the fabric 

elements in the foliation is much smaller than the excavation dimensions. 
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Figure 5-3. The effect of the excavation intersecting a pervasive planar rock fabric, i.e. 

foliation, on the potential location of rock failure at the excavation periphery – which is 

a function of both the magnitude of the rock stress acting parallel to the excavation 

boundary and the orientation of the foliation relative to the excavation boundary, as 

indicated by the white arrows and the shading in the individual rock samples 

respectively.  

 

The influence of foliation on the engineering properties of the Olkiluoto rocks is 

discussed further in Milnes et al. 2006. 

 

  

5.7 Scale of observation of the deformational features 
 

The sketches presented of the suite of deformational structures in Figure 2-1 can be 

viewed at various scales: either at a scale where the complete geometry of the 

deformational structures is apparent, or at a scale where only a small portion of the 

process is evident.  This is shown in Figure 5-1 (e) & (f) for the individual shear zone 

cases.  For this case, a small sampled volume from the intersection region as via 

drillhole core (small red circle in the sketches) would display a pervasive foliation 

fabric; whereas the feature observed at a larger scale would be seen to be just one shear 

zone or part of a conjugate set of shear zones. Similarly, the scales of in situ observation 

of the deformational features are determined by the rock access, i.e. surface outcrops, 

drillholes and the Olkiluoto tunnel ramp.    

 

However, the first step is to identify which deformational feature has been intersected 

and then to establish its geometrical and mechanical properties.  We discuss this step in 

the next Section. 
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6 IDENTIFICATION OF AN INTERSECTED DEFORMATIONAL 
STRUCTURE 

 

6.1 Outline of the field identification task 
 

In the preceding Sections, a variety of tectonically-induced sub-planar structures that 

can form in a rock mass have been described.  These are summarized diagrammatically 

in Figure 2-1 which shows the structures to be part of a complete spectrum ranging from 

individual fractures representing extreme examples of strain localization through to a 

pervasive ductile flattening fabric which is the result of a perfectly uniform distribution 

of strain. All structures in this spectrum are likely to affect the rock mechanics 

properties of the rock sometimes in a way that may impact adversely on the 

construction of excavations within the rock mass.  It is therefore important to establish 

how these structures can be recognized so that the effects on any proposed excavation 

can be predicted. 

 

Structures can be identified either by 

 direct observation from outcrops at the surface, within tunnels and in drillholes 

and via cores,   

 remotely using aerial and satellite images to detect structures outcropping at the 

surface or  

 geophysical techniques to investigate their presence within the rock mass at 

depth.  

The ease with which the various structures can be recognized in outcrop relates directly 

to the relative size of the structure and the outcrop, tunnel or drillhole surface available 

for inspection.  The more localized the structure is, the smaller the outcrop needed to 

convincingly identify it.  Thus, a major diffuse shear zone would be more difficult to 

detect in a tunnel than localized fractures.  Having identified a structure in an outcrop, 

an additional factor needs to be considered: namely the extent of the structure, i.e. how 

far into the rock mass it continues.  

 

  
(a) (b) 

 

Figure 6-1. (a) Cleaned outcrop OL TK-11 above the ONKALO tunnel showing a fault 

(the trench in the left centre of the photograph) and (b) sketch of the fractures observed 

in the outcrop with the fault highlighted in red (from Mattila et al. 2007). 
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When there is a considerable outcrop area, as seen in Figure 6-1(a) and as available in 

site investigation trenches, and which enables a fracture map to be drawn, Figure 6-1(b), 

there is ample opportunity to study the fractures and other deformational features in 

detail, at least over the essentially two dimensional outcrop surface, and to identify their 

nature. However, the surfaces made available by drillhole surfaces, cores and tunnels 

are much more restrictive. 

 

It will have been seen from Figure 5-1, that, depending on the relative scales of 

excavation and deformational structure, some sub-planar structures will appear as 

discrete features in a drillhole or tunnel and others will not.  However, this problem is 

not one that necessarily concerns the rock mechanics characterization.  For example, a 

tunnel cutting a major ductile shear zone will penetrate a region where a pervasive 

ductile planar fabric exists in the rock.  This will be readily identified in the tunnel and 

although it may not be apparent that this is not a pervasive ductile fabric of the type 

shown in the last sketch of Figure 5-1, from the point of assessing its rock mechanics 

significance this is only of second order importance. 

 

It is clear from the discussion above that the more diffuse the structure is, the more 

difficult it is likely to be to identify within the relatively small exposed surfaces 

provided by drillholes and tunnels. However, the task of identification has been 

considerably facilitated at the Olkiluoto site because detailed studies of the ground 

surface outcrops have been made and the associated Olkiluoto and ONKALO 

geological models developed. Moreover, these models are continually being refined 

through the ONKALO Prediction-Outcome programme underway as part of the Site 

Description work (Andersson et al. 2007). The resulting 3-D geological models indicate 

the location and type of structures thought to occur and can be used to help predict the 

locations of intersections between deformational structures and engineered excavations 

and also help to identify the types of structures, both in general and at specific locations. 

 

The problem of  

 comprehensively identifying sub-planar deformational structures in drillholes and 

tunnels,  

 establishing correlation between two or more observations, and  

 determining the extent of the structures 

has been recognized as one of the major problems facing both geologists and rock 

mechanics engineers and has been the focus of an on-going study by SKB (Cosgrove et 

al. 2006). 

 

6.2 The expression of the different deformational structures in 
excavations 

 

Some of the problems relating to the recognition of the various brittle deformation 

zones when they are encountered in tunnels and drillholes are apparent in Figure 5.1 

where it can be seen that, depending on the relative scale of the underground excavation 

and the BDZ, a zone may appear as a discrete and localised fracture or a pervasive 

fracture set (see Section 5.7). Indeed the problem of correctly identifying BDZs in 

underground excavations is not a trivial one and the subject has been discussed 

extensively in Cosgrove et al. 2006.  
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The intact protolith (Figure 2-1 (a) and the pervasive ductile fabric (Figure 2-1 (f)) are 

ideally homogeneous and so excavations in these units will show no variations in their 

properties apart from local variations.  The discrete extensional and shear fractures 

(Figure 2-1 (b) and (c)) will be easily recognized on drillhole and tunnel walls and it 

may be possible to differentiate between the two on the basis of displacement. The 

displacements that characterize extensional fractures are dominantly perpendicular to 

the fracture surfaces and those for shear fractures are dominantly parallel to these 

surfaces. The displacement direction may be obtained from the displacements of 

markers within the rock, or, in the case of shear fractures from kinematic indicators such 

as slickensides and crystal fibres that form sub-parallel to the fracture.  Both extensional 

fractures (joints) and shear fractures (faults) may be either uniformly distributed 

(spaced) or may occur in clusters. Thus, depending on the size of the excavation with 

respect to the width of any fracture cluster, the fracture spacing may appear 

approximately uniform or clustered. 

 

The expression of shear zones, both ductile and brittle (Figure 2-1 (d) and (e)) in a 

drillhole or tunnel will also depend upon their relative scales.  Thus, the expression in 

an excavation may be that of a relatively uniform shear fabric characterized by the 

various second order structures associated with shear zones (en echelon tension gashes, 

shear zone fabrics, etc.) or intact rock punctuated with zones of intense shear fabric. 

 

In Table 6-1, we summarise the above comments in terms of the ease/difficulty of 

identifying the specific deformational structures in outcrops, drillholes and tunnels.  It 

should be noted that, following the sequence of structures as listed in the Table, which 

corresponds to the suite of features in Figure 2-1, the identification is 

easy difficult easy, a trend that has been foreshadowed by the bottom arrow of 

Figure 2-1 for the rock mechanics characterization capability. 

 

Other aspects of identifying the different deformational structures in drillholes and 

tunnels are the influence of the drillhole orientation relative to the particular structure 

and the scale of observation. These two aspects are discussed in the next Section. 
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Table 6-1. Ability to identify the specific deformational structures from outcrops, 

drillholes and tunnels. 

 
 

Deformational 
structure 

Ease/Difficulty of Identification              
 (easy, moderate, difficult) 

  
Comments 

Outcrops 
 

Drillholes 
 

Tunnels 

Undeformed intact 

rock 

Easy Easy Easy  

Extensional 

(tensile) fractures 

Easy Easy Easy Although it may be difficult to 

differentiate extensional and shear 

fractures 

Shear fractures Easy Easy Easy Although it may be difficult to 

differentiate extensional and shear 

fractures in the absence of 

kinematic indicators 

Brittle shear zones Moderate Difficult Moderate May contain en echelon tension 

gashes and Reidel* shears 

Ductile shear zones Moderate Difficult Moderate Will contain a shear zone fabric 

which may appear localised or may 

pervade the available exposure 

Pervasive ductile 

fabric 

Easy Easy Easy Assuming that the scale of the 

fabric components is small relative 

to the drillhole core 

* Riedel shears are slip surfaces that develop during the early stages of shearing, typically occurring en 

echelon at an angle between 10° and 30° to the direction of relative movement. 

 

 

6.3 The influence of location and orientation on the expression of brittle 
deformation zones in drillholes  

 

To highlight the issues of location and orientation of drillholes intersecting 

deformational features in identifying specific structures, in Figure 6-2 we use the first 

deformation zone intersected in the ONKALO tunnel to illustrate the points.  

 

The geological description of this structure as observed in the ONKALO is given as 

follows: 

―The BFI (Brittle Fault Intersection) at ONKALO chainage 3.00–3.25 m consists of 

multiple undulating slickensided fault planes. These planes have an approximate 

orientation of 74/114. The intersection is visible across the tunnel and has a trace length 

of approximately 15 m. The width of the zone varies from 5 cm to 2 m. Within the 

intersection, fault lenses are observed. The width of these lenses is up to 2 m. The fault 

crosscuts foliation. The greenish fault planes/fractures have chlorite- and graphite-

bearing slickensided surfaces. Lineation is strongly developed and has plunge/trend of 

22/030°. The senses of movement are: from above sinistral, from south dextral and from 

east dextral. The core comprises fault breccia, containing more than 50% of crushed 

rock (rock pieces 0.5–3 cm in diameter). The core also contains greenish, clay or silt 

fraction.‖ 

 

It can be seen from this description that the structure is identifiable as lying between 

structures (c) and (d) in Figure 2-1, i.e. between a shear fractures and a brittle shear 

zone.  The question then arises as to whether this identification could be made from a 
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drillhole intersection with this structure. In Figure 6-2, the problems associated with the 

influence of drillhole location (Figure 6-2 (a)) and orientation (Figure 6-2 (b)) on the 

observed structure are highlighted.  As is evident from these diagrams and the red lines 

(which indicate a variety of possible drillhole positions), the expression of the BFI 

(Table 4-1) in a drillhole will critically depend on the drillhole location and orientation.  

In some drillholes (e.g. Drillhole 1 in Figure 6-2 (a)), it will appear as a discrete fracture 

(possibly an extensional or shear fracture, i.e. structure (b) or (c) in Figure 2-1) or in 

another drillhole (e.g. Drillholes 2 and 3) as a relatively narrow or wide fracture zone, 

i.e. structure (d) in Figure 2-1.  In the extreme case, Drillhole 4, where the drillhole lies 

parallel to and within the BFI, the fracture zone will occupy the complete length of the 

drillhole – with the consequential implication for misidentification. 

 

  
(a) (b) 

 

Figure 6-2. (a) Influence of drillhole (shown in red) location and (b) drillhole 

orientation on the brittle deformation zone expression in a drillhole. Depending on both 

the location and orientation of the drillhole, the intersected expression of the zone will 

be different. 
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6.4 The expression of the different deformational structures in 
excavations and the effect of scale 

 

Moreover, and as discussed in Section 5, Figure 5-1, the expression of the 

deformational structure around an excavation also depends on their relative scales.  For 

example, in Figure 6-3, the translucent brown circles represent potential excavations of 

different sizes which can be compared not only to each other but also to the whole 

image which shows the intersection of the BFI on one side of the ONKALO ramp 

excavation. Small excavations (e.g. denoted 1 in the white square in Figure 6-3) would 

indicate an intact rock; Excavation 2 would reveal a few discrete fractures; Excavation 3 

a narrow brittle shear zone; and Excavation 4 a wide shear zone of unknown width. 

 

 
 

Figure 6-3. (a) Influence of the relative scales of the brittle deformation zone and the 

excavation on the expression of the observed features. 
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Although a circular excavation is used for the illustrations, the same principles apply for 

any shaped excavation.  However, it should be remembered that these illustrations are 

for the special case illustrated here and excavations will generally be at various 

orientations to the deformational features – resulting in other types of intersection 

possibilities.  
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7 EXAMPLE DEFORMATION ZONES INTERSECTED BY DRILLHOLES  
 

We now present specific example cases from the site investigation drillholes to illustrate 

the different types of deformation zones intersected in the Olkiluoto site investigation 

drillholes via their expression as seen in the drillhole cores. It is important to be able to 

recognise the different types of deformational features because they reflect the 

geological background which provides an essential basis for considering the approach to 

the rock mechanics characterization of the structures. 

 

Recall that earlier in this report, Table 4-1, we noted that a hierarchical classification of 

deformation zones has been developed for the Olkiluoto site comprising Brittle Joint 

Cluster Intersection (BJI), Brittle Fault Zone Intersection (BFI), Semi-Brittle Fault Zone 

Intersection (SFI), and Ductile Shear Zone Intersection (DSI). To illustrate such 

intersections, we now illustrate examples for each of these cases through photographs of 

the site investigation cores obtained at Olkiluoto. In the following photographs, the 

deformation zones are delineated by the two arrows on white paper.  If the arrows are 

absent, the photograph shows only a part of the total intersected deformation zone. 

 

Recalling also the discussion in the last Section concerning the influence of the drillhole 

location and orientation on the intersected expression of the deformational structures, 

note also that the drillhole and hence the drillhole cores intersect the deformation zones 

at both an arbitrary angle and arbitrary location – so the particular expression of the 

zone illustrated in the photographs is subject to the capriciousness illustrated in Figure 

6-2.  Each of the examples is described in the relevant figure caption. 

 

7.1 Brittle joint cluster intersection (BJI) 
 

In a Brittle Joint Cluster (see Item (b) in Figure 2-1), joints show no clear signs of 

movement parallel to their surfaces and no deformation products are generated (Figures 

7-1…7-4). 

 

 
  

Figure 7-1. BJI Example 1: A localised BJI. The rock contains old, welded, calcite 

bearing fractures which have been reactivated later. The intersection contains 20 joints 

(ca. 10 fractures/m). The fractures are randomly orientated. The rock in the intersection 

is evenly fractured. Most of the fractures show signs of water conductivity (kaolin 

infillings). Mechanical fracturing has occurred during the drilling. (Intersection 

reference: OL_KR19_BJI_15517_15698
*
) 

                                                 
*
 In this drillhole reference, the OL refers to Olkiluoto, KR19 to the drillhole number, 15517 and 15698 to 

the upper and lower limits of the intersection in centimeters. 
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Figure 7-2. BJI Example 2: A diffuse BJI occurring as a ‘wide’ fracture zone (20 m), 

relevant to the discussion on the impact of the relative scale of the deformation zone 

and excavation on the appearance of the deformation zone. (Intersection reference: 

OL_KR8_BJI_54200_56200_2) 

 

              
 

Figure 7-3. BJI Example 3: Heterogeneous distribution of deformation within the zone. 

The central part of the intersection is intensely crushed. These grey clay bearing 

fractures have acted as a water channel. Also, some mechanical fracturing has 

occurred during the drilling.  
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Figure 7-4. BJI Example 4: Influence of lithology on the BJI localization. Note that the 

BJI occurs at the boundary between two lithologies, i.e. between the pink pegmatite and 

the weaker dark micaceous gneiss, and within the weaker rock. (Intersection reference 

OL_KR33_BJI_11705_11743) 

 

 

7.2 Brittle fault zone intersection (BFI) 
 

In a Brittle Fault Zone (see Item (c) in Figure 2-1), fractures show clear signs of 

movement parallel to their surfaces.  Deformation products may include gouge and 

breccia (Figures 7.5…7-8). 
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Figure 7-5. BFI Example 1: Fairly evenly spaced fracturing within the BFI showing the 

effect of fabric intensity on fracture localisation and orientation. (Intersection 

reference: BFI_OL_KR22_04280-07315_2) 

 

 
 

Figure 7-6. BFI Example 2: A ‘clean-cut’ fault zone in which many of the fractures 

have slickensides and contain alteration products such as illite and kaolin. This zone 

contains 4 to 5 water-conductive fractures. (Intersection reference: 

BFI_OL_KR12_7375_8020B) 
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Figure 7-7. BFI Example 3: BFI within a veined migmatite which contains much 

graphite, thus accounting for the localization in this lithology. (Intersection reference: 

BFI_OL_KR11_62502_626) 

 

 

                  
 

Figure 7-8. BFI Example 4: A ductile shear zone has localised subsequent BFI 

fracturing, i.e. the discrete shear fractures have utilised the relatively weak zone – 

evident as the well developed background fabric. (Intersection reference: 

BFI_OL_KR7_40925_41010) 

 

7.3 Semi-brittle fault zone intersection (SFI)  
 

In a Semi-Brittle Fault Zone (see Item (d) in Figure 2-1), fractures show clear signs of 

movement parallel to their surfaces (Figure 7-9 and 7-10). The intersection shows 

cohesive deformation products: cataclasites, peseudotachylite, welded crushed rocks, 

etc. (all typically massive and structureless).  Note that the difference between a BFI 

and a SFI is illustrated by blocks (c) and (d) in Figure 2.1 – i.e. the SFI involves both 

brittle and ductile deformation. 
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Figure 7-9. SFI Example 1: Part of a 22 m core length intersection showing the 

juxtaposition of brittle deformation (fractures) and ductile (foliation) which 

characterises an SFI. (Intersection reference: SFI_OL_KR22_04335-06530_3) 

 

 

 
 

Figure 7-10. SFI: Example 2: Illustrating the effect of lithology on the intensity of the 

induced ductile deformation. The fracture orientation is strongly controlled by the 

foliation. (Intersection reference: SFI_OL_KR22B_815-2450_1) 
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7.4 Ductile shear zone intersection (DSI) 
 

Ductile shear zone intersections (see Item (e) in Figure 2-1), exhibit cohesive 

deformation products: e.g. mylonites which are produced by extreme granulation and 

shearing of rocks that have been pulverized and rolled during deformation and have 

typically strong foliation (Figures 7-11…7-13). 

 

          .  

 

Figure 7-11. DSI Example 1: Shows discordance in foliation between the interior and 

exterior of the DSI.  Note that the concordant fractures within the zone post-date the 

DSI formation.  

Note: this type of fracturing is suitable for estimating the bulk modulus via analytical 

methods as is discussed later. (Intersection reference: DSI_OL_KR6_20470_21666) 

 

 

 
 

Figure 7-12. DSI Example 2: Shows the localization of a DSI within a relatively weak 

lithology, the darker gneiss. (Intersection reference: DSI_OL_KR6_866_1690B) 
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Figure 7-13. DSI Example 3: Also shows the localization of a DSI within a relatively 

weak lithology, the darker gneiss but, unlike in Figure 7-12, there are significant 

variations of lithology within the DSI which are reflected in the variations of fabric 

intensity. (Intersection reference: DSI_OL_KR2_24485_26395) 

 

7.5 Discussion relating to the core photographs in Sections 7.1 to 7.4 
 

The photographs in Sections 7.1 – 7.4 illustrate the four main types of deformation zone 

and provide an indication not only of the variation between the different types but also 

that there can be significant differences in the expressions of the individual types. If all 

these deformation zones were to be mechanically characterised through a simple rock 

mechanics classification scheme, much information would be lost because the 

geological origin provides valuable information concerning the mechanical properties. 

 

However, in an attempt to identify the various types of deformation zone that are 

intersected by the drillholes and other excavations at Olkiluoto, these zones have been 

classified into the four main types already presented. This range of structures 

corresponds to part of the spectrum of structures shown in Figure 2.1 and reproduced in 

Figure 7-14, which indicates the change in expression of the deformation zones as the 

conditions under which deformation occurs change from brittle to ductile. 
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Figure 7-14. The expressions of the four deformation modes in a rock mass in the 

brittle to ductile spectrum and as illustrated in Sections 7.1 to 7.4. 

 

Part of the difficulty of explicitly identifying the four types of structures from a drillhole 

intersection arises because the zones are a part of a continuous spectrum.  Moreover, the 

difficulty of identifying the structures is further compounded when, as discussed in 

Section 6 with reference to Figures 6-1 to 6-3, it is recognised that their appearance is 

also affected by the drillhole location and orientation, and the relative sizes of the 

deformation zone and the excavation.  

 

However, being aware of both the geological modes and the influence of the sampling 

process can assist in avoiding misinterpretation and can significantly help in support for 

the rock mechanics characterisation. For example, the genesis of the deformation zones 

indicates the types of fracture surfaces present.   

 In the case of a Brittle Joint Cluster, the fractures are extensional and hence 

initially relatively clean, and can be well mated, but are not necessarily smooth.   

 In contrast, the fractures associated with a Brittle Fault are shear fractures, may 

have generated gouge, are unmated by definition and hence expression, and are 

characteristically smooth.   

 The Semi-Brittle Fault will have similar characteristics to the Brittle Fault but to 

a lesser extent because part of the deformation was achieved by ductile flow.   

 Finally, a Ductile Shear Zone will contain no originally formed discrete 

fractures, although they are likely to act as zones of relative weakness along 

which fractures associated with later deformation events may be localised. 

 

This concludes the Sections presenting the geological aspects of the brittle deformation 

zones and related structures. In the next Section, we discuss estimation of the 

mechanical properties of the brittle deformation zones bearing in mind their geological 

and sampled characteristics.  



62 

 



63 

8 APPROACHES TO ESTIMATING THE MECHANICAL PROPERTIES OF 
BRITTLE DEFORMATION ZONES 

 

In addition to the geometrical properties, the mechanical properties of the brittle 

deformation zones that are required to support rock mechanics computer analyses are 

the deformational elastic modulus, E, the Poisson‘s ratio, , the normal stiffness, kn, the 

shear stiffness, ks, the cohesion, c, and the angle of friction, .  There are six methods to 

estimate the mechanical properties of the brittle deformation zones, most of which are 

directed towards estimation of E and . 

 

 Direct measurement – using a pressuremeter in drillholes or a flatjack when 

there is underground man-access to pressurise the brittle deformation zone, the 

elastic modulus can be measured directly.  

 Indirect measurement – using, for example, the values of seismic wave velocity 

or electrical resistance across a brittle deformation zone, the elastic properties 

can be estimated from empirical correlation charts. 

 Rock mass classification – using a suite of parameters, a rock classification 

index value is obtained which then indicates the mechanical properties (usually 

the elastic modulus) via a chart compiled from empirical data. 

 Analytical formulae – knowing the fracture frequency and estimating the 

mechanical properties of the individual fracture components (which can be 

measured in the laboratory), the elastic properties can be calculated from 

analytical formulae. 

 Numerical modelling – this is similar to the analytical formulae method but the 

geometry of the brittle deformation zone is modelled on a computer using a 

discrete element program and then loading is simulated to establish the 

mechanical properties of the zone. 

 Back analysis – measurements are made of the brittle deformation zone‘s 

response to a proximate perturbation, usually excavation through or adjacent to 

the zone, and the properties of the zone determined using back analysis 

techniques. 

 

Brief descriptions of the methods are given in the next six Sections. 

 

 

8.1 Direct measurement 
 

The size of the brittle deformation zones precludes any representative sampling and 

subsequent laboratory tests, so the direct measurement must be made in situ. Even such 

in situ measurements are a problem because of the difficulty of locating a representative 

sample of the zone, gaining suitable access and handling the large equipment necessary 

to deform the zone so that the mechanical properties can be determined. Results of 

pressuremeter tests in vertical drillholes through fracture zones are shown in Figure 8-1. 
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Figure 8-1. Estimation of deformation modulus (ERM) of a fracture zone as a function of 

fracture frequency based on pressuremeter in situ measurements with the reference 

intact granite modulus as 60 MPa (from Johansson et al. 1991). 

 

The only direct measurement approach that has been used on a larger scale is the one 

pioneered by the Laboratório Nacional de Engenharia Civil in Lisbon, Portugal 

(Loureiro-Pinto 1986), for rock mass deformability determination in which 1 m wide 

flat jacks are placed in slots which are cut in the rock mass with a disc saw or by line 

drilling a series of drillholes. The in situ testing arrangement is shown in Figure 8-2. 

 

 
 

Figure 8-2. In situ measurement of rock mass deformability or, by extension, brittle 

deformation zone deformability, using the LNEC flatjack technique (from Loureiro-

Pinto 1986).  

 

http://www-ext.lnec.pt/LNEC/english.html
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Simultaneous tests are usually carried out in up to four co-planar, contiguous slots 

which accommodate flat jacks connected in parallel to the same pressurizing unit, which 

can be up to 20 MPa. The system has the advantage, common only to the back analysis 

method, that time-dependency tests can also be performed. Apart from the difficulty of 

conducting such in situ tests, the main problem in the present context is the location of a 

representative portion of the brittle deformation zone on the flatjack scale. 

 

8.2 Indirect measurement 
 

The mechanical properties of the brittle deformation zones can be estimated through 

correlation with other measurements which are easier to conduct than the direct 

measurement method just described. Although the measurement is indirect, and hence 

subject to the accuracy of the correlation used, this method has the major advantage that 

it opens up the estimation methods to include a variety of measurements that can be 

made on the brittle deformation zone scale, particularly seismic and electrical methods. 

 

The use of seismic data to estimate rock properties is a large subject but one that is 

comprehensively described in Barton 2007. There are many ways to measure the 

seismic properties of rock, ranging from the P-wave velocity on a small specimen, 

through hammer seismic measurements in a tunnel to seismic tomographic evaluation of 

a rock mass many cubic metres in volume – thus potentially providing a wealth of data 

from which the mechanical properties can be estimated. Figure 8-3, illustrates how the 

P-wave velocity, Vp, can be correlated with deformation modulus across a wide 

spectrum of rock qualities and depths 

 

 
 

Figure 8-3. Relation between P-wave velocity, rock classification index Q, depth, 

porosity and static deformation modulus, Emass (from Barton 2002). 
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Despite the advantages of the indirect seismic measurement approach, little work has 

been reported specifically on the estimation of the mechanical properties of brittle 

deformation zones, although work is on-going (Hudson & Liu 1999). However, the 

approach has much to commend it in terms of measurement speed, ability to measure in 

many directions, the variety of seismic parameters, and the existing data reduction 

programs. A report on ground penetrating radar experimental measurements (Sipola & 

Tarvainen 2007) in the ONKALO indicates that this method may assist in locating the 

brittle deformation zones and possibly in due course assist in their mechanical 

characterisation. Similarly, electrical methods may prove useful in the future (cf. 

Paananen et al. 2007). 

 

8.3 Rock mass classification 
 

Using this method, the Q value, for example, is determined from several drillhole cores 

obtained from the brittle deformation zone and the elastic modulus determined from an 

empirical correlation chart of the type illustrated in Table 8-1. Note also that the 

―empirical ratings such as Q and RMR can be used to identify, or confirm, the presence 

of deformation zones (minor and/or deterministic)‖ – see Section 4.3 in SKB 2006 and 

Section 4.5 where mechanical properties of the deformation zones at the Swedish 

Forsmark site are estimated via rock mass classification. 

 

The advantage of this method is that estimates can be readily made from the Q logging 

that has already been carried out, both on the cores and in the ONKALO tunnel. The 

estimates can then only be regarded as approximate, partly because of the sampling 

problem and partly because of the choice of an appropriate correlation formula for the 

Olkiluoto circumstances.  

 

Table 8-1. The variety of formulae that have been used to estimate the rock mass elastic 

modulus (Erm) from different rock mass classification indices, the Rock Mass Rating 

(RMR), Rock Quality (Q), and Geological Strength Index (GSI) – from Hoek and 

Diederichs (2006).  

 

. 
Note that the Ei values are the values of the elastic modulus of the intact rock used in the estimations. 

 

Leijon (1993) concludes that ―empirical methods of estimation are applicable to slightly 

disturbed zones with moderate fracturing, but not to intensely sheared zones displaying 
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heavy fracturing and an abundance of poor quality material‖. He noted that elastic 

modulus values of 15-25 GPa were found by this method for the former category of 

zones. 

 

8.4 Analytical formulae 
 

If the geometry and mechanical properties of the fractures comprising the brittle 

deformation zone are known, then the overall properties of the zone can be estimated 

via analytical formulae and numerical modelling techniques.  In the case of analytical 

formulae, only relative simple geometries can be addressed because the analytical 

solutions can only be developed for straightforward geometries. 

 

In Figure 8-4, the core through a brittle deformation zone has been rotated so that it is 

compatible with the idealised sketch to the right indicating a zone with a set of parallel 

fractures. Using the formula in Figure 8-5, the deformation modulus of the brittle 

deformation zone can be estimated. A similar analytical formula is available for the 

shear modulus (Hudson & Harrison 2000).  It would be possible to extend this method 

to account for a series of non-parallel fractures by resolving the deformation 

contributions onto a line of loading. Needless to say, however, this method is rather 

optimistic bearing in mind the pictures of the deformation zone intersections illustrated 

in Section 7. 

 

 

 
 

Figure 8-4. Corebox rotated to indicate the geometry for estimating the elastic modulus 

in a direction normal to the contained fractures. 
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Figure 8-5. Analytical method for estimating the deformation modulus of a fracture 

zone containing a set of parallel fractures and loading perpendicular to the fractures 

(from Hudson & Harrison 2000). 

 

8.5 Numerical modelling 
 

In this method, the geometry and mechanical properties of the fractures contained 

within the brittle deformation zone are modelled on the computer and the mechanical 

properties of the zone estimated by simulating loading of the replicated rock mass in 

different directions. This method has the major advantage that, once the basic model is 

established, sensitivity analyses can be relatively rapidly conducted by varying the 

loading direction, fracture intensity, orientation, lengths, stiffnesses and failure 

properties – thus indicating most likely values and bounds for the zone properties. 

Additionally, such analyses can be conducted for 3-D zone geometries. 

 

Johansson et al. 1996 mapped 84 weakness zones which were classified into eight types 

and then numerically tested under triaxial loading conditions. The mechanical behaviour 

of the eight types could be distinguished on the basis of geometry and their behaviour 

was controlled by elastic modulus, Poisson‘s ratio, cohesion and friction angle.  Back 

calculations were performed to compare the composite properties of weakness zones 

with the ones estimated from the numerical tests and field measurements. Their results 

showed good agreement. 
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Following earlier SKB review work by Leijon 1993, a comprehensive example of this 

approach is given in Glamheden et al. 2007 where mechanical modelling of the Singö 

deformation zone at the Forsmark site, Sweden, is reported. The authors evaluated the 

mechanical properties of sub-sectors of the zone, compared these to values obtained by 

the rock mass classification approach (as described here in Section 8.3), modelled the 

deformations in a tunnel intersecting the zone and compared the results with the 

measured displacements. For these reasons, the Glamheden et al. 2007 SKB report 

provides good reference material on the subject of estimating the mechanical properties 

of brittle deformation zones. 

 

SKB‘s method of identifying the components of a brittle deformation zone is shown in 

Figure 8-6. In the case of the Singö deformation zone, Glamheden et al. (2007) note that 

―The core zone is the most consistent part… with a total width of 15–35 metres. It is 

characterized by a 2–12 m wide zone of crushed rock, showing a high degree of 

alteration and disintegration, with a block size of 2–20 cm, and a fracture frequency of 

well over 10 fractures per metre. The matrix consists of silty, sandy and gravelly 

material. On one or both sides of the crushed rock, several clay filled fractures are 

found, with a thickness of a few cm to circa 1 m. The clay is assessed to be a result of 

rock alteration. The number, order of occurrence, thickness and appearance of these 

elements vary between the tunnels.‖ 

 

 
 

Figure 8-6. Method of sub-dividing the brittle deformation zone as used by SKB and for 

the numerical modelling in Glamheden et al. 2007. 
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Table 8-2. Mechanical parameters used to characterise the components of the Singö 

deformation zone, Glamheden et al. (2007).   

 
 

After obtaining discrete fracture network realisations of the internal fracture network, 

these geometries were input into the 3DEC distinct element code and the model loaded 

at three different stress levels. Several different mechanical properties can then be 

established. The elastic modulus and Poisson‘s ratio of the deformation core region 

were obtained for the three different confining stress levels and are given in Table 8-3. 

The rock mass strength values for the core region obtained by this method were a 

cohesion of 2 MPa and an angle of friction of 37°.  

 

Glamheden et al. (2007) also describe associated numerical modelling of displacements 

in the SFR tunnels which intersected the Singö deformation zone and comparison with 

the observed values.  

 

 

Table 8-3. Mechanical parameters of the core of the Singö deformation zone via the 

numerical simulation method (Glamheden et al. 2007). 

 
The vm values of 5, 2.5 and 0.5 MPa are the confining pressures used in the numerical analyses. 
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8.6 Back analysis  
 

Back analysis is a technique pioneered by Sakurai (1993) whereby the mechanical 

properties of rock are established through back analysis of observed displacements, i.e. 

finding those rock properties that can account for the specific values of displacement 

occurring at different regions of an excavation periphery. Sakurai notes that ―In back 

analysis of rock engineering problems, force conditions, such as external loads and/or 

rock stresses, and mechanical properties of rocks, such as modulus of elasticity, 

Poisson‘s ratio, cohesion, internal friction angle, etc. are identified from displacement, 

strain and pressure measured during and/or after construction. This identifying 

procedure is the reverse of an ordinary analysis method…‖. The difference between 

forward analysis and back analysis is illustrated in Figure 8-7. 

 

In order to be able to use the back analysis technique, it is necessary to have obtained 

displacement values from an instrumented excavation section intersecting a brittle 

deformation zone. 

 

8.7 Choosing an estimation method 
 

Given the many factors mentioned in Sections 8-1 to 8-6, in Table 8-4 we now list the 

methods for estimating the mechanical properties of brittle deformation zones with their 

main advantages and disadvantages in the current context.  By consideration of the 

content of Table 8-4 and the types of brittle deformation zone that have been described 

in this Report and experienced at the Olkiluoto site, it will be possible to consider 

estimation methods or combination of methods suitable for determining their rock 

mechanics properties. 

 

 
 

Figure 8-7. Comparison of ‘ordinary’, i.e. forward, analysis (upper row) and back 

analysis (lower row), from Sakurai (1993). 
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To make an optimal choice of estimation method(s), it is first necessary to appreciate 

the type of deformation zone that is being considered. In this Report, the geological 

background governing the types of deformation zone that can be encountered has been 

discussed, together with their internal fracture geometry.  This information is the key to 

selecting the most appropriate method(s). In fact, there are three key components to 

making the decision on the choice of estimation method: 

 Understanding the geological background governing the types of brittle 

deformation zones that can occur (Sections 2, 3, 5, 6 in this Report). 

 Understanding the type of geological structures being encountered at Olkiluoto. 

 Understanding the estimation methods with their advantages, disadvantages, 

limitations and constraints. 

 

Table 8-4. Advantages and disadvantages of the six different methods of estimating the 

mechanical properties of brittle deformation zones. 

 
Method Main advantages for 

BDZ property 

estimation 

Main disadvantages for 

BDZ property estimation 

Utility for the different 

geological structures 

Direct 

measurement in the 

field using flatjacks 

(Section 8.1) 

Actual measurement 

under controlled 

conditions 

Individual measurements ( 

~ 1 m scale) are localised 

and so there can be 

difficulties in estimating 

variation in properties for 

the whole BDZ 

Ideal for ‗regular‘ fracture 

zones with relatively 

consistent geometry 

Indirect 

measurement, e.g. 

correlation from 

seismic data  

(Section 8.2) 

Active in situ 

evaluation, many 

seismic parameters 

can be recorded 

May be difficulties in 

estimating the suite of rock 

properties from the seismic 

data 

Suitable for all types of 

structures, i.e. for 

individual fractures or 

fracture zones 

Rock mass 

classification 

(Section 8.3) 

Based on many past 

practical experiences 

Can be an over-simplified 

approach 

Best suited to fracture 

zones – cannot be directly 

applied to individual 

fractures 

Analytical method, 

e.g. use of 

formulae for 

composite 

modulus) 

(Section 8.4) 

For those BDZs for 

which the method is 

applicable (simple 

fracturing geometry), 

it can provide detailed 

results. 

Can only be used for 

restricted types of BDZs in 

which the fractures sets are 

clearly defined and their 

properties are known 

Only applicable to BDZs 

with clearly defined 

internal fracture sets. 

Numerical 

modelling, e.g. 

using 3DEC 

(Section 8.5)  

Can incorporate many 

relevant factors, e.g. 

internal fracture 

geometry and 

mechanical 

properties, 3-D, 

sensitivity studies, 

high ‗resolution‘. 

Only as good as the input 

parameters and boundary 

conditions may be 

uncertain for a full 

analysis.   

Best suited to complex 

fracture networks, where 

the individual fracture 

properties are obtainable, 

and for the case where a 

greater degree of property 

resolution is required, e.g. 

transversely isotropic 

properties  

Back analysis from 

in situ 

displacement 

measurements 

(Section 8.6) 

Linked to direct 

measurements, better 

estimate of the 

average response 

Depends on validity of 

analysis model 

Can be used for all types of 

geological structure; 

however, the back-

calculation has a more 

uncertain validity as the 

fracture zone becomes 

more irregular. 



73 

 

8.8 Further comments  
 

Regarding the deformation zones at the Olkiluoto site, we have provided illustrative 

examples of the different types and there are detailed descriptions in the many 

geologically orientated Posiva reports.  Also, there is a general awareness of the fact 

that the individual occurrences of the different zone types can be of different 

geometrical and mechanical expressions. For example, in Section 7 on the evaluation of 

implications for construction in Paananen et al. 2006 (on the geological model of the 

ONKALO area), it is noted that ―The properties of the modelled [deformation] zones 

and their effects on construction need to be carefully assessed zone-specifically, but it 

must be emphasized that natural brittle deformation features, such as faults, are always, 

in nature, discontinuous and non-planar, and, therefore, prediction of the properties of 

the modelled zones based only on the current model will always contains uncertainties. 

Brittle faults are typically accompanied by zones of influence, often called ‗fault 

damage zones‘ or ‗transition zones‘ in the scientific literature, which are areas of higher 

fracture intensity, increased wall-rock alteration and greater water conductivity around 

the core, or the most deformed part of the fault, and which may extend several meters 

away from the core.‖   

 

Thus, finally, and in addition to consideration of the advantages and disadvantages of 

the different methods listed in Table 8-4, it is emphasised that the very first activity in 

the context of estimating the mechanical properties of deformation zones should be to 

evaluate the specific properties required together with their accuracy and precision, i.e. 

what is the fundamental requirement in terms of establishing the mechanical properties 

of the zones?  
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9 CONCLUSIONS 
 

1. The mechanical properties of the brittle deformation zones at Olkiluoto are required 

as input to computer modelling used to support the design of the proposed 

repository. 

2. In order to provide the context for the geological occurrence of the brittle 

deformation zones, the complete spectrum of deformational features is presented in 

Figure 2-1. This Figure illustrates that the mechanical characterisation is 

straightforward at the two ends of the spectrum, i.e. intact undeformed rock, and 

intact rock with a pervasive fabric. Inbetween these two end members, the transition 

from tensile fracturing → shear fracturing → brittle shear zone → ductile shear zone 

is associated with 

 decreasing localisation of deformation 

 increasing pervasiveness of deformation 

 increasing formation pressure and temperature 

 decreasing strain rate 

and the characterisation is more difficult in this region. 

3. It was also noted that the physical expression of the deformation zones is 

compounded by the fact that there has been a succession of deformation events, with 

the originally deformed rocks becoming the protolith for a subsequent deformational 

episode.  The types of feature that can be produced by two deformational phases are 

illustrated by the interaction matrix in Figure 3-7. 

4. Posiva‘s classification of the deformation zone intersections in drillholes was then 

presented in the current context: Brittle Joint cluster Intersection (BJI); Brittle Fault 

zone Intersection (BFI); Semi-brittle Fault zone Intersection (SFI); and Ductile 

Shear zone Intersection (DSI).  The geology at Olkiluoto was also briefly reviewed.  

5. It was highlighted through the series of diagrams in Figure 5-1, that there are 

sampling difficulties in terms of the scale of the deformational feature and the scale 

of the excavation. This was reinforced by the photographs in Figures 6-2 and 6-3 

illustrating the additional effects of the location, orientation and scale of drillholes 

and tunnels intersecting a brittle deformation zone. 

6. This led to the example photographs of the four types of deformation zone 

intersected in the site investigation drillholes at Olkiluoto, which again demonstrates 

the manifold ways in which the deformation features can be manifested. 

7. With this background, the six methods of estimating the mechanical properties of 

the deformation zones were than reviewed: direct measurement, indirect 

measurement, rock mass classification, analytical formulae, numerical modelling 

and back analysis. 
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8. Table 8-4 lists the advantages and disadvantages of the six methods with comments 

on their utility for estimating the mechanical properties of the different types of 

deformational structure. Notes on the applicability of the methods to the Olkiluoto 

site are given in Table 9-1 and the potential structure of a BDZ mechanical property 

estimation campaign is illustrated in Figure 9-1. 

9. In principle, all six different methods could be used in the ONKALO tunnel, each 

providing a different approach and a different type of result as illustrated in Figure 

9-1. The necessity for and choice of methods will be further developed as the 

current Prediction-Outcome studies in the ONKALO tunnel proceed. 

 

 

Table 9-1. Applicability of the six different methods of brittle deformation zone 

mechanical property estimation at the Olkiluoto site concentrating on the BDZ 

modulus. 

 

Estimation method Comments on the potential applicability  

to the Olkiluoto site 

Direct measurement in the field 

using pressuremeter or flatjacks       

(Section 8.1) 

Relatively easy to use a pressuremeter if drillholes of appropriate 

diameter available. Has the advantage that repeated measurements 

can be made along the drillhole, thus indicating the change of 

modulus with position through the BDZ. Flatjacks are awkward to 

use but could also provide occasional calibration values at a larger 

scale. 

Indirect measurement, e.g. 

correlation from seismic data 

(Section 8.2) 

Relatively easy and quick to use, e.g. as a hammer seismic survey 

along the ONKALO walls. Can be used at a variety of scales from 

a few centimetres to hundreds of metres. Easy to calibrate. 

Rock mass classification         

(Section 8.3) 

Can use the Q data for the re-logged drillholes across the Olkiluoto 

site and the Q data being collected through the ONKALO 

geological mapping. Simple to estimate the modulus and many 

estimations can be easily made. 

Analytical method, e.g. use of 

formulae for composite modulus 

(Section 8.4) 

Has limitations because an idealised BDZ internal fracture 

geometry has to be assumed although sensitivity studies can be 

rapidly conducted. 

Numerical modelling, e.g. using 

3DEC                                      

(Section 8.5)  

Method used by SKB (Glamheden et al. 2007) could be usefully 

replicated for the ONKALO BDZs which have been described in 

detail via the geological mapping. 

Back analysis from in situ 

displacement measurements    

(Section 8.6) 

Requires a specially instrumented convergence section. Provides 

data on actual rock movements in situ and at the right scale, but it 

may be difficult to isolate the actual BDZ properties.  



77 

Geological mapping and description of the brittle 

deformation zones - 

from drillhole core or rock surface observations

Use of Q rock mass classification index 

to estimate the rock mass modulus (Section 8.3)

Use of analytical 

formulae (Section 8.4)

Use of direct method, 

e.g. pressuremeter, 

(Section 8.1)

Use of numerical 

method (Section 8.5)

Use of indirect method, 

i.e. seismic

(Section 8.2) 

Reconciliation of estimated and measured 

mechanical properties by the different methods

Back analysis estimation using numerical 

simulation of instrumented tunnel section 

through a brittle deformation zone (Section 8.6)

 

Figure 9-1. Proposed structure of a BDZ mechanical property estimation campaign. 
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