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ONKALO ROCK MECHANICS MODEL (RMM) - VERSION 2.0 
 
ABSTRACT 
 
The Rock Mechanics Model of the ONKALO rock volume is a description of the 
significant features and parameters related to rock mechanics.  The main objective is to 
develop a tool to predict the rock properties, quality and hence the potential for stress 
failure which can then be used for continuing design of the ONKALO and the 
repository.  
 
This is the second implementation of the Rock Mechanics Model and it includes sub-
models of the intact rock strength, in situ stress, thermal properties, rock mass quality 
and properties of the brittle deformation zones. Because of the varying quantities of 
available data for the different parameters, the types of presentations also vary: some 
data sets can be presented in the style of a 3D block model but, in other cases, a single 
distribution represents the whole rock volume hosting the ONKALO. 
 
Keywords: Olkiluoto, ONKALO, Rock mechanics model, Block model, Geostatistics, 
Rock mass quality, Rock strength, In situ stress, Thermal rock properties. 



 
 

 
 

ONKALON KALLIOMEKAANINEN MALLI (RMM) - VERSIO 2.0 
 
TIIVISTELMÄ 
 
ONKALOn kalliomekaaninen malli on kuvaus kalliomekaanisesti merkittävistä omi-
naisuuksista ja parametreista. Työn tavoitteena on ollut kehittää työkalu, jolla voidaan 
arvioida kalliolaatua, kallion ominaisuuksia ja siten ennustaa mahdollisia jännitystilasta 
aiheutuvia vaurioita edelleen hyödynnettäviksi ONKALOn tilojen ja loppusijoitustilojen 
suunnittelussa.  
  
Tämä on toinen versio ONKALOn kalliomekaanisesta mallista, jonka osamalleja ovat: 
lohkomalli kalliolaadusta, hauraat deformaatiovyöhykkeet ja niiden ominaisuudet, kiven 
lujuus, kallion in situ jännitys ja kallion termiset ominaisuudet. Koska eri parametrien 
lähtötietomäärät vaihtelevat, eräät parametrit on esitetty 3D-lohkomallimuodossa, kun 
taas eräät on esitetty yksinä jakautumina käsittäen koko ONKALOn kalliotilavuuden. 
 
Avainsanat: Olkiluoto, ONKALO, kalliomekaaninen malli, lohkomalli, geostatistiikka, 
kalliolaatu, kallion lujuus, kallion in situ jännitys, kallion termiset ominaisuudet. 
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Laine (Geological Survey of Finland).  
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been written by Matti Hakala. Thermal properties (Chapter 7) are written by Markku 
Paananen and geostatistical analysis of rock quality indices RQD and GSI (Appendix 2) 
is made by Eeva-Liisa Laine. Rest of the report and overall structure of report has been 
written by Hanna Mönkkönen.  
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1 INTRODUCTION 
 
The Rock Mechanics Model (RMM) is a description of significant features and 
parameters related to rock mechanics. The main objective is to develop a tool to predict 
rock quality and the potential for stress failure which can be used for the design of 
ONKALO and repository facilities. This report provides an overview of the progress of 
the RMM project. 
 
The RMM is based on the current Geological Model (Aaltonen et al. 2010), i.e. no new 
interpretation of the main geological features has been attempted. The adopted features 
are the rock type domains and brittle deformation zones. Other input data consist of the 
rock mass classification data from drillholes, pilot holes and tunnels, rock mechanics 
laboratory and field test data and density data. The geometry is modelled using the 
Gemcom Surpac® software and all data are stored in a Microsoft Office Access 
database. Surpac is a geology and mine planning software which 3D graphics engine 
enables users to visualise, analyse and model geological deposits. Surpac supplies an 
interface for the database and it is used as an interpretation and visualization tool.  
 
Based on the input data, sub-models of intact rock strength, in situ stress, stress failure, 
thermal properties, rock mass quality, and the properties of the brittle deformation zones 
are made. Because of the amount of available data and the nature of the parameter in 
question, the different sub-models vary: some models can be presented in the style of a 
3D block model; in other cases one distribution represents the whole ONKALO volume. 
The interpretation of the parameters, i.e. data analysis and block modelling, is 
undertaken separately for known brittle deformation zones and for other rock mass 
features. 
 
The phases in the RMM development project were  
- Selection and evaluation of input data, 
- Preparation of input data 
- Statistical and geostatistical analysis of rock mass quality 
- Thermal properties for different rock types 
- Intact rock strength and deformability 
- In situ state of stress 
- Block modelling 
- Evaluation of block model results 

1.1 Relation to previous version 

The main objective of the present report is to update the previous version of the rock 
mechanics model, version 1.0 (Remes et al. 2009). Additional data have been collected 
from the Olkiluoto site and models of adopted geological features such as lithological 
units and brittle deformation zones have been updated (Aaltonen et al. 2010). The main 
data freeze was in September 2010, although some data have been collected since that.  
 
The geometry of the block model differs from RMM version 1.0. The block model has 
been rotated to fit the area of interest better. The block model now covers the ONKALO 
access tunnel and disposal panel 1. Due to the new geometry the data frequency in the 
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block model is slightly better. Also the search ellipsoid parameters for estimating GSI 
and RQD in the block model have been changed based on results from the geostatistical 
study of input data.  
 
Thermal properties have been added to the block model. In version 1.0 the thermal 
properties of the veined gneiss were assigned to the whole model. Now thermal 
properties in the model are assigned based on lithology. The thermal block model has 
been constrained to the depth ranges of 350 – 550. In the upper part of the block model 
values of veined gneiss are used. 
 
In the current model, intact rock strengths are based on rock type instead of just being 
presented as a single distribution. The measured values are stored in the database, but in 
the block model all gneisses are considered as one rock domain and only pegmatite 
granite is considered as a separate rock domain. In RMM version 2.0 in situ stress 
Model 1 (Posiva 2011) is applied. Characterisation of the in situ rock stress involves 
three domains determined by the locations of the BDZ.s: the first stress domain is above 
HZ20 with the mean H orientation being 87 ; the second domain between HZ20B and 
BFZ099 has a mean H orientation of 112 , and the third domain below BFZ099 has a 
mean H orientation of 84 . The shift to more anisotropic principal stress magnitude 
conditions with depth may actually make the stress orientation more consistent with the 
expected regional stress field. 
 
Geophysical data, such as seismic data and 3D tomography, are not used in the RMM 
model, so the seismic P and S wave velocity models are not used in the RMM. The 
resulted velocity models were strongly averaged and features of interest could not be 
located with these methods. Also, the geophysical data have been used in the geological 
model when modelling the brittle deformation zones and lithological units and therefore 
will be included in the same manner in the rock mechanics model. 
 
The chapter about spalling prediction has been removed, because this work is now 
reported separately.  
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2 INPUT DATA 
  
The geometry of the RMM is based on the current geological model (Aaltonen et al. 
2010). The adopted geological features in the RMM 2.0 are the major brittle 
deformation zones and lithological units. The lithological units are not used directly as 
rock mechanics domains because there is no real correlation between the rock 
mechanics data and the rock types. However thermal properties and density are assigned 
to the model based on lithology. 
 
In comparison to the previous version (RMM v1.0) logging of 15 new deep drillholes 
and the mapping of about 1200 meters of ONKALO access tunnel is available. The total 
number of deep drillholes is now 55. The drill cores are mostly 300 – 1000 m in length, 
with a combined length of 31 000 m. Descriptions of drill cores from OL-KR1 to OL-
KR55 based on on-site core logging have been published as Posiva Working Reports 
(Table 2-1. Input data for the rock mechanics model. The logging results of drillhole 
ONK-PH14 is not published yet. 
 
The input data for rock mass quality are from surface drillholes, pilot holes, 
groundwater stations drillholes and ONKALO tunnel mapping. Additional data from 
some short drillholes have also been used. Input data are listed in Table 2-1. These data 
include rock mass quality indices (GSI, Q ) and the constituent Q  parameters: RQD, Jn, 
Jr, and Ja. Tunnel mapping was undertaken in 5 m or longer increments and the resultant 
data are considered as the most reliable data for the rock mass quality. Tunnel mapping 
data were available for this RMM 2.0 to chainage 4390 m. The mapping procedures 
used in the ONKALO access tunnel are described in Engström et al. (2008). 
 
Data from the surface drillholes were available from OL-KR1 – OL-KR55, representing 
a total of 31 100 m of logged core. The lengths of the logged sections in the surface 
drillholes and ONKALO pilot holes vary from 0.05 m to 76.22 m, the average sectional 
length being 5.8 m. Data from the pilot holes (OL-PH1 and ONK-PH2 – ONK-PH14) 
are used only in the statistical studies to establish if the correlation factor between 
drillhole data and tunnel mapping data could be determined. In the block model 
estimation, data from OL-PH1 and ONK-PH2 – ONK-PH14 are not used because the 
tunnel mapping data are available from the same locations. 
 
These input data are stored in the RMM work database. The RMM work database 
includes the same data as in the Posiva investigation database called POTTI and some 
modified data tables. In the modified data, tables sections of poor rock quality inside 
brittle deformation zones intersections have been filtered from the data. 
 
The intact rock strength data consist of point load tests from drillholes OL-KR1 – OL-
KR53, ONK-PH1-ONK-PH17, ONK-PP68, ONK-PP90, ONK-PP128, ONK-PP198, 
ONK-PP253, ONK-PP254, ONK-PP260 and ONK-PP261 and laboratory test data from 
drillholes OL-KR1, OL-KR2, OL-KR3, OL-KR4, OL-KR5, OL-KR10, OL-KR12, OL-
KR14, OL-KR24 and ONK-PP68. 
 
The in situ stress field is taken directly from the interpretation as presented in Posiva’s 
Site Report 2011 (Posiva 2011). 
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The thermal property data for the rocks at Olkiluoto consist of laboratory measurements 
of drill cores. The complete data set is based on 392 drill core samples. The measured 
parameters included thermal conductivity, specific heat capacity and density. The 
methods of measurement are described in detail in Kukkonen et al. (2010). The data for 
thermal properties are from drillholes OL-KR1, OL-KR2, OL-KR4, OL-KR9, OL-
KR11, OL-KR12, OL-KR13, OL-KR19, OL-KR25, OL-KR29, OL-KR40 and OL-
KR46. 
 
Thermal expansion properties have been determined from 22 core samples taken from 
ONKALO drillholes ONK-PP167m ONK-PP199, ONK-PP244 – ONK-PP226. The 
coefficient of thermal expansion was determined in the temperature interval 20 - 60 ºC 
(Åkesson 2011). 
 

Table 2-1. Input data for the rock mechanics model. 

Investigation Reference 
OL-KR1 Drilling of deep drillhole OL-KR1 Suomen malmi (1989b) (WR89-38) 

OL-KR2 Drilling of deep drillhole OL-KR2 Suomen malmi (1989c), Rautio 
(1995c) (WR89-43) 

OL-KR3 Drilling of deep drillhole OL-KR3 Suomen malmi (1989d) (WR89-45) 

OL-KR4 Drilling of deep drillhole OL-KR4 Rautio (1990.1995b) (WR SITU-90-
24) 

OL-KR5 Drilling of deep drillhole OL-KR5 Suomen malmi (1990b) (WR90-26) 

OL-KR6 Drilling of deep drillhole OL-KR6 Rautio & With (1991), Rautio 
(2000a) (WR91-41) (WR2000-33) 

OL-KR7 Drilling of deep drillhole OL-KR7 Jokinen (1994), Rautio (2000a) (WR 
PATU-94-38) (WR2000-31) 

OL-KR8 Drilling of deep drillhole OL-KR8 Rautio (1995a), Niinimäki (2002g)      
(WR PATU-95-22) (WR2002-53) 

OL-KR9 Drilling of deep drillhole OL-KR9 Rautio (1996b) (WR-PATU-96-32) 
OL-KR10 Drilling of deep drillhole OL-KR10 Rautio (1996a) (WR-PATU-96-02) 
OL-KR11 Drilling of deep drillhole OL-KR11 Rautio (1999) (WR-99-50) 
OL-KR12 Drilling of deep drillhole OL-KR12 Niinimäki (2000) (WR2000-28) 
OL-KR13 Drilling of deep drillhole OL-KR13 Niinimäki (2000a) (WR2001-19) 
OL-KR14 Drilling of deep drillhole OL-KR14 Niinimäki (2001b) (WR2010-24) 
OL-KR15, OL-KR15B Drilling of deep drillhole OL-KR15 Niinimäki (2002a) (WR2002-01) 
OL-KR16, OL-KR16B Drilling of deep drillhole OL-KR16 Niinimäki (2002b) (WR2002-09) 
OL-KR17, OL-KR17B Drilling of deep drillhole OL-KR17 Niinimäki (2002c) (WR2002-12) 
OL-KR18, OL-KR18B Drilling of deep drillhole OL-KR18 Niinimäki (2002d) (WR2002-13) 
OL-KR19, OL-KR19B Drilling of deep drillhole OL-KR19 Niinimäki (2002e) (WR2002-49) 
OL-KR20, OL-KR20B Drilling of deep drillhole OL-KR20 Rautio (2002) (WR2002-50) 
OL-KR21 Drilling of deep drillhole OL-KR21 Niinimäki (2002g) (WR2002-56) 

OL-KR22, OL-KR22B Drilling of deep drillhole OL-KR22 Niinimäki (2002h), Niinimäki (2004b) 
(WR2002-59) (WR2004-41) 

OL-KR23, OL-KR23B Drilling of deep drillhole OL-KR23 Niinimäki (2002i) (WR2002-60) 
OL-KR24 Drilling of deep drillhole OL-KR24 Niinimäki (2003a) (WR2003-52) 
OL-KR25OL-KR25B Drilling of deep drillhole OL-KR25 Niinimäki (2003b) (WR2003-44) 
OL-KR26 Drilling of deep drillhole OL-KR26 Niinimäki (2003c) (WR2003-41) 
OL-KR27, OL-KR27B Drilling of deep drillhole OL-KR27 Niinimäki (2003d) (WR2003-61) 
OL-KR28, OL-KR28B Drilling of deep drillhole OL-KR28 Niinimäki (2003e) (WR2003-57) 
OL-KR29 Drilling of deep drillhole OL-KR29 Rautio (2004a) (WR2004-50) 
OL-KR30 Drilling of deep drillhole OL-KR30 Rautio (2004b) (WR2004-55) 
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OL-KR31, OL-KR31B Drilling of deep drillhole OL-KR31 Rautio (2004c) (WR2004-61) 
OL-KR32 Drilling of deep drillhole OL-KR32 Rautio (2005a) (WR2005-01) 
OL-KR33, OL-KR33B Drilling of deep drillhole OL-KR33 Rautio (2005b) (WR2005-02) 
OL-KR34 Drilling of deep drillhole OL-KR34 Rautio (2005c) (WR2005-36) 
OL-KR35 Drilling of deep drillhole OL-KR35 Rautio (2005d) (WR2005-37) 

OL-KR36 Drilling of deep drillhole OL-KR36 Niinimäki & Rautio (2005) (WR2005-
38) 

OL-KR37 Drilling of deep drillhole OL-KR37 Niinimäki (2005a) (WR2005-62) 
OL-KR38 Drilling of deep drillhole OL-KR38 Rautio (2005e) (WR2005-58) 
OL-KR39 Drilling of deep drillhole OL-KR39 Niinimäki (2005b) (WR2005-68) 

OL-KR40, OL-KR40B Drilling of deep drillhole OL-KR40 Pussinen & Niinimäki (2006a) (WR-
2006-49) 

OL-KR41, OL-KR41B Drilling of deep drillhole OL-KR41 Pussinen & Niinimäki (2006b) 
(WR2006-84) 

OL-KR42, OL-KR42B Drilling of deep drillhole OL-KR42 Pussinen & Niinimäki (2006c) 
(WR2006-97) 

OL-KR43, OL-KR43B Drilling of deep drillhole OL-KR43 Niinimäki (2006) (WR2006-115) 
OL-KR44, OL-KR44B Drilling of deep drillhole OL-KR44 Pohjolainen (2007) (WR2007-84) 
OL-KR45, OL-KR45B Drilling of deep drillhole OL-KR45 Toropainen (2007a) (WR2007-95) 
OL-KR46, OL-KR46B Drilling of deep drillhole OL-KR46 Toropainen (2007b) (WR2007-74) 
OL-KR47, OL-KR47B Drilling of deep drillhole OL-KR47 Toropainen (2008a) (WR2008-13) 
OL-KR48 Drilling of deep drillhole OL-KR48 Toropainen (2008b) (WR2008-5) 
OL-KR49 Drilling of deep drillhole OL-KR49 Toropainen (2008c) (WR2008-80) 
OL-KR50, OL-KR50B Drilling of deep drillhole OL-KR50 Toropainen (2009a) (WR2009-9) 
OL-KR51 Drilling of deep drillhole OL-KR51 Toropainen (2009b) (WR2009-73) 
OL-KR52, OL-KR52B Drilling of deep drillhole OL-KR52 Toropainen (2009c) (WR2009-107) 
OL-KR53, OL-KR53B Drilling of deep drillhole OL-KR53 Toropainen (2009d) (WR2009-111) 
OL-KR54 Drilling of deep drillhole OL-KR54 Toropainen (2011) (WR2010-82) 
OL-KR55, OL-KR55B Drilling of deep drillhole OL-KR55 Toropainen (2011a) (WR2010-83) 

OL-PH1 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole OL-PH1 

Niinimäki (2004) (WR2004-05) 

ONK-PH2 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH2 

Öhberg et al.(2005) (WR2005-63) 

ONK-PH3 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH3 

Öhberg et al.(2006) (WR2006-20) 

ONK-PH4 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH4 

Öhberg et al.(2006) (WR2006-71) 

ONK-PH5 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH5 

Öhberg et al.(2006) (WR2006-72) 

ONK-PH6 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH6 

Öhberg et al.(2007) (WR2007-68) 

ONK-PH7 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH7 

Öhberg et al.(2007) (WR2007-97) 

ONK-PH8 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH8 

Karttunen et al.(2009) (WR2009-16) 

ONK-PH9 Drilling and the Associated 
borehole Measurement of the Karttunen et al.(2010) (WR2010-9) 
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Pilot hole ONK-PH9 

ONK-PH10 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH10 

Mancini et al.(2010) (WR2010-21) 

ONK-PH11 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH11 

Karttunen et al. (2011) (WR2011-3) 

ONK-PH12 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH12 

Lahti et al. (2011) (WR2011-2) 

ONK-PH13 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH13 

Aalto et al. (2011) (WR2011-28) 

ONK-PH14 
Drilling and the Associated 
borehole Measurement of the 
Pilot hole ONK-PH14 

not published 
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3 ROCK MASS QUALITY/ ROCK MASS CLASSIFICATIONS 
 
Applied rock mass classification indices in the rock mechanics model are the RQD and 
GSI.  
 
The Rock Quality Designation index (RQD) was developed by Deere (Deere et al. 
1967) to provide a quantitative estimate of the rock mass from drill core logs. RQD is 
defined as the percentage of intact core pieces longer than 100mm. The correct 
procedures for measurement of the length of core pieces and the calculation of RQD are 
summarised in Figure 3-1. 
 

 
 

Figure 3-1. Procedure for measurement and calculation of RQD (After Deere, 1989). 

 
The rock mass quality is estimated using the GSI value. The GSI value is calculated 
from the Q´ which is a reduced form of the Tunnelling Quality Index Q (Barton et al. 
1974). The numerical values of the Q index vary on a logarithmic scale from 0.001 to a 
maximum of 1000. The Q- and Q´-value is defined by the following equations (Barton 
et al. 1974; Grimstad & Barton 1993): 

 

and
SRF
J

J
J

J
RQDQ w

a

r

n

      (3-1) 
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Where  RQD = rock quality designation, 
 Jn = joint set number 
 Jr = joint roughness number 
 Ja = joint alteration number 
 Jw = joint water reduction number 
 SRF = stress reduction factor 
 
The Geological Strength Index (GSI), introduced by Hoek (1994) and Hoek et al. 
(1995) provides a number which, when combined with the intact rock properties, can be 
used for estimating the reduction in rock mass strength for different geological 
conditions. This system for schistose rock is presented in Figure 3-2. 
 
The GSI value can be estimated from the Q´ value with the following equation (Hoek 
et al. 1995) 
  

44)'ln(9 QGSI        (3-3) 
 
The GSI value varies between 0-100, 0 indicating poor and 100 indicating excellent 
rock quality. When GSI is calculated from Q´ using equation 3-3, the GSI may reach a 
value over 100 in exceptionally good rock. In these cases, the GSI value is reduced to 
100. The rock mass quality and corresponding GSI values are presented in Table 3-1. 
 
The procedure for geotechnical mapping in the Onkalo access tunnel is described in 
Engström & Kemppainen (2008). 
 
 

Table 3-1. Rock mass classification according to the Q-system, and the corresponding 
GSI values. 

Rock mass quality Q´-value GSI 
Exceptionally poor 0.001–0.01 0–3 
Extremely poor 0.01–0.1 3–23 
very poor 0.1–1 23–44 
Poor 1–4 44–56 
Fair 4–10 56–65 
Good 10–40 65–77 
Very good 40–100 77–85 
Extremely good 100–400 85–98 
Exceptionally good 400–1000 98–100
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Figure 3-2. Description of GSI for schistose metamorphic rock (Hoek & Karzulovic 
2001) 
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3.1 Comparing pilot hole data with tunnel mapping data 

The differences between drill core data and tunnel mapping data were studied to 
determine whether the drill core data could be adjusted to be compatible with the tunnel 
mapping data. This was done by comparing data from pilot holes (OL-PH1, ONK-PH2 
to ONK-PH14) with the tunnel mapping data. For tunnel mapping data, the median 
values of the mapped section are used in the comparison.  
 
The GSI values from tunnel mapping data and pilothole data were compared using the 
original logging sections (Figure 3-3.). In this comparison, it is clearly seen that the 
observed GSI-values vary more in the pilot holes. This is because the drill core logging 
sections are defined based on changes of rock type, fracture frequency, deformation 
zones etc. and tunnel mapping is undertaken in 5 m or longer sections. 
 

 

Figure 3-3. Example of the comparison of GSI-values from the pilot holes with the 
tunnel mapping values based on the original logging sections. The orange area 
represents the deformation zone intersection observed in the tunnel; the dark grey area 
represents deformation zone intersection observed in pilothole ONK-PH5. Grey and 
white areas in chart present rock mass classification classes. 

As reported in RMM version 1.0, alternative comparisons have been made between 
tunnel mapping data and the OL-PH1 and ONK-PH2 – ONK-PH7 data. This alternative 
comparison was achieved by allocating the data from the pilot holes to sections which 
were commensurate with the tunnel mapping, so that there would be a more 1:1 
sectional comparison. Parameters for rock mass quality (RQD, Jr and Ja) were 
recalculated from the fracture logging data. Before recalculating the parameters, 
fractures with high Jr and low Ja number (i.e. Jr = 3 or higher and Ja = 1 or lower) were 
removed from the drillhole data, because these fractures are likely to be short ones. In 
the newly constituted sections, the originally mapped values for the parameter Jn were 
used. If two or more Jn values were originally logged in the newly constituted sections, 
the Jn value from the longest section was used.  
 
It is not possible to say which measurement type, tunnel mapping or drill core logging, 
provides a better estimate of rock mass quality, although the variation in rock mass 

40
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quality measured from the drill cores is higher. Of the compared parameters, the RQD 
correlates fairly well with the tunnel mapping data; however, the joint alteration number 
(Ja) and joint roughness number (Jr) do not correlate as well.  
 
Because no single trend was found, it is not possible to establish any ‘correction’ factors 
to adjust the drillhole data to match the tunnel mapping data. Nevertheless, it can be 
stated as an overall conclusion that the rock mass quality from drill cores varies as ± one 
rock mass quality class (Q  class) compared to the tunnel mapping data.  
 
The comparisons between GSI values estimated from the pilot holes OL-PH1, ONK-
PH2 – ONK-PH14 and corresponding tunnel mapping are presented in Appendix 1. 
 
 
3.2 Geostatistical analysis of the GSI and RQD rock mass classification 

indices 
 
Geostatistical analyses are used to determine interpolation/extrapolation distances for 
the RMM input data. Variograms were also used to determine search ellipsoid 
parameters used in the block model calculation. Geostatistical study of rock quality 
indices GSI and RQD are presented in Appendix 2 (Laine 2010). 
 
Statistical and geostatistical analyses for the rock mass quality, GSI and RQD indices 
were made using 1 m composites. The original samples, which may vary in size and 
length, are divided/combined so that each composite sample represents an equal length 
of drillhole. The available data from tunnel mapping and surface drillholes were used. 
Before calculating the composites, sections of poor rock quality inside brittle 
deformation zone intersections were filtered from the data (Figure 3-4). This filtering 
prevents low GSI-values observed in the brittle deformation zones from fragmenting the 
results. Filtering was done using geological interpretations of the deformation zone 
intersections. 
 

 

Figure 3-4. The ONKALO volume and two of the major brittle deformation zones 
(upper OL-BFZ 019C and lower OL-BFZ020A). Brittle deformation zone intersections 
were filtered from the logging data before the composites were calculated. 
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3.2.1 Basic statistics 

To provide an overview of the available logging data, a basic statistical study was made 
of the GSI and RQD values from tunnel mapping and surface drillholes OL-KR1 – OL-
KR53B.  
 
Data were divided in two domains based on depth. The top portion includes data from 
the surface to z > -125 m and the bottom data portion from z < -125 m. Basic statistical 
analysis was conducted both together and separately, with regards to the two parts. The 
Selkänummi deformation zone (SDZ) (Figure 3-5), which is a product of multiple 
stages of ductile deformation, crosses the model area. The SDZ covers about 30 % of 
the model volume. The SDZ was included in the basic statistical analysis so that it could 
be decided if the SDZ should be used as its own domain when estimating GSI and RQD 
values in the block model. Histograms of GSI and RQD values are presented in Figure 
3-6 to Figure 3-11. 
 
 

 

Figure 3-5. Selkänummi deformation zone. Block model dimensions seen as black lines. 
View from east. 

 
As seen in Figure 3-6, the GSI data from the tunnel and the drillholes exhibit a bimodal 
distribution. This bimodality is partly explained with parameter combinations used to 
calculate Q  and the correlated GSI (equations 3-2 and 3-3): Figure 3-10 shows that 
90 % of all data has a RQD value > 80. When RQD value 80–90 is placed in equation 
3-2, the GSI values of 85–95 result only in a few combinations. In those combinations, 
the Jn are 0.5–1 (i.e. massive rock, none or only a few joints). The combinations RQD 
80 and Jn 0.5 are more or less contradictory because RQD 80 % indicates that there are 
joints and rock should not be called “massive” as Jn = 0.5 imply. As a result GSI values 
85-90 are rarely seen in drill core logging. 
 
Part of the bimodal data distribution is explained by two mixed populations. Figure 3-7, 
Figure 3-8, Figure 3-10 and Figure 3-11 present histograms of the top and bottom part 
of the data. Overall, the GSI and RQD values are lower near the surface. The median 
GSI value in the top domain is 78, and 83 in the bottom domain. The data statistics are 
presented in Table 3-2 and Table 3-3. 
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Figure 3-6. Histogram of GSI values from surface drillhole, and tunnel mapping data in 
the chainage range 0–4390 m.  

 

 

Figure 3-7. Histogram of GSI values, top part (Z > -125 m), data from surface 
drillhole, and tunnel mapping data in the chainage range 0–1330 m. The rock quality 
mapped from the tunnel is slightly lower than data logged from drill cores. 
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Figure 3-8. Histogram of GSI values, bottom part (Z < -125 m), data from surface 
drillhole, and tunnel mapping data in the chainage range 1330–4390 m. 

 

 

Figure 3-9. Histogram of RQD values from surface drillhole, and tunnel mapping data 
in the chainage range 0–4390 m. 
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Figure 3-10. Histogram of RQD values, top part (Z > -125 m), data from surface 
drillhole, and tunnel mapping data in the chainage range 0–1330 m. 

 

 

Figure 3-11. Histogram of RQD values, bottom part (Z < -125 m), data from surface 
drillhole, and tunnel mapping data in the chainage range 1330–4390 m.  
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Table 3-2. Statistics of GSI input data. All data includes drillhole and tunnel data. The 
Selkänummi deformation zone (SDZ) is analysed separately as its own domain and 
includes data from both drillholes and the tunnel. 

 ALL Tunnel Drillholes SDZ 
domain 

Outside 
SDZ 

A
ll 

da
ta

 

No of samples 31848 4900 26948 8317 23459 
Min 33 47 33 34 34 
Max 100 100 100 100 100 
Mean 83 84 82 84 82 
Median 81 84 79 82 79 
Std deviation 11 11 11 11 11 

To
p 

 (Z
 >

 -1
25

 m
) No of samples 8092 1432 6660 1177 6889 

Min 33 47 33 34 34 
Max 100 96 100 100 100 
Mean 78 75 79 78 78 
Median 78 73 79 79 78 
Std deviation 9 9 8 7 9 

B
ot

to
m

  
(Z

 <
 -1

25
 m

) No of samples 23756 3468 20288 7140 16570 
Min 39 50 39 45 39 
Max 100 100 100 100 100 
Mean 84 78 84 85 84 
Median 83 88 82 84 83 
Std deviation 11 10 11 11 11 

 

Table 3-3. Statistics of RQD input data. All data includes drillhole and tunnel data. The 
Selkänummi deformation zone (SDZ) is analysed separately as its own domain and 
includes data from both drillhole and tunnel.  

 ALL Tunnel Drillholes SDZ 
domain 

Outside 
SDZ 

A
ll 

da
ta

 

No of samples 31848 4900 26948 8317 23459 
Min 10 15 10 10 10 
Max 100 100 100 100 100 
Mean 96 98 96 96 96 
Median 100 100 99 100 99 
Std deviation 9 6 9 10 9 

To
p 

 (Z
 >

 -1
25

 m
) No of samples 8092 1432 6660 1177 6889 

Min 10 50 10 10 10 
Max 100 100 100 100 100 
Mean 94 95 94 93 94 
Median 98 97 98 97 98 
Std deviation 11 8 12 13 11 

B
ot

to
m

  
(Z

 <
 -1

25
 m

) No of samples 23756 3468 20288 7140 16570 
Min 10 15 10 10 10 
Max 100 100 100 100 100 
Mean 97 99 97 97 97 
Median 100 100 100 100 100 
Std deviation 8 5 8 9 7 
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As seen in Table 3-2 and Table 3-3 and Figure 3-6 – Figure 3-11 the distribution of 
RQD and GSI values between different data sets are very similar as are the median and 
mean values and standard deviations. Compared to drillhole data set GSI mapped from 
tunnel is slightly lower in top part and slightly higher in bottom part. However the 
difference is very small.  
 
The median values of Selkänummi deformation zone lies between median values of 
drillhole and tunnel data sets, as it should because it includes data from both datasets. 
Based on similarity of different datasets SDZ is not used as own domain when 
estimating GSI and RQD values in the block model. The data set outside Selkänummi 
deformation zone is mainly from drillholes and median values, standard deviation and 
cumulative curves of GSI and RQD are practically identical to drillhole data set. 
 
3.2.2 Variogram modelling 

The basics of geostatistics and the summary of the geostatistical study are presented in 
this section. The whole report of the geostatistical study (Laine, 2010) is presented in 
Appendix 2.  
 
The variogram used in geostatistics is a graphical tool which can be used to describe 
spatial continuity of data. It is a measure of variability and its value increases when 
samples become more dissimilar. 
 
In mathematical terms, the variogram for lag distance, h, is defined as the mean squared 
difference of values separated by distance h: 

 

)(2
))()((

)(
2

hN
hxyxy

h ,     (3-4) 

 
where h represents a distance vector between two spatial locations and N(h) is the 
number of sample pairs for the lag distance h. (Isaaks & Srivastava 1989). 
 
The variogram range is the maximum distance at which there is some correlation 
between the values of a parameter at two points, e.g. the distance from a drillhole at 
which the drillhole information no longer provides any information. In other words, 
there is no statistical relation for values located farther apart than the range. The 
difference between the nugget and value where variogram plateau at the range is 
reached is termed the sill (Figure 3-12). 
 



20 
 

 
 

 

Figure 3-12. Characteristics of the variogram. 

Variograms were made using data from the surface drillholes and tunnel mapping. An 
omni-directional variogram, where data pairs are selected based only on their separation 
distance and not their direction, is presented in Figure 3-13. An omni-directional 
variogram can be thought as an average of the various directional variograms. It is not a 
strict average since the sample locations may cause certain directions to be over-
represented. (Isaaks & Srivastava 1989). As seen in Figure 3-13, the effective range in 
the omni-directional variogram is about 40–50 metres. Considering the data 
configuration, the resulting range describes mainly the continuity along drillholes, 
because, with small lags, the number of sample pairs along drillholes is much higher 
than sample pairs found between drillholes.  
 
Thus, on average and for the measurements being considered here, knowledge of the 
rock mechanics parameters at a given point cannot be reliably extrapolated for a 
distance of more than 40–50 metres.  
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Figure 3-13. Omni-directional variogram of GSI values for tunnel mapping and surface 
drillhole data, lag 3 m, the green line represents the variance of all the data.  

 
In directional sample variograms, it is often observed that the range and sill change as 
the direction of sampling changes. Typical observed variogram behaviour can be trends, 
fluctuations, and anisotropic dependence. The type of anisotropy where the range 
changes with direction while the sill remains constant is known as geometric anisotropy. 
A case where the sill changes with direction, while the range remains constant is called 
zonal anisotropy. (Isaaks & Srivastava 1989). Examples of oriented variogram 
behaviour for three different two-dimensional geological structures are presented in 
Figure 3-14.  
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Figure 3-14. Three different geological images with the corresponding directional 
variograms. Note the fluctuations, trends, geometric anisotropy and zonal anisotropy. 
The red lines represent horizontal sample variograms and the blue lines represent 
vertical sample variograms; the black horizontal line represents the variance of the 
whole model data. (Gringarten & Deutsch 1999).  

 
In the geostatistical study presented in Appendix 2, variogram maps and experimental 
variograms were calculated in different planes and directions. Variogram maps were 
calculated using lags of 70, 50 and 30 metres. Based on the variogram map results, 
experimental variograms were calculated using lags of 70, 30 and 10 metres. A lag of 
70 metres, which is the mean separation distance of data values, is used to eliminate the 
effect of data configuration and to study the large scale behaviour of rock quality 
indices. A lag of 30 metres is acceptable for an area of dense drilling, and a lag of 10 
metres is used in vertical variograms.  
 
Variogram maps were quite difficult to interpret because of the complicated fracturing 
of the bedrock. However all variogram maps made from normalised GSI values using 
lags of 70, 50 and 30 metres show a maximum continuity in the horizontal direction. 
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For both GSI and RQD, the longest ranges observed from experimental variograms are 
in the near horizontal plane and in the NW–SE direction. This direction is in accordance 
with the foliation and fracturing dipping to the SE. The shortest ranges are in the near 
vertical directions. The longest range using a lag of 70 metres is approximately 600 
metres and the shortest range is 50–100 meters. For shorter lags (30 m and 10 m), the 
longest ranges are 200 metres for RQD and 70 metres for GSI. The shortest ranges are 
20 metres for RQD and 35 metres for GSI.  
 
However it should be remembered that the variation in input data rock mass quality is 
quite small, mainly from good rock to very good rock, and data continuity is quite 
similar in all directions, excluding the vertical direction where a shorter range seems to 
be more prevalent.  
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4 ROCK MECHANICS PROPERTIES OF MAJOR BRITTLE 
 DEFORMATION ZONES (BFZS) 
 
In the RMM, brittle deformation zones (BDZs) are visualised and presented as 3D 
planes. This is due to the fact that the brittle deformation zones are relatively thin and 
presenting BDZs as domains in block model is not possible because of the large block 
size compared to the width of the zones. The geometry of brittle deformation zones is 
adopted directly from the Geological model (Aaltonen et al. 2010) (Figure 4-1).  
 
 

 
 

Figure 4-1. 3D view of the ONKALO with the major brittle deformation zones inside the 
RMM area. Brittle deformation zones are coloured based on their interpreted rock mass 
quality according to Q  classification (see the legend in the Figure).  

 
Estimation of the mechanical properties of the BDZs is based on data from the 
Olkiluoto area drillholes and the ONKALO tunnel mapping. Altogether 24 brittle 
deformation zones have been analysed (Mönkkönen et al. 2011) from which 18 are 
located inside the RMM area (Table 4-1). Identification of the location and size of the 
zones is described in Aaltonen et al. (2010). As described in Aaltonen et al. (2010), 
deformation zones are modelled using a procedure whereby each zone is checked and 
described via drillholes that penetrate the zone under examination. The intersection 
points of zones are connected to each other using geophysical and hydrogeological 
information. From those points, a 3D plane (to the upper and lower boundary of the 
brittle deformation zone) is created using the Gemcom Surpac® software. 
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Table 4-1. Analysed brittle deformation zones included in the RMM. 

 
 
 
BDZs can be divided into the core part and transition zones, also called pre-core zones, 
core zones and post-core zones (i.e. chainage ranges less than the core zone, within the 
core zone and greater that the core zone, respectively) (Figure 4-2). Nine BDZs intersect 
the ONKALO tunnel in the 0–4325 m tunnel chainage range. From six of these zones 
(OL-BFZ019c, OL-BFZ020a, OL-BFZ043, OL-BFZ045b, OL-BFZ084 and OL-
BFZ100) core zone and transitional zones have been mapped. From zones OL-
BFZ019a, OL-BFZ101 and OL-BFZ118, only the logged Q´ median value for a 5 m 
long chainage increment is available (Table 4-1). The procedure of geotechnical 
mapping in the ONKALO access tunnel is described in Engström & Kemppainen. 
(2008). 

Name of Brittle 
deformation zones

Intersects ONKALO tunnel 
at chainage 0 – 4325

Pre-core, core 
and post-core 
mapped

Intersections in 
drillholes 
(number)

Confidence Scale

OL-BFZ011 2 Low Repository 
OL-BFZ016 1 Low Repository 
OL-BFZ019a ONK-BFI-93190-96300 13 + 1 High Repository 
OL-BFZ-019c ONK-BFI-104500-110850 x 16 + 1 High Site scale
OL-BFZ020a ONK-BFI-3159 x 33 High Site scale
OL-BFZ020b 16 High Site scale
OL-BFZ021 13 High Site scale
OL-BFZ039 2 Low Repository 

ONK-BFI-136480-136600
ONK-BFI-223290-223450
ONK-BFI-3350
ONK-BFI-4377

OL-BFZ084 ONK-BFI-3540 x 4 +1 High Repository 
OL-BFZ099 17 High Site scale

ONK-BFI-12850-12930
ONK-BFI-52150-52300
ONK-BFI-90020-90640
ONK-BFI-159290-159500 x
ONK-BFI-181900-183100 x
ONK-BFI-248150-248200 x
ONK-BFI-293150-293750 x

OL-BFZ101 ONK-BFI-6560-6575  1 High Repository 
OL-BFZ106 3 Medium Repository 
OL-BFZ118 ONK-BFI-71310-71805 1 High Repository 
OL-BFZ146 7 High Site scale
OL-BFZ219 1 Low Repository 

OL-BFZ043 x

OL-BFZ100

OL-BFZ045b x Low Repository

8 + 2 High Site scale

1 High Repository 
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Figure 4-2. Method of sub-dividing the brittle deformation zone as used by SKB and for 
the numerical modelling in Glamheden et al. 2007.  

 
The GSI values, calculated from Q  value using equation 3-3, of the BDZs listed in 
Table 4-2 are based on either drill core logging or tunnel mapping. In cases where the 
core has been established from the ONKALO access tunnel, the GSI value for the BDZ 
is the value for the zone core, or the lower quartile of mapped core GSI values if there 
are several intersections of the same zone. In cases where the GSI value from tunnel 
mapping data is an average value for the mapped chainage (i.e. Q -median is only 
available data from tunnel mapping), drillhole data are used. BDZs which do not 
intersect the tunnel are classified using the drill hole logging information. 
 
In the drillhole intersections, the GSI value is from the lower quartile value of the 
mapped data. The drillhole intersection locations of the zones were based on geological 
indications. From these depth ranges, the smallest GSI values that were found in each 
intersection were selected, although in the case of many drillhole intervals, it is typical 
that several possible fault cores may exist. The interpreted GSI value for the 
deformation zone is the lower quartile value of all selected GSI values. The width of the 
range was not taken into account. 
 
Both approaches are conservative because the widths of the modelled zone are much 
wider than the actual intersections. However, at this stage for rock mechanics modelling 
purposes, it was decided to characterise the BDZs using the value of the weakest region 
existing in the zone. 
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Table 4-2. GSI values, strength and deformability properties of brittle deformation 
zones in the RMM area. 

 
 
 
 

 
 

OL-BFZ011 OL-BFZ016 OL-BFZ019a OL-BFZ-019c OL-BFZ020a OL-BFZ020b
BFZ characteristics

Width 0.2 0.1
Rock mass quality (GSI) 54 49 58 64 54 55

1st quartile of
drillhole

intersections
drillhole

intersection

1st quartile of
drillhole

intersections

mapped core
value from

tunnel
intersection

mapped core
value from

tunnel
intersection

1st quartile of
drillhole

intersections
Strength of intact parts

sigci (MPa) 22 22 22 22 22 22
mi 10 10 10 10 10 10
D 0 0 0 0 0 0

Strength of BFZ
Hoek Brown Criterion
mb 1.93 1.62 2.23 2.76 1.93 2.00
s 0.0060 0.0035 0.0094 0.0183 0.0060 0.0067
a 0.50 0.51 0.50 0.50 0.50 0.50

Mohr Coulomb Fit
cohesion (MPa) 0.9 0.8 1.0 1.1 0.9 0.9
friction angle (°) 35 34 36 38 35 36
tensile strength (MPa) 0.07 0.05 0.09 0.15 0.07 0.07
compressive strength (MPa) 1.7 1.2 2.1 3.0 1.7 1.8

Deformability of BFZ
Young's Modulus (GPa) 24.5 29.4 14.6 32.0 21.4 20.5
G = E / 2 (1+n), n = 0.25 (GPa) 9.8 11.8 5.8 12.8 8.6 8.2

Equivalent Stiffness of BFZ*
Kn = E / width (GPa/m) 159.9 214.2
Ks = G / width (GPa/m) 63.9 85.7

* Due to the variation of the width of the zone core in drillcore intersections,
stiffness parameters have been determined only for zones which intersect the tunnel (minimum width used)
** No seismic data available, average value of all brittle deformation zones.

OL-BFZ021 OL-BFZ039 OL-BFZ043 OL-BFZ045b OL-BFZ084 OL-BFZ099
BFZ characteristics

Width 0.15 1.6 0.5 0.3
Rock mass quality (GSI) 41 60 65 48 50 40

1st quartile of
drillhole

intersections
drillhole

intersection

mapped core
value from

tunnel
intersections

mapped core
value from

tunnel
intersections

mapped core
value from

tunnel
intersection

1st quartile of
drillhole

intersections
Strength of intact parts

sigci (MPa) 22 22 22 22 22 22
mi 10 10 10 10 10 10
D 0 0 0 0 0 0

Strength of BFZ
Hoek Brown Criterion
mb 1.21 2.39 2.86 1.56 1.68 1.17
s 0.0014 0.0117 0.0205 0.0031 0.0039 0.0013
a 0.51 0.50 0.50 0.51 0.51 0.51

Mohr Coulomb Fit
cohesion (MPa) 0.7 1.0 1.1 0.8 0.8 0.7
friction angle (°) 32 37 38 34 34 31
tensile strength (MPa) 0.03 0.11 0.16 0.04 0.05 0.02
compressive strength (MPa) 0.8 2.4 3.1 1.2 1.3 0.7

Deformability of BFZ
Young's Modulus (GPa) 17.4 35.9 56.9 27.0** 27.4 24.0
G = E / 2 (1+n), n = 0.25 (GPa) 7.0 14.4 22.8 10.8 10.9 9.6

Equivalent Stiffness of BFZ*
Kn = E / width (GPa/m) 379.2 54.1 91.2
Ks = G / width (GPa/m) 151.7 21.6 36.5

* Due to the variation of the width of the zone core in drillcore intersections,
stiffness parameters have been determined only for zones which intersect the tunnel (minimum width used)
** No seismic data available, average value of all brittle deformation zones.
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OL-BFZ100 OL-BFZ101 OL-BFZ106 OL-BFZ118 OL-BFZ146 OL-BFZ219
BFZ characteristics

Width 0.25 1
Rock mass quality (GSI) 43 45 37 60 58 51

mapped core
value from

tunnel
intersections

drillhole
intersection

1st quartile of
drillhole

intersections
drillhole

intersection

1st quartile of
drillhole

intersections
drillhole

intersection
Strength of intact parts

sigci (MPa) 22 22 22 22 22 22
mi 10 10 10 10 10 10
D 0 0 0 0 0 0

Strength of BFZ
Hoek Brown Criterion
mb 1.30 1.40 1.05 2.39 2.23 1.74
s 0.0018 0.0022 0.0009 0.0117 0.0094 0.0043
a 0.51 0.51 0.51 0.50 0.50 0.51

Mohr Coulomb Fit
cohesion (MPa) 0.7 0.8 0.7 1.0 1.0 0.8
friction angle (°) 32 33 30 37 36 34
tensile strength (MPa) 0.03 0.03 0.02 0.11 0.09 0.05
compressive strength (MPa) 0.9 1.0 0.6 2.4 2.1 1.4

Deformability of BFZ
Young's Modulus (GPa) 32.0 27.0** 23.1 27.0** 12.8 28.1
G = E / 2 (1+n), n = 0.25 (GPa) 12.8 10.8 9.3 10.8 5.1 11.2

Equivalent Stiffness of BFZ*
Kn = E / width (GPa/m) 127.9
Ks = G / width (GPa/m) 51.2

* Due to the variation of the width of the zone core in drillcore intersections,
stiffness parameters have been determined only for zones which intersect the tunnel (minimum width used)
** No seismic data available, average value of all brittle deformation zones.
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5 INTACT ROCK STRENGTH AND DEFORMABILITY 
 
The following text is according to the intact rock property chapter presented in the Site 
Descriptive Model 2011 (Posiva 2011). 
 
Laboratory tests carried out using 38 mm to 62 mm core samples are considered the 
most reliable source of data for estimating the index strength and deformability 
properties of intact rock samples. However, the resources available for obtaining a 
spatially comprehensive coverage of data for the whole repository volume are limited; 
in order to overcome this limitation, these data are interpreted together with the 
geological and geophysical data. The modelled data consist of deformability and 
strength parameters obtained from uniaxial compressive test: Young’s modulus (E), 
Poisson’s ration ( ), uniaxial compressive strength (UCS), crack initiation (CI) and 
crack damage (CD) thresholds. The CI strength is defined as the damage initiation 
threshold—as marked by the onset of systematically increasing crack damage with 
increasing applied stress. The CD strength corresponds with critical crack density when 
interaction and coalescence proceeds marking the onset of yield.  Further, Mode I 
(tension) and Mode II (shear) fracture toughnesses are presented. 
 
The ONKALO and repository area consists of five rock types mainly: a) migmatitic 
gneisses VGN (43 %) and DGN (21 %), b) homogeneous, banded and weakly- or non-
migmatitic gneisses TGG (8 %) and MGN (7 %) and c) pegmatitic granites PGR 
(20 %). The combined volume of other rock types (quartzitic gneisses QGN, mafic 
gneisses MFGN, stromatic gneisses SGN and K-feldspar porphyry, KFP) is minor 
(<2 %). Based on drillhole intersections at the repository depth, from -350 m to -450 m, 
the portion of VGN can increase, so that the respective percentages are: VGN 50 %, 
DGN 14 %, TGG 5 %, MGN 7 %, and PGR 22 %. Information from drillhole logs 
shows that the rock type varies frequently: 75 % of continuous sections of drill core of a 
single rock type are shorter than 10 m, with the mean uniform length being 4.4 m and 
the lower quartile 2.7 m. 
 
A notable number of drill cores (17 %) show hydrothermal alteration. The amount of 
pervasive alteration is slightly lower (15 %) and the median section length of drill core 
showing hydrothermal alteration varies between 5 m to 12 m, depending on the 
alteration style and the alteration minerals. In general, pervasive hydrothermal alteration 
reduces the point load strength, but by no more than 5 %, although migmatitic gneisses 
VGN and DGN seem to suffer slightly more than PGR in this regard. There are also no 
significant differences in strength between different types of pervasive alteration, which 
is in agreement with the conclusion of Ojala & Stenebråten (2008) who tested altered 
rocks from drillhole OL-KR19. 
 
Based on uniaxial compression tests, the uniaxial compressive strength (UCS) and the 
crack initiation (CI) strength are seen to be rock-type dependent, although the 
distributions are wide and overlap to a considerable extent (Figure 5-1 and Figure 5-2). 
The median UCS of the main rock types lies between 95 MPa (DGN) and 111 MPa 
(VGN), with the corresponding values for CI between 48 MPa (MGN) and 58 MPa 
(PGR). The median values for CI/UCS ratio lie between 0.47 (MGN) and 0.56 (DGN). 
The indirect tensile strength is also rock-type dependent and PGR has clearly a lower 
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strength than the gneisses, whereas TGG shows a slightly higher strength (Figure 5-3). 
Mean indirect tensile strengths are 9.1 MPa for PGR and 14.4 for TGG and 11.4–13.5 
MPa for VGN, DGN and MGN. The direct tensile strength of VGN and MGN is 60 % 
lower than the indirect tensile strength. 
 

 

Figure 5-1. Distributions of uniaxial compressive strength (UCS) for the ONKALO 
area main rock types. 

 

 

Figure 5-2. Distributions of crack initiation strength (CI) for the ONKALO area main 
rock types. 
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Figure 5-3. Distributions of indirect tensile strength for the ONKALO area main rock 
types. 

 
It can be concluded that the rock mass in the ONKALO volume is heterogeneous—both 
rock types and the degree of foliation change frequently over short distances. This 
results in highly variable properties and poor correlations between different test results, 
leading to a relatively poor spatial predictability of intact rock parameters. In spite of 
this high variation, however, the distributions of intact rock parameter values are quite 
well known.  
 
Based on analyses of test results, some notable conclusions can be drawn: a) there are a 
few locations where the measured strength seems to be systematically lower (below the 
mean values), but the reason for this variability has not been identified; b) the variation 
in the median values of UCS and CI is about 20 %; c) the VGN has a slightly lower 
compressive strength than other rock types; d) the PGR has an approximately 25 % 
lower tensile strength than the gneisses; e) the direct tensile strength is clearly lower 
than the indirect tensile strength; and f) although the QGN is stronger than other rock 
types, this is of minor significance because the volume of this rock type is small (<1 %). 
The recommended intact rock properties to be used in rock mechanics analyses are 
given only for the gneissic rocks and the granitic pegmatite. 
 
For the Rock Mechanics model the measured values are stored in a database but, for the 
block model, all gneisses can be considered in this context as one rock domain (type) 
with only the pegmatitic granite being considered a separate type—observed as several 
metre thick layers with their own parameter values ( ). For metamorphic rocks, 
the variation of all of the key strength states is high, with a 95 % confidence peak in the 
uniaxial compressive strength between 58 MPa and 161 MPa and with 50 % confidence 
limits of 92 MPa and 121 MPa. 
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Table 5-1. Deformation and strength parameters for Olkiluoto gneisses (GN) rock types 
and pegmatite granite (PGR). 

Parameter Rock type Mean value Standard 
deviation 

95% conf. 
limits 

Number of 
samples 

Young’s modulus, E (GPa) GN 60 10 31 / 81 109 

 PGR 60 8 47 / 73 13 

Poisson’s ratio,  (mm/mm) GN 0.25 0.04 0.15 / 0.33 109 

 PGR 0.29 0.06 0.14 / 0.34 13 

Uniaxial compressive strength, 
UCS (MPa) 

GN 108 26 58 / 161 94 

 PGR 102 27 56 / 146 13 

Crack damage stress, CD (MPa) GN 99 26 51 / 153 84 

 PGR 85 17 56 / 113 13 

Crack initiation stress, CI (MPa) GN 52 12 34 / 83 85 

 PGR 57 12 35 / 77 12 

Indirect tensile strength, T,I 
(MPa) 

GN 12.1 2.9 6.6 / 17.4 98 

 PGR 8.9 2.1 4.6 / 12.0 51 

Direct tensile strength, T,D 
(MPa) 

GN 7.6 1.5 5.9 / 10.3 18 

 PGR - -  0 

      

Mode I fracture toughness, K*IC 
Chevron Bend, (MPa1/2) 

GN 2.29 0.57 1.43 / 3.01 9 

 PGR 1.58 0.2 1.39 / 1.77 3 

Mode I fracture toughness, K*IC 
Brazilian disk experiment, 
(MPa1/2) 

GN 1.58 0.51 0.96 / 2.39 9 

 PGR 1.12 0.1 1.02 / 1.21 3 

Mode II fracture toughness, K*IiC 
Punch-Through with Conf., 
(MPa1/2) 

GN 3.47 0.39 2.87 / 4.04 9 

 PGR 3.30 0.47 2.89 / 3.77 3 
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6 IN SITU ROCK STRESS  
 
The following text is according to the in situ rock stress chapter presented in the Site 
Descriptive Model 2011 (Posiva 2011).  
 
In Site descriptive model two alternative in situ stress models are presented. Model 1, 
which is applied in the RMM version 2.0, is based mainly on hydraulic results and the 
semi-intergration analysis. The other model is based on LVDT-measurements only and 
the reliability of these measurements are supported by core disking observations from 
same location. The results of LVDT are still preliminary.  
 
The proposed in situ stress model 1 involves three domains, determined by the locations 
of Hydraulic (HZ) and Brittle Faults (BDZ) Zones that are believed to better represent 
the stress conditions at the site, rather than a model with only one stress domain. The 
first domain involves data sampled above HZ20; the second domain includes data 
sampled between HZ20 and BFZ099; and the third domain involves data collected 
below BFZ099. Geological descriptions of the zones can be found in Aaltonen et al. 
(2010).  
 
The stress field (Table 6-1) is based primarily on hydraulic data and semi-integration 
analysis. The intervals displayed are regarded as corresponding to the 99 % confidence 
interval, thereby yielding estimated standard deviations of 4, 4, and 3.5 MPa for H in 
the upper, intermediate, and lower domains, respectively. The corresponding result for 

h is 3, 2.5 and 2 MPa, for the orientations of H of 26º, 20º and 10º. 

Table 6-1. Interpreted stress field at Olkiluoto based on in situ stress data (99 % 
confidence interval). 

Range    Vertical depth range 
 H [MPa] h [MPa] v [MPa]  

Mean [MPa] 13.0+0.031z 8.5+0.024z 0.0265z  
Min [MPa] 2.0+0.030z 1.0+0.020z 0.0240z 0 to HZ20 
Max [MPa] 24.0+0.033z 16.0+0.028z 0.0290z  
Orient. [oN] 87 (8-165) 177 (98-255) -  

 H [MPa] h [MPa] v [MPa]  
Mean [MPa] 10.9+0.033z 5.3+0.027z 0.0265z  
Min [MPa] 0.1+0.032z -1.7+0.027z 0.0240z HZ20 to BFZ099 
Max [MPa] 21.7+0.033z 12.3+0.027z 0.0290z  
Orient. [oN] 112 (53-171) 202 (143-261) -  

 H [MPa] h [MPa] v [MPa]  
Mean [MPa] 10.8+0.033z 2.1+0.026z 0.0265z  
Min [MPa] 3.0+0.030z -3.4+0.026z 0.0240z BFZ099 – 900 m 
Max [MPa] 18.6+0.036z 7.6+0.026z 0.0290z  
Orient. [oN] 84 (53-115) 174 (143-205) -  

 
In situ rock stress components for different depth ranges were calculated for the block 
model using simplified 3d-models of HZ20 and OL-BFZ099 (Figure 6-1). The depth 
below ground surface is calculated from the block centroid (10 x 10 x 10 m blocks).  



36 
 

 
 

 

Figure 6-1. Calculated major horizontal in situ stress component H (view from south). 

 

  

 

Figure 6-2. Calculated major horizontal in situ stress component H (view from NE). 
OL-BFZ099 intersect the model area only at north corner of model. 
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7 THERMAL PROPERTIES 
 
Thermal properties of rocks at Olkiluoto have been studied using laboratory 
measurements of drill core samples, theoretical calculations from rock mineral 
composition and in situ measurements in drill holes.  Laboratory measurements and 
theoretical calculations on thermal properties of rocks at Olkiluoto have been presented 
previously by Kjørholt (1992), Kukkonen & Lindberg (1995, 1998), Kukkonen (2000) 
and Kukkonen et al. (2005, 2010). A comparison between different laboratory 
measurements applied in site studies in Finland and Sweden has been given by 
Sundberg et al. (2003). Theoretical calculations on thermal properties using modal 
mineral composition of rocks have been presented by Kukkonen & Lindberg (1995, 
1998). In situ measurements in Olkiluoto have presented by Kukkonen & Suppala 
(1999), Kukkonen et al. (2000, 2001 and 2005) and Suppala et al. (2004). 
 
The thermal properties investigated at Olkiluoto include thermal conductivity, specific 
heat capacity, thermal diffusivity, density and thermal expansion coefficient. The most 
representative data set on thermal properties of rocks in Olkiluoto is based on laboratory 
measurements of drill core samples (Kukkonen et al. 2011). The thermal block model 
was constructed using this data set and the lithological model of Olkiluoto (Mattila et al. 
2007, Aaltonen et al. 2010). The holes sampled for thermal property measurements 
1994-2010 are listed in Table 7-1. A complete list of all samples measured is reported in 
Kukkonen et al. (2011). 
 
The complete data set is based on 392 drill core samples. The measured parameters 
included thermal conductivity, specific heat capacity and density. The methods of 
measurement are described in detail in Kukkonen et al. (2011). Thermal diffusivity was 
calculated from the measured parameters as 
 

        (7-1) 

 
where s is thermal diffusivity (m2s-1),  is thermal conductivity (Wm-1K-1), c is specific 
heat capacity (J kg-1 K-1) and  is density (kg m-3). As rock thermal properties are 
temperature dependent, all data values were either measured at or reduced to room 
temperature. In addition, the average values of thermal properties were also estimated as 
a function of temperature up to 100°C using literature data on temperature dependencies 
(Seipold 2001, Sundberg & Gabrielsson 1999, Sundberg 2002, see Kukkonen et al. 
2011 for details).  
 
The thermal expansion properties of the rocks have been studied by theoretical 
modelling (Huotari & Kukkonen 2004) as well as by laboratory measurements 
(Åkesson 2011). The determined parameter is the linear expansion coefficient  (K-1): 
 

       (7-2) 
 

where L0 refers to a reference dimension before heating, and L to the extension 
generated under the applied temperature change T, respectively. The theoretical 

c
s
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estimation of the expansion coefficient of veined gneiss, using data on rock-forming 
minerals and the modal composition of rock, yielded values in the range of 7-10 10-6 K-1 
between 20-60 °C. Averages of experimental data for veined gneiss (20-60 °C) are 10.8 
± 2.0 10-6 K-1 (perpendicular to foliation, N = 5) and 10.4 ± 2.8 10-6 K-1 (along the 
foliation, N = 5). Averages for pegmatitic granite and diatexitic gneiss are 7.2 ± 2.8 10-6 
K-1 and 8.3 ± 0.7 10-6 K-1. The average of all samples measured by Åkesson (2011) 
gives a value of 9.5 ± 2.5 10-6 K-1 (N = 22). The thermal expansion of the samples is 
reported to be practically linear between 20 and 60 °C. (Posiva, 2011) 
 
The Olkiluoto bedrock is a migmatitic gneiss environment with rapid variations 
between rock types, due to partial melting, plastic deformation and emplacement of 
melts during the Svecofennian orogeny. The main rock types in Olkiluoto have been 
classified into the following (Aaltonen et al. 2010): veined gneiss (VGN), diatexitic 
gneiss (DGN), tonalitic-granodioritic-granitic gneiss (TGG), mica gneiss (MGN) and 
pegmatitic granite (PGR). In addition, there are also minor occurrences of K-feldspar 
porphyry (KFP) and quartzitic gneiss (QGN). 
 
The most important rock forming minerals are quartz, potassium feldspar, plagioclase, 
biotite (±other mica) and hornblende (±other amphiboles). From the petrophysical point 
of view, quartz is a mineral with low density but high thermal conductivity; whereas the 
feldspars have similarly low density but relatively low thermal conductivity. Mica and 
amphiboles have high density but relatively low thermal conductivity. These basic 
factors are also reflected in the thermal properties. An increase in quartz content is 
expected to increase the thermal conductivity and diffusivity, but to decrease the 
density. Conversely, an increase in the content of mafic minerals has the opposite effect. 
Furthermore, all the main minerals are also thermally anisotropic, which has a 
significant effect on the measured thermal properties of gneissic rocks with their well-
developed foliation and gneissic banding. The gneissic rocks at Olkiluoto are, therefore, 
expected to exhibit anisotropy in their thermal conductivity and diffusivity. A more 
detailed discussion on the thermal properties of minerals at Olkiluoto is given in 
Kukkonen & Lindberg (1998). 

Table 7-1. Drillhole depth intervals sampled for measurements of rock thermal 
properties in Olkiluoto (Kukkonen et al. 2011). 

Drillhole Depth range 
(m) 

Number of 
samples 

OL-KR1 379.95 – 512.70 34 
OL-KR2 325.70 – 550.88 158 
OL-KR4 453.35 – 547.03 8 
OL-KR9 461.21 – 550.00 8 

OL-KR11 390.00 – 539.28 31 
OL-KR12 380.10 – 480.15 21 
OL-KR13 430.35 – 499.95 15 
OL-KR19 369.90 – 470.10 21 
OL-KR25 375.00 – 480.00 23 
OL-KR29 385.00 – 485.00 22 
OL-KR40 390.00 – 495.00 23 
OL-KR46 380.00 – 485.05 28 

  Total 392 
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Figure 7-1. Plan view of the location of the drillholes in Olkiluoto sampled for 
laboratory measurements of thermal properties. Blue lines indicate the horizontal 
projections of the drillholes used in thermal laboratory measurements. Red indicates 
the sampled sections of drillholes. (Kukkonen et al. 2011).  

The samples used in the laboratory measurements were mainly of veined gneiss, but 
also included tonalitic-granodioritic-granitic gneiss, diatexitic gneiss, mica gneiss, 
pegmatitic granite, potassium-feldspar porphyry and quartzitic gneiss. The mean 
thermal properties of the Olkiluoto rock types at room temperature are given in Table 
7-2. Correspondingly, average values corrected for 60 °C and 100 °C are given in Table 
7-3. 
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Table 7-2. Determined mean thermal parameters for different rock types (Kukkonen et 
al. 2011, Posiva 2011). Values are given at room temperature.  VGN = veined gneiss, 
TGG = tonalitic- granodioritic-granitic gneiss, DGN = diatexitic gneiss, MGN = mica 
gneiss, PGR = pegmatitic granite. Density values are rock type medians from Aaltonen 
et al. (2009). Coefficient of heat expansion has not been determined for TGG and PGR. 
 

Rock type Thermal 
conductivity 

W/m*K 

Specific heat 
capacity 
J/kg*K 

Diffusivity 
10-6 m2/s 

Density 
kg/m3 

Coefficient 
of heat 

expansion 
10-6/K 

VGN 2.83 725 1.37 2735 10.6 

TGG 2.78 696 1.35 2712 n.a 

DGN 2.95 708 1.53 2726 8.3 

MGN 2.66 724 1.34 2741 n.a 

PGR 3.20 689 1.75 2627 7.2 

All samples 2.91 712 1.47 2722 n.a 

 
 
Table 7-3. Average thermal rock properties corrected for elevated temperatures 
(Kukkonen et al. 2011). Density values are average values from measured samples.  
 

Parameter Mean at 
25ºC 

Applied 
correction 

25  60 ºC 

value at 
60 ºC 

Applied 
correction 

25  100 ºC 

value at 
100 ºC 

conductivity 
(W/m*K) 2.91 -3.1 2.82 -6.4 2.72 

Specific heat capacity 
(J/kg*K) 712 73 764 15.8 824 

Diffusivity (10-6 m2/s) 1.47 -8.5 1.34 -18.1 1.20 
Density (kg/m3) 2743 0 2743 0 2743 

 

7.1 Compilation of the thermal block model 

The function of the thermal block model is to work as a sub-model of the rock 
mechanics block model (see Chapter 8). The actual thermal block model has been 
constrained to the depth ranges of z = -500 – -350 m, because most of the samples for 
measurement of rock thermal properties were located at the depths of c. -350 – -550 m, 
and it is uncertain how well the data represent bedrock volumes at higher elevations. In 
upper parts, the thermal properties of the veined gneiss are assigned to the model. The 
thermal block model does, however, cover the planned repository depth to a good 
extent.  
 
The thermal block model was created by utilising the 3D lithological model of GSM 2.0 
(Aaltonen et al. 2010) and mean thermal properties determined for each rock type 
(Table 7-2). In GSM 2.0, veined gneiss (VGN) is considered as the main rock type, 
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acting as background material in the model. The lithological model includes a number 
of solid objects, indicating the geometry of different rock types. The most important 
modelled rock types, located within the VGN background are TGG, DGN, MGN and 
PGR. Furthermore, a few mafic gneisses and diabase dykes have been modelled.  
 
The constructed thermal block model is factually a numerical manifestation of the 
lithological model. This is natural, since the rock type solids have been used as guides 
in assigning the thermal parameters to the blocks. Therefore each parameter has only 
five values in the model. The thermal expansion coefficient has only three values in the 
model because the thermal expansion coefficient has been determined only for VGN, 
DGN and PGR (Table 7-2). Because the thermal expansion coefficients are not 
determined for TGG and MGN, these rock types are assigned with the same thermal 
expansion coefficient value as VGN (background material). 
 
The determined thermal conductivity values vary between 2.66–3.20 Wm-1K-1, the 
highest values being related to pegmatitic granites (3.20) and diatexitic gneisses (2.95). 
The lowest conductivity (2.66) is associated with mica gneiss. TGG gneisses appear to 
have only slightly lower conductivity values than the veined gneisses (2.78 and 2.83). 
 
The measured values represent thermal conductivity along the drillholes, accordingly 
the effect of anisotropy is not considered. It is known that especially for gneisses at 
Olkiluoto, anisotropy may obscure the effect of lithological variation. Most of the 
drillholes cut the general foliation trend almost perpendicularly, so probably the 
measured values are near to the minimum conductivity. Maximum conductivity is 
assumed to be obtained in directions parallel to the foliation. 
 

 

Figure 7-2. Block model of thermal conductivity. View from S. 
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Figure 7-3. Sliced block model of thermal conductivity. Spacing of slices is 100 m. View 
from S. 
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8 BLOCK MODEL 

8.1 Block model dimensions and estimation method 

A block model covering the ONKALO volume has been developed (Figure 8-1). The 
dimensions of the model have been modified from the previous version (RMM 1.0). In 
version 2.0 the block model has been rotated around the z-axis so that the long edge of 
the model is oriented along a direction 310°. In this way the block model has better data 
frequency and covers the ONKALO area and disposal panel 1 to a better degree.  
 
The dimensions of the model are: 
 
 Origin Extent (m)
Y (northing) 6791610 1250 
X (easting) 1526020 650 
Z (elevation) -500 520  
 
The block model is rotated -50 degrees around the z-axis. The basic block size is 10 x 
10 x 10 m and the sub-block size is 2.5 x 2.5 x 2.5 m. The basic block size is the target 
size of numerical interpolations, while sub-blocks are used when constraining the block 
model. 
 

 

Figure 8-1. Location of the block model dimensions showing the ONKALO and the 
drillholes from which the GSI and RQD input data estimations were made. Location of 
disposal panel 1 is presented with brown colour. Dimensions of a cell in the grid are 
250 x 250 m. 

 
GSI and RQD values were estimated for the block model using 1 m composites 
determined from the surface drillholes and tunnel mapping data. To avoid ‘spreading’ 
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the lower RQD and GSI values from the BDZ intersection zones to the surrounding rock 
mass, sections of poor rock quality inside brittle deformation zone intersections were 
filtered from the data before calculating the values for the composites. As a 
consequence, the estimated GSI and RQD values in the block model represent the rock 
mass between the BDZs. No lithological boundaries were used when estimating the 
block values. 
 
Values were estimated using an inverse distance weighting as the interpolating method. 
Inverse distance weighted methods are based on the assumption that point estimated 
should be influenced most by the nearby points and less by the more distant points.  The 
number of discretisation points for each block is 27 (3x3x3). These points will be 
distributed evenly through the block to provide targets for estimation. Estimated values 
are based on the weighted values of data points closest to each discretisation point. In 
this work the weighting is the inverse of the distance between the data point and the 
discretisation point raised to a power of two. The results are then averaged to provide an 
estimate for the entire block.  
 
Estimations were made in two domains: the top domain, which covers the model area 
from top to Z = -125 m; and the bottom domain which covers model area Z = -125 m – -
500 m. Input data were constrained so that in the top domain data were from Z > - 150 
and in the bottom domain Z < -100m i.e. there was a 50 metre overlap in data. This way 
a sharp artificial boundary between estimation domains could be avoided. In both 
domains, estimations were made in five steps with different search parameters to 
classify the level of confidence (Table 8-1). A search where the number of samples was 
not limited was made to analyse and determine the minimum and maximum numbers of 
sample to use in the final estimation (Figure 8-2 and Figure 8-3). 
 
Because of short search radii, a spherical search was used in the first two estimation 
steps. The search radius for step 1 (class 1) was 10 metres i.e. only blocks directly 
around input data were estimated in the first step. The maximum numbers of samples to 
select was set at 50 so that all samples near a block are used in the estimation. In the 
second step (class 2), the search radius was 30 metres.  
 
In estimation steps 3, 4 and 5, an elliptical search was used instead of a spherical search. 
As mentioned in Section 3.2.2, it should be remembered that variation in input data rock 
mass quality is quite minimal, mainly from good rock to very good rock, and data 
continuity is quite similar in all directions—excluding the vertical direction where a 
shorter range seems to be quite certain. Also high axis ratios in the search ellipsoid in 
the block model estimation may cause artificial structures in the final model. Therefore, 
a simplified model, with major/minor axis ratios of 1:2, is used. Major and semi-major 
axis ratios are 1:1. The major and semi-major axes of the search ellipsoid are in the 
horizontal directions and the minor axis is in the vertical direction.  
 
Maximum search distances for step 3 and 4 (class 3 and 4) were determined based on 
geostatistics. In step three, search radii in the horizontal direction are 70 metres and 35 
metres in the vertical direction. The ranges used in step 3 are applicable for areas where 
data density is high (i.e. near the ONKALO), but for simplicity these ranges were 
applied to the whole model. The requirement of dense data frequency was taken into 
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account by increasing the minimum number of samples to 30. It should also be noted 
that brittle deformation zones which might bring some small scale variations to rock 
mass qualities are already filtered from the data. 
 
In step 4 (class 4), maximum search distances are 200 metres in horizontal directions 
and 100 metres in the vertical direction. The maximum number of samples was 
increased to 1000.  
 
In the fifth step (class 5), all blocks which were not allocated an estimated value in the 
first four steps were assigned a value. The search radius was set to 500 m in the 
horizontal direction to make sure all blocks would be estimated. In the vertical direction 
the maximum search distance was limited to 250 m.  Because of long search distances 
and the number of samples used in estimation, values estimated in step 4 and 5 are 
significantly averaged. 
 

 

Figure 8-2. Number of samples found per block with different search radii. Estimation 
steps 1, 2 and 3.  

 

Figure 8-3. Number of samples found per block with different search radii. Estimation 
steps 4 and 5. Because of a long search distance, the number of samples found for each 
block is high. 
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Table 8-1. Search parameters used in the estimation of GSI and RQD values. In the 
search ellipsoid, major and semi-major axes are oriented in the horizontal direction 
and the minor axis in the vertical direction. 

Estimation 
class 

Search 
radius 

Axis ratios 
(major/minor)

Minimum number of 
samples to select 

Maximum number of 
samples to select 

1 10 1:1 3 50 
2 30 1:1 15 50 
3 70 1:2 30 150 
4 200 1:2 50 1000 
5 500 1:2 50 1000 

 

 

Figure 8-4. Search ellipsoids in different estimation steps, compared to block model 
(short edge of block model). 

 
 
Attributes for intact rock strength, deformability and in situ stress were added to the 
block model according to the data described in Chapters 5 and 6 of this report. Rock 
strength parameter values for Olkiluoto gneisses were assigned as model background 
values (Table 5-1). The depth below ground surface, which is used when calculating the 
in situ stress component, is calculated from the block centroid (10 x 10 x 10 m blocks). 
Lithological units were assigned to the blocks using 3D solid models from the 
geological model (Aaltonen et al. 2010). The assigned rock types were VGN TGG, 
DGN, MGN, PGR, MFGN and DB. Thermal properties (conductivity, specific heat 
capacity, diffusivity and thermal expansion coefficient) and density are added to the 
block model by utilising lithological units as described in Chapter 7.1. A summary of 
the main attributes in the block model is presented in Table 8-2.  
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Table 8-2.  Attributes in the RM block model. 
 
Attribute name Description 
GSI Estimated GSI value 
RQD Estimated RQD value 
Estimation_class GSI and RQD estimation class 
Aniso_dist_gsi* Anisotropic distance to nearest sample 
Aver_dist_gsi* Average anisotropic distance to samples 
Samples_gsi* Number of samples in block used in estimation 
Rocktype Rock type  
Heat_capacity Specific heat capacity at room temperature (J kg-1 K-1) 
Diffusivity Thermal diffusivity at room temperature (m2s-1) 
Thermal_cond Thermal conductivity at room temperature (Wm-1K-1) 
Thermal_exp_coefficient  Thermal expansion coefficient (10-6 K-1) 
Density Density (kg m-3) 
Sigma_hmax,_mean H, mean maximum horizontal stress component at 

Olkiluoto site (MPa) 
Sigma_hmax,_bearing Bearing for H, mean maximum horizontal stress 

component at Olkiluoto site 
Sigma_hmin,_mean h, mean minimum horizontal stress component at 

Olkiluoto site (MPa) 
Sigma_v,_mean v, mean vertical stress component at Olkiluoto site (MPa) 
peak_strength_mean Peak uniaxial strength  p, mean value (MPa) 
peak_strength_low Peak uniaxial strength  p, 95 % conf. limit, lower  (MPa)  
peak_strength_upper Peak uniaxial strength  p, 95 % conf. limit, upper  (MPa) 
crack_damage_mean Crack damage stress  CD, mean value (MPa) 
crack_damage_low Crack damage stress  CD, 95 % conf. limit, lower  (MPa)  
crack_damage_upper Crack damage stress  CD, 95 % conf. limit, upper  (MPa) 
crack_initiation_mean Crack initiation stress  CI, mean value (MPa) 
crack_initiation_low Crack initiation stress  CI, 95 % conf. limit, lower  (MPa)  
crack_initiation_upper Crack initiation stress  CI, 95 % conf. limit, upper  (MPa) 
indirect_tensile_mean Indirect tensile strength T,I, mean value (MPa) 
indirect_tensile_low Indirect tensile strength T,I, 95 % conf. limit, lower  (MPa) 
indirect_tensile_upper Indirect tensile strength T,I, 95 % conf. limit, upper (MPa) 
E Young’s modulus E (GPa), mean value 
E_low Young’s modulus E (GPa), 95 % conf. limit, lower   
E_upper Young’s modulus E (GPa), 95 % conf. limit, upper  
Poissons Poisson’s ratio  (mm/mm), mean value 
Poissons_low Poisson’s ratio  (mm/mm), 95 % conf. limit, lower   
Poissons_upper Poisson’s ratio  (mm/mm), 95 % conf. limit, upper  
* Additional information related to estimation of GSI and RQD values 
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8.2 Block model results  

The estimated GSI values are presented in Figure 8-5 – Figure 8-7. Because the low 
degree of undulation and the widths of the major BDZs are small compared to the block 
size and, the BDZs are presented as 3d-planes in the model (see Section 4). The 
estimated GSI values vary from 50 to 100 which correspond to rock mass qualities of 
Poor to Exceptionally Good in the Q´ classification. Outside the BFZs, Poor and Fair 
rock mass quality is found only in a few locations near surface and also in the 
ONKALO at TKU-3747 and around chainage 3900 m.  
 
Blocks inside the tunnel after about a depth of Z = -90 m (chainage ~1000 m), display 
an increase in the rock mass quality (GSI value). The mean GSI value inside the tunnel 
and above Z = -90 m is 73 (Good). Below Z = -90 m, the mean GSI value is 88 
(Extremely Good) (Figure 8-5 and Figure 8-6). 
 
The mean RQD value inside the tunnel and above Z = -90 m is 94 %. Below Z = -90 m, 
the mean RQD value is 99% (Figure 8-8 and Figure 8-9).  The rock types and mean in 
situ stress component magnitudes are visualised in Figure 8-10 to Figure 8-14.  
 
 

 

Figure 8-5. Block model with estimated GSI values inside the ONKALO tunnel. Note 
that GSI values in blocks describe rock mass quality outside brittle deformation zones. 
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Figure 8-6. Estimated GSI values inside the ONKALO tunnel. 

 
The data presentation in Figure 8-5 and Figure 8-6 show a clear cut trend in the rock 
quality – as indicated by the GSI rock mass classification index: for depths of 0–125 m, 
GSI values are generally between 60 and 90; whilst below 125 m, GSI values are above 
77. This indicates that the rock mass near the surface has been reduced in quality, 
probably by the action of repeated glacial influence and weathering, whereas the rock 
mass below 125 m depth has been unaffected and has a relatively constant mean quality 
and variation with depth. 
 

 

Figure 8-7. Estimated GSI values and major brittle deformation zones (the colours of 
the BDZs indicate their GSI-values). 
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Figure 8-8. Estimated RQD values inside the ONKALO tunnel. The BDZs are not 
included in the blocks. 

 

 

Figure 8-9. Estimated RQD values in the block model. The values represent the general 
rock mass (here the BDZs are not included in the blocks). 
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Figure 8-10. Rock types inside the ONKALO tunnel ramp. 

 
 
 
 

 

Figure 8-11. Assigned rock types in the block model. 
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Figure 8-12. Mean maximum horizontal in situ stress component H around the 
ONKALO tunnel. 

 

Figure 8-13. Mean minimum horizontal in situ stress component h around the 
ONKALO tunnel. 
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Figure 8-14. Mean vertical in situ stress component v around the ONKALO tunnel. 

 

8.3 Uncertainties in the RMM 

One of the main uncertainties in the model is incomplete coverage using the available 
data. Although the average rock mass quality is well known, the estimation of local 
anomalies is difficult. Also, the used target block size of 10 x 10 x10 m obscures all 
small scale variation in the rock mass quality. Based on the variogram studies, the 
maximum interpolation/extrapolation distance for the GSI and RQD values is of the 
order of 30–70 m. Beyond this distance, the level of confidence decreases. Block (GSI 
and RQD) values estimated in the two lowest classes of level of confidence (class 4 and 
5) are significantly averaged. Because the distances between drillholes are relatively 
large compared to the block model dimensions, 70 % of the block model volume falls 
into the last two classes of level of confidence—although this refers to the blocks some 
distance away from the ONKALO tunnel (Figure 8-15 and Figure 8-16). 
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Figure 8-15. Search radii in different calculation phases. Grey lines indicate drillholes 
i.e. input data. 

 

 

Figure 8-16.  Search radii in different calculation phases in the tunnel blocks. 

 
The following figures (Figure 8-17 – Figure 8-21) are a comparison of the results when 
tunnel mapping data is used directly as a source vs. estimation using a core logging data 
source. The marked difference observed between the two results demonstrates the 
decreased accuracy when using a core logging data basis and this inaccuracy can 
therefore be inferred to increase with increasing distance from the ONKALO. 
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Results seen in Figure 8-17 – Figure 8-21 correspond to the first three classes in level of 
confidence i.e. maximum search radii of 10, 30 and 70 metres. In these figures it is 
clearly seen how block model estimation obscures small scale variation in rock mass 
quality. The accuracy of the drillhole estimates of rock mass quality is ± one Q  class 
compared to the tunnel mapping (see Section 3.1). 
  
 
 

 

Figure 8-17. The GSI values in the ONKALO estimated only from drillholes (bottom) 
compared to the originally mapped rock mass quality in the tunnel section (top) in the 
chainage range 0–680 m. The grey regions represent areas where no sufficiently 
reliable geostatistical prediction can be made. 
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Figure 8-18. Estimated GSI values from drillholes (right) compared to the originally 
mapped rock mass quality in the tunnel section (left) between chainages 680–1420 m. 
The grey region represents the area where no sufficiently reliable geostatistical 
prediction can be made. 

 
 

 

Figure 8-19. Estimated GSI values from drill hole data (left) compared to the originally 
mapped rock mass quality in the tunnel section (right) between chainages 1420–2200 
m. The grey regions represent areas where no sufficiently reliable geostatistical 
prediction can be made. 
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Figure 8-20. Estimated GSI values from drill hole data (top) compared to the originally 
mapped rock mass quality in the tunnel section (bottom) between chainages 2200–3260 
m. The grey regions represent areas where no sufficiently reliable geostatistical 
prediction can be made. 
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Figure 8-21. Estimated GSI values from drill hole data (top) compared to the originally 
mapped rock mass quality in the tunnel section (bottom) between chainages 3260–-
4380 m. 
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9  FURTHER DEVELOPMENT OF THE ROCK MECHANICS MODEL 
 
Preliminary ideas for further development of the rock mechanics model deal with 
accessibility of the model, and developing model update routines (macros). 
Investigation into the incorporation of brittle deformation zone geometry into the block 
model could be conducted in order to accurately define the location of such zones in the 
model. The objective of the rock mechanics model is to be developed into a practically 
usable tool to support spalling estimate for the repository design. 
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APPENDIX 1 

The comparisons between GSI values estimated from the pilot holes and tunnel 
mapping 
 
 

 

Figure A1 - 1. GSI values estimated from pilot hole OL-PH1 vs. GSI values obtained 
from the mapping of the ONKALO tunnel. Coloured vertical lines (left) indicate the 
intersections of the fracture zones (orange = tunnel, grey = OL-PH1)  

 

 

Figure A1 - 2. GSI values estimated from pilot hole ONK-PH2 vs. GSI values obtained 
from the mapping of the ONKALO tunnel.  

 
 

40

60

80

100

-30 20 70 120
chainage

G
SI

ONK-VT1
ONK-PH1

OL-BFZ100
OL-BFZ101

40

60

80

100

130 150 170 190 210 230 250
chainage

G
S

I

ONK-VT1
ONK-PH2



68 
 

 
 

 

Figure A1 - 3. GSI values estimated from pilot hole ONK-PH3 (red) vs. GSI values 
obtained from the mapping of the ONKALO tunnel (blue). Coloured vertical lines (left) 
indicate the intersections of the fracture zones (orange = tunnel, grey = ONK-PH3)  

 

 

Figure A1 - 4. GSI values estimated from pilot hole ONK-PH4 vs. GSI values obtained 
from the mapping of the ONKALO tunnel. Coloured vertical lines (left) indicate the 
intersections of the fracture zones (orange = tunnel, grey = ONK-PH4)  
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Figure A1 - 5. GSI values estimated from pilot hole ONK-PH5 vs. GSI values obtained 
from the mapping of the ONKALO tunnel. Coloured vertical lines (left) indicate the 
intersections of the fracture zones (orange = tunnel, grey = ONK-PH7)  

 

 

Figure A1 - 6. GSI values estimated from pilot hole ONK-PH6 vs. GSI values obtained 
from the mapping of the ONKALO tunnel.  
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Figure A1 - 7. GSI values estimated from pilot hole ONK-PH7 vs. GSI values obtained 
from the mapping of the ONKALO tunnel.  

 

Figure A1 - 8. GSI values estimated from pilot hole ONK-PH8 vs. GSI values obtained 
from the mapping of the ONKALO tunnel. Vertical coloured line (left) indicates the 
intersections of the fracture zones in tunnel. 

 

40

60

80

100

1880 1900 1920 1940 1960 1980

chainage

G
SI

ONK-VT1
ONK-PH7

40

60

80

100

3110 3130 3150 3170 3190 3210 3230 3250 3270
chainage

G
S

I

ONK-VT1
ONK-PH8

OL-BFZ20a



71 
 

 
 

 

Figure A1 - 9. GSI values estimated from pilot hole ONKL-PH9 vs. GSI values 
obtained from the mapping of the ONKALO tunnel.  

 

Figure A1 - 10. GSI values estimated from pilot hole ONK-PH10 vs. GSI values 
obtained from the mapping of the ONKALO tunnel. Coloured vertical line (left) indicate 
the intersections of the fracture zone.  
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Figure A1 - 11. GSI values estimated from pilot hole ONK-PH11 vs. GSI values 
obtained from the mapping of the ONKALO tunnel.  

 
 
 

 

Figure A1 - 12. GSI values estimated from pilot hole ONK-PH12 vs. GSI values 
obtained from the mapping of the ONKALO tunnel.  
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Figure A1 - 13. GSI values estimated from pilot hole ONK-PH13 vs. GSI values 
obtained from the mapping of the ONKALO tunnel.  

 

 

Figure A1 - 14. GSI values estimated from pilot hole ONK-PH14 vs. GSI values 
obtained from the mapping of the ONKALO tunnel. GSI values from tunnel only 
available to chainage 4390 m. 
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APPENDIX 2 

GEOSTATISTICAL ANALYSIS OF ROCK QUALITY INDICES RQD AND GSI 

Eevaliisa Laine 
2010 
 

1  INTRODUCTION 

Geostatistical methods were developed for the evaluation of recoverable reserves in 
mining deposits in the 1960s. Afterwards geostatistics have been applied in petroleum, 
soil science, oceanography, hydrogeology, remote sensing, and environmental sciences. 
Geostatical methods have been well described by Journel and Huijbrechts (1978), 
Goovaerts (1997) and Chiles and Delfiner (1999). In the following text, some practical 
aspects are discussed related to rock quality indices. 
The main task within geostatistics is to estimate the unknown values in locations 
between known values (Figure A2 - 1).  
 

 

Figure A2 - 1. Location map. Blue and red dots are known values. 

  
An important concept is a random variable (RV). A RV is a variable that can take a 
series of outcome values according to a pre-determined probability distribution. Within 
earth sciences, the random variables and their probability distributions are usually 
location-dependent; hence the notation Z(u), with u being the location co-ordinate 
vector. The RV Z(u) is also information-dependent in the sense that its probability 
distribution changes as more data about the unsampled value z(u) become available. A 
random function (RF) is defined as a set of usually dependent random variables Z(u), 
where u belongs to the study area (Figure A2 - 1). A random function (RF) can be, for 
example, a metal content in an ore deposit or any other rock property. 
 

    

 
In geostatistics the main task is to 
estimate the random function Z(u), for 
example rock property, at locations (?) 
where their values are not known. 
 
A statistical model, a so-called variogram 
is created. The variogram model 
describes the dissimilarity of a studied 
property vs. distance (h). 
 
The realisations of the random variables, 
i.e., the known values  

? 
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Because there is usually only one realisation, i.e., data value per location, specific 
assumptions or decisions are needed for stationarity (~homogeneity) in order to make 
statistical inference. Stationarity is the invariance of cumulative distribution functions 
(cdf) for all Z(u) under any translation. The unique stationary cdf may be inferred: 
F(z)=F(u;z)=Prob{Z(u)<z} for all u in the study area. In addition, the covariance 
between Z(u) and Z(u+h) C(h) depends only on the distance h, not on the location u.

The geostatistical interpolation uses a statistical model for the dissimilarity between 
neighbouring values inferred from the experimental variogram:

where f(x+h) and f(x) are known values at two locations, h is the distance between these 
locations and N is the number of sample pairs for distance h. In geostatistics, it is 
assumed that the variogram depends only on the distance between sample points and not 
on the location. In order to study anisotropies, experimental variograms are calculated 
and modelled in different orientations. 

In the present study, geostatistics is applied in the estimation of rock quality indices 
RQD (Rock Quality Designation) and GSI. The rock quality indices are described in the 
main report. These indices are calculated or inferred from the brittle rock properties. 
The following problems may occur in the geostatistical analysis (of RQD and GSI):

1. These rock quality indices are usually discontinuous functions because they are 
correlated with rock fracturing. Intuitively, there does not seem to be any spatial 
correlation between rock qualities at neighbouring locations (i.e. the nearby 
values are not necessary more similar than the distant ones).  

2. Several anisotropy structures may exist, i.e., there may be several fracture or 
joint sets in different orientations. This kind of anisotropy cannot be easily 
described by one direction for maximum and one for minimum continuity using 
the classical variogram analysis. This is possible if only one joint set exists in 
the rock mass. 

3. The rock quality along the drill hole is partly (Q-value and derived GSI) or 
entirely (RQD) based on the number of fractures or the proportion of the intact 
rock per unit length. The question is, if these quality values are interpolated in 
3D space between drill holes, what are these estimated values? Are these rock 
quality values along imaginary lines parallel to drill holes? Should we transform 
estimated rock quality values to correspond to rock quality measures in 3D such 
as a volumetric joint count (Palmström, 1974 and 2005) before interpolation? 

4. The GSI values are calculated using a non-linear function from Q values, which 
are in turn calculated using a non-linear function of several rock properties 
including RQD (Hoek et al. 1995). These rock properties can be treated as 
random variables, but GSI should be treated as a combination of these. The use 
of geostatistical tools operating on GSI is thus questionable.  
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5. If drilling is oriented mainly perpendicular to lithological units and if we use the 
same data configuration, the geostatistical variogram analysis gives high 
variability along the drill holes with short ranges of influence. Perpendicular to 
drillholes the data values are sparse and also because of large lag values  the 
ranges become large. As a result, the rock quality may seem to correlate with 
rock type and its anisotropy (the main schistosity). If drilling is oriented mainly 
perpendicular to lithological units one, or more fracture sets may not be taken 
into account in rock quality determination. 

 
Despite these problems the RQD and GSI are analysed using geostatistics. Even if the 
geostatistical kriging estimation may not give satisfactory results, the variogram 
analysis provide information of spatial continuity of rock quality.   
 
The applied geostatistical software is ISATIS (www.geovariances.com ). 
 

2  SUMMARY STATISTICS 

 
The RQD values have a positively skewed distribution (Figure A2 - 2) indicating that 
RQD value is mostly high, i.e., rock is mostly sparsely fractured. The GSI values have a 
fairly symmetrical distribution but it is not normally distributed (Figure A2 - 2). Both 
rock quality indices were normalised using normal score transformation for 
geostatistical analysis. 
 
 

 

Figure A2 - 2. Histograms of RQD and GSI values in Olkiluoto rock. 
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3  VARIOGRAM MAPS 

Variogram maps were used in order to find directions of maximum continuity. A 
variogram map presents the variogram value for different separation distances of sample 
pairs. In order to find the direction of the maximum continuity, the variogram map 
should be calculated on vertical planes in different orientations. This was done using 
lags of 70, 50 and 30 metres. It was difficult to find any anisotropy for longer lags.  
 
Variogram maps of normalised RQD values were calculated with different lags:  

 The variogram map calculated by using a lag of 70 metres shows several 
continuity directions, the maximum one in the direction of 127 degrees from 
North and with a dip of 10 degrees. Still, there is not a clear anisotropy with 
a maximum and a minimum continuity direction, as shown by one set of 
perpendicular planes in (Figure A2 - 3).  
 

 The variogram map calculated by using a lag of 50 metres shows similar 
features, as shown in (Figure A2 - 4). 
 

 However there was found an anisotropy direction for the lag of 30 metres 
having the direction of maximum continuity to the southeast (127 degrees 
from north) on the near horizontal plane dipping 10 degrees to the southeast 
(Figure A2 - 5).  

 
Variogram maps of normalised GSI values were also calculated with different lags: 

 The variogram map calculated by using a lag of 70 metres shows no clear 
anisotropy in any direction on the near horizontal plane, as shown by one set of 
perpendicular planes in the Figure A2 - 6.  A maximum continuity in the 
horizontal direction can be seen on near vertical sections. 
 

 The variogram map calculated by using the lag of 50 metres shows no clear 
anisotropy in any direction on the near horizontal plane, as shown by one set of 
perpendicular planes in the Figure A2 - 7. A maximum continuity in the 
horizontal direction can be seen on near vertical sections. 
 

 However there was found an anisotropy direction for the lag of 30 metres having 
the direction of maximum continuity to the southeast (140 degrees from north) 
on the near horizontal plane (Figure A2 - 8). A maximum continuity in the 
horizontal direction can be seen on near vertical sections. 

 
In addition, there seem to be more than one preferred orientation ,possibly 
corresponding to a spatial variation of fragmentation related to facturing in different 
orientations. It can be concluded that  

 Normalized RQD and GSI values seem to have a direction of maximum 
continuity to the southeast, dipping 10 degrees for a lag of 30 metres on the 
horizontal plane tilting 10 degrees to the Southeast. 

 Other directions of maximum continuity are also visible, such as in the 
Northeast direction.  
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 The normalised variogram values show a clear horizontal continuity due to 
intense fracturing near the surface. According to the variogram maps, this near 
surface zone is about 100 m thick. 

 
In general, it can be said that these variogram maps were difficult to interpret because of 
the complicated fracturing of the bedrock. Usually, the obvious anisotropy directions 
can easily be seen from the variogram maps and this helps further variogram calculation 
and modelling. These results yield possible anisotropy directions. The uncertainties are 
related to the fact that if only one sample pair is found for the certain orientation and 
distance, it is included in the map. So the resulting variogram map does not display 
exactly the same anisotropy directions as the modelling of experimental variograms (see 
Chapter 4) that are calculated in a certain direction ± 22.5 degrees and with specific 
distance intervals.   
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Figure A2 - 3. Variogram map of normalised RQD values, lag is about 70 metres. A) 
nearly horizontal, tilting 10 degrees to Southeast; B) vertical Norhtwest-Southeast 
section; C) vertical Northeast-Southwest section. N indicates direction of North. The 
red colour is for the lowest values and the blue colour for the highest values. 
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Figure A2 - 4. Variogram map of normalised RQD values, lag is about 50 metres. A) 
nearly horizontal, tilting 10 degrees to Southeast; B) vertical Northwest–Southeast 
section; C) vertical Northeast–Southwest section. N indicates direction of North. The 
red colour is for the lowest values and the blue colour for the highest values. 
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Figure A2 - 5. Variogram map of normalised RQD values, lag is approximately 30 
metres A) nearly horizontal, tilting 10 degrees to Southeast; B) vertical Northwest–
Southeast section; C) vertical Northeast–Southwest section. The red colour is for the 
lowest values and the blue colour for the highest values. N indicates direction of North 
and MC the direction of the maximum continuity ( 127°). 
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Figure A2 - 6. Variogram map of normalised GSI values, lag is about 70 metres. A) 
nearly horizontal, tilting 10 degrees to Southeast; B) vertical Northwest–Southeast 
section; C) vertical Northeast–Southwest section. The red colour is for the lowest values 
and the blue colour for the highest values. N indicates direction of North and MC the 
direction of the maximum continuity (  horizontal). 
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Figure A2 - 7. Variogram map of normalised GSI values, lag is about 50 metres. A) 
nearly horizontal, tilting 10 degrees to Southeast; B) vertical Northwest–Southeast 
section; C) vertical Northeast–Southwest section. The red colour is for the lowest values 
and the blue colour for the highest values. N indicates direction of North and MC the 
direction of the maximum continuity (  horizontal). 
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Figure A2 - 8. Variogram map of normalised GSI values, lag is about 30 metres. A) 
nearly horizontal, tilting 10 degrees to Southeast; B) vertical Northwest–Southeast 
section; C) vertical Northeast-Southwest section. The red colour is for the lowest values 
and the blue colour for the highest values. N indicates direction of North and MC the 
direction of the maximum continuity ( 140°). 
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4  VARIOGRAM MODELS 

The experimental variograms were calculated according to the variogram map results in 
eight near horizontal directions and in a vertical direction (Figure A2 - 9). The 
normalised RQD and GSI values were used. In the following, two different approaches 
are presented: 
 

1. the use of an approximate mean separation distance of data values (70 metres) so 
that we may eliminate the effect of data configuration and study the large scale 
behaviour of rock quality indices; and 
 

2. the use of a lag of 10 metres vertically and a lag of 30 metres  horizontally. The 
drilling is done sub-vertically, so the lag may be shorter and the use of 30 metres 
horizontally is acceptable for the area of dense drilling at the Olkiluoto site. 
Accordingly, the resulting model is applicable only for the areas of denser 
sampling. However, there may be geological grounds for considering that this 
area is representative for the whole Olkiluoto area. 

 
The obtained analysis indicates that the longest ranges are in the direction of 157 
degrees from north. This is, however, based on quite convoluted experimental 
variograms but, together with the results obtained from variogram maps, it may be 
concluded that there possibly is a discernable pattern of continuity in rock quality 
towards the southeast. This is in accordance with the foliation and fracturing dipping to 
the SE. 
                               

4.1 RQD 

First, the experimental variograms calculated using a lag value of 70 metres were 
modelled (Figure A2- ). For  the  normalised RQD, the longest ranges are 
approximately 600 m in the direction of 157 degrees from north by using the spherical 
variogram model. The direction 157 degree from north is in accordance with the 
foliation and fracturing dippping to te SE. The corresponding shortest range is 
approximately 50 to 100 metres in a near vertical direction. The nugget is 0.25 and the 
sill of the spherical model is 0.6. In order to explain the higher variogram maximum 
values in the vertical and north-eastern directions, an exponential model with a sill of 
0.1 was added. This variogram model provides information about regional changes in 
the rock quality in the Olkiluoto site. 
 
In the case of smaller lag values of 30 metres near horizontally and 10 metres near 
vertically, the longest range of 200 metres is in the direction of southeast (Figure A2 - 
11). The shortest range of 20 metres is near vertical. The higher vertical variation is 
modelled by using an additional spherical model contributing 0.3 to the vertical sill 
value.  
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Figure A2 - 9. Anisotropy directions V (longest range), U and W (shortest range). Y is 
the geographic North. 

 

Figure A2 - 10. Variogram model for normalised RQD values, a lag of 70 metres 
(bottom). The longest range of 600 m is in the south-eastern direction (V) and the 
shortest range 70 m is the near vertical direction (W). Experimental variogram in 
nearly vertical direction (stippled line) and the corresponding variogram model 
(continuous line) are marked with a violet colour and letter W. The experimental 
variograms (thinner lines) and corresponding variogram models (thicker lines) in near 
vertical are marked with continuous lines with different colours. 
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Figure A2 - 11. A) Anisotropy directions, Y is the geographic North. B)Variogram 
model for normalized RQD values, Variogram model for normalized RQD values, the 
horizontal lag of 30 meters and vertical lag of 10 meters. The longest range of 200 m is 
in the south-eastern direction (V) and the shortest range 20 m is in the near vertical 
direction (W). Experimental variogram in nearly vertical direction (stippled line) and 
the corresponding variogram model (continuous line) are marked with a violet colour 
and letter W. The experimental variograms (thinner lines) and corresponding 
variogram models (thicker lines) in near vertical are marked with continuous lines with 
different colours. 
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4.2  GSI 

The experimental variograms using a lag of 70 metres were calculated first. For the 
normalised GSI, the longest range (600 m) using the spherical variogram model is 157 
degrees from north and the shortest range (100 m) is in the near vertical direction. In the 
direction of 67 degrees from north the range is 280 metres. The nugget was 0.3 and the 
sill of the first spherical model was 0.6. The second spherical model having a sill of 0.2 
was needed in order to explain the great variance of GSI values in the vertical direction 
(Figure A2 - 12 and Figure A2 - 13 ).  
 
In the case of lags of 30 and 10 metres, the anisotropy structure is the same as in models 
with a lag of 70 metres (Figure A2 - 12) but the ranges are shorter. The longest range is 
70 metres and the shortest is 35 metres (Figure A2 - 14). The results from the variogram 
modelling of the normalised GSI values indicate a preferred orientation dipping 10 
degrees to the southeast.  
 
In order to validate the results, the obtained preferred orientations should be compared 
with the structures that correlate with rock quality indices RQD and GSI. 
 

 

Figure A2 - 12. Anisotropy directions  V (longest range) U and W (shortest range). Y is 
the geographic North. 
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Figure A2 - 13. Variogram model for the normalised GSI values, the lag is 70 metres. 
The longest range of 600 m is in the south-eastern direction (V) and the shortest range 
100 m is the near vertical direction (W). Experimental variogram in nearly vertical 
direction (stippled line) and the corresponding variogram model (continuous line) are 
marked with a violet colour and letter W. The experimental variograms (thinner lines) 
and corresponding variogram models (thicker lines) in near vertical are marked with 
continuous lines with different colours. 

 

Figure A2 - 14. Variogram model for the normalised GSI values, the lags are 30 and 10 
metres. The longest range of 70 m is in the south-eastern direction (V) and the shortest 
range 35 m is the near vertical direction (W). Experimental variogram in nearly vertical 
direction (stippled line) and the corresponding variogram model (continuous line) are 
marked with a violet colour and letter W. The experimental variograms (thinner lines) 
and corresponding variogram models (thicker lines) in near vertical are marked with 
continuous lines with different colours. 
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5 CROSS VALIDATION 

The variogram models for shorter lags were cross validated. In cross validation one 
known value is removed from the data set and estimated using the surrounded values. 
Known values (or true values) and these estimated values are then compared using a 
scatter plot between true and estimated values, by drawing a histogram of differences 
between true and estimated values and finally drawing a scatter plot between these 
differences and estimated values (Figure A2 - 15). The results of cross validation were 
satisfactory but not very good. In the cross validation, the variogram models based on 
shorter lags (30 m horizontally and 10 m vertically) were applied. In the case of 
normalised RQD and GSI values, the correlation coefficient between true and estimated 
values is about 0.6 (Figure A2 - 15 and Figure A2 - 16). 
 

 

Figure A2 - 15. Cross validation of the variogram model for the RQD values. Top left: 
data, top right: estimated values versus true values, bottom left: histogram of standard 
error, bottom right: standard errors versus estimated values.  
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Figure A2 - 16. Cross validation of the variogram model for the GSI values. Top left: 
data, top right: estimated values versus true values, bottom left: histogram of standard 
error, bottom right: standard errors versus estimated values.  
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5  RECOMMENDATIONS 

1. In order to use the shorter lag values in variogram calculation, the applicability 
of the present data configuration for the use of estimation of the rock quality 
indices have to be checked. 
 

2. The NW-SE anisotropy direction seems to be quite certain and may be used in 
kriging or inverse distance interpolation. Geostatistical simulation could be also 
recommended in order to visualise the possible distribution of the rock quality in 
the rock mass. 
 

3. All the interpolated values should be critically evaluated according to the 
discussion in the introduction. 
 

4. In general, according to variogram analysis, the rock quality is spatially 
correlated, but the variogram modelling using simple anisotropies is not the right 
tool for modelling the obviously complicated anisotropy structures. For 
complicated anisotrophy structures a tool that is taking into account more 
complex geometries is needed. One possibility is the use of statistical measures 
between more than two points. The other alternative is the use of a local 
coordinate systems relative to local strice of rock formations instead of rectlinear 
coordinates. 
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