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The new fracture data gathered during the detailed site characterisation phase demonstrated that
the characteristic properties of fractures can be estimated quite reliably from few boreholes and
outcrops. Results obtained by employing new methods, like the use of borehole-TV, changed the
fracture intensity of the potential water conducting fractures compared to the earlier model. The
fracture intensity of the potentially water conducting filled and open fractures was about 0.4 #/m in
the preliminary site investigation phase and in the present data it is about 1.7 #/m. The difference is
mainly caused by the changed interpretation of the intact rock. In the preliminary site investigation
phase only the orientated fractures were used to derive the parameters of the intact rock. In the
present model all the fractures outside the known fracture zones are used.
The hydraulic conductivity tensor of the intact rock was estimated with the fracture network
model. The modelling volume of 16 x 16 x 16 m3 was used in the simulations. The estimation of the
hydraulic conductivity tensor was based on the simulated flow with 12 different hydraulic gradient
orientations and ten different fracture network realisations. The results did not show clearly the
orientations of the principal axes of the hydraulic conductivity. The hydraulic conductivity was from
the lower limit of 3-101' m/s to highest value of 5-1010 m/s. The lowest hydraulic conductivity was
to the horizontal orientation.
The flow simulations were calculated for a 16 x 16 x 16 m3 rock volume and about 2000
fractures. This means an element mesh of about 30 000 elements. The flow rate distribution through
the cross sectional area of the disposal canisters was calculated for a set of ten realisations and a
large number of different canister positions. The total number of canister positions simulated was
2200. The 99. percentile of the flow rate through the canister cross section area (5 m2) was about
0.5 litre/a. The distribution of the flow rate was very skewed. Mean flow rate was about 0.065
litre/a and the median was 0.0045 litre/a.
The flow distribution in larger volume was studied using a method that searched the flow routes
of highest conductance. The flow routes were examined into north-south, east-west and vertical
directions. Because of the more tortuous flow routes the conductivity to vertical direction was
slightly lower than to horizontal direction. Using the average hydraulic gradient of the intact rock at
the Romuvaara site, about 0.05, resulted one flow route of flow rate 0.01 litre/a or higher per each
100 m2 area for the horizontal flow direction and about 0.6 for the vertical flow direction. In the
simulations there were also indications that if the distance from the repository to the nearest fracture
zone is more than 10 metres the greatest flow rates are significantly reduced.
Flow distribution along flow routes along homogeneous and heterogeneous fractures were
compared. The simulations showed that also in the case of homogeneous fractures a single flow
path is developed, but the variations in the flow rate in the fracture plane are smooth. In the case of
heterogeneous fractures several separate channels are developed and the fluctuations in the flow rate
in the fracture plane are much higher.
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RAKOVERKKOMALLI POHJAVEDEN VIRTAUKSESTA ROMUVAARAN TUTKIMUSALUEELLA
Tiivistelmä - Abstract

Paikkatutkimuksissa kerätty uusi yksityiskohtainen rakoilutieto osoittaa, etta rakoilun ominaisuuksia voidaan arvioida varsin luotettavasti jo muutaman kairanreiän ja paljastuman avulla. Uudet
menetelmät, kuten kairanreikä-TV, muuttivat kuitenkin tiheysarvioita potentiaalisesti vettäjohtavista
raoista aiempaan malliin verrattuna. Avoimien ja täytteisten rakojen tiheydeksi kiinteässä kalliossa
arvioitiin alustavissa paikkatutkimuksissa noin 0,4 #/m. Nykyisen tiedon perusteella rakotiheys on
noin 1,7 #/m. Suurimmaksi osaksi muutos johtuu kuitenkin kiinteän kallion määrittelyyn liittyvästä
erosta. Aiemmassa mallissa ainoastaan kairanreikien suunnatut välit on laskettu kuuluvaksi kiinteään
kallioon. Nykyinen malli perustuu tunnettujen rikkonaisuusrakenteiden suoraan poistamiseen
rakoiluaineistosta.
Hydraulista vedenjohtavuustensoria arvioitiin rakoverkkomallin avulla. Simuloinneissa käytettiin 16 x 16 x 16 m3 mallinnustilavuutta. Vedenjohtavuustensorin laskeminen perustui simuloituun
virtaamaan 12 erisuuntaisella hydraulisella gradientilla ja kymmenellä eri rakoverkkorealisaatiolla.
Tulosten perusteella ei voida määrittää selviä pääakselisuuntia vedenjohtavuustensorille. Vedenjohtavuus vaihteli välillä 3-10" m/s ja 5-1010 m/s. Vedenjohtavuus oli pienin vaakasuuntaan.
Virtaamasimulointeja laskettiin 16 x 16 x 16 m3 kalliotilavuudelle ja noin 2000 raolle.
Rakoverkon elementtimalli sisälsi noin 30 000 elementtiä. Virtaamat laskettiin loppusijoituskanisterin poikkipinta-alaa vastaavien pintojen läpi kymmenelle eri rakoverkkorealisaatiolle, yhteensä
virtaamat laskettiin 2200 eri pinnan (5 m2) läpi. Virtaamajakauma painottuu voimakkaasti pieniin
virtaamiin. Virtaamajakauman 99. prosenttipiste (P99) on noin 0,5 litraa/a. Virtaamien keskiarvo on
0,065 litraa/a ja mediaani 0,0045 litraa/a.
Suuremmassa mittakaavassa virtaamajakaumaa tutkittiin tarkastelemalla parhaiten johtavia
virtausreittejä. Virtausreittejä tarkasteltiin pohjois-etelä-, itä-länsi- ja pystysuunnassa. Virtausreittisimulointien perusteella pystysuuntaiset reitit olivat hieman huonommin johtavia kuin vaakasuuntaiset, ilmeisestikin mutkittelevammasta virtausreitistä johtuen. Romuvaaran keskimääräisellä hydraulisella gradientilla, noin 0,05, laskettuna virtausreittejä joilla virtaama oli suurempi kuin 0,01
litraa/a oli noin yksi kappale 100 m2 kohti vaakasuuntaisilla reiteillä ja 0,6 kappaletta pystysuuntaisilla reiteillä. Simuloinneilla arvioitiin myös ehjän kallion paksuuden vaikutusta virtaamaan.
Simulointien perusteella, jos etäisyys loppusijoitustilasta lähimpään ruhjeeseen on suurempi kuin 10
metriä, pienenevät suurimmat virtaamat merkittävästi.
Virtaaman jakautumista tutkittiin virtausreiteillä, jotka koostuvat vedenjohtavuudeltaan homogeenisista tai heterogeenisista raoista. Tulosten perusteella myös homogeenisista raoista koostuvalla
virtausreitillä muodostuu yksi hallitseva virtausreitti, vaikka virtaaman vaihtelu rakopinnoilla onkin
sileää. Heterogeenisten rakojen tapauksessa muodostuu useita virtauskanavia ja vaihtelut virtaamissa
ovat suurempia kuin homogeenisissa raoissa.
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1.

INTRODUCTION

Nuclear power companies in Finland are preparing into the final deposition of the spent
nuclear fuel. The current plans are based on the deep underground repository concept.
The repository is going to be constructed in the crystalline bedrock into a depth of about
500 metres.
The understanding of the governing groundwater flow patterns and transport phenomena
is important in the planning of the repository and in the predictions of the performance
of the repository. According to the present disposal plan, waste canisters will be
disposed of inside a block of intact rock. The clearly most significant mechanism for the
radionuclides contained in spent fuel to migrate from the repository to the biosphere is
to be carried by the groundwater flow.
Fracture network programs provide tools for the exploration of the properties of fracture
networks in potential disposal rock blocks. In this study, computer codes are employed
to analyse the groundwater flow patterns in the in the sparsely fractured intact rock at
the Romuvaara site.

2.

MODELLING APPROACH

2.1.

Conceptual model of the fracturing

In the bedrock the groundwater flows predominantly along fractures. The number of
discrete fractures in the repository size scale is huge even for the sparsely fractured rock.
Therefore, in fracture network codes, the properties of fractures are described
statistically. Instead of characterising every fracture individually, fractures are classified
in discrete sets of statistically similar parameter values. To characterise a single fracture
geometrically, it is sufficient to know the orientation, size, shape, location and
transmissivity of the fracture. Statistically these properties are described with probability
distributions. The statistical definition of the input parameters leads to statistical
characteristics in the simulation results, too. An individual fracture network is just one
realisation in an infinite set of possible networks. The characteristics of the fracture
system can be seen only in the patterns of the fractures and in the statistical quantities
calculated from them.
The conceptual model of fracturing was selected to be simple enough for practical
calculations. The fracture data set also limitations to the details of the modelling. The
features of the fractures were described only to the extent supported by the data. The use
of fracture properties which were not possible to be quantified from the field
measurements was avoided.
The conceptual model for fracturing can be simplified into the following assumptions:
• Within the considered domain fractures are uniformly distributed in space.
• Fractures are planes and they are circular in shape.
• Fracture sizes and transmissivities are distributed lognormally.
• Fractures never end when intersecting with another fracture.
• Fractures can be classified as potentially water conducting or not. These fracture sets
correlate with the fracture types in such a way that tight fractures are not potentially
water conducting and both open and filled fractures are able to conduct water.
• Fractures can be grouped into sets according to their orientation.
From the outcrop data it is known that the use of uniform fracture density can in many
cases be justified for the intact rock. Generation of fracture networks distributed nonuniformly in space requires very detailed information of the fracturing. In practice the
only method to evaluate the structure of the spatial distribution of the fractures is to use
the mappings of fracture traces on the outcrops. The correlation between the surface
fracturing and the fracturing at the anticipated depth of repository is unknown. The
influence of the variation in the fracture density can be studied by varying the uniform
fracture density or using a piecewise uniform fracture density.

Indications of the fracture shape have been gathered from the outcrops and tunnel walls.
All the information and also the rock mechanical studies imply that usually fractures are
quite planar. The circular shape of fractures used in the fracture network models is
based, in addition to the fracture data, also to rock mechanics /Gabrielsen, 1990/. The
fracture shape could also be elliptic, but it is impossible to adjust the ratio of the axes
for an elliptic fracture with the borehole and outcrop data available.
The selection made in the conceptual model of the fracturing that the fractures never end
on an intersection with another fracture do not cause significant changes in the fracture
network. The fracture termination probability becomes important if the fracture density
is very high and the fractures are big. Then the termination probability does have a
strong influence on the connectivity of the network. In the case of Romuvaara site, the
fracture density is low and the termination probability can be neglected. Also, no data
were available about the fracture termination at the Romuvaara.
According to Bridges /1990/, the natural fractures in bedrock appear usually in
orientational groups or sets. It is possible that the fractures of same orientational group
have been formed in the same processes and for that reason they are similar also in other
properties. In a fracture network model a fracture set is in practice combined from
separate probability distributions for each of the parameters. The distribution of a
parameter is divided into separate distributions if the fracture data seems to suggest that.
A consequence of this is that the data for all the other parameters have to be divided
accordingly. For example, the fracture size distribution from the outcrops seems to give
a little bit larger open fractures than filled fractures and therefore the open and filled
fractures are handled separately. This means that open and filled fractures have also
separate orientation distributions. For most of the investigation areas, the grouping of
fractures into sets was closely related to the fitting of the orientation distributions.
2.2.

Computer programs used

The computer programs used in this analysis comprises the FracMan/MAFIC -package,
FEFLOW-program and several supporting auxiliary programs developed in-house.
Relationships between different programs are presented in Appendixes 1 and 2. The
main part of this study is done with the flow analysis codes MAFIC and FEFLOW, and
the programs closely related to them.
2.2.1. FracMan
FracMan fracture networjc code /Dershowitz et.al., 1991/ is developed by Golder
Associates Inc. in the USA. It is a package of interactive PC programs to model and
simulate the geometry of a discrete fracture network. FracMan package contains three
programs: FracSys to analyse the field data of fracturing and to derive input parameters
for fracture network generation, FracWorks for the generation of the fracture network
and MeshMonster to create an element mesh for the flow calculation.

In this study, only the fracture generation and exploration simulation module FracWorks
was employed. In FracWorks, fractures are generated in a three dimensional volume.
Several different fracture sets can be combined into a single fracture network. The
characteristics of fracture parameters can be selected from several different probability
distribution functions. For the generation of fractures, FracWorks contains six
conceptual models. In this study the generation of the fractures is performed using the
Enhanced Baecher model which creates fractures according to Poisson point process so
that they are spatially uniformly distributed. In all the models, a termination probability
can be defined for an intersection with the pre-existing fractures. Fractures are assumed
to be planar and elliptic which are approximated by hexagons.
2.2.2. Nestor
Nestor is actually a fracture network program. It generates fractures uniformly in space,
with the given Fisher orientation distribution and lognormal fracture size and
transmissivity distribution. It calculates intersections between fractures and creates the
structure of the network. It can calculate the fractures intersecting a borehole or a
traceplane. Different properties of the fracture network can also be analysed. For
example, Nestor is capable to calculate the flow route of highest conductance from any
fracture of the network to any other fracture. In this study, Nestor is used to evaluate the
properties of the flow routes through the modelling volume, for example, the length of
the flow route of highest conductivity and the distribution of the conductance along
these flow routes through the modelling region.
2.2.3. HETFRA
HETFRA generates a heterogeneous and correlated transmissivity field for the fracture
planes. It reads the element mesh constructed for the fracture network from the MAFIC
input file. The element transmissivities for each of the fracture planes are recalculated
according to a given transmissivity distribution and correlation length. Resulting
element mesh is writen by HETFRA as a MAFIC input file. Current version of the
program generates an isotropic and correlated transmissivity field with lognormal
distribution of the transmissivities and spherical correlation function.
The method used is based on a fast algorithm developed by Dietrich and Newsam
/1993/. The algorithm is derived from the discovery that the correlation matrix in a
regular grid have a block Toeplitz structure and it can be therefore embedded in a large
circulant matrix S. Matrix S can be decomposed using Fast Fourier Transform (FFT)
and based on the decomposition it is possible to form a random realisation of the
transmissivity field with the desired correlation structure.
2.2.4. FEFLOW
FEFLOW is a numerical computer code package developed at VTT /Taivassalo,
Koskinen and Meling, 1994/. The code is based upon the finite element method (FEM)

and it solves the partial differential equation describing either the hydraulic head,
pressure, temperature or concentration of a flow field under consideration. The
quantities are solved either separately and independently from each other or coupled
together.
Linear or quadratic elements can be used with the FEFLOW and the elements can be
one-, two- or three dimensional. In this study only two dimensional elements were used.
Simulations can be done for both steady state and transient cases. As boundary
conditions constant values can be given for the quantity to be solved as well as flux
values for fluids and heat. In addition fluid and heat sinks and sources can be applied.
Boundary conditions can be time independent or dependent.
2.2.5. Auxiliary programs
In this section the auxiliary programs mentioned in Appendixes 1 and 2 are shortly
explained.
MAF2FEF is a program that converts the MAFIC output file into the FEFLOW mesh,
boundary conditions and element property files. This program is essential if the flow
field is solved with the FEFLOW-program.
RMELEM-program removes elements from the FEFLOW mesh file. It is used to filter
the low transmissivity and badly shaped elements from the mesh. If the standard
deviation of the element transmissivities is too large it might happen that FEFLOW is
not able to solve the hydraulic head field correctly. This can be avoided if the elements
of very low transmissivity are removed.
WFOPTIM is used to optimise the FEFLOW mesh for the frontal solver.
FRATE calculates the flow rates from the FEFLOW result file through specified
surfaces. FRATE is used to calculate the flow rate distribution in the canister scale.
DVELOM calculates the flow rates in all the two dimensional elements. It is used to
visualise the calculated flow field in the heterogeneous fractures.

3.

FRACTURE NETWORK MODEL BASED ON THE PRELIMINARY
SITE INVESTIGATION

The fracture data on the Romuvaara site was collected from the boreholes and outcrops.
In the preliminary phase of the site investigation five deep boreholes were drilled at
Romuvaara. The deepest one was 1000 m and the others were 500 m deep. The
positions and orientations of the boreholes are presented in Figure 3-1. From the
drillcores depth, fracture angle, orientation, fracture quality, colour and fracture surface
were measured. On the surface, basic data were gathered on the fracture position,
orientation, rock type, trace length, fracture quality, sensoring and characteristics of the
fracture surface and filling /Oudman, 1991/.
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Figure 3-1. Positions and orientations of the deep boreholes (arrows) and outcrops
(crosses) of the Romuvaara site in the preliminary site characterisation phase.
The raw field data on fractures were analysed by the former Road, Traffic and
Geotechnical Laboratory (TGL) of VTT /Oudman, 1991/. Dominant fracture type in the
Romuvaara site was determined to be tight fractures. In the boreholes a total of 904
fractures and on the outcrops 601 fracture traces were observed. In the fracture network
model only the fractures in the intact rock were employed. In the case of the Romuvaara

site, all fractures in the reconstructed core were regarded as intact rock fractures. Length
of the orientated drillcore was only 20% of the total length of the boreholes. On the
outcrops, the fractures were mapped using areal technique /Oudman, 1991/. Fracture
traces longer than 1.0 m were measured and the mean trace length on the outcrops was
1.66 m.
In the analyses by VTT/TGL /Oudman, 1991/, fractures were classified in groups of
tight, open and filled fractures. This classification was applied on both the borehole
fractures and the fractures on the outcrops. The portion of open fractures is low and the
contribution of tight fractures is high, especially in the surface data. Frequency of
various fracture types is presented in Table 3-1.

Table 3-1. Percentage of the various fracture types infield data /Poteri and Taivassalo,
1994/.
Fracture type
Tight (%)

Open (%)

Filled (%)

Borehole

76

10

14

Surface

77

16

7

3.1.

Geometry of the fracturing

The mapped fractures were divided into sets according to the fracture type and
orientation distribution. The orientation distributions of fractures were based solely on
the borehole data. This approach was chosen because the fracture orientations on the
outcrops differed significantly from the orientations in the boreholes. The aim of the
work was to simulate fracturing in the depth of the repository i.e. about 500 metres
which makes the use of borehole fractures more realistic.
The fracture size distributions were determined from the outcrop data. It was possible to
determine the fracture size distributions only for different fracture types, but not
separately for each orientational fracture set. The fracture size distribution is in this case
quite uncertain. In addition, the total number of fracture traces is not statistically
sufficiently large enough to enable derivation of reliable estimates for several different
distributions. In the analyses of the fracturing geometry for the Romuvaara site /Poteri
and Taivassalo, 1991/ the estimation of the fracture size distribution was based on the
simulated and measured ratios of the both-ends-visible, one-end-visible and both-endshidden fracture traces. A few possible fracture size distributions were selected based on
the simulations and the final fracture size distribution was calibrated using the measured

fracture trace densities on the outcrops. A disadvantage of that method was that it was
not possible to determine fracture size distributions for the different fracture types
separately. The fracture size distributions of the Romuvaara site were evaluated anew
when a method was developed that took account the actual shape of the fracture trace
length distribution. The fracture size distributions for different fracture types at the
Romuvaara site were also evaluated /Taivassalo and Poteri, 1994/. It turned out that the
fracture size distribution derived with the earlier method was quite close to the fracture
size distribution of the tight fractures. This is not surprising, because over 70% of the
fractures observed are tight. In both cases the fitted fracture size distributions were
lognormal distributions. The fracture size distributions presented in this study in Table 3-2
are from the improved method of the fracture size derivation /Taivassalo and Poteri, 1994/.
The fracture sets and orientation distributions were determined by VTT/TGL /Oudman,
1991/. The orientation distributions were derived for the dip directions of the fractures.
Usually, the orientation distributions for the pole directions lead to better results because
in some cases the dip direction does not determine the orientation of the fracture
uniquely. Therefore, it was decided to change the orientation distributions to the pole
vectors. Conversion from the orientation distributions of the dip vectors to the
orientation distributions of the pole vectors was performed by just replacing the mean
orientation of the distribution with the corresponding pole vector and maintaining the
dispersion value. Any additional corrections were not made. According to the analysis
/Oudman, 1991/ the orientation data were not corrected for the observation bias before
the fitting of the orientation distributions.
The estimates of the fracture intensity for the fracture sets were based on the fracture
orientation distributions and the fracture frequencies in the boreholes. For each fracture
type the mean spacing between fractures in the intact rock was calculated. Based on the
orientation distributions of the fracture sets the spacing along the boreholes was
corrected to get the real spacing. The real spacing was used to estimate the areal
intensity of the fracture set. The areal intensity is a fracture density measure of total
fracture area per unit volume of the rock. This density measure has been developed by
Dershowitz /1985/ and it is denoted with a fracture intensity P32. The benefit of using
the areal intensity instead of fracture density is that the area! intensity is independent of
the size of the generation domain. A constant value for the fracture intensity was used
over the whole fracture network domain considered.
Parameters describing the fracture network of the intact rock for the Romuvaara site as
derived in the preliminary site investigation are summarised in Table 3-2.

Table 3-2. Geometrical fracture data derived in the preliminary site characterisation
phase. Orientation is presented for the fracture poles. Parameter k is the dispersion
factor, tr and pi are the trend and plunge angles of the mean orientation, respectively. E
is the mean fracture radius and D is the standard deviation. P32 is the fracture
intensity.
Set No
Tieht
1
2
3
Open
1
2
3
Filled
1
2
3
4

E[m]

D[m]

pl[°]

k

233
68
157

77
50
47

17.9
10.0
3.1

0.25
0.25
0.25

0.35
0.35
0.35

0.52
0.66
0.17

249
77
32

78
42
18

11.2
10.4
67.6

0.65
0.65
0.65

0.7
0.7
0.7

0.092
0.055
0.046

93
239
359
49

43
79
52
32

16.2
17.7
42
26.6

1.5
1.5
1.5
1.5

0.45
0.45
0.45
0.45

0.059
0.105
0.045
0.036

tr[°]

Pj2

[mVm3]

Analyses of the Romuvaara site fracture network indicated that the density of the
network is just on the percolation threshold limit. This means that fracture frequency is
not high enough to make the fracture network conductive across the considered block. In
assessing the flow velocity for the Romuvaara site only half of the fracture network
realisations were conducting /Taivassalo and Poteri, 1994/ over the 50 metres modelling
domain.
Tight fractures are clearly dominating for the Romuvaara case. Total intensity of
different fracture types can be summed from the Table 3-2. The intensities are
1.35 m2/m3, 0.193 m 2 /m 3 and 0.245 m2/m3 for the tight, open and filled fractures,
respectively. The low connectivity of the Romuvaara fracture network is explained by
the low intensity of the open and filled fractures.
The fracture sizes of the different fracture types are quite different. The most numerous
fracture type, tight fractures, seems to have the smallest fracture size. It should be noted
that the lower truncation limit of the fracture trace length measurements was one metre.
This is quite a long truncation limit compared to the mean radius of the tight fractures.
Therefore, it can be expected that the accuracy of the tight fracture size distribution is
lower than for the filled and open fractures.
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3.2.

Transmissivity distribution of the fractures

The transmissivity distribution of the flow routes was determined by Taivassalo and
Poteri /1994/ when assessing the ground water flow velocity in fractures. The flow route
transmissivity distribution was derived by assuming that all the potentially water
conducting fractures in the packed sections represent a separate flow path. The
transmissivity of the packer interval is the sum of all the flow route transmissivities of
the section. The flow route distribution was selected by fitting the calculated distribution
of the packer interval transmissivities with the measured one. In this study, the flow
route transmissivity distribution is used as the fracture transmissivity distribution.
Strictly, this is not true. A single flow route is developed from a set of individual
fractures. In the packer test the number of fractures in a single flow route depends both
on the radii of fractures and the radius of influence of the pumping. In this study, it is
assumed that the most significant contribution to the transmissivity is coming from the
first fractures of the flow route. The fractures behind the first fractures intersecting the
borehole are not considered as significant. In practice this means that the transmissivity
distributions of the fractures and flow routes coincide.
The transmissivity distribution of the fractures is based on the hydraulic measurements
performed in the deep boreholes. In the preliminary site characterisation phase pumping
tests were carried out for 30 metres packed sections. First, the hydraulic measurements
were filtered to find out the conductivity measurements made in the intact rock. The
packer tests performed in the fracture zones were removed from the data. The positions
of the fracture zones in the boreholes were based on the structural model of the bedrock
constructed for the Romuvaara site /Saksa et.al., 1996/. Then, the packer tests of the first
200 metres from the ground level were rejected to get an unbiased view of the hydraulic
property representative for the intact rock in the depth of the repository. The remaining
data set was used for the estimation of the fracture transmissivity distribution.
Filtering of the packer test data sets combined with the relatively high detection limit of
the equipment and long packer intervals resulted a quite low number of significant
transmissivity values for the transmissivity distribution of the packer intervals (see
Figure 3-2). A Lognormal distribution was applied to the transmissivity distribution of
the fractures. The mean of the logarithm of the fitted fracture transmissivity in log)0base was -13.6 (Iog[m2/s]) and the standard deviation was 2.2. The agreement between
the fitted and measured transmissivity distributions of the packer intervals was quite
good (see Figure 3-2), but the measurements are in the upper tail of the fracture
transmissivity which causes uncertainty to the fracture transmissivity distribution.
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Figure 3-2. Distribution of the logarithms of the measured and simulated
transmissivities of the packer intervals for the Romuvaara site.
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4.

FRACTURE NETWORK MODEL BASED ON THE DETAILED SITE
INVESTIGATION

The complementary fracture data from the Romuvaara site is based on four new
boreholes drilled after the preliminary site investigation phase. Also, on the surface a
trench was uncovered to study the fracturing on the rock faces covered by soil.
In this study all the available data on the fracturing have been utilised. This means that
beside the new boreholes also the old boreholes were taken into account. From the
boreholes KR1, KR2 and KR5 the old preliminary site investigation data are used. Data
in boreholes KR3 and KR4 have been revised and new data are added from the
boreholes KR7, KR8 and KR9. No fracture data were available from borehole KR6. The
boreholes and outcrops cover the investigation area quite well. Positions of the new
boreholes, trench and outcrops are presented Figure 4-1.

KR9

N
•

500 m

Figure 4-1. All the present boreholes and outcrops and the uncovered trench at the
Romuvaara site.
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4.1.

Geometrical data

4.1.1. Fracture data used in this study
As complete data set as possible has been used to describe fracturing at the Romuvaara
site. The fracture characterisation data used in this study are based mainly on the
borehole data. All the new and revised data have been used and in the cases where no
new data have been available the old data have been employed. In practice, this means
that the preliminary site investigation data have been used for the outcrops and for the
boreholes KR1 and KR2. The fracture data from the trench were used to cross-check the
fracture size distributions.
The quality of the fracture data has improved after the preliminary site investigation.
New equipment and methods have made it possible in some cases to measure
transmissivity of even an individual water conducting fracture.
In the earlier data the fractures were classified according to the fracture type. Open and
filled fractures were assumed to be potentially water conducting fractures, because the
fracture type itself was already a clear evidence that the groundwater flow in those
fractures is possible. It is conceivable that a tight fracture is open in some other part of
the fracture and that the borehole has only hit a tight spot of the fracture. Anyhow, that
is just speculation contrary to the open and filled fractures that undoubtedly are able to
conduct water. Here a water conducting fracture comprises fractures of a relevant
transmissivity for the flow modelling in the repository scale. In practice this means
transmissivities of a magnitude of about 10"12 m2/s or higher.
In this study the main interest is the groundwater flow. Therefore, only the potentially
water conducting fractures are modelled. In some cases it has been possible to measure
transmissivities and orientations for individual fractures. The number of measured
individual fractures is so low, about 20 fractures, that it was not reasonable to use them
to derive the statistical properties of the water conducting fractures. Instead, all
potentially water conducting fractures, i.e. open and filled fractures, were modelled.
One of the old boreholes, KR3, has been characterised using a borehole camera
/Melamed and Front, 1996/. Mainly, the borehole camera has been applied on the highly
conducting parts of the borehole where the orientated samples of the core have not been
available. The fracture data from the borehole camera indicate approximately the same
orientation distribution as in the other boreholes. Much greater number of orientated
fractures was observed with the borehole camera than in the core.
The fracture data applied in this study have been filtered to remove the fracture zones.
This process is based on the present bedrock structure model /Saksa et.al., 1996/. The
known intersection positions between the fracture zones and the boreholes were used to
identify the fractures that are in the fracture zones. The positions of the fracture zones in
the boreholes used in this study are presented in Table 4-1.
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Table 4-1. Depth intervals along the boreholes of the known fracture zones in the
boreholes according to the bedrock structure model /Saksa et.al, 1996/.
KR1 (m)

KR2(m)

KR3 (m) KR4 (m) KR5 (m) KR7 (m) KR8 (m)

52-54

203-205

150-160

157-187

218-219

172-187

306-332

391

335-336

418-423

412-426

346-363

525-530

661-681

643-646

775-779

670-685

1010-1016

771-776

1026-1030

56^46

30-38

40-61

177-178 311-315 277-296

104-120

180-210

270-330 380-390

211-222

221-234

257-268

287-294

494

149-152 217-227

KR9 (m)

472-484

496

834-840
840-945

Besides rejecting the fractures in the fracture zones the fractures in the first 200 metres
of the boreholes were removed as well. This does not cause significant changes in the
fracture orientation distribution. The main change takes place in the fracture intensity.
The raw data from all the boreholes contain a total of 3134 fractures and about one third
of them are in the intact rock. The fracture data are distributed between the boreholes
according to Table 4-2. The total size of fracture data applied in this study is 1007
fractures. Between the different boreholes the most significant changes in the database
concern the new boreholes KR7, KR8 and KR9. On the other hand, the new boreholes
are placed between the old boreholes (see Figure 4-1). This means that difference in the
number of fractures between the old and new boreholes can be due to the variation in
the fracture frequency or due to the enhanced mapping technique. If the first alternative,
quite large variation in the fracture frequency inside the investigation area, is correct one
could expect larger variations of the fracture frequency between the old boreholes as
well. Therefore, it is assumed that the changes in the number of fractures are due to the
enhanced mapping technique and that the statistical these data sets can be handled
combined.
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Table 4-2. Number of fractures in boreholes.
Borehole

All fractures in raw
data / length of the
borehole (m)

Fractures in intact rock
/ length of the borehole
(m)

Fractures in intact
below 200 m / length of
the borehole (m)

KR1

785 / 969

551/767

337 / 600

KR2

150/468

147/417

87/217

KR3

285 / 465

223 / 422

120 / 247

KR4

322 / 505

189/376

152/185

KR5

137/496

123/467

57 / 270

KR7

468 / 301

401/272

69/72

KR8

444/297

372/251

64/75

KR9

543 / 300

353 / 229

121/80

In this study, the borehole fractures have been used as input data for the fracture
orientation distribution and intensity. On the other hand, the borehole measurement does
not reveal the fracture size which is one of the main parameters of the model. Surface
data ought to be employed to estimate the fracture size distribution. The mapped
outcrops cover quite well the investigation area and the outcrop fractures are likely to
represent the most sparsely fractured, i.e. intact, part of the rock.
In the detailed site investigation phase a trench was uncovered /Karki, 1995/. The trench
is 1-5 metres wide which is the major limitation of it. The width of the trench has in
many cases restricted the observation of the whole fracture trace and in that way made it
impossible to estimate the unbiased fracture trace length distribution. Statistic from the
trench shows that about one third of all the fracture traces are partly hidden. Therefore,
the fracture size distribution in this study was adopted from the earlier model
/Taivassalo and Poteri, 1994/.
The trench data were used to cross-check the fracture size distribution. The trace length
distribution on the trench compared to the trace length distribution on the outcrops is
presented in Figure 4-2. There are no significant differences between the distributions.
There were some fracture traces shorter than 1 metre in the outcrop data, even though it
was principally measured only the fracture traces longer that were longer than 1 metre
/Paulamaki, 1987/. Later in the Section 4.1.2 the fracture size distribution was also
estimated based on the trench data and the agreement with the size distribution applied
in this study was good.
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Figure 4-2. Trace length distribution from the uncovered trench and from the outcrops.
4.1.2. Revised geometrical model of the fracturing
The geometrical model of the fracturing is created in the same manner as in the earlier
geometrical fracture network models /Poteri and Taivassalo, 1994/. This means that the
parameters used to describe the fracturing geometry are left unchanged. The key
parameters are the fracture orientation distribution, fracture size distribution and fracture
intensity.
Adding new features into the fracture network would have created also needs for more
complete and specialised fracture characterisation. Additional fracture data are not
available or the data are unreliable. One example of the data not available is the
termination statistics of the fractures on the fracture intersections or the spatial
distribution of the fractures. Anyhow, the essential character of the flow field in the
fractured rock can be described with the parameters used in this study. The additional
parameters would have been necessary if the fracturing comprises very anomalous
features. This not the case in the Romuvaara site.
The orientation distribution of the revised model is based on the revised orientations for
the borehole cores where they were available combined with the fracture data of the
borehole camera and the old orientation data for the boreholes that were not re-
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examined. The fracture orientations were examined to find out orientational fracture sets
that were conceivable to be fitted with a Fisher distribution. The benefit of using Fisher
distribution comes from its mathematical simplicity and adaptability of the distribution
as given in Equation (1).

ycmlB>,

f(<P,O) = ' ,
r

2it{e

0<<t><2n, 0<6<n/2

,

(1)

-1)

where y is the dispersion coefficient, 9 is the angle from the mean orientation of the
distribution and <J> is the angle around the mean orientation. The mean orientation is an
axis of symmetry for the Fisher distribution.
The number of fracture sets was kept low with the cost of loosing some smaller details
of the orientation distribution. The statistical weight and importance of the small details
in the orientation distribution is not decisive to the model and in this case it was
considered that the splitting of the orientation distribution into several sets does not
increase the reliability and performance of the model. The potentially water conducting
fractures were fitted in two different fracture sets to account for the bigger fracture size
of the filled fractures.
Mapping of bedrock fractures from a borehole cause bias in the orientation distribution.
The bias is a consequence from the non-equal probability of the fractures to be observed
in the borehole. For the geometrical reasons a borehole sample more efficiently the
fracture sets perpendicular to the borehole. This bias was corrected in the fracture
orientations distribution before the fitting of the fracture orientation distributions.
The fitting procedure is a combination of manual and automatic operations. The number
of fracture sets and the rough parameters for them are selected manually. After that, an
automated fitting algorithm makes the fine tuning of the orientation distributions. Fitting
is based on the minimising of the Rvalue between the measured and fitted orientation
distributions. The measured orientation distribution used in this study and the fitted
distribution are presented in Figure 4-3. The parameter values for the orientation
distributions are presented in Table 4-3.
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Figure 4-3. Measured and fitted fracture orientation distributions.
New data on the fracture sizes were available from the uncovered trench. The width of
the trench was quite short compared to the fracture sizes. This resulted a large number
of fractures with one or both ends hidden. Therefore, the fracture size distribution was
not estimated from the trench data using the simulation method was done the outcrop
data /Taivassalo and Poteri, 1994/. On the other hand, data from the trench are suitable
for the application of the method developed for the estimation of the fracture size
distribution from tunnel walls /Poteri and Taivassalo, 1992/. First, unbiased distribution
of the fracture trace lengths is estimated taking into account the limited width of the
mapping area. Then the unbiased trace length distribution is used to estimate the size
distribution of circular shaped fracture discs. This method is based on the assumption of
lognormal distributions both for the fracture trace length and for the fracture radius. The
width of the trench is assumed to be constant and have a value of 3 metres. A fitted
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lognormal distribution of the fracture traces with both ends visible gives a mean length
of 1.5 m and a deviation of 1.1 m. According to Poteri and Taivassalo /1992/ the
unbiased distribution for the fracture trace length can be estimated with the following
method using the fracture traces observed both ends visible. First, the measured fracture
trace length distribution is corrected to take account of the limited width of the mapping
region. The unbiased trace length distribution is given by Equation (2).
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where the £(/) is the unbiased trace length distribution pf/jis the measured trace length
distribution and L is the width of the trench. The size distribution of the fracture radius
is then estimated by fitting the cumulative distribution of the corrected trace length
distribution into Equation (3)
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where P(l) is the probability to observe trace length shorter than / and the pfR) is the
length distribution of the fracture radius.
The fracture data from the trench contain a total of 260 fractures that have a measured
trace length and about 160 of the fracture traces are measured with both ends visible. A
lognormal distribution was fitted to the measured trace length distribution to apply the
correction of the trace length distribution in Equation (2). It would have been possible to
apply the correction directly to the measured distribution, but for the later manipulation
of the distribution it was considered better to use a fitted distribution of the measured
values. Applying now the Equation (3) to calculate the distribution of the fracture radius
results a lognormal distribution with a mean of 0.95 m and a standard deviation of 0.56
m. This fracture size distribution is between the size distributions obtained from the
outcrop simulations for the open and filled fractures (Table 3-2). The above result is
attained with a different method and independent data compared to the determination of
fracture size distributions in the earlier work /Taivassalo and Poteri, 1994/.
It has been possible to evaluate the transmissivities of some of the individual fractures.
Only 20 of them had both a measured transmissivity and an orientation. These fractures
were used test the size distributions of the potentially water conducting fractures. The
hypothesis used was that the individual water conducting fractures are a subset of the
potentially water conducting fractures. These fractures were assumed to be directly
connected to the nearest fracture zone. Distances to the fracture zones were calculated
along the fracture planes assuming that the fractures are planar and it was assumed that
the distance to the nearest fracture zone was the diameter of the fracture. The calculated
distances are presented as a length distribution of the fracture radius in a logarithmic
probability distribution plot in Figure 4-4. In Figure 4-4 the fitted lognormal
distributions of the open and filled fractures from the outcrop data are also plotted. It
can be concluded that the hypothesis about the high conductivity fractures connecting
straight to the fracture zones is not correct if it is assumed that they belong to the same
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population of fractures as the other intact rock fractures. It is not possible to scale the
fitted size distributions to coincide with the distribution of the distances to the nearest
fracture zones.

99.0

-0.5

0.5
1
Log10 of the radius of fracture (m)

1.5

Figure 4-4. Distance along the orientated water conducting fractures to the nearest
fracture zones as a fracture radius distribution and the fitted size distributions for the
open and filled (the steepest line) fractures in a logarithmic probability distribution
plot.
Contrary to the fracture size and orientation distributions the evaluation of the fracture
intensity is quite straightforward. The fracture intensity used in this study was the areal
intensity i.e. total fracture surface area in unit volume. The benefit of using the areal
intensity instead of the density of fractures is that the areal intensity is independent of
the size of a generation domain and size distribution of the fractures. For circular
fractures the fracture intensity can be calculated directly from the mean fracture spacing
and orientation according to the following equation /Herbert and Splawski, 1990/:
P32 = pA =

m'

(4)

s cos(a)
" m
where p is the number density of the fractures, A is the mean area of the fractures, .s is
the mean spacing and a is the mean angle between the borehole and fractures.
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The mean fracture spacing for a fracture set is calculated simply by dividing the total
length of the orientated core by the total number of observed fractures. Because the
boreholes were not all in the same direction, the fracture intensities were calculated
separately for each of the boreholes. All the fracture data available were used. This
means that preliminary site characterisation data were used from boreholes KRI, KR2
and KR5, revised or new borehole data from KR4, KR7, KR8 and KR9 and fractures
observed by the borehole-TV from borehole KR3. The fracture intensities were
calculated separately for the open and filled fractures. In boreholes KRI and KR2 there
were no open fractures outside the fracture zones and below 200 metres. In KR5 the
fracture frequency was significantly lower than in other boreholes. The highest fracture
frequency was observed with the borehole-TV. In the whole data the KR3 dominates in
the number of observed fractures. The fracture intensities of the different fracture sets
were estimated by taking the mean value of all the calculated borehole intensities. The
second set of open fractures is so weak that, in practice, it can be omitted.
The parameters of the geometrical model of the fracturing model are presented in Table
4-3.
Table 4-3. Parameters of the revised fracture network model.
Set No
Open
1
2
Filled
1

4.2.

tr[°]

pl[°]

k

E[m]

D[m]

p32
[mVm3]

48
191

41
61

4.2
28

0.65
0.65

0.7
0.7

0.675
0.001

61

40

3.1

1.5

0.45

0.997

Hydraulic properties of the fractures

Main progress on the fracture data has mainly been achieved concerning the
measurement of the hydraulic conductivity. In the preliminary site characterisation
phase the straddle packer tests were performed for 30 metres sections. The detection
limit of the equipment was about 10"'° m/s. The present data on the conductivity have
been measured in the intervals of two and ten metres and the detection limit of the
transmissivity measurements has been about the same as earlier 10" l0 m/s. This means
that in some cases it has been possible to measure the transmissivity of a single fracture.
4.2.1. Hydraulic conductivity measurements
The estimation of the transmissivity distribution of the fractures is based on the results
of the two metres tests. Tests for the longer, 10 and 30 metres, measuring intervals were
used to verify the obtained transmissivity distribution. Tests performed for the fracture
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zones were removed from the data before the conductivity measurements were applied
to the estimation of the fracture transmissivity distribution. Of course, this resulted a
significant reduction in the number of measurements and even greater decrease in the
relative number of the conductivity measurements over the detection limit of the
equipment. Total number of measured two metres packer intervals was 785 and 296 of
them were not in the known fracture zones.
In this study main interest is devoted on the hydraulic behaviour of the intact rock at the
depth of a repository. This means that the transmissivity data of the upper part of the
rock were not used in the analysis. The fracture data employed in this study are a very
narrow view into the fractures in the bedrock, focused to the potentially water
conducting fractures in the intact rock at the depth of about 500 metres. This special
nature of the data becomes clear if the used transmissivity data are compared to the
whole data set measured at the site. Transmissivity distributions for both of the data sets
are presented in Figure 4-5. The relative proportion of the packer intervals below the
detection limit is considerable higher in the intact rock. The transmissivities are based
on the difference flow measurements performed at the Romuvaara site /Rouhiainen,
1996/.
500
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Figure 4-5. Transmissivity distributions of the two metres intervals from all the
measurements and for the intact rock.
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4.2.2. Transmissivity distribution of the fractures
Transmissivity distribution of the fractures is estimated by simulating the conductivity
measurements in packer intervals. In the simulations the fracturing geometry derived
from the borehole core and outcrop mappings were employed to create the fracture
intersections in the packer intervals. It is assumed that the fracture transmissivity
distribution is lognormal. The choice of lognormal distribution is based on the shape of
the transmissivity distribution of the packer intervals (see Figure 4-7).
Transmissivities of the packer intervals were simulated using a large number of possible
fracture transmissivity distributions and a sufficient number of realisations for each of
the transmissivity distributions. Fracture network model was used only to simulate the
number of fracture intersections in the packer intervals and to assign transmissivities to
the fractures from the lognormal distribution. Total transmissivities of the packer
intervals were calculated by summing the transmissivities of the fractures in the packer
intervals to give the transmissivity distribution of the packer intervals. This procedure
was repeated for a large set of different lognormal transmissivity distributions of the
fractures. Resulting transmissivity distributions of the packer intervals were compared to
the measured transmissivity distribution and the best fitting fracture transmissivity
distribution is selected for further analyses. Flowchart of the algorithm is presented in
Figure 4-6.
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Start

Select a new fracture transmissivity distribution

Create a fracture network

Simulate the packer test

Compare simulated and measured transmissivity
distributions of the packer intervals

lew fracture
transmissivity
distribution ?

Yes

No

Select the best fitted tfracture transmissivity distribution

End

Figure 4-6. Flowchart of the algorithm used to evaluate the transmissivity distribution
of the fractures.
The transmissivity distribution was also sought by assuming that log-mean and logstandard deviation of the transmissivity distribution of the packer intervals is a linear
function of the log-mean and log-standard deviation of the transmissivity distribution of
the flow routes. The linear dependence was fitted numerically for the case that the mean
value of the login of the flow route transmissivity is between -14 and -10 (in m2/s) and
the standard deviation in the range of 0.2 to 2.4. Simulations were based on the
presumption that if the packers are not leaking the transmissivity of the packer interval
is a sum of the transmissivities of the flow routes intersecting the packer interval. The
number of flow routes in the packer intervals was also varied and the inverse of square
root dependence for the number flow routes gave a quite good fit. The transmissivity
distribution of the fractures was obtained by simply assuming that the transmissivities of
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the flow routes and fractures are identical. Adequacy of this assumption is discussed at
the end of this section. The fitted relationship is presented in Equation (5)

where \ip and op are the mean and standard deviations of the transmissivities of packer
intervals, u. and c are the mean and standard deviation of the transmissivity distribution
of the flow routes, all given in m2/s, and n is the number of fractures in packer interval.
Equation (5) can also be applied to estimate how an increased length of the packer
interval changes the transmissivity distribution of the packer intervals.
The flow route transmissivity distribution is estimated by using the transmissivity
distributions of two and ten metres packer tests and the fracture frequency of open and
filled fractures in Romuvaara. The fitted lognormal distribution for the transmissivity of
two metre packer interval is given by the mean of logio of -10.7 and the standard
deviation of 1.9. Using a fracture frequency of 1.0 1/m in Equation (5) a flow route
transmissivity distribution of logio mean as -12.1 and standard deviation of 2.3 is
obtained. This is quite close to the transmissivity value estimated with the simulation
method. The consistency between the two and ten metres packer tests using the linear
approach of Equation (5) is good. The data from the 2 and 10 metres intervals were
measured from the boreholes KR3, KR4, KR7, KR8 and KR9. The 30 metres interval
data were measured from the boreholes KR1 to KR5. The boreholes KR3 and KR4 were
measured using all the 2, 10 and 30 metres intervals. The transmissivity distribution of
the fractures used in Figure 4-7 was determined using all the 2 and 10 metres data. For
the 30 metres both all the measured values and measured data from the KR3 and KR4
are presented. According to the results the transmissivities in the boreholes KR1, KR2
and KR5 seem to indicate lower hydraulic transmissivities than in the other boreholes.
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Figure 4-7. Logarithmic probability plots of the measured packer test transmissivities
for the 2, 10 and 30 metres intervals (from up to bottom) and predictions (solid lines)
for the transmissivity distributions using a model of parallel flow routes and lognormal
transmissivity distribution.
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The evaluated flow route transmissivity distribution was used as the fracture
transmissivity distribution. The feasibility of this assumption can be studied by using a
rough one dimensional analogy, a network of connected resistors. The total conductance
of the network was tested against the conductance of the first resistor. This was used as
an analogy for the transmissivity of the flow route intersecting the borehole and the
transmissivity of the first fracture of the flow route (i.e. the one that intersects the
packed-off section).

Figure 4-8. Example of the network of resistors used to estimate the influence of the
network depth on the transmissivity.
The conductance in the network is lognormally distributed and the number of
connections increases as a function of the depth in the network (see Figure 4-8). Total
conductance of the system in Figure 4-8 can be studied numerically using a lognormal
distribution for the conductance. Simulations were done using networks of depth of six
conductors (which means from 127 to over 16 000 conductors depending on the number
of branches in the junctions) and 500 different network realisations. In the first
simulation the number of possible flow routes in each junction was two (see Figure 4-8).
Simulations were done also for the networks where the number of branching flow routes
was three and four in each junction. The conductance was lognormally distributed and
the mean of logio was -12 and the standard deviation 2. In Figure 4-9 the conductance of
the first fracture is plotted as a function of the conductance of the whole network for
each of the simulations. Results indicate that, as expected the conductance cannot be
greater than the conductance of the first fracture. Also, as the number of branching
routes in the network increases the distribution of the conductance becomes closer to the
distribution of the first conductor. This is expected because as the number of branching
routes increases it is more probable that the flow finds higher conductivity routes around
the low conductance spots.
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Figure 4-9. Conductance of the network in Figure 4-8 as a function of the conductance
of the first fracture in the network for each of the simulated 500 networks.
If the single transmissivity measurements are concerned the simplification to use only
the fractures intersecting the packed-off section in the estimation of the fracture
transmissivity distribution is thus valid if the number of intersections between the
fractures is high enough in the network. For the Romuvaara site the mean number of
intersections between the fractures is about two intersections. Based on the above
analysis the influences to the determination of the transmissivity distribution of the
fractures must be studied more carefully.
The connection between the transmissivity distribution of the flow route and the
fractures was simulated using the network of two branches per junction presented in
Figure 4-8. The transmissivity distributions of the fractures used in the simulations were
lognormal and the depth of the network was six levels of the conductors. The logio
mean and standard deviations varied between from -14 to -10 and from 0.1 to 3.1,
respectively. Lognormal distributions were fitted to the resulting distribution of the
networks by calculating the mean and standard deviations of the logio of the
transmissivities of the simulated networks. A set of 500 networks was analysed with
each of the fracture transmissivity distributions. The outcome of the analysis was that
the change in the transmissivity distribution of the network compared to the
transmissivity distribution of the fractures do not depend on the logio mean of the
distribution (which is quite natural) and the dependence from the standard deviation is
quite linear. The differences between logio mean and standard deviations of the network
and fractures are presented in Figure 4-10.
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Figure 4-10. The differences between the transmissivities of the logio mean (on the left)
and standard deviation of the network and fracture distributions.
The results indicate that in the estimation of the standard deviation of the fracture
transmissivity fractures there is clear change, but the mean is not changing very much.
4.3.

Comparison of the fracture network models based on the preliminary and
detailed site investigations

The most significant difference between the fracture network models of the preliminary
and detailed site investigations concern the fracture intensity. The total intensity of the
open and filled (i.e. potentially water conducting fractures) fractures in the preliminary
site investigation phase was about 0.24 m2/m3 whereas the total intensity is in the
current model is greater than 1.6 m2/m3. In the preliminary site investigation phase the
fracture intensity was so low that only about half of the fracture networks were
conducting over the considered domain /Taivassalo and Poteri, 1994/. Mainly the
observed major difference is due changed data set of fractures. In the preliminary site
investigation phase it was assumed that the fracturing of the intact rock can be described
by using the orientated fractures. In the present model all the fractures outside the
known fracture zones are used. Partly the difference is due to more detailed fracture
characterisation in the detailed site investigations.
The fracture orientation and size data of the preliminary site investigation phase agree
quite well with the results of the detailed investigation. In the preliminary site
investigation phase the length of the reconstructed borehole core was quite low, about
20% of the total length of the core. This means that the number of orientated fractures is
low, too. In this sense comparing borehole-TV results and borehole core results seems to
favour the borehole-TV method. The poor length resolution of the borehole-TV to
detect the tight fractures is not a problem in this study because only the potentially water
conducting, open and filled, fractures are examined. The general pattern of the fracture
orientations observed in the borehole cores and borehole-TV are similar.
The main improvement in the fracture characterisation was achieved in the measuring of
the transmissivity. In the preliminary site characterisation phase measuring of the
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individual fracture transmissivity was not possible. Now, the shorter length of the
packed-off sections (2 m) makes it possible to determine the transmissivity of even an
individual fracture. In the modelling, this means that the transmissivity distribution of
the fractures can be estimated more reliably. Also, measuring the transmissivities with
different packer lengths might be used to estimate the fracture interconnectivity and
edge effects in the packer measurements. The most important factor in the evaluation of
the fracture transmissivity distribution from the packer tests is the average number of
fractures in the packer interval. Use of shorter packer intervals increases confidence on
the estimated fracture transmissivity distribution.
The consistency of the fracture size distributions obtained with different methods is
promising. The trench data applied in this study resulted a fracture size distribution that
is plausible when compared to the fracture size distribution derived from the outcrop
data. The size distributions from the trench and outcrop data were handled by different
methods which eliminates the possibility of a systematic error. Consistently the tight
fractures are the smallest ones and the potentially water conducting fractures are bigger.
It can be expected that fracturing on the trench contains more water conducting fractures
than on the outcrops because the outcrops are usually regarded to represent the most
intact rock. Comparing the fracture size distributions seems to support that conclusion.
The fracture size distribution estimated based on the data from trench is between the
fracture size distributions of open and filled fractures on the outcrops.
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5.

DISTRIBUTION OF THE GROUNDWATER FLOW IN THE INTACT
ROCK

5.1.

Applied hydraulic boundary conditions

The boundary conditions used for the flow calculations have been extracted from the
porous medium analysis of the groundwater flow /Taivassalo and Koskinen, 1992/.
Based on the porous medium analysis an average flow rate at the depth of the planned
repository was calculated. For the Romuvaara site the average flow rate was about
0.02 l/m2a. This flow rate was used together with the estimated hydraulic conductivity
of about MO"11 m/s to calculate the magnitude of the mean gradient of the hydraulic
head in the repository area. The magnitude of the gradient of the hydraulic head was
estimated to be about 0.05 and according to the porous medium analysis it is horizontal
and pointed to the north-east. The estimation of the hydraulic conductivity tensor using
the fracture network constructed for the Romuvaara site gave hydraulic conductivity
values of 3-10*" m/s to 510"'°m/s. This means that the used hydraulic gradient is
probably not higher than the selected value of 0.05.
The boundary conditions were selected to create as natural flow conditions as possible.
No-flow boundaries were avoided because they could severely disturb the flow
conditions in the relatively small modelling volume by constraining the flow to some
given direction.
5.2.

Flow in the scale of a canister

The fracture intensity dominates the behaviour of the flow field in the scale of one
disposal canister. Even if the fracture network is well connected there are many fractures
which are not connected to other fractures. For the Romuvaara site this proportion of the
fractures was studied with the NESTOR-program. It appeared that a major part of the
fractures is not included in any of the conducting fracture clusters. Several different
realisations showed that about 1/3-2/3 of all the fractures are isolated so that they do not
intersect any other fracture or they form a small cluster of a couple of fractures. Rest of
the fractures are interconnected and create the fracture network.
The model size used for the flow calculation was 16x16x16 m3. All the 1700 fractures
of one realisation are presented in Figure 5-1. The connected cluster of 1200 fractures is
presented in Figure 5-2 and the isolated fractures are presented in Figure 5-3. The
connected fractures are in one big fracture cluster that fills the whole modelling region.
Isolated fractures are the smallest fractures in the network and the probability of them to
intersect, for example, the canister is small.
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Figure 5-1. All potential water conducting fractures of one typical realisation.
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Figure 5-2. All connected fractures of the network in Figure 5-1.
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Figure 5-3. All isolated fractures of the fracture network presented in Figure 5-1.

The fracture geometry was generated using FracMan and the clement mesh was created
with the MeshMonster-program. Finally the flow field was solved with the FEFLOWprogram and flow rates were calculated using the FRATES-program. A total of 10
different fracture geometry realisations were calculated.
The gradient of the hydraulic head used in the flow simulation was 0.05 and pointed to
the north-east. The fracture network was generated in a 23x23x23 m3 volume because
the flow model is turned 45 degrees. Inside the fracture network a 16x16x16 m3 volume
was used for the flow model. The number of fractures in the original 23x23x23 m3
volume was about 5000 fractures and in the 16x16x16 volume about 2000.
The spread in the transmissivity values of the fractures was quite large. The standard
deviation of the lognormal fracture transmissivity distribution was 2.0 in logio-space.
Usually a standard deviation over 1.0 causes numerical problems in the solution of the
hydraulic head. To avoid these problems the low transmissivity fractures were removed
from the mesh. This does not change the character of the flow field because the low
transmissivity fractures are in any case insignificant in the total flow pattern. Half of the
fractures, i.e. the fractures having a transmissivity lower than the mean logio
transmissivity, were removed. The finite clement model constructed for the case contains
about 13 (XX) elements.
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The groundwater flux was calculated through a set of successive planes perpendicular to
the hydraulic gradient. A total of 11 planes were analysed and the distance between the
planes was one metre (see Figure 5-4).

Figure 5-4. Positions of the flow calculations planes .
The calculated total flow rates through the modelling region are consistent with the
porous medium estimates /Taivassalo and Koskinen, 1992/. The mean total flow rate
through the 10x10 m2 surface is about 1.3 litre/a and the median flow rate is about
0.28 litre/a. The distribution of the flow in the subareas shows that the median
proportion of the total flow going through one square metre panel on the 100 m2 planes
is about 19%. The flow is thus concentrated on a couple of square metres area, which
means that there exists a couple of dominating flowpaths. The character of the flow field
is retained through the modelling region. A set of 10 fracture network realisations and
11 calculation planes in each realisation makes a total of 110 planes studied. Each of
these planes were divided into one hundred 1 m2 panels. The maximum flow rates
through a single 1 m2 panel in each of the 100 m2 planes were compared to the total
flow rate through the 100 m2 plane. In Figure 5-5 is presented the distribution of the
proportions of the maximum flow rates through the 1 m2 panels compared to the total
flow rates through the 100 m2 planes.
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Figure 5-5. Proportions of the maximum flow rates through the 1 m2 panels compared
to the total flow rates through the corresponding 100 m2 planes. The distribution is
based on the total number of 110 calculation planes in 10 different fracture network
realisations.
The modelled region can be studied also from the viewpoint that it comprises the
domain around several disposal canister holes. The area of the cross section of the
canister is approximately 1x5 m2. The expected flow rate in the through the canister is
estimated by summing up the flow rates of five adjacent 1 m2 panels in vertical
direction. This makes a total of 20 disposal canister positions in a 100 m2 plane. It
should be noted that in this approach the correlation between the adjacent canister
positions might have small effect on the results. In reality the canisters are not placed
closer than at least six meters from each other. A set of 10 different fracture network
realisations was analysed and in each of the realisations the flow rates were calculated
on the 11 successive planes. The total number of possible disposal canister positions is
thereby 2200.
The distribution of the flow rates through the cross sectional area of the canisters is very
skewed. The 99. percentile of the flow rate across the cross section of the canister was
0.5 litre/a, median was 0.0046 litre/a and the mean flow rate was 0.065 litre/a. The flow
through cross-sectional area of about 4% of the canisters were zero. The distribution of
the calculated flow rates is presented in Figure 5-6 as a complementary cumulative
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probability distribution plot. In the y-axis is indicated the percentage of the canisters
where the flow rate exceeds the corresponding value on the x-axis. It should noted that
the probabilities corresponding the high flow rates and the upper limit of the flow rate in
the flow rate distribution are quite uncertain. The number of different fracture network
realisations, together with the number of fractures in a realisation, sets a limit for the
maximum flow rate observed in the simulations.
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Figure 5-6. Distribution of the calculated flow rates through the cross section of a
disposal canister.
5.3.

Flow to fracture zones

The distance from the repository to the nearest fracture zone is probably at least about
20-30 metres. The surface area of the repository is about 250x800 m2, so the volume of
the rock block is about 6 000 000 m3. In the Romuvaara this means about 6 000 000
fractures. Majority of them are very small or have low hydraulic conductivity. The
fractures of low hydraulic conductivity can be removed from the network, but the small
fractures are making the connection in the network and might thus be important.
Feasible number of fractures in the flow simulation is limited by the number of
elements. FEFLOW can solve networks of tens of thousands of elements which means
less than 10 000 fractures. The volume of the rock modelled in the direct flow
simulation is then about 1000 m3 to 3000 m\ This is not large enough volume for the
flow simulation between the whole repository and the fracture zone considered.
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The approach used to estimate the flow conditions between the repository and fracture
zone is based on one dimensional approximation of the flowpaths and direct search of
the highest conductance flowpaths. The conductance of the flow route can be calculated
if the length of the flow route is taken into account. The total flow through a segment of
the flow path is calculated according to the Equation (6).
Ah

wT

where w is the width of the fracture segment, A/ is the length of the segment, T is the
transmissivity and Ah is the hydraulic head difference between the endpoints. The length
of the intersection line segment between fractures was used as the width of the fracture
segment w. The factor in Equation (6) multiplying the head difference is the
conductance.
The flow simulations in the canister scale were analysed with the flow route searching
method to assess the uncertainties of the one dimensional approximation compared with
the thorough numerical flow simulations. The most conducting flowpaths were searched
for the same realisations as in the flow simulations. To speed up the search of the flow
routes a cut off value of 10"12 m2/s was applied for the transmissivity of the fractures.
This does not change the maximum conductance of the flow routes. It only removes the
lowest conductivity or not connected pathways. The calculation was performed for five
of the realisations used in the flow calculations. Resulted mean conductance over the
10x10 m area was 0.27 litre/m/a. Applying the gradient of 0.05 over the ten metre flow
calculation region gives a total flow rate of 0.13 litre/a. The mean flow rate in the flow
simulation was 1.3 litre/a and median flow rate 0.28 litre/a.
For the flow analysis between the repository and fracture zone, a region of 30x30x25 m3
was modelled. The conductances were studied into three directions, north-south, eastwest and vertical directions. In every case the modelled size scale into the flow direction
was 25 metres.
The calculated distributions of the conductance to north-south, east-west and vertical
directions are presented in Figure 5-7. The calculation of the conductance requires also
the calculation of the length of the route. The length of the flow route itself is also an
interesting quantity in case the transport properties of the flow route is studied. The
calculated distributions of the length of the flow routes to each of the flow directions are
presented in Figure 5-8. The flow rates through the flow routes can be calculated by
multiplying the conductance with the hydraulic head difference between the endpoints
of the flow route. Using the gradient 0.05 and 25 metres distance gives a head difference
of 1.25 m. For that case, the conductance values in the Figure 5-7 give almost directly
the flow rate (litre/a) through the flow routes.
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The flow routes were composed from several different fractures. The mean number of
fractures in a flow route was about 20 fractures for the 25 metre flow distance. One of
the flow routes for the north-south flow direction is presented in Figure 5-9. The mean
width of the intersection line segments between the fractures was about one metre. This
means that for the heterogeneous fractures the width of the flow channel may not be
restricted by the fracture intersections. However, even if the mean width of the
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intersection line segments was quite large there are fracture intersections of significantly
shorter intersection line segment which can be bottle necks for the flow.
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Figure 5-9. Highest conductance flow route in one of the realisations for the northsouth flow direction.
5.4.

Channelling of the flow

The channelling of the flow is caused by the variation in the fracture aperture. The flow
rate is extremely sensitive to the aperture and small variation in the aperture changes the
flow rate distribution significantly. On a single fracture plane this means that the major
part of the total flow is concentrated on a very limited area of the fracture plane. In this
study the channelling is examined by varying the element transmissivities on the fracture
planes. The transmissivity field applied is isotropic and correlated with a spherical
correlation function, c(r), presented in Equation (7).

0<r<A

c(r) =
0

(V)

r>A,

where A, is the correlation length.
The spherical correlation function has a finite range of X. The transmissivity values
outside the range are not correlated. In the numerical modelling this means that the
element sizes must be shorter than the correlation length otherwise the resulting
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transmissivity field is a pure random field. The element size used in the simulations was
about 0.2 m.
The correlation length is difficult to estimate from the field data. In this study the
correlation length was selected to be in a suitable range for the used element size and the
mean fracture size. To give meaningful results the correlation length should be larger
than the element size and shorter than the mean fracture size. In this study a correlation
length of 0.4 m has been used.
In the approach of homogeneous fractures the transmissivity distribution of the fractures
was derived from the packer tests. Strictly, that calibration should have been repeated for
the variable aperture fractures. In this study the influence of the variable transmissivity
was examined in more general fashion, because no reliable data, for example about the
correlation length was not available. The same transmissivity distribution was applied for
all the heterogeneous fractures. The transmissivity distribution of elements used was
logio mean of-12.6 and standard deviation of 1.0.
The channelling was studied in a single flow route. The flow route was extracted from
the fracture network constructed to calculate the flow between the repository and
fracture zone. The flow route used is composed of 17 fractures. A picture of the flow
route is presented in Figure 5-10.

Figure 5-10. Flow route used for the channelling studies.
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An element mesh of about 38 000 elements was constructed for the flow route. First the
case of homogeneous fractures with a fixed transmissivity of 10*12 m2/s was solved. The
used element mesh and the calculated flow rates are presented in Figure 5-11. The head
field was solved using the FEFLOW-program and the flow rates on the fracture planes
were calculated with the DVELOM-program. Clearly the flow concentrates to a path
going the straightest route from one fracture intersection to another intersection.
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Figure 5-11. Element mesh and flow (m3/a/m) distribution in the flow root of Figure 510 for the fractures of fixed transmissivity.
For the heterogeneous case the same element mesh was used as in the homogeneous
case. The varying transmissivity field for the flow route was created using the HETFRAprogram. The mean transmissivity was -12.6 in logio-scale and the standard deviation
was 0.5. The solution of the flow field becomes unstable if the variance of the
transmissivity values is large. The elements having a transmissivity less than -12.8 were
removed from the mesh. The total number of elements in the calculation mesh was about
24 000. The calculated flow distribution is presented in Figure 5-12. The removed
elements can be seen as holes in the element mesh in Figure 5-12. The channelling of the
flow is quite strong. The whole flow concentrates on a couple of flowpaths.
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Figure 5-12. Element mesh and flow distribution for the case of heterogeneous
fractures in the flow route of Figure 5-10.
The aperture variation results a flow rate field in the fracture which is fluctuating more
than in the homogeneous fracture. The distribution of the flow rates along the fracture
trace on the end intersections of the flow route was examined for the three involved
fractures. The flow rates in the node points are plotted in Figure 5-13 and Figure 5-14.
Because the same flow path was used for the homogeneous and heterogeneous cases the
comparison between the flow rate distributions is easy. The flow rate distributions for the
three fracture traces are plotted in the same order for the homogeneous fractures in
Figure 5-13 and for the heterogeneous fractures in Figure 5-14. In the case of
heterogeneous fractures the flow rate is varying more rapidly. Also, some indications of
the 0.4 metre correlation are visible in the flow rate distribution of the heterogeneous
fractures. It should be noted that in the homogeneous case the flow rates between the
nodal point values in Figure 5-13 are nonzero and can be interpolated from the nodal
values. In the heterogeneous case the flow rate between the nodal points can be zero
because of the very low transmissivity that were approximated in the simulations by
removing the corresponding elements and in that way creating a local no-flow boundary.
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Figure 5-13. Flow rate distribution along fracture traces of the three fractures
intersecting the end face in the case of homogeneous fractures.
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Figure 5-14. Flow rate distribution along fracture traces of the three fractures
intersecting the end face in the case of heterogeneous fractures.
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5.5.

Hydraulic conductivity tensor of the intact rock

In the estimation of the hydraulic conductivity tensor the modelled volume ought to be
quite small because of the computational reasons. Hydraulic conductivity was estimated
by simulating the flow in fracture network of a 16x16x16 m3 rock volume. For the
estimation of the average hydraulic properties of the fracture network a larger modelling
volume would have been better. The limitation in the modelled volume is compensated
by making ten different realisations. It was expected that the small modelling volume
results in large variation in the conductivity values between the different realisations. In
a small volume couple of highly conducting fractures can change notably the hydraulic
conductivity to some direction.
The approach used was a slightly modified version of an in advance tested method
/Poteri and Laitinen, 1995/. For every realisation the flow rates through the sides of the
model were calculated using 12 different hydraulic head gradient orientations. The
orientations of the gradients were uniformly distributed. A minimum of three different
gradient orientations is needed to define the conductivity tensor. From the 12 flow
simulations it is possible to calculate 220 different conductivity tensors (i.e. it is
possible to form 220 different subsets of three elements from a set of 12 elements). In
the approach applied in this study all the 220 different tensors were used if the result
was physically meaningful. In the calculation method there was redundance also in the
determination of the Darcy velocity. For each of the gradient orientations the flow rates
were calculated through all the six faces of the simulation cube. The Darcy velocity
applied in the evaluation of the conductivity tensor was calculated from all the flow
rates applying the least squares method.
The hydraulic conductivity tensors evaluated for the different gradient oriention triplets
and for each of the ten realisations were combined. The number of numerical problems
in the evaluation of the tensors was quite high. The total number of physically
meaningful tensors was about 570. In theory, the maximum number of tensors in the ten
realisations would have been 2200. The orientation of the principal axes of the hydraulic
conductivity tensor was solved. The distributions for the orientations of the principal
axes are presented in Figure 5-15. The hydraulic conductivity values corresponding to
the principal axes directions were sorted so that in each case the first principal axis
refers to the lowest hydraulic conductivity and the last one to the largest hydraulic
conductivity. In Figure 5-15 the orientations of the lowest hydraulic conductivity are
labelled with "a" and the largest with "c". The spread in the orientations is quite large.
The distribution of the hydraulic conductivity to the principal axes directions is
presented in Figure 5-15. According to the simulations it seems that in the horizontal
orientation the hydraulic conductivity is quite isotropic and lower than to the dipped
direction. In case one wishes to find out all the three principal axes, the best estimate
would be the following. Direction of the lowest hydraulic conductivity of 3-10"" m/s is
horizontal and to the east. The second hydraulic conductivity value of M0"10 m/s is
directed to the south and dipping about 50 degrees. The highest hydraulic conductivity
of 5-10"'° m/s is to the north and dipping about 30 degrees.
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Figure 5-15. Orientation distributions of the hydraulic conductivity principal axes
based on the simulations. The orientations are plotted in the order of the magnitude of
the hydraulic conductivity. Plot a) is for the lowest hydraulic conductivity and the plot
c) is for the highest hydraulic conductivity.
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Figure 5-16. Distributions of the hydraulic conductivity to the orientations of the
principal axes. The labels in the picture refer to the labels in the plot of the orientations
of the principal axes in Figure 5-15.
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6.

UNCERTAINTIES AND SENSITIVITY OF THE RESULTS

There are different levels of uncertainties. First, the confidence of the input data used to
derive the input parameters for the fracture network and the conceptualisation of the
fracture network approach. Then, the accuracy of the derivation methods used to
evaluate the parameters from the field data. Finally, the uncertainty related to the results
due to the limited size of the model and number of realisations.
The uncertainties related to the representativeness of the data are difficult to be
estimated. Qualitatively the uncertainty can be estimated in case additional data could be
made available. It is reasonable to expect that the additional site investigations decrease
the uncertainty related to the representativeness of the measured fracture data. The
confidence on the data is increased also because the measurements were performed
using different methods. For example, the orientations from borehole KR3 were mapped
with a borehole camera and besides the outcrops fracture traces were measured also
from an uncovered trench. In that respect, the uncertainty related to the possible
existence of some important features of the fracturing not yet been observed is small.
The fracture intensity has been the parameter that changed most notably compared to the
earlier model. The present model is well connected over the considered volume of rock
and change in the fracture density does not change the connectivity of the network. The
earlier model was poorly connected. In the earlier model there was an indirect indication
that the fracture intensity might be subject to chance. The simulations showed that the
fracture density was so low that half or fever of the networks were not conducting. On
the other hand, in the transmissivity measurements it was observed that the rock is
conducting water also in some packer intervals of the intact rock which indicate that at
least in some parts of the Romuvaara site the fracture network in the intact rock is
connected.
The set of fracture parameters used in the modelling was attempted to be kept small.
The fracture network was created using circular plane fractures. Thus the parameter set
contains only the orientation, size, intensity and transmissivity. Largest uncertainties are
probably connected to the fracture transmissivity distribution. The evaluation of the
fracture transmissivity distribution was based on the simulation of the packer tests, but
the flow routes connected to the fractures intersecting the packer intervals were not
modelled. It was estimated that the transmissivity of the flow route is dominated by the
transmissivity of the first fracture. This assumption might need more thorough analysis
or perhaps the fracture transmissivity distribution should be estimated by using a
complete fracture network model. On the other hand, the dependence of the calculated
flow rate on the transmissivity distribution is linear so that the effects of various
transmissivities on the calculated flow rates are easy to estimate.
To study the uncertainties connected to other model parameters, a couple of simulations
with varied parameter sets were performed. The orientation and size distributions were
regarded so reliable that they were left unchanged in the simulations. The changed
parameters were the fracture intensity and size of the modelling region. All the
simulations were made using the method of searching the most conducting flowpaths.
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The case of the changed size scale was calculated for the north-south flow direction. Ten
realisations were calculated and the distances between the opposite sides were 10 m,
20 m, 30 m and 50 m. The distributions of the conductance of the best conducting flow
routes from each of the realisations are presented in Figure 6-1. The flow rate in the
flow routes is directly proportional to the conductance. Therefore, the results in Figure
6-1 indicate that the conductance in the network increases rapidly when the size scale is
less than 20 metres. The explanation for this can be that the 10 metres distance is still so
near to the edge that good connections of a few big fractures are quite possible. The
number of fractures in the highest conducting flow routes supports this explanation. The
numbers of fractures in the highest conducting flow routes of all the realisations are 4,
11, 17 and 31 for the 10 m, 20 m, 30 m and 50 m distances, respectively. The results
were also compared with the flow routes of 25 metres flow distance. They gave
approximately the same maximum conductance as the 20, 30 and 50 metres cases. It
seems probable that the 10 m width rock block is not wide enough to give the full
hydraulic resistance.
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Figure 6-1. Distribution of the maximum logw conductance flow routes in ten different
realisations for 10 m, 20 m ,30 m and 50 mflow distances.
The variation in the fracture intensity was calculated for the base case of the 25 metre
length scale. The intensity of all the fracture sets was decreased and increased by 20%.
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The influence of the changing of the fracture intensity was as expected. The higher
fracture intensity increases the number of intersections between the fractures and makes
it possible for the flow to find better connections. The calculated distributions of the
flow route conductance from ten different realisations are presented in Figure 6-2. The
mean flow route conductance changes by a factor of two between the cases. The fracture
intensity of fracture network seems to be well over the percolation limit, because with
the decreased intensity the network is still well connected.
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All the flow simulations were calculated using a boundary condition of a constant
hydraulic head gradient. The boundary condition used is based on the estimates made in
the porous medium analysis of the natural flow field at the Romuvaara site /Taivassalo
and Koskinen, 1992/. The construction of the repository changes these flow conditions.
It is nevertheless possible that the flow field in that case becomes closer to the boundary
conditions used in this study. The construction of the repository generates areas of better
hydraulic conductivity which in turn smoothens the gradients in the area of the
repository. The surface of the repository tunnels can be regarded thus as a equipotential
surface. Also the hydraulically notable fracture zones can in the scale of this study be
approximated by equipotential surfaces. It is thus reasonable to analyse the flow from
the repository to the fracture zone as flow between two equipotential planes.
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Disposing waste into the repository brings also a heat source into the rock. The
influence of the heat source can be studied using the flow simulation results of this
study. The flow velocity in the fractures is low, about couple of metres per year. On the
other hand, the diffusivity of heat in the rock is quite high. By diffusion heat spreads
approximately as fast or even faster than it is transported by the water. It is possible that
also the heat source affects as a driving force of the groundwater flow. In this study only
the direct effects of the changed temperature to the properties of the groundwater or rock
are discussed. The main influence of the higher temperature would be the change in the
transmissivity of the fractures. Using a parallel plate model for the fractures the
transmissivity can be calculated according to the Equation (8).

where p is the density of water, g is the acceleration due to the gravitation, b is the
aperture of the fracture and u, is the viscosity of water. If the temperature is increased
from about 10 °C to 70 °C the viscosity decreases by a factor of three. This means that
the transmissivity increases locally three times higher. On the other hand, the thermal
expansion of the rock matrix closes the fractures decreases the flow /Eloranta, 1996/.
Anyhow, the effects of the increased temperature are small because the higher changes
in the transmissivities are local and the bedrock is conducting heat well and thus the
water is cooling quite fast.
The effect of channelling on the calculated flow rates can be estimated by using the
results of Section 6.3. The heterogeneity in the hydraulic properties of the fractures
increases the fluctuations of the flow rate in the fracture planes. This might have an
influence on the transport properties of the flow routes. A drawback of this approach is
that the real parameters of the channelling are not known. The limited number of field
experiments which can easily be performed does not satisfy the needs of reliable data for
the increasing number of the different parameters. For example, the correlation length in
the analysis is taken to be in reasonable size scale compared to the model. On the other
hand, it is also in the right magnitude compared to the other commonly used correlation
lengths /Winberg, 1996/. The validity of the used correlation length of 0.4 m for the
Romuvaara site was not possible to be estimated in this study. The channelling studies
in this report give a more qualitative than site specific view on this mechanism. Also, a
thorough study of the channelling using all the site specific data would have implied that
the transmissivity distribution of the fractures should have been evaluated by using the
fracture network to simulate the transmissivity distribution of the packer intervals.
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7.

DISCUSSION AND SUMMARY

The new fracture data gathered during the detailed site characterisation phase
demonstrated that the characteristic fracture orientation and size distributions can be
estimated quite reliably from a few boreholes and outcrops. More difficult seems to be
estimate the fracture intensity for the water conducting fractures. The classification of
fractures to the water conducting and nonconducting is not very clear. In this and earlier
studies the division has been based on the fracture type. Therefore, new methods like the
use of borehole-TV in this case might change the number of fractures in each set. In the
preliminary site investigation phase the fracture network of potential water conducting
fractures was hardly connected over the considered domain of rock. New revised
fracture data lead to a well connected network. The largest differences are between the
fracture frequencies of the new and old boreholes and especially in the borehole-TV
results of KR3 compared to the borehole core mapping.
The most significant change between the present fracture network model and the model
based on the preliminary site investigations concerns the fracture intensity of the
potentially water conducting fractures. The present model is well connected. It is even
possible to remove the fractures of low transmissivity in simulations and the network is
still well connected. The fracture intensity of the potentially water conducting filled and
open fractures was about 0.4 #/m in the preliminary site investigation phase and in the
present data it is about 1.7 #/m. In the preliminary site investigation phase the intact
rock was described only with the orientated fractures. It was assumed that they belong to
the sparse fractures intact rock. In the present work all the fractures which were not in
the known fracture zones were analysed. This increased the fracture frequency
remarkable.
Hydraulic measurements have been developed remarkably after the preliminary site
investigation phase. This can be seen in the field data as a shorter packer length. The
estimation of the fracture transmissivity distribution from the packer test data was done
by simulating packer tests using just the transmissivity of the fractures intersecting the
packer interval. It was assumed that the transmissivity distribution of the flow routes
was close to the transmissivity distribution of the fractures. This assumption might need
further studies.
The hydraulic conductivity tensor of the intact rock was estimated with the fracture
network model. The modelling volume of 16 x 16 x 16 m3 was used in the simulations.
The estimation of the hydraulic conductivity tensor was based on the simulated flow
with 12 different hydraulic gradients and ten different fracture network realisations. The
results did not show clearly the orientations of the principal axes of the hydraulic
conductivity. The hydraulic conductivity varied from the lower limit of 3-10"" m/s to
the highest value of 510"10 m/s. The lowest hydraulic conductivity was on the horizontal
orientation.
The flow simulations were calculated for a 16 x 16 x 16 m3 rock volume. The number of
fractures in the modelling volume was about 2000 fractures. This means an element
mesh of about 30 000 elements. A set of ten different realisations was calculated. The
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flow rate distribution through the cross sectional area of the disposal canisters was
calculated from each of the realisations for a large number of different canister
positions. The total number of canister positions simulated was 2200. The 99. percentile
of the flow rate through the canister cross section area was 0.5 litre/a. The distribution
of the flow rate was very skewed. The mean flow rate was about 0.065 litre/a and the
median was 0.0045 litre/a.
The flow distribution in a larger volume was studied using a method that searched the
flow routes of highest conductance. Because of the lognormal transmissivity distribution
of the fractures there are many fractures of low transmissivity and few fractures of high
transmissivity. The few high transmissivity fractures are dominating the flow field. This
makes it possible to roughly estimate the flow rate using only the flow routes of highest
hydraulic conductivity.
The flow routes were examined into north-south, east-west and vertical directions.
According to the simulations the conductivity in the vertical direction is slightly lower
than in the horizontal direction. This behaviour is contrary to the estimated hydraulic
conductivity tensor. The nature of the flow route analysis is more one dimensional
which have probably caused the result. The difference between the vertical horizontal
orientations is small and it comes probably from the more tortuous flow routes in the
vertical direction. The density of the flow routes having conductance over 0.008
litre/m/a is 0.01 #/m2 for the horizontal flow directions and 0.006 #/m2 for the vertical
flow direction. If the average hydraulic gradient in the intact rock at the Romuvaara site,
about 0.05, is applied the above mentioned conductance means there is one flow route in
each 100 m2 area and the flow rate of through the flow is 0.01 litre/a or higher.
Simulations were also performed to evaluate the importance of the thickness of the
intact rock block to the flow. In the simulations there were indications that if the
distance from the repository to the nearest fracture zone is more than 10 metres the
greatest flow rates are significantly reduced. Anyhow, this behaviour should be studied
later on the other sites more carefully as well.
In the real flow situations the aperture in the fractures is not constant and the variation in
the fracture aperture leads into channelling of the flow. Channelling was studied by
choosing a single connected flow route and calculating the flow through the flow route
both with the homogeneous and heterogeneous fractures. To compare the different flow
fields the transmissivity of the homogeneous fractures was scaled afterwards to give the
same total flux through the flow route as in the heterogeneous case.
The simulations showed that in the case of homogeneous fractures a single flow path is
developed, but the variations in the flow rate in the fracture plane are smooth. In the
case of heterogeneous fractures several separate channels are developed and the
fluctuations in the flow rate in the fracture plane are much higher.
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Appendix 1

Computer programs used to simulate the flow
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Appendix 2

Computer programs used to estimate the hydraulic conductivity tensor
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