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ABSTRACT

How models have been simulated for the potential nuclear waste sites in Precambrian bedrock of
Finland in the Technical Research Centre of Finland. The work had been commissioned by
Teollisuuden Voima Oy. In the present paper, the published flow models are critically reviewed.
This work concentrates on qualitative evaluation of the applied equivalent continuum approach
applied to crystalline bedrock. Special attention is paid to the use of the geological information in
connection with flow modelling. As a result, it was concluded that the obtained flow model for the
specific site is only one of the many possible alternatives models reproducing the values measured
in the field and in the boreholes. Moreover, the equivalent continuum approach is a very strong
simplification of the crystalline bedrock characterized by the discontinuities such as joints and
fracture zones. In addition, the assumption of homogeneity and isotropy of the bedrock properties
outside the major fracture zones may lead to erroneous results. It is proposed that, besides the
present flow modelling approach, alternative approaches should be applied using as a starting
point the discontinuities in the bedrock and a division of the bedrock according to fracturing into
separate hydraulic units. Accordingly, the hydraulic head distribution should be estimated
separately for each of these units. Geostatistical methods, especially the indicator approach, should
be used in mapping the heterogeneity of the bedrock properties in site areas. The use of geological
expertise is essential in determining the spatial correlation and its anisotropy for the hydraulic
properties because the available data are preferentially from a small number of boreholes some
hundred metres apart.
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TIIVISTELMÄ

Tarkoituksena oli arvioida simuloituja virtausmalleja kallioperälohkoille, jotka ovat mahdollisia
ydinjätteiden sijoituskohteita Suomen kallioperässä. Valtion teknillinen tutkimuskeskus on
vastannut mallien laskennasta ja se on tehty Teollisuuden Voima Oy:lle. Tämä työ keskittyi
arvioimaan sovellettua jatkuvan väliaineen oletuksen käyttöä kiteisen kallioperän tapauksessa.
Erityisesti pohdittiin geologisen tiedon käyttömahdollisuuksien lisäämistä kiteisen kallioperän
virtausmallinnuksessa. Tehdyn arvioinnin perusteella pääteltiin tietylle kallioperälohkolle simu-
loidun virtausmallin olevan yksi monista mahdollisista malleista, jotka toteuttaisivat hydrologiset
mittaukset. Jatkuvan väliaineen oletus on hyvin voimakas yksinkertaistus kiteisestä kallioperästä,
jota luonnehtivat epäjatkuvuudet eriasteisen rikkonaisuuden muodossa. Hyvin heterogeenisen
kallioperän olettaminen ominaisuuksiltaan isotrooppiseksi ja homogeeniseksi—lukuun ottamatta
ruhjevyöhykkeitä ja hydraulisten ominaisuuksien analyyttistä syvyysriippuvuutta—voi johtaa
virheellisiin lopputuloksiin. Näinollen tähän asti tehtyjen virtausmallinnusten lisäksi olisi syytä
soveltaa vaihtoehtoisia mallinnustapoja käyttäen lähtökohtana kallion rikkonaisuutta ja käsittele-
mällä rikkonaiset kallioalueet tai vyöhykkeet erillisinä hydrologisina kokonaisuuksina. Hydrauli-
sen painekorkeuden jakauma tulisi niinikään arvoida jokaiselle rikkonaisuusalueelle tai virtausrei-
tille erikseen. Geostatistisilla menetelmillä, erityisesti indikaattorimenetelmällä, voitaisiin kallio-
perän ominaisuuksien avaruuskorrelaatiota käyttäen luonnehtia kallion vedenjohtavuusominai-
suuksia paremmin. Hydrologisten ominaisuuksien avaruuskorrelaation määrityksessä geologinen
asiantuntijatieto on merkittävä, koska ydinjätteiden sijoitustutkimuskohteista mitattu tieto
rajoittuu vain muutamaan poranreikään, jotka ovat satojen metrien päässä toisistaan.
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1 INTRODUCTION

Teollisuuden Voima Oy has studied the Finnish
bedrock in order to develop a safe and reliable
disposal system for the spent nuclear fuel
produced by its two nuclear power reactors at
Olkiluoto in Eurajoki. According to the plans
(TVO, 1992a), the spent fuel repository is to be
located at a depth of 300-800 m below the
ground surface. Preliminary site investigations
were carried out at five sites in 1986-1992
(TVO, 1992b). Three of the sites—Olkiluoto in
Eurajoki, Kivetty in Aanekoski and Romuvaara
in Kuhmo—were chosen for more detailed
investigations (Fig. 1). The assumptions and
hypotheses about the crystallized bedrock are
reviewed in connection with the simulation of
the groundwater flow in fractured bedrock.

The following publications are included:

Lofman Jari, Taivassalo Veikko (1993):
FEFLOW 1.10—Solving of Coupled Equation
of Flow, Heat Transfer and Solute Transport.
YJT-93-30.

Taivassalo, Meszaros (1994): Simulation of the
groundwater flow of the Kivetty area. YJT 94-
03.

Taivassalo Koskinen, Meling (1994): Ground-
water flow analyses in preliminary site investi-
gations, modelling strategy and computer
codes. YJT-94-04.

Poteri, Taivassalo (1994): Modelling of the
fracture geometry in the preliminary site inves-
tigations for a nuclear waste repository. YJT-94-
08.

Taivassalo, Poteri (1994): Assessing the ve-
locity of the groundwater flow in bedrock
fractures. YJT-94-17.

Koskinen, Meling (1994): Numerical study on
the effects of the alternative structure geo-
metries on the groundwater flow at the Romu-
vaara site. YJT-94-18.

Koskinen, Laitinen (1995): Numerical study on
the effects of the alternative structure geo-
metries on the groundwater flow at the Olki-
luoto site. YJT-95-15.

In the following, the assumptions and results of
reviewed papers are written in italics.

The main objective of the flow analyses (e.g.
Taivassalo et al., 1994; Koskinen and Meling,
1994; Koskinen and Laitinen, 1995) was to
provide results that could be used to evaluate
the investigation areas (Taivassalo and Mesza-
ros, 1994). In the preliminary site investi-
gations, the groundwater flow analyses form an
essential part of the characterization of the
sites (Aikds, 1985). Taivassalo et al. (1994)
describe the used modelling method:

"The concept realistic modelling has been used
in contrast to conservative modelling (Vieno et
al., 1992). A pessimistic treatment, i.e. con-
servative assumptions and data could obscure
possible differences between the sites. In fact,
the results would then no longer describe the
true characteristics of the areas. Consequently,
unfavourable conditions could be overestimated
in the site investigations. In the groundwater
flow analyses of the preliminary site investi-
gations, the field data thus had to be tracked in
detail and calibration phases were unavoidable.
Moreover, in applying a realistic approach, the
uncertainties involved in the initial data had to
be analysed."
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Aanekoski

Eurajoki

Kuhmo

Figure 1. Locations of Olkiluoto, Kivetty and Romuvaara in Finland.
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In addition, fracture networks were modelled
for the possible nuclear disposal waste sites
(Poteri and Taivassalo, 1994). Furthermore, the
velocity of the groundwater flow was assessed
in bedrock fractures (Taivassalo and Poteri,
1994).

The results of the modelling work:

(1) Based on the hydraulic pressure field with
the hydraulic properties of the bedrock the
direction of the groundwater flow was deter-
mined.

(2) Accordingly, the quantity of water flow at
the depth of the repository, as well as flow
routes, were calculated in order to visualize the
possible flow pattern from a possible location
of the repository to the ground surface.

(3) The flow modelling was used to determine
the correct orientations of the fracture zones to
better correspond to the hydraulic measure-
ments in the boreholes.

(4) Possible fracture networks for the sites were
simulated.

(5) The groundwater flow velocities in the
possible flow routes inferred from the fracture
network simulations.

The flow models were confirmed and analysed:

(1) The flow model was calibrated to cor-
respond to field observations.

(2) Sensitivity and uncertainty analyses were
applied to study the uncertainties involved in
the initial data.

The purpose of this review is to shortly describe
these groundwater analyses and to study the
critical points, and, in particular, the way the
geological data is used within the groundwater
modelling. In addition, some alternative meth-
ods for groundwater modelling are introduced.

Chapter 2 is a combined review of the above
mentioned publications. In addition, at the end
of this chapter the critical points of the reviewed
flow modelling are presented. The possibilities
of validation of the flow modelling results are
discussed in chapter 3. Besides critical com-
ments, the alternative approaches are proposed
in chapter 4. In this work, only some possible
alternative modelling approaches are presented,
according to the author's interests and know-
ledge.
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DESCRIPTION OF THE HYDRAULIC
MODELLING WITHIN THE TEST SITES

The short descriptions of the purposes, the
assumptions and results of the reviewed pub-
lications are presented in Table I. The flow
modelling was done mainly using the piecewise
equivalent continuum approach with rock ma-
trix and fracture zones as separate hydraulic
units. In addition, a few studies have been done
on fracture modelling and assessing the flow in
fractures.

2.1 The equivalent continuum
approach

The process of the whole flow modelling may
be presented by a flow chart (Fig. 2). The stages
in the analyses of groundwater flow for the
preliminary site investigations were the con-
struction of a conceptual flow model, the
creation of element meshes, the calibration of a
flow model, and the computation of results.

Conceptual model

The conceptual flow model consists of a set of
assumptions that reduce the real problem and
the domain to simplified versions that are
acceptable in view of the objectives of the
modelling and of the associated management
problem The bedrock models (Saksa et ai,
1991, 1992a and 1992b) served as a basis for
the conceptual flow models. They consisted of:

(1) the division of the bedrock into hydro-
geologic units,
(2) the geometry and the transmissivity of each
fracture zone,
(3) the hydraulic conductivity of rock matrix,
the bedrock without the identified fracture
zones, and
(4) the determination of the water table.

'Geological investigations]

"Fra

[ Ass

\

Geophysical

^Bedrock model)

cture model)

1
sssing flow in fractures J

^ ^

investigation^

^Conceptual

Hydrological investigations]

/ /

flow model ] /

/

v Groundwater flow simulations I

Flow model j

Figure 2. Flow chart for the whole modelling process.
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Table I. Publications in short.

Publication

YJT-93-30
Lofman and
Taivassalo
(1993b)

YJT-94-03
Taivassalo &
Meszaros
(1994)

YJT-94-04
Taivassalo et al.
(1994)

YJT-94-08
Poteri and
Taivassalo
(1994)

YJT-94-17
Taivassalo and
Poteri (1994)

YJT-94-18
Koskinen and
Meling (1994)

YJT-95-15
Koskinen and
Laitinen (1995)

Aim

FEFLOW1.10-a
finite-element
code for the
simulation of the
groundwater flow

simulation of the
groundwater flow
in the Kivetty area

description of the
groundwater
analyses in
preliminary site
investigations

visualizing and
analysing
fracturing outside
the fracture zones
at a depth of 500
metres

assessing the
flow in fractures

the effects of
alternative
geometries at the
Romuvaara site

the effects of
alternative
geometries at the
Olkiluoto site

Methods

finite-element
method with
linear one, two
and
three-dimensiona
elements

FEFLOW, finite
element method

statistical
properties of the
fracture
properties

analytical
formulas
associated with
statistical
modelling

FEFLOW, finite
element method,
comparison the
calculated results
with field
measurements

FEFLOW, finite
element method,
comparison the
calculated results
with field
measurements

Assumptions

actured bedrock as
an isotropic porous
medium: piecewise
equivalent continuum
approach

fractured bedrock as
an isotropic porous
medium: piecewise
equivalent continuum
approach

fractures as circular
disks evenly
distributed in the
bedrock

fractures as circular
disks evenly
distributed in the
bedrock

fractured bedrock as
an isotropic porous
medium: piecewise
equivalent continuum
approach

fractured bedrock as
an isotropic porous
medium: piecewise
equivalent continuum
approach

Results

capable of simulating groundwater
flow, heat transfer and solute
transport in non-coupled and in
coupled situations for steady-state
or transient situations

conceptual flow model, hydraulic
head, average groundwater flux,
Darcy velocity, groundwater flow
routes

description of the groundwater
analyses in preliminary site
investigations

fracture networks for the sites

groundwater flow velocity in
possible flow paths outside the
major fracture zones

some features in the simulated flow
model can be explained by
additional fracture zones

some features in the simulated flow
model can be explained by
additional fracture zones

11
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The flow modelling was based on the following
assumptions:

(1) The bedrock volume investigated in the
groundwater analysis was assumed to begin
below the layer of the soil and the surface part
of the bedrock (Fig. 3).

(2) According to numerical simulations (Lof-
man and Taivassalo, 1993a), the influence of
the salinity of the groundwater in a part of the
flow system does not significantly affect the
flow pattern in the freshwater parts. In addition,
temperature affects the density and the viscosity
of the water. However, the flow analyses were
performed for the present conditions, and the
temperature increase due to the disposed spent
nuclear fuel was not treated. The effect of
temperature increase with depth on ground-
water flow was considered insignificant com-
pared with uncertainties in hydraulic con-
ductivities. Thus, the groundwater flow was
assumed to result exclusively from the elevation
differences of the water table.

(3) The concept of an equivalent continuum
approach was applied because it is usually
applied and, thus, there is some previous
experience of using the approach and, for a
subvolume large enough, the hydraulic char-
acteristics of the fractures can be averaged and
the subvolume may be considered as a homo-
geneous continuum (Fig. 4). The problems
using this approach were discussed. The size
and existence of a representative elementary
volume were considered questionable. In addi-
tion, the selection of the values of equivalent
hydraulic properties was considered difficult
and constituted one of the main sources of
uncertainty in the flow analyses.

Boundary conditions

Boundary conditions were set for vertical,
bottom and upper surfaces. Vertical boundaries
for the flow models limited areas (20-200 km2)
which are much larger than the investigation
areas (5—8 km2). Inside an investigation area or

ground surface
water table

top of model

Figure 3. The highly permeable top layers of the soil and the bedrock and the top of a flow model (the
vertical scale is exaggarated) (according to Taivassalo et. al., 1994).

12
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in its direct proximity, it was difficult to find
bounding faces for which the boundary con-
ditions could be determined. The prescription of
the groundwater flux on a boundary would have
required that not only the hydraulic conductivity
but also the gradient of the hydraulic head
should have been known. The use of the
hydraulic head as a boundary condition was
not possible because it was not known deeper in
the bedrock Thus, in order to minimize the
uncertainties associated with the boundary
conditions, the vertical bounding faces were
chosen so that the no-flow boundary conditions
for them could be estimated. The boundaries
were set far enough to make the significance of
the uncertainties associated with the bound-
aries small. Accordingly, the areas examined
were expanded outwards from the investigation
areas to main water divides, small rivers and
lakes, and regional fracture zones lying far
from the investigation area. It was assumed that
the water does not flow through these bound-
aries deeper in the bedrock either. The bounding

faces of the boundaries of the flow model were
thus assumed to be closed for the flow.

The boundary conditions used for the top
surfaces of the models were set according to the
annual average of the elevation of the water
table based on bedrock models (Saksa et al.,
1991, 1992a and 1992b).

The depths of the models varied from 1500 to
2200 metres. For the bottoms of the models, no-
flow conditions were assumed. This was based
on the assumptions that the hydraulic con-
ductivity of the bedrock and the gradient of the
hydraulic head decrease as a function of depth.
Consequently, the average groundwater flux
also decreases with increasing depth. The
assumption was further supported by the fact
that as the depth increases, eventually saline
groundwater is met, and the fresh water does
not flow through the interface between the fresh
and saline groundwater bodies (e.g. Fetter,
1988).

BEDROCK EQUIVALENT CONTINUUM

Figure 4. A real field system in the bedrock characterized by water-bearing fractures (left) and its
representation based on the concept of an equivalent continuum (right) (according to Taivassalo et. al.,
1994).

13
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Other assumptions and simplifications

A slight simplification of the fracture zones was
also made. In numerical flow simulations,
hydraulic properties were assumed to follow a
mathematical formulation: the simplifying as-
sumptions depended on such factors as the
modelling approach and the capabilities of the
computer codes applied. Each hydrogeologic
unit in the flow models was assumed to be
homogeneous and isotropic, except for the
analytic depth dependance of the hydraulic
conductivity. The agreement of the flow models
with the field data was not expected to be
perfect because of the simplifications made in
developing the bedrock models and the flow
models.

Simulation of the groundwater flow

The FEFLOW code (Ldfman and Taivassalo,
1993b) was developed to solve the coupled
equations for the pressure, hydraulic head,
temperature and concentration. In the finite
element method, the domain to be modelled is
divided into finite elements connected with each
other by their border nodes. Within an element,
all quantities and thus a dependent variable,
too, is approximated by interpolation functions.

The general form of the flow equation can be
expressed as follows (e.g. Taivassalo et ai,
1994):

p p p < t = 0,
fJ. dt

where (I)
p is the density of water (kg/m3),

[k] is the permeability tensor (m2),
pi is the dynamic viscosity of the water
(kgm's1),
p is the pressure (Pa),
g is the gravitational acceleration (m/s2),
z is the vertical distance from the reference
level (m),
Q is the rate of flow per unit volume (1/s),
£Q is the porosity at the reference pressure (-),
ae is the medium specific coefficient (I/Pa),
and
t is the time.

Equation (1) can be solved analytically only in
a few simple cases. Here the finite-element
method (FEFLOW) was applied using 1-dimen-
sional elements for boreholes, 2-dimensional
elements for fracture zones and 3-dimensional
elements for the other parts of the bedrock.
FEFLOW is able to take into account various
properties including hydraulic conductivities
that may be constant, vary exponentially or
logarithmically as a function of depth, or follow
a lognormal distribution.

Calibration

The realism of the conceptual flow model was
studied and improved by means of calibration.
The agreement with reality was evaluated by
comparing the model results with the field
observations. The flow models were fitted to the
real systems as closely as possible by modifying
boundary conditions and hydraulic conductiv-
ities.

2.2 Fracture modelling and
assessing flow in fractures

Fracture network modelling

The aim was to visualize and analyse fracturing
outside the fracture zones at a depth of 500
metres. The fracture network program FracMan
(Dershowitz, et al. 1991) was applied with
programs developed to analyse the available
fracture data (Poteri and Taivassalo, 1994).
The fracture modelling was based on the
following (Poteri and Taivassalo, 1994):

(1) Geological mechanisms underlying the
fractures and the processes that formed the
fractures were not the primary area of interest.

(2) In a geometrical model, fractures were
treated statistically and what Poteri and Taivas-
salo (1994) were interested in was a statistical
approach to the characterization of fracture
geometry: therefore, the fractures are handled
as a single set.

(3) The only working distinction between the
fractures that was somehow related to their

14
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origin or mechanical history is the classi-
fication of fractures into three different groups:
tight, open, and filled fractures.

(4) Fractures were handled in discrete sets with
statistical means for different parameters.

(5) Instead of individual orientations for each
fracture, a statistical orientation distribution
was used to describe the orientations of a set of
fractures.

(6) The simulated individual fracture network
was just one realization in an infinite set of
possible networks.

(7) The characteristics of the fracture system
could only be seen in the patterns of the
fractures and in the statistical quantities cal-
culated from them.

The conceptual model of fracture geometry in
an intact rock was set simple enough for
practical calculations. It was based on fol-
lowing assumptions:

(1) Fractures are uniformly distributed in space.

(2) Fractures are planes and they are circular.

(3) Fracture size has a lognormal distribution.

(4) Fractures never end when intersecting with
another fracture.

(5) Fractures can be classified as tight, open,
and filled fractures.

(6) Fractures can be grouped into sets accord-
ing to their orientation.

(7) The Fisher distribution can be used for the
orientation distribution of a fracture set.

The modelling comprised analysing the fracture
data, unconditional Monte Carlo simulation of
the fracture network, and calibrating the simu-
lated fracture network to correspond the avail-
able fracture data.

Assessing flow in fractures

The aim was to develop a method to assess the
velocity of the groundwater flow in bedrock
(Taivassalo and Poteri, 1994). The results of
hydraulic conductivity measurements as well as
the previously carried out modellings of
groundwater flow (e.g. Taivassalo and Mesza-
ros, 1994) and the fracturing were combined.
The transmissivity values of the flow routes
were calibrated to correspond the measured
hydraulic conductivity of the packer intervals.

Calculations were done for the rock matrix at a
depth of 400-600 metres between the identified,
water-conducting fracture zones. A plane of
interest was placed perpendicular to the di-
rection of flow of the groundwater, that was
determined in earlier groundwater simulations
(e.g. Taivassalo and Meszaros, 1994) . Solely
those fractures that conduct water were studied:
the flow routes for the groundwater are the flow
paths formed by fractures.

The fracture traces on the plane of interest
represent fractures intersecting it. Some of the
fractures intersecting the plane are linked to
other fractures in the bedrock and together they
form routes that, on both sides of the plane of
interest, reach areas determining the boundary
conditions of the flow, such as the fracture
zones or the surface. In each route, the flux is
affected not only by the boundary conditions,
i.e. the hydraulic gradient prevailing along the
route, but also by the product of the route's
transmissivity and width. The velocity of the
water flowing in the flow route is obtained
when the surface area of the route's cross
section is known.

The parameters describing the fracturing of the
bedrock were evaluated based on an analysis of
both the fracturing in each investigation area
and the fracture network modelling. The length
of a fracture trace was assumed to represent the
width of the flow route associated with it.

The transmissivity was obtained on the basis of
the results of hydraulic conductivity measure-

15
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ments. In this study, the results of interpreted
water injection tests were not assumed to
represent the transmissivities of fractures inter-
secting the borehole but also of the fracture
systems associated with them. In addition, in
this study the fracture network associated with
each water-conducting fracture was simplified
in terms of the flow route that represents the
most conducting flow route. In the measurement
intervals, the potential water conducting frac-
tures thus represented flow routes. The trans-
missivity values measured at packer intervals of
about 30 metres are thus the sums of the
transmissivity values of the flow routes inter-
secting an interval To ascertain the trans-
missivity of the flow routes, they were assumed
to have a log-normal distribution. The para-
meters of the lognormal distribution of the
transmissivity of flow routes were adjusted to
reproduce the measured distribution of hy-
draulic conductivities. For this analysis the
PACKER code (Taivassalo and Poteri, 1994)
was developed.

All open and filled fractures were regarded as
parts of the fracture network A computer code
NESTOR was developed (Taivassalo and Poteri,
1994) to create three-dimensional fracture net-
works. Characteristics of the fracture network
generator were:

(1) the spatial distribution of the fractures in
three-dimensional space is uniform, e.g. frac-
ture properties were not assumed to be spatially
correlated,

(2) the fractures are circular disks,

(3) their orientations conform to Fisher's dis-
tribution and the radii to a log-normal distribu-
tion,

(4) the fracture density used is the total sum of
the fracture area in the unit volume,

(5) the fracture network generator

(a) does not subtract from the fracture surface
area parts of the fracture surfaces that remain
outside the generation area: underestimation of
the amount of fractures (here, the generation

volumes are large: the effect of the edge
phenomenon was neglible),

(b) produces fracture networks in accordance
with the fracture network modelling constructed
for the investigation areas (e.g. Poteri and
Taivassalo, 1994), and

(c) calculates the intersections of the fractures
and works out the fracture clusters.

By tracking a fracture cluster proceeding from
a borehole or a traceplane, it is possible to
calculate the total reach along the route in
question.

The flow rates and velocities were calculated
analytically. The quantity of water flowing in
each flow route, the flow rate Q^, was given

dh
QJP = Tfplfpi ds)fp' (2)

in which T is the average transmissivity of the
flow route, I, is the average width of the flow
route and (dh/ds) is the average gradient of the
hydraulic head along the flow route. When the
angle between the flow route and the plane of
interest was not taken into account, the hy-
draulic gradient in the flow route was assumed
to be the same as in the bedrock on average.
The flow velocity along the route was obtained
by means of the quantity of water flowing along
the route and the cross-sectional area of the
route A from the equation

Pg tdh

where Cv is (void aperture)/(hydraulic
aperture).

When the distribution of the transmissivities of
the flow routes is known, the velocity dis-
tribution can also be calculated analytically. Cv

was set to 10 in the reviewed study.

2.3 Critical points within the
modelling process

Based on the previous discussion, the following
points were found critical. Many of these were
mentioned already in the reviewed publications.
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In flow modelling using the equivalent
continuum approach:

(1) Even if the used modelling was called
realistic, the resulting models are not the only
ones possible to reproduce the observed or
measured values. In spite of the calibration, the
resulting flow models are not unique. Moreover,
fitting the fracture geometry to better cor-
respond to the obtained simulation results is
questionable: the changes of the fracture geo-
metry should be based on the geological
expertise. The used bedrock models are not
unique, but they should not be changed solely
based on the simulation results. The conceptual
flow model based on the bedrock model can be
replaced by several models as probable as the
applied one because of the limited knowledge
of the sites. There are only a few boreholes
intersecting the possible nuclear waste disposal
sites.

(2) The argumentation concerning the applied
equivalent continuum approach is not satis-
factory. The fact that it is usually applied does
not mean that it is an adequate approach.
Moreover, the equivalent continuum approach
is a very strong simplification of the bedrock
characterized by sharp discontinuities rather

than continuity. The planned sites are also
chosen because they are sparsely fractured.
Hence, the used assumption is even less appli-
cable.

(3) The bedrock properties are assumed to be
isotropic even if, for example, the hydraulic
conductivity ruled by fracturing possesses a
strong anisotropy.

(4) The physical properties are modelled to
follow an analytical depth dependance. This is,
however, only partly true. There may be a
decreasing trend with depth but, because of the
heterogenic nature of the bedrock, there is also
a random behaviour that should be analysed
using spatial statistics (geostatistical methods).

(5) The physical phenomena such as hydraulic
head is assumed to be continuous. This is
however not probable. The bedrock consists of
separate hydraulic systems with their own head
distributions and these separate fracture systems
are connected to the surface only at a few
points. (Fig. 5). This makes the upper boundary
condition questionable. For each of the con-
nected fracture systems the hydraulic properties
should be defined separately.

Figure 5. A schematic figure of the possible fracturing of the bedrock (modified after Niini and Niini,
1995). A: dence fracturing near the surface, B: interconnecting fractures forming a flow path, C: rock
without interconnecting fractures, D: soil, E: the major fracture zone.
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Under the assumption of the porous equivalent
continuum method and using the created con-
ceptual model, the flow simulations were done
in a rational manner. The study of the flow in
the separate flow paths could be a better
alternative. However, the arguments below
need to be considered:

In using the discontinuities of the bedrock as
a starting point

(1) The main drawback is the use of the results
obtained by flow simulation using the equi-
valent continuum approach. The determination
of the hydraulic properties should be based on
the discontinuous nature of the bedrock and
determined after the fracture simulation.

(2) Fracturing is assumed to be uniform.
However, the fracturing depends on the location

and on the rock types. The different types of
fracturing should be simulated separately, ac-
cording to the location and the local tectonics
(the history of folding and fracture generations).

(3) The flow path transmissivities were assumed
to be lognormally distributed and simulated to
correspond with the transmissivities inferred
for the packer intervals of 31 metres outside the
major fracture zones. Thus, the simulations
were based on a sparse data set and the results
are not unique. If the spatial correlation of the
fracture properties were taken into account the
flow paths might look quite different. The
fracture density measured for every metre along
the drill cores could have been used more
effectively, especially, the spatial behaviour of
the fracture density.
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PROBLEM OF VALIDATION AND
VERIFICATION OF HYDRAULIC MODELS

The used flow analyses were called realistic.
This was argumented by the used calibration
techniques, which forced the resulting flow
model to correspond with the reality. If dis-
crepancies were too large the used bedrock
model was changed. The applied conceptual
model is however only one of many possible
models, and the simulated flow model only one
of many possible realizations that can produce
the measured hydraulic values. The calibration
phase is merely a confirmation of the obtained
flow model (Oreskes et al., 1994), but not the
verification. Validation, verification and con-
firmation are concepts that are frequently used
in evaluating modelling processes within earth
sciences. Because these concepts and the phi-
losophy behind them are important, the de-
finitions given by Oreskes et al. (1994) are
presented:

Verification

"To say that a model is verified is to say that its
truth has been demonstrated, which implies its
reliability as a basis for decision-making.
However, it is impossible to demonstrate the
truth of any proposition, except in a closed
system. Numerical models may contain closed
mathematical components that may be veri-
fiable, just as an algorithm within a computer
program may be verifiable. However, the mod-
els that use these components are never closed
systems. One reason they are never closed is
that the models require input parameters that
are incompletely known. For example, hydro-
geological models require distributed para-
meters such as hydraulic conductivity, porosity,
storage coefficient, and dispersivity, which are
always characterized by incomplete data sets.
Incompleteness is also introduced when con-

tinuum theory is used to represent natural
systems. Continuum mechanics necessarily en-
tails a loss of information at the scale lower
than the averaging scale."

Validation

"In contrast to the term verification, the term
validation does not necessarily denote an estab-
lishment of truth. Rather, it denotes the es-
tablishment of legitimacy, typically given in
terms of contracts, arguments, and methods. A
model that does not contain known or detectable
flaws and is internally consistent can be said to
be valid. Model results may or may not be
valid, depending on the quality and quantity of
the input parameters and the accuracy of the
auxiliary hypotheses."

Confirmation

"In the earth sciences, the modeler is commonly
faced with the inverse problem: The distribution
of the dependent variable (for example, the
hydraulic head) is the most well known aspect
of the system; the distribution of the in-
dependent variable is the least well known. The
process of tuning the model—that is, the
manipulation of the independent variables to
obtain a match between the observed and
simulated distribution or distributions of a
dependent variable or variables—is known as
calibration. A match between predicted and
obtained output does not verify an open system
("forced empirical adequacy"). A match be-
tween model results and present observations is
no guarantee that future conditions will be
similar, because natural systems are dynamic
and may change in unanticipated ways. If a
model fails to reproduce observed data, then we
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know that the model is faulty in some way, but
the reverse is never the case. Confirming
observations do not demonstrate the veracity of
a model or hypothesis, they only support its
probability."

And in short

"The verification or validation of the numerical
models of natural systems is impossible. This is
because natural systems are never closed and
because model results are always nonunique.
Models can be confirmed by the demonstration
of agreement between observation and pre-
diction, but confirmation is inherently partial.
Complete confirmation is logically precluded
by the fallacy of affirming the consequent and
by incomplete access to natural phenomena.
Models can only be evaluated in relative terms,

and their predictive value is always open to
question. The primary value of models is
heuristic."

This review

These definitions and reasoning are the basis of
the following discussion of the critical aspects
within flow modelling of the fractured bedrock.
Even if a numerical solution can be said to be
verified in the realm of the analytical solution,
in the extension of the numerical solution
beyond the range and realm of the analytical
solution (for example, time, space, and para-
meter distribution), the numerical code could
no longer be verified. Therefore, in application,
numerical models cannot be verified. Thus, this
work will concentrate on analysing the used
methods qualitatively.
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4 EVALUATION OF THE MODELLING
PROCESS

4.1 The hydraulic properties of
the bedrock

The analytical depth dependance of hydraulic
conductivities of the fracture zones was inferred
from the hydraulic measurements made for the
fracture zone intersecting the borehole. In
where there were no measurements, hydraulic
properties of the fracture zone were concluded
from the nature of the fracture. In a similar
manner, the depth dependance of the hydraulic
conductivity of the rock matrix is concluded
using the hydraulic conductivity measurements.
In the highly heterogeneous bedrock this is
probably not valid. The hydraulic conductivity
decreases with depth but there is also a
component that varies with fracturing and has a
spatial correlation. In the following, the use of
spatial correlation is presented through geo-
statistics (e.g. Journel and Huijbregts, 1978)
and Bayesian Markov modelling (e.g. Rosen
and Gustafson, 1996).

In the geostatistical analysis, it is possible to
apply the spatial correlation to interpolate
(kriging) or simulate the distribution of the
hydraulic properties. Geostatistics was used
originally in mining applications. The main
drawback is that the geostatistical analysis
presumes the stationarity and, that the studied
variable is normally distributed. Thus, the first
step should be the removal any trends found in
data This was traditionally followed by "nor-
malizing" the studied variable if the variable
had a highly skewed distribution. Modern
geostatistical analysis prefers a nonparametric
approach with indicator transforms (Journel,
1983):

la =
1, if fix) < a

0, if fix) > a (4)

where/is the random variable under study, and
a is a certain cutoff determined by the cumu-
lative distribution or by a critical value dividing
the data according to hydrological or geological
units. The hydraulic properties of the crystalline
bedrock have highly skewed distributions.
Therefore, the indicator approach should be
used:

(1) It enables the user to model the hydraulic
properties directly without any complicated
transformation or "normalizing" operations
done to the studied variable.

(2) It provides the means to divide the hydraulic
properties according to the different cut offs
into different classes that represent, for in-
stance, the highly fractured, moderately and
unfractured parts of the bedrock.

(3) It enables the modeling of the spatial
variability of the obtained indicator variables
separately. These classes can, in addition, be
simulated together using the separate structural
models.

Difficulties may, however, occur in the de-
termination of the spatial correlation and its
anisotropy, because the measured data is pre-
ferentially located along the boreholes many
hundred metres apart, and hydraulic properties
were measured for the 31 metres intervals. The
geological interpretation and expertise could be
used with the outcrop data and fracture density
data from the drill cores in order to determine
the spatial correlation of the hydraulic prop-
erties. Moreover, there is lack of data in depth:
very little is known about the bedrock below
500 metres. This means that the obtained model
inferred from the data from the upper part of the
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bedrock could not describe the heterogeneity of
the whole bedrock volume to the depth of 2 000
metres: some hypotheses have to be set until
comprehensive data set is available. However,
the model for the spatial correlation and its
anisotropy can be used to interpolate (kriging)
or to simulate the hydraulic properties with
some hypothesis about the applicability of the
model in depth. The geostatistical simulation
reproduces the original data variability, and is
therefore better for the mapping of the hydraulic
properties of the heterogeneous bedrock than
kriging-interpolation with the smoothing effect.

As an example, the hydraulic conductivity at
the Olkiluoto site was geostatistically simulated
using the conditional sequential indicator simu-
lation (Deutch and Journel, 1992) with only one
cut off (1.00E-07 m/s). There were not enough
data for the proper variogram analysis (de-
scription of the spatial correlation), and the
spatial correlation and its anisotropy were
inferred from the assumption of the main
fracture direction being to the northwest. In
addition, the results of the geostatistical study
done for geophysical and geological data from
the Olkiluoto site (Laine, 1996) was used.

(1) The spatial correlation of the hydraulic
conductivity was assumed to have a maximum
range of 120 m along the vertical plane, oblique
to the layering, directed to the northwest.

(2) A minimum range was set perpendicular to
this plane with a length of 12 m.

These assumptions are imaginary based on the
probable fact that the fracturing is often per-
pendicular to the main schistosity plane. The
resulting realizations (Fig. 6) are rather similar
showing the periodicity of the fracture zones of
high conductivity. The simulations serve as an
example how the tectonic data can be used in
the geostatistical analysis and how the geo-
logical expertise may affect the realizations.

A lack of the densely measured hydraulic
properties may be compensated for by using
other variables such as fracture density ob-
served for every metre or geophysical borehole

measurements (measured for every 10 centi-
metres' interval) to approximate hydraulic con-
ductivity of the bedrock. Using the so-called
cross variogram studies (e.g. Journel and Huij-
bregts, 1978) within geostatistics, it is possible
to infer the spatial distribution of the sparsely
sampled data (here hydraulic conductivity)
from the spatial correlation of the densely
sampled data (e.g. fracture density). Geo-
statistical methods offer also the possibility to
guide the further sampling using the kriging
variances or dissimilarities between the simu-
lated realizations.

Another example of the use of the spatial
behaviour of the data is Bayesian Markov
modelling. Rosen and Gustafson (1996) have
presented it in mapping the distribution of
bedrock properties based on the Bayesian
statistics. This differs from classical statistics
by not requiring that the probability assess-
ments are based on measured data but also
allowing subjective estimates of the evaluator.
Bayesian statistics can be described as:

P[AilB]= P[Ai]{additional knowledge}

which indicates how the prior probabilities
estimated before an experiment, A., (i = 1, ...,
n), should be modified, or conditioned, by the
evidence of a new outcome, B, to produce
posterior probabilities.

The Bayesian Markov model uses transitional
analysis for describing the spatial relationships
of date The objective is to estimate the
probabilities for finding states, e.g. lithologies
or fracturing at point A. At point B the dis-
tributions of the states are known. A transition
probability matrix is constructed. It is based on
the transition frequencies between mutually
exclusive states, e.g. lithologies, when ob-
servations are taken along equally spaced
intervals over the region of interest. For ex-
ample, transitional analysis can be made for
various directions on a geological map to
describe the correlation structure of lithological
states.

The geostatistical and Bayesian Markov model-
ling use effectively geological expertise in
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mapping the bedrock properties. This is im-
portant, especially when there are not enough
data for proper numerical analysis. Also, in
cases with a lot of data, geological information
can be used to classify data in a rational
manner.

This approach has the following limitations
(e.g. Srivastava et al., 1996):

(1) Inference of size distribution is difficult
since sizes of largest fractures cannot be directly
observed.

4.2 Fracture network modelling

The used fracture network modelling mainly
followed the so-called traditional approach, as
done by Poteri and Taivassalo (1994) and
Taivassalo and Poteri (1994).

(2) Size and orientation may not be the most
critical controls on flow behaviour and contam-
inant transport: connectivity of clusters may be
more critical.

(3) Fractures are not elliptical disks.
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x-25000 m
y-91750 m

x-26500 m

y-93250 in

y-93250 m
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Figure 6. Five realizations simulated by sequential indicator simulation at the level of -450 m. Tlie grid
size is 30 m x 30 m x 30 m and it is covering the volume where eight boreholes are located (1500 m x
1500 m x 1500 m).
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In addition, the inference of the fracture patterns
was based on sparse data preferentially located
along a small number of boreholes many
hundreds of metres apart from each other. The
simulations may give fracture patterns that are
totally different from reality, especially because
of the assumption of homogeneity and isotropy
(e.g. Poteri and Taivassalo, 1994). The use of
geological expertise and the division of the
bedrock according to the rock types and tec-
tonic features may lead to more realistic
realizations.

In the following, some alternative approaches
are presented:

Fracture network modelling based on
fracture density

As an alternative approach, Srivastava et al.
(1996) presents the use of fracture density:

(1) Rather than treating individual fractures as
separate geometric objects, entire groups of
fractures could be treated as objects.

(2) Focus shifts from point observations to
volume averages.

(3) F(x), the fracture density at location x, can
be analysed geostatistically with indicator ap-
proach (e.g. Laine, 1996).

(4) Histograms and variograms of F(x) can be
developed from borehole data, outcrop studies,
underground workings, or regional tectonic
considerations.

Fracture network modelling using fracture
propagation methods

This method is based on the mechanical be-
haviour of cracks in a homogeneous and
isotropic elastic solid (e.g. Olson and Pollard,
1989). Thus, the fracture propagation method is
not directly applicable to the Precambrian
bedrock in Finland except for the modelling of
the fracture patterns of the homogeneous in-
trusions.

Fracture network modelling based on
simulated annealing

Here (e.g. Guardino and Srivastava, 1993), the
so-called "training image" is needed. The
spatial statistics of the "training image" should
be known. First, the grid is initialized with the
correct proportion of cells that contain fractures.
Secondly, the pixels are randomly swapped and
the progress towards the desired support histo-
grams is checked from tome to time. The
"training images" may have been created using,
for example, the other simulation methods,
fracture propagation or it may be having a
conceptual basis.

Fracture network modelling based on
tectonic history

The possibility of the use of the geological
expertise, for example concerning tectonic
history of the studied areas, should be re-
considered. The tectonic history means the
deformations that have deformed the bedrock
from the time of sedimentation and first mag-
matic intrusions until the present. Deformations
are either plastic, such as ductile folding, or
brittle such as fracturing. For the major part of
the Finnish bedrock, ductile folding predomi-
nated in deeply buried formations. The latest
deformations were and are mainly brittle near
or at the surface. The early fold generations
caused the schistosity that often controls the
fracture directions. The deformations depend
on the stresses and tensions in the rock and the
rock types. Even if the description of the
tectonic history does not give exact numbers for
modelling, it may give the critical directions for
anisotropy of the geological structures to be
used in fracture modelling. In the Precambrian
bedrock, an additional difficulty is folding: the
directions measured for jointing are not in
relation to the geographic North but to the
previous tectonic features such as schistosity.
The different rock types also behave differently
during deformations.

One example of the fracture simulation algo-
rithms using data integration and interdis-
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ciplinary cooperation is done by Gringarten
(1996) mainly for sedimentary formations. As a
result, the simulations appear realistic from
both the geological and geomechanical point of
view by obeying the geological rules of fracture
propagation and interaction.

Fracture network modelling used to define
the hydraulic properties of the bedrock

Fracture data may also be used to approximate
the hydraulic properties. If the fracture network
is locally known, it can be used to determine
hydraulic conductivity tensor (e.g. Dagan,
1989;deMarsily, 1985).

Summary

The methods for fracture network modelling
are still in progress. The most important ad-
vantage is the increased use of geological
expertise, especially in sites with sparse data
distribution. It may be that there is no universal
simulation method applicable in all cases. The
applied method should be chosen:

(1) based on the rock types, and

(2) based on the specific tectonic history of the
studied site.

For example, the bedrock areas with the com-
plicated deformed and migmatized gneisses
differ essentially from the homogenous granitic
formations. In the latter case the fracture
propagation method may be relevant. In con-
trast, in the former case the fracture simulation
should use tectonic information.

The choice of the applied fracture network
modelling method should be made in a team
including the geologist and the statistician.

Because of the intense folding of the rock
formations in Finnish bedrock, the first stage in
the simulation should perhaps be the analysis or
simulation of the curving of the rock formation.
The tectonic directions should perhaps be
measured in relation to the strike of the rock

formations or other important directions in the
bedrock rather than measured from the geo-
graphic North. The fracturing is related, in
addition to the regional tectonic features, to the
early fold generations with the schistosity
controlling often the fracture directions. This
requires a good geological description of the
sites. The tectonic history of the Finnish
bedrock is very complicated and, thus, the
fracturing formed in the bedrock is complex.

4.3 Flow modelling

The applied flow modelling method can be
classified as a deterministic continuum method.

Deterministic continuum method

The used method is based on a deterministic
equivalent continuum method with rock matrix
and fracture zones as separate hydraulic units.
This approach can be divided into two steps:
conceptual modeling and mathematical model-
ing.

(1) Conceptual modelling consists of a set of
assumptions that reduce the real problem and
the domain to simplified versions that are
acceptable in view of the objectives of the
modelling and of the associated management
problem.

(2) Mathematical modelling consists of a de-
finition of the geometry of the considered
domain and its boundaries and equations that
express the balance of the considered extensive
quantities, flux equations, that relate the fluxes
of the considered extensive quantities to the
relevant state variables of the problem, and
constitutive equations that define the behaviour
of the particular materials—fluids and solids—
involved.

The approach is widely applied, especially for
sedimentary rock formations. It is also applied
for modelling the flow in crystalline bedrock. It
may be a suitable approach when the bedrock is
highly fractured. In the cases of possible
nuclear waste sites, the bedrock is sparsely
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fractured except for the rare fracture zones, and
consists of separate hydraulic systems, such as
flow paths formed by connected fractures. The
hydraulic head distributions and the flow direc-
tions should be defined separately for each
hydraulic system.

Stochastic continuum method

In stochastic modelling, the heterogeneity of
the formation is modelled in connection with
solving the stochastic differential equations.
Geo statistical methods may be used to map the
hydraulic properties. On the other hand, the
stochastic differential equations are solved
either analytically or using Monte Carlo simu-
lations. In an analytical approach, the partial
differential equations for flow are solved di-
rectly as stochastic equations in which the
parameters are regarded as random variables.
The Monte Carlo approach employs repeated
simulations to solve the stochastic partial dif-
ferential equation. First, a large number of
different realizations are generated for a random
variable, such as hydraulic conductivity. For
this purpose, the probability distribution and
spatial correlation of the variable should be
knowa The flow equation is then solved for
each hydraulic conductivity realization and the
corresponding hydraulic head distribution is
obtained. Based on these distributions, it is
possible to analyse the statistics of the values
obtained for hydraulic head at each location
separately.

Niemi (1994) has applied a stochastic approach
in modelling the flow in Finnish nuclear waste
sites. In that study, the probability distribution
and autocorrelation of the hydraulic conduc-
tivity were used to simulate the hydraulic
conductivity conditionally and unconditionally.
Hydraulic head distributions were determined
using the Monte Carlo approach. The hetero-
genic nature of the bedrock was taken into
account, but anisotropy of the hydraulic con-
ductivity was not modelled as the analysis was
based solely on the numeric data from the
boreholes many hundred metres apart.

As the hydraulic properties of the crystalline
bedrock have highly skewed distributions, the
indicator approach has been used to assess the
flow in the bedrock. In studying the Finnsjon
area, the indicator approach was applied to the
hydraulic conductivity data. Based on the 200
(conditional) sequential indicator simulations,
there are great differences in the calculated
flow velocities (Gomez-Hernandez, 1996). Ac-
cording to the Gomez-Hernandez (1996) con-
ditioning in simulations is a key ingredient in
confidence building.

Even if the stochastic continuum method takes
the heterogenic and random nature of the
hydraulic properties into account, it assumes a
certain continuity for the variables by calcu-
lating the flow for the whole site in one
simulation.

Water table

A water table was defined using the annual
averages of the hydraulic head measurements
and the positive correlation between topo-
graphy and hydraulic head. The main question
is, whether this is applicable for upper boundary
condition.

Because the crystalline bedrock is divided into
separate hydraulic systems according to the
fracturing (Fig. 5), the hydraulic head measured
on the surface may have nothing to do with the
hydraulic heads down in the bedrock. In the
sparsely fractured bedrock, hydraulic head is
not a continuously changing variable. The
possible alternative could be to measure hy-
draulic head only in the fracture zones or
densely jointed areas and to use these values in
assessing the flow in separate fracture systems.

Assessing the flow in statistically simulated
fracture network

The best alternative is perhaps to use as starting
point the discontinuities in the bedrock. Taivas-
salo and Poteri (1994) have made interesting
modelling work The main drawbacks are,

26



STUK-YTO-TR 130
FINNISH CENTRE FOR RADIATION

AND NUCLEAR SAFETY

however, the use of the results of the flow
model simulated using the equivalent conti-
nuum approach and the data analysis ignoring
the spatial correlation of the hydraulic pro-
perties.

Proposition for an alternative flow modelling

The flow modelling based on the connected
fractures with the hydraulic head distribution
determined separately for the isolated flow
paths could be the best alternative. In the first
stage, only the possibility of the water flow
should be modelled. The flow should be as-
sessed in separate hydraulic systems, using
finite-element or finite-difference methods with
a stochastic continuum approach or calculating
the flow based on the fracture width, hydraulic
pressure and lithostatic pressure in depth,
depending on the nature of the local fracturing.
The results can be confirmed using the available
hydrological test results.

Because of the difficulties in already applied
methods, quite different approaches should be
studied for assessing the flow in fractured
media The flow modelling may possibly be
done using the fuzzy logic approach based on
the hydraulic properties in separate cells in-
ferred from the fracture simulations. According
to Bardossy et al. (1995) fuzzy rule-based
models offer a simple alternative for calculating
the 1-, 2-, or 3-dimensional movement of soil
moisture in a heterogeneous soil. Here, the
similar approach is proposed for flow modelling
in the crystalline bedrock.

The approach consists of the following steps:

(1) transformation of the Darcy law to a fuzzy
rule system,

(2) approximate the solution of the partial
differential equations with the help of fuzzy
rules, and

(3) the determination of fuzzy sets and fuzzy
rules (Zadeh, 1965).

A fuzzy set is a set of objects without clear
boundaries: a partial membership in a fuzzy set
is possible (e.g. unclear rock type classes, e.g.
migmatites, uncertainty of the nature of the
fracturing, etc.)

The application of fuzzy rule-based models
requires the derivation of the rules in advance.
In some cases, one can derive the rules from
experience or measurement data. For more
complex problems, it is adequate to derive the
rules from synthetically generated training sets.
The training sets are determined by applying a
model which is acknowledged to give the
'correct solution'.

The advantage of the fuzzy logic algorithms is
that they require fewer parameters than the
classical models, and run considerably faster.
They should not be thought of as replacements
for the models based on numerical solutions of
the partial differential equations (Bardossy et
al. 1986), but they should be used in a
subsequent step for simplifying the complicated
models.

In the case of fractured media, the studied
bedrock volume could be divided into small
units according to the fracture network reali-
zations. The simple analytical equations may be
used to calculate the flow between these small
units based on the uncertainties of the hydraulic
properties inferred from the fracture simu-
lations. The fuzzy rules may be applied to build
the regional flow model. This alternative may
be particularly applicable for testing the flow
models using other approaches.

The best alternative for assessing the flow in
fractured media is not found. The determination
of the flow in the sites with only few boreholes
many hundreds metres apart may always be
very uncertain without any method revealing
the structure of the bedrock between the
boreholes. However, using all the information
available, like the detailed geological descrip-
tions of the sites with the numeric data, may
make the flow simulations more reliable.
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5 CONCLUSIONS

The flow models are simulated and confirmed
in a rational manner, according to the applied
simplified assumptions in the reviewed pub-
lications. However, the obtained simulation for
a specific site is only one of the many possible
realizations. Hence, alternative modelling
should be applied and the results compared with
the ones obtained using the equivalent
continuum approach. The main drawback in
these models is the continuous distribution of
the hydraulic head. The crystalline bedrock is
factually divided into separate hydraulic sys-
tems and the head distribution on the surface
has little to do with the hydraulic head dis-
tribution in depth. A better approach is to use
the bedrock discontinuities as a starting point
(e.g. Taivassalo and Poteri, 1994). In their
study, the main drawbacks are the use of the
results from the simulations based on the
equivalent continuum approach and the data
analysis ignoring the spatial correlation of data.
Instead, the flow should be assessed in separate
hydraulic systems, using finite-element or
finite-difference methods with stochastic con-
tinuum approach or calculating the flow based
on the fracture width, hydraulic head and
lithostatic pressure in depth, depending on the
nature of the local fracturing.

The mapping of the bedrock properties is also
an important point. In addition to the analytical
depth dependance, the geostatistical methods
should be applied taking into account the
spatial correlation of hydraulic properties. As
the hydraulic properties of the crystalline bed-
rock have highly skewed distributions, the
indicator approach should be applied. This

enables the use of the tectonic history in
modelling the spatial correlation of the vari-
ables, especially the anisotropy of the spatial
correlation. The latter is difficult when using
solely numeric data along the boreholes oblique
to the layering.

The hydraulic properties and fluid flow in the
crystalline rock depend on the fracturing. There-
fore, the simulations of the fracture networks
are the most important parts in the flow
modelling. The fracture simulations should be
based on the rock types and the specific
tectonic (including topographic) history of the
studied site. The choice of the specific simu-
lation approach should be done in a team
including geologists and statisticians. The frac-
turing is related, besides the regional tectonic
features, to the schistosity connected to dif-
ferent deformations (foldings) of the rock
formations. The use of tectonic history requires
good geological descriptions of the sites.

New alternatives such as fuzzy logic may be
found for the modelling of the flow in fractured
media. Based on the reviewed publications, it
can be concluded that there is a lot of work to
be done especially in mapping the bedrock
properties, in building fracture networks and,
thus, also in flow modelling. The exact de-
termination of the flow in the sites with few
boreholes many hundreds metres apart may
never be possible. However, if all the in-
formation available, such as detailed geological
descriptions of the sites with the numeric data is
used, the flow simulations may become more
reliable.

28



STUK-YTO-TR 130
FINNISH CENTRE FOR RADIATION

AND NUCLEAR SAFETY

REFERENCES

Aikas T. 1985. Site investigations for the
disposal of spent fuel—Investigation program.
(In Finnish) Saanio & Laine Oy. Nuclear Waste
Commission of Finnish Power Companies,
Report YJT-85-29.

Bardossy A, Bronstert A, Merz B. 1-, 2- and 3-
dimensional modeling of water movement in
the unsaturated soil matrix using a fuzzy
approach. Advances in Water Resources, Vol.
18, No. 4, 1995:237-251.

Dagan, Gedeon. Flow and Transport in Porous
Formations. Springer-Verlag. 1989: 1^65.

Dershowitz W, Lee G, Geier J. 1991. FracMan
version 2.3, Interactive Discrete Feature Data
Analysis, Geometric Modelling, and Explo-
ration Simulation. User Documentation. Golder
Associates Inc. Redmond, Washington 1991.

Deutch Clayton V, Journel Andre G. GSLIB,
Geostatistical Software Library and User's
Guide. New York, Oxford. Oxford University
Press. 1992: 1-340.

Fetter CW. 1988. Applied Hydrogeology—
Second Edition. Merrling Publishing Company.
Columbus, Ohio 1988.

Gomez-Hernandez. 1996. Issues on environ-
mental risk assessment. Proceedings, Fifth In-
ternational Geostatistics Congress, 22-27 Sep-
tember 1996, Wollongong, Australia, (in press)

Gringarten Emmanuel. 3-D Geometric descrip-
tion of fractured reservoirs. Mathematical Geo-
logy, Vol. 28, No. 7. 1996: 881-893.

Guardino FB, Srivastatava RM. Multivariate
geostatisics: beyond bivariate moments, in

Soares A (ed.). Geostatistics Troia 1992, Vol. 1:
Kluwer Acad. Publ., Dordrecht, The Nether-
lands. 1993: 133-144.

Journel AG. Non-parametric estimation of
spatial distributions. Mathematical Geology,
Vol. 15,1983:445^68.

Journel AG, Huijbregts Ch. J. Mining Geo-
statistics. Academic Press. London, New York,
San Francisco. 1978: 1-600.

Koskinen Lasse, Meling Kurt. 1994. Numerical
study on the effects of the alternative structure
geometries on the groundwater flow at the
Romuvaara site. Nuclear Waste Commission of
Finnish Power Companies, Report YJT-94-18.

Koskinen Lasse, Laitinen Mikko. 1995. Numer-
ical study on the effects of the alternative
structure geometries on the groundwater flow at
the Olkiluoto site. Nuclear Waste Commission
of Finnish Power Companies, Report YJT-95-
15.

Laine Eevaliisa. Geostatistical methods applied
to characterization of the heterogeneity of the
migmatite formation at Olkiluoto, Finland.
POSIVA Oy. Work report PATU-96-05E. 1996:
1-60.

Lofman Jari, Taivassalo Veikko (1993a): The
influence of salinity on groundwater flow. (In
Finnish) Nuclear Waste Commission of Finnish
Power Companies, Work Report YJT-92-88.

Lofman Jari, Taivassalo Veikko (1993b):
FEFLOW 1.10—Solving of Coupled Equation
of Flow, Heat Transfer and Solute Transport (in
Finnish). Nuclear Waste Commission of Finnish
Power Companies, Report YJT-93-30.

29



FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY STUK-YTO-TR 130

de Marsily G. Quantitative Hydrogeology.
Groundwater Hydrology for Engineers. San
Diego, Academic Press. 1986: 1^40.

Niemi Auli. Modeling flow in fractured
medium. Uncertainty analysis with stochastic
continuum approach. Espoo 1994, Technical
Research Centre of Finland, VTT Publications
184. 1994: 1-188 + app.12 p.

Niini Heikki, Niini Suvi. Hydrogeology (in
Finnish). Helsinki University of Technology,
Department of Materials Science and Rock
Engineering, Laboratory of Engineering Geo-
logy and Geophysics, Teaching report TKK-
IGE-C-17, 1995: 1-176.

Olson Jon, Pollard David. Inferring paleo-
stresses from natural fracture patterns: A new
method. Geology, v. 17. 1989: 345-348.

Oreskes Naomi, Shrader-Frechette Kristin,
Belitz Kenneth. Verification, Validation, and
Confirmation of Numerical Models in the Earth
Sciences. Science, Vol. 263. 1994: 641-646.

Poteri Antti, Taivassalo Veikko, 1994. Model-
ling of the fracture geometry in the preliminary
site investigations for a nuclear waste re-
pository. Nuclear Waste Commission of Finnish
Power Companies, Report YJT-94-08.

Rosen Lars, Gustafson Gunnar. A Bayesian
Markov geostatistical model for estimation of
hydrogeological properties. Ground Water, Vol.
34, No. 5. 1996:865-875.

Saksa P (ed.), Paananen M, Paulamaki S,
Anttila P, Ahokas H, Pitkanen Petteri, Front K,
Vaittinen T. 1991. Bedrock model of Romu-
vaara area, summary (in Finnish). Teollisuuden
Voima Oy / Paikkatutkimukset, Work Report
YJT-91-55.

Saksa P (ed.), Paulamaki S, Paananen M,
Anttila P, Ahokas H, Front K, Pitkanen P,
Korkealaakso J, Okko O. 1992a. Bedrock model
of Kivetty area, summary (in Finnish). Teol-
lisuuden Voima Oy / Paikkatutkimukset, Work
Report 92-61.

Saksa P (ed.), Paulamaki S, Paananen M,
Anttila P, Ahokas H, Front K, Pitkanen P,
Hassinen P, Ylinen A. 1992b. Bedrock model of
the Olkiluoto area, summary (in Finnish).
Teollisuuden Voima Oy / Paikkatutkimukset,
Work Report 92-84.

Srivastava Mohan, Miller Stan, Soares Amilcar.
1996. Environmental Geostatistics: An Intro-
duction. Wollongong'96, Fifth International
Geostatistics Congress, Wollongong, September
21-22, 1996. Lecture Notes for a workshop.

Taivassalo Veikko, Koskinen Lasse, Meling
Kurt. 1994. Groundwater flow analyses in
preliminary site investigations, modelling
strategy and computer codes. Nuclear Waste
Commission of Finnish Power Companies,
Report YJT-94-04.

Taivassalo Veikko, Meszaros Ferenc. 1994.
Simulation of the groundwater flow of the
Kivetty area. Nuclear Waste Commission of
Finnish Power Companies, Report YJT-94-03.

Taivassalo Veikko, Poteri Antti. 1994. Assessing
the velocity of the groundwater flow in bedrock
fractures. Nuclear Waste Commission of
Finnish Power Companies, Report YJT-94-17.

TVO. 1992a. Final disposal of spent fuel in the
Finnish bedrock—Technical plans and safety
assessments. Nuclear Waste Commission of
Finnish Power Companies, Report YJT-92-3IE.

TVO. 1992b. Final disposal of spent fuel in the
Finnish bedrock—Preliminary site investiga-
tions. Nuclear Waste Commission of Finnish
Power Companies, Report YJT-92-32E.

Vieno T, Hautojarvi A, Koskinen L, Nordman
H. 1992. TVO-92 Safety analysis of spent fuel
disposal. Nuclear Waste Commission of Finnish
Power Companies, Report YJT-92-33E.

Zadeh LA. Fuzzy sets. Information and Control,
8. 1965:338-353.

30



STUK-YTO-TR 130 A critical review of published groundwater flow models...

till

M

<N en

.—i oo

o\ o
:; " J S P ; : ; - ; - .

• ; J | i | | . | ;

• • [ ; ! [ . • I

PQ oo S i
oo oo >>«


