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Var och hur skall vi slutförvara det
använda kärnbränslet?

Det råder politisk enighet om att använt kärnbränsle från svenska kärnkraft-
verk skall slutförvaras i Sverige. Ännu finns inget beslut om på vilken plats i
Sverige slutförvaret skall byggas. Inte heller är det beslutat vilken metod som
skall användas. Plats och metod för slutförvaret skall väljas med hänsyn till
säkerhet och miljö liksom till vårt ansvar att förhindra spridning av sådant
material som kan användas för att framställa kärnvapen.

Kärnkraftfbretagen presenterade 1983, genom Svensk Kärnbränslehantering
AB (SKB), en metod för slutlig förvaring, KBS-3-metoden. I beslut 1984 om ladd-
ningstillstånd för reaktorerna Forsmark 3 och Oskarshamn 3 uttalade regering-
en att denna metod - som hade granskats ingående av svenska och utländska
experter - "i sin helhet i allt väsentligt befunnits kunna godtas med hänsyn till
säkerhet och strålskydd".

I samma beslut påpekade regeringen också att ett slutligt ställningstagande till
val av metod kräver ytterligare forsknings- och utvecklingsarbete.

Vem har ansvar för att det
använda kärnbränslet tas om hand

på ett säkert sätt?
Det är kärnkraftföretagen som har
det direkta ansvaret för att det an-
vända kärnbränslet hanteras och
slutförvaras på ett säkert sätt.

Det bakomliggande allmänna reso-
nemanget är att den som driver en
verksamhet har ansvar för att det
görs på ett säkert sätt. Ansvaret
omfattar också att ta hand om det
avfall som uppstår vid verksamhe-
ten. De a tankegångar kommer till
uttrycl. viktiga lagar även på kärn-
energiområdet, bl a kärntekniklagen
(1984)och finansieringslagen (1981).

Kärnteknik- och finansieringslagen
säger att kärnkraftföretagen är skyl-
diga att bedriva den forskning som
behövs för att det använda kärnbrän-
slet skall kunna tas om hand på ett
säkert sätt. Samma lagar ålägger
företagen att också svara för de kost-
nader son uppstår i samband med
hantering och slutförvaring av av-
fallet.

Det finns fyra kärnkraftföretag i vårt
land: Statens vattenfallsverk, Fors-
marks Kraftgrupp AB, Sydsvenska
Värmekraft AB och OKG AB. Dessa
fyra företag äger gemensamt Svensk
Kärnbränslehantering AB (SKB). I
SKBs uppgifter ingår att i praktiken
genomföra det arbete som kärnkraft-
företagen har ålagts att utföra.

Staten har det övergripande an-
svaret för säkerheten kring hante-
ringen och slutförvaringen. Tre myn-
digheter - statens kärnbränslenämnd
(SKN), statens kärnkraftinspektion
(SKI) och statens strålskyddsinstitut
(SSI) - svarar för olika delar av den
statliga övervakningen av kärnkraft-
företagens avfallsverksamhet. Dess-
utom har regeringen tillsatt ett sär-
skilt organ, samrådsnämnden för
kärnavfallsfrågor (KASAM).

Se vidare omslagets bakre insida
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WATER FLOW CHARACTERISTICS OF
ROCK FRACTURES

by

Lennart Jönsson, Dr of Science
Univ of Lund

Introduction

This report has been worked out within the project "Groundwater
flow and dispersion processes in fractured rock" supported by the
National Board for Spent Nuclear Fuel (SKN) in Sweden, dnr 96/85.
This project is attached to the safety problems involved in the
final disposal of spent nuclear fuel. The purpose of the report
is to give a survey of the knowledge of fracture characteristics
and to discuss this knowledge in relation to the modelling of
flow and dispersion of radioactive substances in the fractures.

Background

In the safety analysis of the final storage of spent nuclear fuel
in the Swedish rock it is assumed that transport of radioactive
material from the repository might take place - once the copper
canisters are corroded or damaged in some other way - in the
groundwater in the rock fracture system. In order to assess the
protective effect of the geoshpere as to dilution and retention
of the radioactive materials, modelling of transport and spread-
ing of these substances in the groundwater has to be done.
Modelling could be performed in different ways and with different
sophistications (among other things owing to the required level
of detail of knowledge) but the prevailing view is that the
characteristics of the rock fracture system and the requirements
of the safety analysis necessitate a discrete and probabilistic
approach (see for instance Jönsson 1987). The discrete method
means that the rock is not considered as a continuous porous
medium but instead one tries to describe the flow in a real
fracture system, i.e. along discrete flow paths. As the knowledge
of the fracture system at a specific site can never be complete
one has to resort to probabilistic methods. The real fracture
system and the simulated one will thus not be identical but
should have the same statistical properties as far as fracture
characteristics concern.

The discrete approach requires a lot of information on fractures
for realistic modelling efforts. Broadly speaking one can relate
the data needs to two kinds of categories:

small-scale knowledge concerning the flow related
properties cf single fractures, such as

the way flow could be described in a fracture .
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The simpliest way is to consider the fracture as
consisting of two planar and parallel walls
causing Poiseuille flow. A more realistic approach
- but also much more complex - is to consider the
flow geometry by means of a spatially variable
aperture distribution. In this case statistical
properties are required about the apertures. The
fractures might also be thought of as consisting
of a porous medium due to fillings of loose
material and/or a large number of contact points.
Dispersion properties and description will of
course depend on the way fractures are described,
the nature of the flow - i.e. bulk water flow
(newtonian) or will surface effects introduce
significant non-newtonian properties,
existence of dead zones, channels etc.
interaction between fracture and micro-pore system
(matrix porosity)
hydraulic connection between different fractures-
for instance how do two fractures cross,
surface characteristics of fractures as far as
sorption phenomena concern.

large-scale knowledge concerning the system of frac-
tures such as

distribution of various fracture properties -
form, size, orientation, density etc.
correlation between properties,
existence of different families of fractures.

In this report an effort is made to give an up-to-date picture of
fracture characteristics in granite as described in the litera-
ture and with relevance to the final storage safety analysis. The
results could be valuable in different respects such as

judgement of the validity of existing models.
modification of existing or development of new
models.
guidance to further studies on fracture charac-
terstics.
interpretation of field experiments on migration.

General conceptual view of fractures in granite

A fracture is a general term for discontinuities or breaks in a
rock matrix. The fracture characteristics of a rock volume are
primarily connected to its composition and stress history after
solidification. Examples of important stress generating processes
are given by thermally induced volume changes, plate tectonics
due to ma^ma convection, continental glaciation, load release due
to erosion of overlying material, shrinkage due to moisture loss..
These processes have caused overstressing (for instance tension)
in parts of the rock thus generating fractures which subsequently
might have changed their characteristics due to continued time-
varying stress patterns. Furthermore precipitated matter from
hydrothermal processes might have changed the fractures - i.e.
sealing them partly or completely - with time. Present fracture
characteristics are thus due to a number of very complex factors



and one could not expect the fracture properties to be the same
for different rock volumes. As the safety analysis involves time
scales of up to one million years one could furthermore pose the
question if the present conditions as far as the fractures
concern are representative for this time span. However, this
problem will not be dealt with in this paper.

Fig 1 and Fig 2 illustrate a conceptual view of the fracture
system in a large rock volume and a way to make a crude clas-
sification of the fractures. Actually Fig 1 is based on the
conditions at a specific Swedish site.

In the first place there is a distinction between fracture zones
and single fractures with the former referring to areas with many
fractures closely located to each other and with good intercon-
nection so that a fracture zone could be considered an entity.
Secondly, from a fracture point of view, three features are
discerned:

1. regional fracture zones extending for several kilome-
ters. Each zone is rather wide - up to 100m. The
distance between adjacent zones is of the order of 1-
5 km.

2. local fracture zones with widths typically of one to
five dms and with frequencies up to 6 per 100m (SKN
1988).

3. rock masses between the local fracture zones and
containing a (sparse) network of more or less intercon-
nected small single fractures. The frequency is much
higher, say up to 10 per meter (Bles 1986), Fig 3.

Water flow takes primarily place along the fracture zones whereas
the conductivity of the rock mass is low generally speaking. The
repository should thus preferrably be located in a rock with a
low density of fracture zones and far away from existing fracture
zones. Flow properties of the fracture network of rock masses
will consequently be of primary importance when considering the
geological barrier. As the scale of the repository is rather
large or.e could also expect that local fracture zones might be
involved in at least a later phase of the transport of radioac-
tive material by groundwater implying a need for knowledge of
this kind of fracture zones too. The regional zones should of
course be avoided as much as possible by proper feasibility
studies in the process of locating a repository.

In addition to flow conducting fractures the rock mass is also
assumed to have a very fine porosity which might contain water
and into which diffusion of contaminants might occur. Fig 4 shows
a conceptual illustration of the rock matrix. The result could be
a very significant effect on the transport of radioactive
substances through the geosphere. The properties of this so
called micro-pore structure are important to know, for instance
concerning

the extent to which these micro pores are intercon-
nected or isolated from each other.
the hydraulic connection between fractures and the
micro-pore structure within the rock mass. Could the
fracture surfaces be covered with a very thin, isola-
ting layer?



the spatial characteristics of the micro-pore struc-
ture. Are they the same throughout the rock mass or
will there be a zone close to the fracture with special
properties due to the formation of the fractures for
instance?
area and surface characteristics of the micro-pores in
connection with sorption properties.

Fig 5 gives an example of the rock mass close to a large fracture
obtained using fluorescence microscopic technique. In this case
the fracture surface was found to be covered with a conducting
quartz layer (~ 0.2 mm) on top of the porous kakirite.

In order to get an idea of what percentage the volumes of single
fracture networks and porosities represent in granite some data
(Norton & Knapp 1977) will be given

ptl. Total volumetric percentage: 1 to 2%
pt2. Volumes with water flow: 1% of ptl
pt3. Volumes with diffusion only: 5% of ptl
pt4. Volumes with neither flow

nor diffusion: 94% of ptl.

Studies on single fractures

Studies and descriptions of single fractures and their flow
properties are mostly based on a conceptual view of fractures as
being a planar feature with large extensions in the plane but
with a very small opening (aperture). Fig 6 gives an example of
part of a fracture - obtained from a bore core and Fig 7 shows
how several fracture planes are conceptualized. In order to gain
more information on the flow characteristics in fractures
experiments of at least three kinds can be distinguished accor-
ding to literature:

studies on flow between parallel plates with a very
narrow spacing.
studies on flow in arificially generated fractures-
torsionally induced fractures for instance - ir. a rock
sample.
studies on the flow in a real fracture - in-situ in
the rock or in the laboratory using a sample of a bore
core.

Fig 8 and Fig 9 illustr-.te two kinds of typical experiments. In
the first place (Fig 8) the flow is measured in the laboratory
using a sample of the rock with a real or induced fracture. Flow
could be studied for different external loads and different
openings of the fracture. The opening is measured by means of
LVDT:s (linear variable differential transducers). Fig 9 depicts
an experiment on a single fracture in the rock where some kind of
tracer is injected into the fracture via a bore hole equipped
with packers. Downstream the injection point water is sampled and
tracer concentrations measured. Measurements of this kind give
information on breakthrough times, dispersion, uneven flow
distributions etc.

A large number of experiments of these kinds have been reported
in the literature (see for instance (Abelin 1986) for a short
summary). In compliance with the conceptual view of a fracture as



seated in the beginning of this chapter experimental results are
aost often interpreted in terns of laminar flow between two
parallel plates - Poiseuille flow - Fig 10:

q = - — - * — ^ • ö3 = const • «3 (1)
12 v dx

where
q - flow per unit width
6 - opening or aperture
h - pressure head (n H2O)
v - kinematic viscosity
g - gravitational acceleration

Thus the flow is proportional to the third power of the aperture
- the cubic law. In reality a fracture is of course much more
complex with spatially varying apertures for instance. This
requires a definition of an equivalent aperture which can be done
in different ways:

mass balance fracture aperture, 8f, which is a measure
of the total volume of the fracture. Sf could be
determined from the flow rate and the residence time of
the water in the fracture.
cubic law fracture aperture, 6C, which defines an
equivalent constant aperture for a given flow and given
pressure drop.

In the case of ideal Poiseuille flow 6f and 6C are equal. For a
real fracture very significant discrepancies between the two
measures might occur thus implying very large deviations in the
flow characteristics be t we n an ideal and a real fracture. One
obvious reason for this could be very significant spatial
aperture variations - including areas of contact in the fracture.
Local constrictions in the fracture might thus be decisive for
the pressure loss and consequently give a small 5C as compared to
Sf which is more a measure of the average size of the water
conducting parts of the fracture.

Some aspects on experiments of the above-mentioned nature will be
discussed in the following.

In the first place Witherspoon (Witherspoon 1980) reports
measurements by Romm (Romm 1966) on fine (10 - 100/jrn) and
superfine (0.25 - 4.3 pm) fractures made of optically smooth
glass. According to Romra the cubic law is valid for apertures at
least down to 0.2 urn. The pressure gradients used for the
experiments are unknown to the author but were probably very
high.

As for natural or artificial fractures water flow is controlled
by a number of factors such as (Gale 1982b):

stresses (normal and shear)
temperature
roughness
fracture geometry

One important aspect of real fractures is that generally there
are multiple areas of contact between the two surfaces of a



sinple fracture. For natural fractures this could be due to
different causes. One obvious reason is that normal and tangen-
tial stresses are transferred across the fracture. Small par-
ticles of different origins - clay or ground rock material-
might be transported by the water and ultimately get stuck in
narrow sections. Chemical processes (such as precipitation) could
also contribute to the sealing of a fracture. The geometry of a
fracture could thus be very complex with flow patterns very
different from the idealized Poiseuille flow. One could further-
more expect that fracture geometries will change in time due to
temporal evolution of the three above-mentioned factors - for
instance the stresses will most certainly be affected in the rock
in the vicinity of a repository under construction. Natural
tectonics will also alter che rock stress patterns in a geologi-
cal time scale.

A number of laboratory investigations has been reported on the
influence of normal stresses on the flow behaviour of a fracture
using both natural and induced fractures. At least three types of
studies could be distinguished

flow behaviour of fractures with a small or non-
existing contact area between the surfaces.
flow behaviour of fractures with very high normal
stresses applied.
flow behaviour due to changing stress load - hysteresis
effects due to loading - unloading cycles.

The influence of shear stresses has, however, not been studied in
a controlled way (Gale 1982).

As an example of the first kind of studies reference is often
made to Sharp (Sharp 1970). He used a natural fracture in granite
with self-weight conditions representing a closed fracture (6-0).
Separating the fracture surfaces in a controlled and measurable
way (up to S - 1540/im) he studied the flow rate behaviour. One
observation was that even in the so called closed condition a
small flow rate was measured. Depending on how this fact was
considered different conclusions as to the flow behaviour were
reached. Sharp stated that the cubic law was not valid (6^
instead of 5^) but a later review of the data by Gale (Gale 1975)
confirmed the cubic law.

The second point could firstly be illustrated by measurements by
Witherspoon (Witherspoon 1980) who studied induced fractures in
cylindrical and rectangular rock samples of granite (both radial
and straight flow in the laboratory set-up). Different external
pressures were applied across the fracture. Even at the highest
pressure (supposedly closed condition) a flow was detected in the
fracture corresponding to an unknown, residual fracture opening-
*res- The fracture opening in relation to this reference opening
(i.e. for lower pressures) was measured - 6m - using LVTD-
technique. Thus the total aperture was defined as:

6 - «res + Sm (2)

Laminar axial flow in a perfect fracture should theoretically
obey the relation

Q - Ah.C.(S)3 (3)



where
Q - flow
Ah - flow pressure head between inflow and outflow

parts of the fracture
C — constant depending on sanple geometry and viscosity

Measurements were analysed with respect to the structure of Eq(3)
- i.e.

Q - Ah.C.(«a + « r e s )
n

with Sves and n as unknowns. Minimizing errors according to the
least-square principle gave as result for granite and a maximum
pressure of 20 MPa:

n
3.04
3.03
3.01
3.07
3.04
3.06

& r e s (urn)
9 .0
6.7

11.6
5.1
4 . 0

13.1

The experiments covered 6Cot from 4 pm up to 250 fin. The flow
pressure difference Ah was either 0.5 m H2O or 20 m H2O for
samples of the order of 0.1 m thus corresponding to high pressure
gradients. Fig 11 gives one example of the measurements. In
conclusion Witherspoon states that for the artificially induced
fractures that were studied the cubic law was found to hold
whether the fractures were open or closed. The effect of devia-
tions from the ideal parallel plate concept only causes an
apparent reduction in flow and could be taken care of by a factor
f in Eq(3):

Q -l.C.Ah.(S)3 (4)

with 1.04 < f < 1.65 in his studies.

Similar measurements on both artificial and natural fractures
have been reported by Gale (Gale 1982). The results were analysed
in a slightly different way as far as Sres goes. This quantity
was calculated from the measured flow rate at the maximum applied
pressure supporting the validity of the cubic law. Fig 12 shows
some results. One observation is (Fig 12 bottom) that a dimini-
shing reference pressure makes the experimental results approach
the cubic law better. Gale concludes that the cubic law breaks
down in rough deformable fractures at effective normal stresses
of 10 - 15 MPa, possibly at lower normal stresses in natural
fractures.

Gale (Gale 1982) reports measurements on fracture hydraulic
conductivity (i.e. a measure of the aperture) versus applied
normal stress for induced and natural stresses, Fig 13. One could
first observe that the apertures of the fractures diminish as an
increasing stress is applied. Secondly the effect is more
pronounced for induced fractures but even for natural fractures
the conductivity decreases roughly by a factor of ten when the
stress is increased ten times. This should correspond to a
decrease of the aperture by a factor of fit , i.e. roughly three



times.

Witherspoon (Witherspoon 1980) reports studies on the hysteresis
behaviour of an induced fracture in a granite sample. Fig 14
shows one example of the results. Run no 1 corresponds to the
second loading-unloading cycle and run no 2 to the fifth. One
could notice two things:

the fracture conductivity decreases with the number of
cycles.
the fracture conductivity is larger during the loading
phase than during the unloading phase for a fixed
stress.

These observations might have some significance for the reposi-
tory situation as different kinds of stress changes will take
place during the construction and the sealing phase. Thus if one
supposes that - at least in the immediate vicinity of the
repository - stress release takes place during construction and
stress increase during the filling and sealing phase Fig 14 would
indicate increased fracture conductivities as compared to the
natural undisturbed situation.

Gale (Gale 1982) also notes - without auy reference to measure-
ments - that temperature increases in a rock will produce
stresses that tend to close the fractures and thus diminish the
conductivity. Besides a temperature increase will expand the
fracture surfaces which are not in contact with each other. This
latter effect will also decrease the conductivity. These tempera-
ture effects will probably have a bearing on the repository
conditions as the spent fuel will cause a heating of the rock
initially with a subsequent (in geological time perspective)
cooling again. Thus one could think of two effects

one in the shorter term. In comparison with the natural
condition the rock in the vicinity of the reposi.jry
will first experience a decreased conductivity and with
time an increased conductivity again.
one in the longer term. Due to probable hysteresis
effects the long term stabilized conductivity (or
fracture characteristics) will have changed compared to
the natural state.

At last one should note that laboratory tests of effective
fracture widths mostly are made on small samples (length scale
(0.10 - 0.30 m). This length scale should be compared with some
kind of representative length scale for the spatial distribution
of the real apertures - for instance a correlation length scale.
If the sample size is of the same order one might expect that
laboratory tests would either be subject to scale effects (i.e.
different results of fracture widths depending on the sample
size) or show significant scatter when different samples from
the same rock are investigated. According to Gale (Gale 1982)
existing data does not point at definite conclusions - diverging
tendencies have been reported. However this is a point to bear in
mind when interpreting laboratory results.

Novakowski (Novakowski et al 1985) reports two in-situ tracer
measurements on a single fracture in monzonitic gneiss - the
fracture being 10.6 m long with an effective aperture of 60 j*m
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according to hydraulic tests and located at about 100 m:s depth.
A conservative tracer, Br. was injected in one borehrle and
collected 10.6 m downstream in another borehole both of which
were isolated with packers. The natural hydraulic gradient was
less than 0.1 and the induced one during the experiments -
-.80±0.40. A model which describes the injection-withdrawal flow
field gpnmetry and which accounts for hydrodynamic dispersion was
fit to field data, Fig 14a. A longitudianl dispersivity a L - 1.4
m (DL - <*L.I'0 was found to be representative of bydrodynamic
dispersion induced by flow in a single frac ire. This a-^-value
was - according to the author 2 - 3 orders of magnitude higher
than values reported in the literature for equivalently scaled
tracer experiments in porous media. It was also found that ;he
effective aperture based on breakthrough curves (i.e. residence
time) was 510 /im, i.e. considerably larger than the aperture
based on pressure drop (60 pm), again indicating that a fracture
could not be represented by two parallel planes. I", should also
be stressed that the experiment did not show any effect of matrix
diffusion. This might be explained by the strongly advective
character of the experiment.

Abelin (Abelin 1986) reports in-situ measurements on tracer
migration in two fractures in th^ Stripa mine 360 m below the
surface in connection with a drift. A scetch of the experimental
area is shown in Fig 15 with the estimated location of the
fractures. Injection of tracers could be done from different
injection holes - Fig 16 shows the five injection holes for
fracture no 2. Three of them, H2, H3, H4, were located close to
each other (<0.5 m) in order to study fracture changes over short
distances and a fourth, H5, 4.5 m away. These four holes were
located at an average distance of 5 m from the drift. A fifth
hole, HI, was located 10 m from the drift. Sampling of the tracer
was done in a number of sampling holes at the intersection of the
fractures with the drift, Fig 17. An example of breakthrough
curves obtained for injection at two closely located holes, H2
and H3, is shown in Fig 18. Sampling took place in hole S2-8
(fracture 2, hole 8). The large discrepancies between the two
curves might be considered as an evidence of surong spatial
variations of the flow characteristics within a fracture-
perhaps i.i terms of channels. Thus H2 could be directly connected
to a channel whereas injection at H3 takes place in a low
conductivity area - with small apertures.

Abelin also reports calculations of the effective apertures for
these fractures based on the tracer tests and other measurements.
The apertures were calculated according to the two different
methods mentioned earlier - i.e. based on the mass balance and
the cubic law respectively. Depending on assumptions made when
interpreting the field measurements different values for 5f and
5C were obtained but there was almost all the time a tendency for
Sf to be 10 - 100 times Sc. Table 1 gives one example of such
results:



Table 1 Fracture apertures assuming mixing of injection
point

Sampling hole Linear (flow)

If *c (um)

S2-6 240 6.7
S2-8 280 10.
4 2200 16.
5 1500 11.

(after Abelin 1986)

Results of this kind indicate that the flow in a fracture is far
from the characteristics of a Poiseuille flow. Thus Abelin
concludes - from his own in-situ tracer tests but also from other
observations - that the flow takes place in different channels
with mixing between water in the channels at irregular distances
- Fig 19. These channels seem to be 10 - 100 cm wide and they
make up only 5 - 20 % or the fracture plane. The channels may
have zones of stagnant or near-stagnant water, which may be
reached mainly by diffusion.

Another observation, which could be made, concerns the length of
a fracture which in this case amounted to at least 10 m. This
should be remembered when other studies of fracture lengths
(traces) are discussed later on.

The channeling view is questioned by observations at the Grimsel
test site in Switzerland. Thus it is stated that apparent
channeling is too often inferred from such observations as
punctual outflow from fractures into tunnels in the rock. An
example is cited where three discrete outflow points into the
Grimsel laboratory drift carry 50, 30, 15% of the total inflow
whereas hydrogeological exploration reveals a rather even flow in
the fracture. Plausible explanations for such conditions are:

excavation effects result in stress relief which
locally may squeeze the fissure near the tunnel wall,
plugging of the fracture near the tunnel wall due to
the excavation process (Frick 1988).

The properties of single fractures as described in this chapter
will be summarized here. Some thoughts about these properties and
their relevance for the repository will also be discussed.

Natural and induced fractures have a spatial aperture
distribution which strongly deviates from the very
simplified concept of two parallel surfaces with a
constant aperture. The two fracture surfaces are in
contact with each other in a more or less extensive
way. A fracture can not be closed entirely even if very
high normal pressures are applied.
Flow (Q) in a fracture is mostly proportional to 6eff^
both in natural and induced fractures. However, some
uncertainty prevails for very small apertures and/or
large surface rugosity when Q ^eff o r e v e n Q *eff•
One should however note that 5eff is an aitificial
measure which - for natural fractures - can not be
related to any geometrical property with the fracture.
Different measures of fracture apertures - 6f, 8C-
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differ very significantly (orders of magnitude) from
each other implying a flow which deviates very markedly
from the ideal Poiseuille flow. One concept of the
fracture flow is that it takes place in separate
channels with possibilities of exchange of water and
dissolved matter at certain points. This view is not,
however, unanimous. Also the dispersion will most
certainly deviate significantly from the one in
Poiseuille flow. The area of contact between fracture
and water will as well differ from the case of an ideal
fracture.
Natural and induced fractures have different charac-
teristics - for instance concerning the relation
between conductivity and normal stress. There is of
course also a difference in the chemical influence on
the fracture - none in induced fractures whereas the
flow paths of a natural fracture might be strongly
affected by precipitation for instance. Real fractures
could also contain a lot of "loose" particles which
have got stuck in narrow sections. These facts imply
that results from laboratory studies on induced
(artificial) fractures can not be transferred directly
to natural fractures. Results might mainly be used as
indications on phenomena that could influence the
fracture flow.
the fracture conductivity is significantly affected by
a change of the stress load of the fracture. Hysteresis
effects are observed for cyclic loading. Temperature
changes will also affect the stress load in the rock
and the position of free surfaces in a fracture.

The characteristics of a fracture can differ significantly before
and after the repository is constructed and sealed. Thus studies
of a natural, undisturbed rock do not necessarily give a true
picture of the fracture conductivities after the repository is
commissioned.

Construction of a repository means that a change of the
stress conditions and consequently of the fracture
conductivities takes place in the rock. This is most
pronounced in the immediate vicinity of the repository
- an area which also should be the most important to
describe as far as transport and dispersion in the
geosphere concern. After sealing of the repository the
fractures will not retain their original properties-
partly due to the fact that refilling of the repository
will not entirely simulate the removed rock mass and
partly because of hysteresis effects.
The spent fuel generates heat. Heating and a subsequent
cooling of the rock (when the activity has diminished)
give rise to extensive stress changes in the rock and
movements of free surfaces in the fractures. There will
also be a possible remaining hysteresis effect after a
long time. Thus conductivity changes will occur after
the commissioning of the repository and onwards. The
extent of these changes requires some knowledge about
the relation between temperature changes and fracture
characterisics which is not known as far as the author
concerns.
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A better understanding of the probably very complex flow in
fractures would certainly be achieved if the detailed geometrical
characteristics of single fractures are studied. Knowledge of the
aperture pattern (spatial distribution of apertures) could form a
basis for a more accurate description of properties such as
conductivity (for instance in the form of an effective aperture),
dispersion, residence times, surfaces prone to sorption. A
simplified, conceptual model of a fracture (for instance compri-
sing channels with moving water, areas with stagnant water,
interconnections between channels) might be worked out on the
basis of such knowledge. Some measurements of aperture patterns
have been reported in the literature and some results will be
described here.

Detailed studies of single fracture characteristics have been
reported from the Stripa-project (Gale et al 1987). Three
different bore cores, diameter 15 cm and each containing a single
fracture plane have been used for aperture distribution studies.
After a loading-unloading cycle each core sample was subjected
to a specified normal stress and the water in the plane was
drained followed by flushing the fracture plane with carbon
dioxide and nitrogen. The fracture plane was isolated, placed
under negative pressure and injected with a room temperature
curing resin. After the resin had hardened each fracture plane
was sectioned making it possible to study the aperture and resin
thickness along different traces in the fracture plane, Fig 20.
An example of such a trace is also given by Fig 6. Fig 21 shows
some measurements along four traces for sample STR 2.

All the data from the measurements along different traces for a
certain case were also put together to obtain a view of the
distribution of the apertures in the whole fracture plane, Fig 22
top. The resin thickness for the same plane is shown in the same
figure, Fig 22 bottom. The distributions are shown by means of
iso-lines (pm) of constant value of aperture and resin thickness.
One could first notice that the aperture size varies significant-
ly with large areas of very small apertures (order of 200 ^m)
whereas there are more or less local areas with large values( >
1700 j»m, > 3600 pm etc). One could also mention that mean contact
lengths (contact length betweei. upper and lower plane/ total
length) were measured for some traces. The result was 17.6% for
STR 2 and 3.8% for STR 5 (not shown here). The second thing which
is obvious is that the resin thicknesses do not agree with
apertures - i.e. resin thickness is smaller than the apertures
for large areas. This indicates - according to the author - the
disconnected nature of (some) large pores as the resin thickness
is dependent on the flow properties (and thus the connectivity
between the large pores) of the fracture plane. Finally Fig 23
shows some statistical properties of the apertur.s. It was found
that the apertures are lognormally distributed.

Similar measurements as described in Fig 22 and Fig 23 are also
shown for another sample STR 5 - Fig 24 and Fig 25.

Gentier (Gentler 1987) also reports measurements on single
natural fractures in granite. Thus data from seven different
samples of fractures are given as to the aperture characteris-
tics. Each sample had a diameter of 10 cm and the apertures were
studied in two different directions with five traces along each
direction. Fig 26 shows four examples of aperture distributions

12



together with the calculated autocorrelation function for the
aperture distribution along the fracture. The latter function
(pxx(u)) is defined as:

- Zz(x).z(x+u)/<72

where
z(x) - aperture at position x

z(x+u) - aperture at position x+u
a - standard deviation of the aperture

distribution

In table 2 some data are listed for the 10 traces of sample 1-
some of which are depicted in Fig 26. It is obvious from table 2
that the mean aperture is about 0.2 - 0.4 mm and that the
standard deviation is about 50% of this value. As to correlation
structure one finds that there is a correlation for a distance of
the order of 10 mm, i.e. approximately 50 times the average
aperture.

Fig 27 shows histograms for the apertures for the 10 traces from
the first sample (table 2 and Fig 26) and finally some average
data on the seven samples are described in table 3 and the
tendency from table 2 prevails.

Table 2

El ABI
El AB2
El AB3
El AB4
El AB5

AB

El CDl
E1CD2
El CD3
El CD4
El CD5

CD

Moyenoe
mm

0,237
0,302
0,268
0,243
0,220

0,254

0,448
0,503
0,312
0,347
0,401

0,398

0,018
0,014
0,025
0,015
0,016

0,018

0,047
0,066
0,038
0,050
0,059

0,040

o
mm

0,13$
0,119
0.159
0,124
0,126

0,136

0,218
0,256
0,194
0,223
0,243

0.201

»3

1.609
- 0,249

0,580
1.398
0.835

0,854

0.316
0,364
0,923
0,749
0,314

0,453

M

6.622
3.280
2,984
7,646
5,221

4,486

2,752
2,476
3.784
3,033
2,286

2,531

Rappcls: (definition* au chapitre 6)

a2- : variance
o : *cart-iyp«
a3 : coefficient d'asymetrie
14 : coefficient d'aplatiuement

Table 2: AB refers to one direction , CD to the
perpendicular direction (after Gentler 1987)
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Table 3

N*

1

2

3

4

5

i

6

7

3 —

AB

CD

Moywo*

AB

CD

HOIHH

AB

AB

CD

Uonaa

AB

CD

Afl

CD

Moyoo*

Afl

CD

Hum
as

0.254

0.341

0.324

0.241

0.214

0.261

0,424

0.504

0.506

0.507

0.4S4

0.507

0.413

0,512

0,462

0.522

0.616

0.512

0.544

- - :

0.011

0.053

0.040

C.04T

0.033

C.041

0,010

0.101

0,151

0.130

0.111

0,134

0.124

0.122

0.017

0.101

0,124

0,047

0.104

0

0.136

0.230

0.201

0.217

0.113

0.203

0.213

0.324

0.3U

0.360

0.343

0.373

0,354

0.344

0,244

0,321

0.352

0.312

0.343

•3

0.154

0.455

0.925

1.972

1.155

1.637

0.101

0.531

1.144

0.926

1,129

0,754

0,933

0.390

0,701

0,577

0.247

0.534

0.155

»4

4.4k

2.531

3.511

1.722

5,235

..463

3.560

2.441

4.550

4.111

4.412

3,144

3,711

2.250

3,000

2.514

2,291

2,631

2.113

Table 3: Average aperture and average standard
deviation for each of the seven samples of natural
fractures (after Gentier 1987)
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Studies on large-scale fracture statistics

Information on large-scale fracture statistics - orientation,
length, density etc - has been collected from investigations of
tunnel walls, boreholes etc. Thus data are reported from the site
of Fanay-Auge'res in France (Cacas 1986). The data were essen-
tially derived from a body of granite in the form of a cylinder
with horizontal axis, length 100 m and diameter 100 m. The axis
consisted of a tunnel at a depth of 320 m. 10 boreholes, each 50
m long, were driven in different directions from the tunnel.
Approximately 1100 fracture planes were detected in the tunnel
and 4000 planes in the boreholes. The fractures were essentially
divided into five different categories.

The length distribution of the fractures were deduced from the
tunnel data and Fig 28 shows histograms for the different
categories. The vertical axis displays the number of fractures
and the horizontal axis the different intervals of fracture
length in terms of the natural logarithm for the length in dm.
The author concludes that the length distribution is log-normal.

The fracture plane directions were represented by means of a
Schmidt diagram (normals on the lower hemisphere), Fig 29.

As for the directions of the fractures each of the five catego-
ries was assumed to belong to a Fischer-distribution, Fig 30•

) - C(k).exp(k.cos(a)).sin(a)

where
k - parameter in the interval 0 -27

C(k) - constant - k/(2.sh(k))

Fracture density was described in different ways - all based on
the fracture traces seen on the tunnel walls:

total trace length in relation to the eastern wall area
- 5.67m/m2.
number of different fractures per area unit - 4.5
fractures/m .
a horizontal line drawn on the wall would cross 3.2
fractures/m.

Measurements are also reported from the Stripa-project in a
granite body 330 m below surface (Gale 1987). The data were
collected from drill cores and drift walls mainly in connection
with the so called Buffer Mass Test and showed four main sets of
fractures. The histogram for the trace lengths for each set is
shown in Fig 31 and it was shown that the lognormal distribution
was a good approximation. Fig 32 shows the frequency histogram
for the spacing between consecutive fractures for the same set
and these spacings were also well approximated by a lognormal
distribution.

Fracture densities, defined as the total area of fractures per
volume of rock, were found to be 1.03 m"l (set 1), 2.64 m"^ (set
2), 0.91 m'1 (set 3), 1.83 m"1 (set 4).

The orientation of the fracture planes for the different sets
were represented in a Schmidt-diagram, Fig 33. It should be kept
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in mii.d that determination of fracture orientations might be
biased owing to the way the studies are performed. For instance,
it the data is mainly derived from vertical boreholes the number
of verical fracture planes would be underestimated. However, it
is believed that the Stripa-data are more or less representative.

Statistics concerning aperture distributions are also reported
from the Stripa site (Gale 1982, Gale 1982a). These measurements
are based on injection tests at different levels in boreholes,
with sealed-off intervals using two packers either at 0.5 m or 2
m distance from each other. A total of 850 different intervals
were studied. The results of each injection were interpreted as
if only one fracture of large enough extent crossed the sealed-
off interval, i.e. the fracture was continuous and the parallel-
plate concept was valid. The evaluation of the aperture b was
based on the following relation:

2b = {-((L2p) / (2irY))(ln rfo - In rj (Q/(Hb - Hj)}

where
Q - flow rate
H - dynamic viscosity
r^ - radius of influence (assumed to be 10 m)
rw - radius of the test bore hole (0.038 m)
HD - effective hydraulic head at rD

Hw - hydraulic head in test cavity

Fig 34 shows two examples of the calculated fracture distribution
along two of the boreholes starting from a ventilation drift.
Thus the fracture apertures are in the range of 15 - 20 /*m or
less. The effect of using different packer intervals (0.5 m and 2
m) on the interpretation of the injection tests in terms of
single fractures is shown in Fig 35. The diagram is based on
about 100 injection tests for the 0.5 m interval and about 120
tests for the 2 m interval. It is obvious that the 2 m interval
give larger fracture widths, which could be expected if more real
fractures cross the 2 m interval than the 0.5 m interval. The
average values of the fracture widths were found to be:

0.5 m interval: 5.4 j*m
2 m interval: 8.6 /im

It was also concluded that fracture widths were lognormally
distributed.

One has of course to keep in mind that measurements of this kind
of the fracture widths are very uncertain and do not give a true
picture of the real fracture widths. A few weaknesses or uncer-
tainties could be mentioned:

it is supposed that only one fracture crosses the
interval. Fig 35 indicates that there are certainly
more than one fracture in a 2 m - interval. Furthermore
measurements of spacings between fractures, Fig 32,
show that the maximum frequency for the spacing
corresponds to a distance between the fractures of less
than 0.5 m - and probably far less as Fig 32 refers to
a separation of fractures into four different sets,
whereas an injection test comprises all kinds of
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fractures.
the equivalent (effective) aperture approach is based
on an assumption of continuous fractures - at least up
to the radius of influence.
even if only one single fracture crosses the interval
this fracture might (via crossings) be in contact with
a whole network of fractures in the immediate vicinity
of the borehole (closer than rj,) , Fig 36.
the trace between the fracture and the borehole might
be clogged due to the boring process thus causing an
artificially high resistance to injection which will be
interpreted as too small an aperture.

Investigations on the rock matrix pore characteristics

As mentioned earlier the micro-pore structure of a granite rock
might cause a significant retardation of the transport of
radioactive material by means of diffusion from the fractures
into the matrix. Thus it is important to study the diffusive
properties of the matrix experimentally. Bradbury (Bradbury et al
1986) reports extensive investigations on granite from Troon,
Cornwall, from Alcnabreac, Scotland and from the Underground
Research Laboratory in Canada. The investigations concerned four
different aspects on the diffusive properties:

the effect of fracture surfaces on the matrix diffusion
process - i.e. if the layer closest to a real fracture
will make the diffusion into the rock matrix at large
easier or more difficult.
the effect of stress. At the depths of burial being
considered, the granite will be under a considerable
pressure and this could reduce diffusion rates and the
volume of accessible porosity. Stress relaxation
effects due to the removal of the overburden pressure
during sampling could induce microfractures in the
sample and lead to enhanced diffusion rates at at-
mospheric pressures.
the long range connectivity of the pore structure. In
real situations the rock thickness concerned is of the
order of metres and diffusion measurements in the
laboratory have mostly been conducted over centimeters,
the accessibility or the matrix pore space to colloids
as some radioactive material (actinides) might occur as
colloids or pseudocolloids.

Table 4 and table 5 give some results from diffusion r-'asurements
(using non-sorbing tracers) across a real fracr.ure surface into
the rock matrix. The experiments were interpreted by means of the
following diffusion equation (for non-sorbing material:

_ 32C 3C
" . - * - • • *

where
Dj[ - Dp.t - intrinsic (effective) diffusion coefficient
Dp - pore diffusion coefficient
e - transport porosity of the rock matrix
C - concentration of the diffused matter in the pore

water
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The Cornwall granite properties - table 4 - shows for the four
different samples (C Deg 1,2,3,4) that diffusion coefficients are
highest closest to the fracture surface and that these coeffi-
cients decrease asynptotically towards the values obtained within
the rock matrix (CC1 and CC2). The Canadian samples do not show

Table 4
Sample Location from Diffusion coef-

fracture sur- ficient (D^)
face (cm) (rn̂ /s)

6.4.E-12
2.1.E-13
3.1.E-14
4.5.E-13
2.5.E-13
1.3.E-12
5.6.E-14
5.6.E-14
8.5.E-14
7.7.E-14
1.5.E-12
2.3.E-14
3.2.E-14

Table 4: Diffusion coefficients for micro-pore rock matrix-
Cornwall granite (after Bradbury 1987)

Table 5
Sample Location from Diffusion coef-

fracture sur- ficient (D,-)

C Deg
C Deg
C Deg
C Deg
C Deg
C Deg
C Deg
C Deg
C Deg
C Deg
C Deg
CC1
CC2

1
2
3
2
2
3
3
3
3
3
4

0
5

20
0
5
0
5

10
15
25

0

face (cm) (rn̂ /s)

URL S/25 0 1.3.E-12
URL S/25 1.5 8.3.E-12

9.9.E-12
URL S/25 3 7.5.E-13
URL S/25 7.5 1.4.E-12

Table 5: Diffusion coefficients for micro-pore rock matrix-
Canada (after Bradbury 1987)

the same distinct tendency - the diffusion coefficients of the
topmost layer are only marginally higher than for the rock itself
(4.7.E-13, 6.6.E-13, 1.6.E-12).

The effect of an increased ambient pressure - in order to
simulate overburden - on the diffusion rate in a granite rock
sample is shown in Fig 37. There is a marked decrease of the
diffusion rate for the first 5 MPa excess pressure whereafter a
more or less steady condition is reached. This result indicates
that experimentally determined diffusion rates at atmopheric
pressures are overestimated (2 - 2.5 times) a fact which also
Skagius and Neretnieks (Skagius et al 1982) found (up to 5
times).

As for the pore connectivity it was found that connection existed
over long distances (of the order of lm).
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Colloid particles (latex spheres) of two sizes • 0.3 jd and 0.09
Itm were studied. The sizes were chosen in order to study surface
blocking (i.e. causing obstacles to entrainment into the micro-
pore structure from the fracture) and internal blocking. It was
found that neither of the blocking effects occurred and that the
spheres did not enter the micro-pore structure. However, the
author concludes by stating " that actinide colloids and
actinide organic complex colloids are likely to be significantly
smaller and their likely fate remains unresolved by this
woric if colloids are deemed to contribute in any significant
way to radionuclid mass transport, as seems probable, then a
great deal more work is called for using colloids which are
realistic in terms of size, composition and chemistry."

Skagius & Neretnieks (Skagius & Neretnieks 1986) report measure-
ments of diffusion rates in the micro-pore structure of different
Swedish granite and gneiss rocks - both for atmospheric and
increased pressure conditions. Table 6 gives a survey of the
samples used and table 7 shows the results in terms of effective
or intrinsic diffusivity De. The total micro-pore porosity was
also mesured, Table 8. The findings are in qualitative agreement
with those of Bradbury - i.e diffusion rates of the order of
1.0.E-13 - 1.0.E-14 m2/s and a significant reduction of
diffusivities when the samples are subjected to ambient pressures
simulating the overburden.

Table 6

Area Depth, m
Description of
(he Material Notation

Finnsjon - 1 0 0 granite, quartz-granodionte; F
Fi 4 quartz, feldspar, microcline.

dark mica, hornblende

Gidea W -»96 granite, fine grained, light grey. GAA t
quartz, feldspar, light and
dark mica

G idel 500-501 gneiss, medium to coane grained. GAA 7
dark grey. quartz, feldspar.
Bioiite

S*artboberget $03 504 gneiss, fine to medium grained; SB 1
plagioclase. garnet, epidote. mica,
accessonc silicate mineral

Svartboberget 504-504 5 migmatite granite, fine to medium SB 7
grained, grey; remains of garnet-
holding gneiss, newly formed
coarse-grained quartz feldspar

Svartboberget 508 7-509 2 garnet-holding bioiite gneiss: SB 21
stripes of coarse-grained
quartz-feldspar

Fjallveden 508-509 bioiite gneiss: dark stripes of FJ
quartz and bioiite. light sinpes
of quartz and feldspar

Table 6; Origin of samples for diffusion studies (after
Skagius & Neretnieks 1986)
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Table

Notation

F

GAA 1

GAA 7

SB I

SB 7

SB 21

FJ

Table

5
11
12

19
20
21

16

35

16
48

28

15
18

7;

Darn's
(j> - 1 bar)

6 2 x 1 0 "
5 0 x 1 0 "

312 x 10"'*

36 3 x 1 0 ' "

28.7 x 1 0 ' *

170 x 10""
33 x 10"'*

Effective

Pmmm-
bars

250
330
320

285
320
330

330

250

330
310

330

330
200

0,. m's

36 x 10"'*
3 8 x 10"'*
32 x 10"'*

11.3 x 10"'*
149 x 10"'*
12.1 x 10-'*

0.54 x 1 0 ' *

10.23 x 10'*)

94 x 10"'*
24.9 x 10"'*

12.1 x 10"'*

37 x 10''*
16 x 10"'*

diffusivities

Djil bar)

062
064

0 3 9

0 6 8

0 4 2

0.22
0.48

Result: From Skagius
and S treinuks [1996]

Notation

F

GAA 1

GAA 7

SB 1

SB 7

SB 21

FJ

in unstressed

I

5
6

1
•)

1

1

1
4
7

2
5

1
2

and

0.. ml J
If - 1 bar)

3 4 x 10"'*
70 x 1 0 "
7 1 x 10""
41 x 10"'*

100 x 10"'*
90 x 10"'*

1.8 x 10""

19 x 1 0 ' *
3 5 x 10"'*

66.0 x 10"'*
340 x 1 0 "
260 x 10"'*

15.0 x 10"'*
36.0 x 10" '*

72 x 10"'*
7 4 x 10-'*

stressed
samples (after Skagius & Neretnieks 1986)

Table

Table

8

8;

Notation

F II
GAA 1 21
SB 7 48
FJ 15

18

Porosity

Pu-
bars

330
330
310
330
200

Porojuy.

1 bar

0.37
0.26
051
0 56
0.34

P= <
Pm.. '

0.10
019
020
0.12
008

of unstressed and

•mlPm»y
,„(! bar)

028
073
0.39
021
0.24

0,11 "bat)

062
039
068
0 22
048

stressed samp
Skagius & Neretnieks 1986)

Chernis (Chernis 1983, Chernis 1984) reports detailed studies of
the pore microfracture structure of some granite samples from the
Lac du Bonnet area in Canada using scanning electron microscopy.
The results are interpreted in terms of cracks and pores, Fig 38.
Table 9 shows the results for the porosity and permeability for
samples from different depths. Fig 39 gives an example of a crack
width histogram for a sample from a depth of 482 m with a mean
crack width of roughly 0.3 pm. Finally some different appearances
of microcracks are shown in Fig 40 according to the electron
microscope - the length scale is 10 /*m and the samples were taken
from depths of 85 m and 138 m. For instance plate 6 shows a
junction of three cracks along the boundaries of three quartz
grains. Plate 9 shows a transgranular crack system and plate 10
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Table 9

Sample
depth (a)

25
98
125
138
146
161
224
246
294
303
345
385
409
411
460
469
482
505
551
564
604
631
660
693
719
747
790
809
841
906
928

Porosity

(X)

0.26
0.26
0.28
0.35
0.28
0.29
0.43
0.36
0.40
0.33
0.35
0.31
0.33
0.34
0.37
0.27
0.36
0.39
0.36
0.34
0.33
0.38
0.46
0.40
0.45
0.46
0.54
0.56
0.53
0.49
0.50

Table 9: Porosity versus depth for Lac du Bonnet granite
(after Chernis 1984)

a transgranular crack with a very high surface area within the
crack which of course is favourable for sorption. The author
concludes (Chernis 1983) chat "...About 5 pm seems to be the
maximum width that would normally be present in such rocks.
Fractures larger than 1 /jm represent only a small proportion
(less than 2%) of the total fracture population. The frequency
distribution of microcrack widths is strongly skewed towards the
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smaller aperture widths (0.1 pa).

The crack porosity of the Lac du Bonnet granite appears to be on
the order of 0.1% ....Pore porosity is estimated to be about 30%
more than this..."

Discussion and conclusions

As the literature survey indicates some knowledge already exists
as to properties of fractures relevant to fracture flow. In this
concluding section an attempt is made to condense the information
(or lack of it) into a number of more general points and also to
list some properties of the fractures. Finally some flow model-
ling aspects are discussed.

1. A number of studies has been performed providing information
on fracture characteristics in different scales. These
investigations have been made in the laboratory on natural
and artificial fractures and in the field in the rock
itself. One could separate the studies into at least four
categories, three of which are concerned with different
spatial scales and the fourth with a different phenomenon
(diffusion).

several studies have been devoted to the interaction
between fluid in the fractures and the micro-pore
structure in the rock matrix and also to geometrical
properties of this structure. The diffusive properties
of the micro-pore structure have been relatively well
described.
a large number of more or less detailed studies - of
direct or indirect nature - has been performed or. small
samples (order of some dm) of fractures (natural or
artificial) in the laboratory. Several different
aspects have been investigated - relation between flow,
pressure gradient and effective aperture, relation
between flow and normal stress, hysteresis effects for
loading-unloading cycles. Also some direct measurements
on the spatial aperture distribution in a sample of a
single, natural fracture have been done,
indirect in-situ studies on larger single (or a few)
fractures by means of non-sorbing tracer injections.
Length scales of the order of 5 - 10 m. Breakthrough
curves have been measured. Conclusions have been made
on the nature of the fracture flow on the basis of
calculations of different kinds of effective apertures
and on results for different injection points.

One could notice that information of direct nature is
especially missing concerning geometrical and hydraulic
properties of fractures for scales between the small samples
(order of dm) up to the order of several meters concerning
such aspects as:

spatial aperture distributions for
larger fracture areas
crossings of individual fractures
sizes and shapes of single fractures.
Fracture lengths are described in terms
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of trace lengths on tunnel walls in a
few studies. These traces need not
necessarily be representative of the
fracture length

Another area which requires more studies - if it is impor-
tant for the transport of radionuclids - concerns the
behaviour of colloids in the fractures and (perhaps) in the
rock matrix.

2. One has to be careful when interpreting experimental data
and when using such data for different conditions. As
examples on these points one could mention:

the different characteristics of natural and artificial
fractures concerning for instance the relation between
conductivity and stress, the chemical influence on the
fracture geometry, diffusion properties into the rock
matrix from the fracture surface. Thus laboratory data
on artificial fractures could not be transferred
directly to natural, 1;, situ fractures,
trace lengths on drift walls are used as measures of
fracture lengths. This is doubtful and does probably
underestimate the real lengths - see for instance the
tracer tests described earlier using fractures of at
least 10 m extent.
statistics on the orientation of fractures might be
biased due to the method of collection of the data-
vertical boreholes would underestimate fractures of
nearly vertical orientation.
statistics on effective apertures are often based on
indirect measurements using water injection in a
sealed-off interval in a borehole. The analysis is
based on a number of simplifying assumptions as to the
fractures - only one fracture per interval, large
extent etc - which might not apply. Consequently the
calculated effective apertures will not be representa-
tive of real, ingle fractures.
the laboratory determination of the diffusive proper-
ties of the rock matrix requires large samples and the
investigation should be performed in such a way that
the overburden pressure is simulated.

3. The fracture characteristics in the vicinity of a repository
will be changed due to the construction process (excavation
and refilling causing stress changes) and also due to the
subsequent heat generation causing temperature changes. Thus
fracture characteristics - for instance concerning aperture
distributions - determined in a natural, undisturbed rock
(even at the location for the repository) might not be
representative for the fracture system close to the reposi-
tory.

The literature survey has revealed a wealth of information on
fracture characteristics and these will be summarized here very
briefly:

diffusion takes place from a fracture to the rock
matrix. No surface resistance due to weathering
products etc. Connectivity far into the rock matrix
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(order of m). Effective diffusion coefficients of the
order of 1.0.E-13 - 1.0.E-14 m2/s. Somewhat larger
close to the surface layer.
initial studies indicate that colloids do not entrain
into the rock matrix and do not block the "entrances",
micro-cracks,i.e. small fractures with diffusive
transport properties mainly and which occur in the rock
matrix, seem to be smaller than 1 pm according to one
study.
most studies indicate that the cubic law is valid.
However, the effective aperture is very difficult to
relate to any measureable property of the fracture as
there is a residual flow in fracture although the
(sample) fracture is subjected to very high normal
stresses.
a lot of observations indicate that the flow in a
fracture deviates very significantly from the ideal
assumption of a flow between two parallel plates,
one view is that the flow is of channel character-
each channel of 10 - 100 cm width with connections at
irregular intervals. However, there are opposing views
that the flow often is rather homogeneous.
some data exists (direct measurements) on the statis-
tics for the aperture distribution (lognormal) and
aperture correlation (correlation length of the order
of 50 times the average aperture).
no information on the crossing characteristics of two
fractures.
the fractures could be grouped into different categor-
ies or sets. This separation is of course subjective
but the studies reported used 4 - 5 groups based on
orientation.
the fracture density or frequency amounts to about 3 -6
fractures per meter if no separation into sets is made.
The distribution is lognormal.
the fracture lengths in terms of traces are lognormally
distributed with a mean of the order of 1 m.
the effective aperture seems to be of the order of 5-
10 /im based on injection tests and interpreted as 5C.

The knowledge on fracture characteristics has a bearing on
approaches to modelling the flow and dispersion processes in
fractured rocks. A systematic collection and analysis of avail-
able information on fractures together with complementary studies
briefly mentioned earlier (fracture shapes, lengths, aperture
distributions, crossings etc) would eventually form a data base
that might be used for probabilistic modelling of networks -
i.e. generation of networks which have the same statistical
properties as real fractures both in the small and large scale.
Furthermore there would be prerequisites for making the descrip-
tions of the flow and dispersion processes in a more phenomenolo-
gically correct way (in the spirit of the INTRAVAL-project) as
compared to existing modelling efforts. However, such a model
would be extremely complex if, for instance, the aperture
distribution should be considered in each generated fracture. In
order to facilitate modelling efforts one could think of some
simplifications. One possibility is to make detailed and accurate
flow computations on a number of single fractures - i.e. con-
sidering spatial aperture characteristics when calculating the
flow field - and check if the gross characteristics of the flow
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could be described by some simpler model with a few parameters
which are attached to the appearance of the spatial aperture
distributions - mean value, standard deviation, correlation
structure. One could think of the parallel plate approach with an
effective aperture and a dispersion coefficient (possibly
depending on fracture length) or of simulating a fracture with a
number of parallel tubes with a certain exchange between them.
These simplified fractures could then be combined into large
networks (provided that crossing characteristics are known) using
large-scale data on fractures.

Finally, one should be aware of one principal difficulty when
using probabilistic approaches for fracture flow simulation. Such
a model cannot be used for a direct simulation of a specific
large-scale field test - for instance a tracer test. One fracture
system, generated by a probabilistic model, will not look the
same as the specific fracture system involved in the test - it is
only the statistical properties that will agree. Thus one could
not compare one field test with one model result. A direct
comparison would of course require that the specific fracture
system in the rock mass subjected to a test should be described
deterministically. The information needed for this will most
certainly not be possible to obtain. However, in the host rock
for the repository there will probably (due to feasibility
investigations and as a result of the construction of the
repository itself) be some information at least on the large-
scale fracture network (locations and orientations of larger
fractures). In order to use such information optimally some kind
of mixed deterministic-probabilistic modelling approach could be
used - i.e. a deterministic "shell" of fractures could be
superimposed by probabilistically generated fractures so that the
overall statistical properties of such a rock mass would be met.
The methodology of such an approach should be looked into more.
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Fig 1. An example of fracture systems of different scales in a
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Fig 2. Conceptual view of fracture system (after Gale 1982)
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Fig 3. Fracture frequency (number per 5 m) as a function of
depth in granite in Auriat, France.
A - fractures with strong inclination (>60 degrees)
B - fractures with small inclination (<30 degrees)
(after Bles 1985)
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Fig 4. Conceptual model of the rock matrix (after Neretnieks
1986)
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Fig 5. Rock mass characteristics close to a large fracture
(after NAGRA 1985)
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Fig 6. Natural fracture (after Gale et al 1987)
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Fig 7.

Fig 8.

Conceptual view of a fracture system with boreholes
(after NAGRA-Bulletin 1988)
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Laboratory measurement for testing flow properties of a
fracture in a rock sample (after Gale 1987)
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Injection hole

Fig 9. In-situ tests on fracture in the rock (after Abelin
1986)

pressure gradient

Fig 10. Definition scetch for Poiseuille flow
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Fig 11. Total aperture (2b) as a function of flow and pressure
head for induced fracture (after Witherspoon 1980)
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Fig 12. Fracture aperture versus normalized flow rate for
induced fractures (top) and natural fractures (bottom).
Top figure - reference pressure 30 MPa, bottom figure-
different reference pressures (30, 15, 7 MPa) (after
Gale 1982)
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Fig 13. Hydraulic conductivity versus normal stress for induced
(left) and natural (right) fractures (after Gale 1982)
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Fig 14. Flow characteristics of induced fracture in granite
sample as a function of normal stress. Hysteresis
effect at loading-unloading cycle (after Witherspoon
1980)
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Fig 14a. Comparison of model results to field data on migration
of conservative tracer in single fracture (after
Novakowski 1985)

<g) Injection holes <&> Sampling holes

Fig 15. Schematic illustration of the two fractures intersec-
ting the drift (after Abelin 1986)
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Fig 16. Location of injection and some collecting holes in
fracture no 2 (after Abelin 1986)

Fig 17. Sampling holes for the two fractures (after Abelin
1986)
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Fig 18. Breakthrough curves at sampling hole S2-8 for injection
at H2 and H3 (after Abelin 1986)

Fig 19. Concept of water flow in a fracture (after Abelin 1986)
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Fig 20. Example of a bore core fracture plane with a number of
traces (S21X04 and so on) along which aperture and
resin thickness were measured (after Gale et al 1987)
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Fig 21. Measurements of variarion of aperture and resin
thickness along four traces in a fracture plane (core
diameter 15 cm) (after Gale et al 1987)

39



O 10 20 30 «0 50 60 70 80 90 100 110 120 ISO 1*0 ISO

STR2
APERTURE

100 um CONTOUR
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

10 20 50 40 SO 60 70 BO 90 100 110 120 130 140 150

100 um CONTOUR
10 20 SO 40 50 60 70 80 90 100 110 120 ISO 140 150

Fig 22. Measured distribution of aperture and resin in the
fracture plane of STR 2 (after Gale et al 1987)
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Det svenska kärnkraftprogrammet
Efter folkomröstningen om kärnkraft 1980 beslutade riksdagen att den svenska
kärnkraften skall vara avvecklad senast år 2010 och att antalet reaktorer skulle
begränsas till 12 stycken. Sedan år 1985 är samtliga dessa reaktorer i drift vid
kärnkraftverken i Barsebäck, Forsmark, Oskarshamn och Ringhals. I juni 1988
beslutade riksdagen om riktlinjer för en s k förtida avveckling vilka bl a innebär
att en reaktor i Barsebäck och en i Ringhals skall tas ur drift åren 1995 och 1996.
Vilka reaktorer som skall tas ur drift och i vilken ordningsföljd skall enligt
planerna beslutas av riksdagen år 1990.

Olika slag av radioaktivt avfall
Under driften vid ett kärnkraftverk uppkommer olika slag av radioak-
tivt avfall. Man skiljer mellan lågaktivt avfall, medelaktivt avfall och
högaktivt avfall.
Låg- och medelaktivt avfall från
den löpande driften vid kärnkraft-
verken kallas med ett gemensamt
namn för radioaktivt driftavfall.
Driftavfallet består dels av material-
och metallskrot, isoleringsmattor,
kläder och liknande som använts
inom de s k kontrollerade områdena
på kärnkraftverken, dels av filter-
massor som använts för att fånga
upp radioaktiva ämnen i reaktorvatt-
net. Det lågaktiva avfallet har så låg
strålnivå att det kan hanteras utan
särskilda skyddsåtgärder. Det för-
packas i plastsäckar eller plåttun-
nor. För att hantera det medelaktiva
avfallet fordras däremot vissa skydds-
åtgärder. Det gjuts in i betong eller
asfalt.

Våren 1988 togs SFR (Slutförvar för
radioaktivt driftavfall) i bruk. SFR
är nedsprängt under havsbotten i
närheten av Forsmarks kärnkraft-
verk. Allt driftavfall liksom låg- och
medelaktivt rivningsavfall skall en-
ligt företagens planer slutförvaras i
SFR.

Högaktivt avfall utgörs framför allt
av använt kärnbränsle dvs bränsle-
element i vilka så mycket av de klyv-
bara atomerna är förbrukade att
elementen inte längre är användba-
ra. Det använda bränslet värms dock
fortfarande av sin radioaktivitet och
måste kylas. Det lagras därför i sär-
skilda vattenbassänger i reaktorbygg-
naden under minst ett år. Därefter
fraktas det på det specialbyggda far-
tyget Sigyn till ett mellanlager, CLAB
(Centralt mellanlager för använt
bränsle), som ligger vid Oskarshamns
kärnkraftverk. Eftersom strålnivån
är mycket hög transporteras brän-
slet i specialbyggda transportbehål-
lare. Behållarna har tjocka väggar av
stål för att skydda personalen och
omgivningen från skadlig strålning
och bränslet från transportskador.

I CLAB placeras bränslet i bassänger
i bergrum. Enligt nuvarande planer
skall bränslet förvaras i CLAB i minst
40 år. Under denna tid avtar radioak-
tiviteten och därmed även värmen i
bränslet. Det innebär att bränslet
blir lättare att hantera och slutförva-
ra.



Statens kärnbränslenämnd, SKN
är en central förvaltningsmyndighet

En av kärnbränslenämndens huvuduppgifter är att granska kärnkraftföreta-
gens forsknings- och utvecklingsprogram för hantering och slutlig förvaring av
det använda kärnbränslet och för rivning av kärnkraftverken. Nämnden över-
vakar också fortlöpande hur kärnkraftföretagen genomför programmet. För att
kunna fullgöra denna uppgift följer nämnden den internationella forsknings-
verksamheten inom området och tar initiativ till sådan forskning som behövs för
nämndens tillsynsverksamhet. Nämndens forskning har dels en naturveten-
skaplig/teknisk inriktning, dels en samhällsvetenskaplig inriktning. Resulta-
ten från denna forskning publiceras i serien SKN Rapporter. En förteckning
över utgivna rapporter finns i slutet av varje publikation.

En annan av nämndens huvuduppgifter är att sköta frågor som gäller finansie-
ringen inom kärnavfallsområdet. Varje år beräknar nämnden storleken på de
avgifter som skall tas ut av kärnkraftföretagen för att täcka kostnaderna för
avfallshanteringen nu och i framtiden. Förslaget till avgifter för det kommande
året redovisas i SKN PLAN, som lämnas till regeringen före oktober månads
utgång.

Kärnbränslenämnden har också ansvar för att allmänheten får insyn i det
arbete som bedrivs för att kunna slutförvara det använda kärnbränslet på ett
säkert sätt. I serien SLUTFÖRVARING AV ANVÄNT KÄRNBRÄNSLE kom-
mer nämnden att fortlöpande publicera korta informationsskrifter kring dessa
frågor. Hittills har följande skrifter givits ut:

1. Synpunkter på 1986 år forskningsprogram

2. Hur finansieras kärnkraftens avfall?

3. Hur väljer vi en lämplig plats för ett slutförvar?

4. Radioaktivt avfall: teknik och politik i sex länder

Kärnbränslenämndens publikationer finns att köpa genom
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