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Der vorliegende Bericht betrifft eine Studie, die für das 

Stripa-Projekt ausgeführt wurde. Die Autoren haben ihre 

eigenen Ansichten und Schlussfolgerungen dargestellt.Diese 

müssen nicht unbedingt mit denjenigen des Auftraggebers 

übereinstimmen. 

Le présent rapport a été préparé pour le projet de Stripa. 

Les opinions et conclusions présentées sont celles des 

auteurs et ne correspondent pas nécessairement à ceux 

du client. 

This report concerns a study which was conducted for the 

Sbripa Project. The conclusions and viewpoints presented 

in the report are those of the authors and do not necess

arily coincide with those of the client. 
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Oas Stripa-Projekt ist ein Projekt der Nuklearagentur der OECO. Unter 
internationaler Beteiligung werden von 1980-86 Forschungsarbeiten in 
einem unterirdischen Felslabor in Schweden durchgeführt. Oiese sollen 
die Kenntnisse auf folgenden Gebieten erweitern: 
- hydrogeologische und geochemische Messungen in Bohrlëchern 
- Ausbreitung des Grundwassers und Transport von Radionukl iden durch 

Klüfte im Gestein 
Verhalten von Materialien, welche zur Verfüllung und Versiegelung von 
Endlagern eingesetzt werden sollen 

- Methoden zur zerstërungsfreien Ortung von Stërzonen im Fels 
Seitens der Schweiz beteiligt sich die Nagra an diesen Untersuchungen. 
Die technischen Berichte aus dem Stripa-Projekt erscheinen gleichzeitig 
in der NTB-Serie der Nagra. 

The Stripa Project is organised as an autonomous project of the Nuclear 
Energy Agency of the OECO. In the period from 1980-86, an international 
cooperative programme of investigations is being carried out in an 
underground rock laboratory in Sweden. The aim of the work i s to improve 
our knowledge in the following areas: 
- hydrogeological and geochemical measurement methods in boreholes 
- flow of groundwater and transport of radionuclides in fissured rock 
- behaviour of backfilling and sealing materials in a real geological 

environment 
- non-destructive methods for location of disturbed zones in the rock 
Switzerland is represented in the Stripa Project by Nagra and the Stripa 
Project technical reports appear in the Nagra NTB series. 

Le projet Stri pa es t un projet autonome de l 1 Agence de 1 'OCDE pou r 
1 1 Energi e Nuc 1 éa ire. Il Si agi t d'un programme de recherch e avec 
participation internationale, qui sera réalisé entre 1980 et 1986 dans 
un laboratoire souterrain, en Suède. Le but de ces travaux est 
d'améliorer et d'étendre les connaissances dans les domaines suivants: 
- mesures hydrogéologiques et géochimiques dans les puits de forage 
- chimie des eaux souterraines à grande profondeur 
- écoulement des eaux souterraines et transport des radionucléides da·ns 

les roches fracturées 
- comportement des matériaux de colmatage et de scellement des dépôt 

finals 
- méthodes de localisation non destructive des zones de perturbation de 

l a roche 
La Suisse est représentée dans le projet Stripa par la Cédra. Les 
rapports techniques du projet Stripa sont publiés dans la série des 
rapports techniques de la Cédra (NTB). 
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ABSTRACT 

This report is one of the four reports describing the Stripa 3D 
experiment where water and tracer flow has been monitored in a 
specially excavated drift in the Stripa mine. The experiment was 
performed in a specially excavated drift at the 360 m level in 
granite. The whole ceiling and upper part of the walls were covered 
with more than 350 individual plastic sheets where the water flow 
into the drift could be collected. 11 different tracers were injected 
at distances between 11 and 50 m from the ceiling of the drift. 
The flowrate and tracer monitoring was kept up for more than two 
years. The tracer breakthrough curves and flowrate distributions were 
used to study the flow paths, velocities, hydraulic conductivities, 
dispersivities and channeling effects in the rock. 

The present report describes how fracture statistics and a fracture 
network model have been used to interpret the flow pattern in the 
3D-drift. 
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RESUME 

Ce rapport est l'un des quatre rapports décrivant l'essai 3D de 
Stripa on les circulations d'eau et de traceurs ont été enregistrées 
dans une galerie spécialement excavée dans le granite au niveau 
360 m dans la mine. Tout le plafond et la partie supérieure des 
parois de la galerie ont été recouverts par plus de 350 feuilles 
individuelles en plastique permettant de recueillir les entrées 
d'eaux dans la galerie. 11 traceurs différents ont été injectés 
à des distances se situant entre 11 et 50 m du plafond de la galerie. 
Les mesures de débit et la détection des traceurs ont été maintenus 
durant plus de deux années. L'irruption des traceurs et la distribution 
des débits ont permis d'étudier les cheminements d'eau, les vitesses 
d'écoulement, les conductivités hydrauliques, les dispersivités 
et les effets de "channeling" dans la roche. 

Le présent rapport décrit comment des statistiques de fractures 
et un modèle de réseau de fractures ont été utilisés pour interpréter 
la répartition des écoulements en 3D vers la galerie. 
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ZUSAMMENFASSUNG 

Dieser IIReport" ist einer von gesamthaft vier Berichten, die das 
3D-Experiment in der Stripa-Mine beschreiben. In einem neu erstellten 
Stollen auf der 360 m-Sohle wurden Wasser- und Tracerfluss im Granit
gestein beobachtet. Die ganze Stollendecke und der obere Teil 
der Stollenwände wurden mit Uber 350 einzelnen Abdeckfolien ausgerUstet, 
um den gesamten Wassereintrag in den Stollen zu ermitteln. 11 
verschiedene Tracers wurden in Abständen von 11 bis 50 m von der 
Stollendecke ins Gestein injiziert. Die Fliesszeiten des markierten 
Wassers wurden über einen Zeitraum von mehr als zwei Jahren registriert. 
Die Tracer-Durchbruchskurven und die Fliessratenverteilungen ergaben 
Daten Uber Fliesswege, Wassergeschwindigkeiten, hydraulische Leit
fähigkeiten, Dispersivitäten und Kanaleffekte im Gestein. 

Dieser Bericht beschreibt die Anwendung der Kluftstatistik und 
des Kluftnetzwerkmodells, um das Fliesssystem im 3D-Stollen zu 
interpretieren. 
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SUMMARY 

Modelling the rock mass as a network of discrete fractures is a means 
of describing the inhomogeneous rock mass and uneven flow distribution 
observed in the migration experiment drift in Stripa, Sweden. Discrete 
fracture network models are primarily viewed as theoretical tools but 
the practical value of the models can be investigated by applying them 
to a field problem. The objective of the investigation is to determine 
if the model approach can explain the uneven flow observed and 
whether the available field data will suffice for a unique model 
parameter estimation. 

A fracture is modelled as a plane circular disc of arbitrary radius, 
orientation, transmissivity, and position. The fracture transmissivity is 
constant in each fracture but may be different in different fractures. 

The inflow to the drift is measured in plastic sheets of about 2 m 2. 

The drift roof is divided into subareas of 2 x 4.5 m. The standard 
deviation of the inflow in different subareas is almost twice the mean 
subarea inflow. Over 30 % of the subareas are dry. 

The fracture traces observed on the drift roof provide estimates of 
fracture orientation, radius, and density. Different estimators for fracture 
radii provide very different results. This implies that a larger sampling 
window is needed. A better means of estimating the mean fracture 
radius might be to calibrate with the total fracture length observed. 
For exponentially distributed radii the best fit is for a mean fracture 
radius of 1.39 m. Other radius distributions are not analyzed. The 
number of observed fractures, the size and shape of the drift and the 
assumed fracture radius and orientation distributions determine the 
fracture center density. A total density is formed when the estimate is 
based on all observed fractures and a "wet" density is formed when 
the estimate is based only on the wet fractures. 

Flow simulations are made in a right angled box, where a 4.5 m wide 
strip on the outflow face represents the drift roof. The output from 
the simulations is the ensemble mean and standard deviation of the 
subarea mean flow, the coefficient of variation between subareas, and 
the percentage of dry subareas. These simulated values are of the same 
order as the measured values. The simulations also provide the 
ensemble mean and standard deviation of the total length of wet 
fractures on the outflow face. A fracture is regarded as wet if it is a 
part of a network that joins the prescribed head boundaries. It appears 
that the wet fracture length is a key parameter for the flow 
characteristics of discrete fracture networks. Networks with different 
radius distribution, but with a fracture density adjusted so that the wet 
fracture length is constant, behave similarly. 

It is possible to explain the uneven flow distribution by modelling the 
rock mass as a network of discrete fractures. However, insufficient data 
limit the possibilities of obtaining reliable estimates of fracture size and 
fracture transmissivity, although a careful analysis of the importance of 
the wet fracture length might show that the fracture size is not 
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as important as it first appears to be. Furthermore, the rock mass is 
not sufficiently described by the statistical parameters even if the 
parameters are known because the ensemble variance is large. Means of 
conditioning the network are needed. 
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INTRODUCTION 

This report is one of the four reports and three stand alone 
appendices which make up the final report of the Stripa 3 - D project. 
The series consists of the following reports: 

1. Site preparation and documentation 

2. Instrumentation and tracers 

3. Performed experiments, results and evaluation 

4. Fracture network modelling of the Stripa 3-D site. 

"Stand alone" appendices: 

Tracer breakthrough curves 

Fi tted tracer curves 

Flowrate curves and tracer breakthrough curves for individual 
sheets - smoothed data. 

BACKGROUND 

In many countries the final repositories for high level radioactive waste 
are planned to be located at large depths in crystalline rock 
formations. The only known means for the radionuclides to migrate to 
the accessible environment is by flow with mobile water in the 
fractures in the rock and by molecular diffusion. The latter process 
can be neglected as an escape mechanism for the depths considered. It 
is known that the rock is fractured and that practically all water 
movement is confined to the fractures. The rock matrix is porous and 
may be accessed by diffusing species but due to the low hydraulic 
conductivity of the matrix, flow is negligible under repository 
conditions. 

To assess the potential release and transport of the radionuclides, 
information on the flowrates, velocities and on the pathways of the 
water is needed. The nuclides which are dissolved in water will be 
able to diffuse into the micropores of the porous rock matrix and so 
be withdrawn from the flowing water in the fractures. Sorbing nuclides 
will sorb on the surfaces of the fractures and also on the inner 
surfaces of the rock matrix which are accessed by diffusion. The rate 
of uptake into the rock matrix will thus be directly influenced by the 
size of the fracture surfaces that are wetted by the mobile water. 

Only a small fraction of the fractures in the rock is open to flow. In 
the Stripa 2 - D experiments it was also observed that the water flow 
was unevenly distributed in the fractures (Abelin et al., 1985). Such 
channeling effects may give rise to preferential fast pathways and limit 
the wetted area. 
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The velocity variations between fractures or channels may cause 
dispersion of the migrating radionuclides both in the longitudinal 
direction and in the transverse direction. Longitudinal dispersion may 
cause dilution but may also allow some part of the nuclides to arrive 
earlier than the main portion and thus allow less time for decay. 
Transverse dispersion may also give dilution. 

SOME FEATURES OF THE THE PRESENT INVESTIGATION 

Very few investigations have been made regarding flow and transport 
properties in deep lying crystalline rocks. There are no well developed 
techniques available to investigate the properties of interest. The flow 
patterns and mechanisms are not well known and the investigative 
techniques must be developed so that many conceivable results can be 
accommodated with the experiments. 

The flowrates, velocities, channeling frequencies and geometry of 
pathways were not know before the experiment to within several orders 
of magnitude. Nor were the possible variations in the properties known 
or could be reasonably assessed. 

To accommodate possible large variations of these properties some 
special techniques were developed. The basis for the whole experiment 
was the development of the plastic sheeting technique which permitted 
a very detailed monitoring of the water flowrate and tracer path 
distribution. Another special aspect of the experiment was to use as 
many different tracers as possible, 9 tracers, in order to investigate 
variations in the transport properties of the rock The choice of 
different injection distances was made with dual purposes. First, because 
of the a priori unknown water velocity a large difference in the 
migration distance would ensure that at least some of the tracers would 
arrive during the duration of the experiment. Second, different 
migration distances along essentially the same flow path may give 
information on how the dispersivity is influenced by the migration 
distance. This is an open question of some importance. 

The size of the wetted surfaces is unknown. If it is large, small 
molecular weight tracers might diffuse into the micropores of the 
matrix and to a large extent be withdrawn from the mobile water. 
This might cause the tracers to be retarded and diluted to such an 
extent that detection in the collected water in the drift may be 
difficult. Tracers of different molecular weight were used and a high 
molecular weight tracer was synthesized especially for this purpose. 

AIMS 

The broader aims of the investigation have been discussed above. The 
detailed aims are summarized below: 

Develop techniques for large scale tracer experiments in low 
permeability fractured rock 

Determine flow porosity 

Obtain information on longitudinal and transverse dispersion 

Obtain information on channeling 
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Obtain data and other information for validation and/or 
modification of models. 

FRACTURE NETWORK MODElllNG OF THE EXPERIMENT 

The migration experiment provided an opportunity to determine the 
flow and transport characteristics of fractured crystalline rock. One of 
the most important results of the migration experiment was the uneven 
flow and tracer distributions in the drift. These experimental results 
clearly indicate that rock at the studied scale cannot be modelled as a 
homogeneous porous medium. Other approaches which acknowledge the 
inhomogeneities in rock seem to be necessary. 

Modelling the rock as a network of discrete fractures might be a 
possibility to better describe the rock. Such models have received an 
increased interest in the recent years (Long et al., 1982; Schwartz et 
al. , 1983; Smith and Schwartz, 1984; Robinson, 1984; Andersson et al.. 
1984; Long et al., 1985; Shapiro and Andersson, 1985; Andersson and 
Thunvik, 1986; Elsworth, 1986; and Andersson and Dverstorp, 1987). 
Still discrete network models are mainly viewed as theoretical tools. 
However, the practical value of the models can only be judged by 
applying them to field problems. The development of the discrete 
models has now advanced so that such applications might be feasible. 

The objective of the present study is to analyze the migration 
experiment with a discrete network model. In particular the model and 
modelling techniques developed by Andersson and Dverstorp (1987) will 
be used. Only flow is analyzed in this study as the model used 
cannot, at present, handle transport. Two main questions are 
investigated: 

1. Is it possible to obtain the uneven flow distribution observed for a 
realistic choice of model parameters? Perhaps, other means of 
describing the discrete character of the rock are needed. 

2. Can the available experimental data be used for estimates of the 
model parameters? It is important to determine if the experimental 
data will suffice for a unique interpretation. If this is not the 
case, methods and experiments that would allow a more unique 
data interpretation should be evaluated. 
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EXPERIMENT 

The experimental site was a drift blasted for the experiment at the 
360 m level in the Stripa research mine in Sweden. Figure 2 -1 is an 
illustration of the drift which has the form of a cross. Reports 1, 2, 
and 3 of the Stripa 3 - D experiment cover the details of the 
migration experiment. Only the aspects of the experiment analyzed in 
this report will be outlined. 

Figure 2 -1. Illustration of the experimental drift. 

Figure 2 - 2 displays a map of the traces of fractures intersecting the 
drift. Dip angle and dip direction are recorded for each mapped trace. 
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Figure 2-2. Parts of the fracture trace map. 

The drift roof and the upper parts of the drift walls were covered 
with about 350 plastic sheets of approximately 2 m 2 each. The flow 
out from the rock was recorded in each sheet. 

Three holes, originating from three different positions on the drift roof, 
were drilled in the vertical direction, see Figure 2 -1. The length of 
each core was 70 m. Recordings exist of the "wet" fractures 
encountered during drilling as well as detailed core logs. The inflows 
to the boreholes were measured in 2 m sections. 
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DISCRETE NETWORK MODEL 

FRACTURE MODEL 

The fracture network model (Andersson and Dverstorp, 1987) is almost 
identical to the one proposed by Baecher and Lanney (1978) and used 
by Long et al. (1985) . A fracture is modelled as a plane circular disc 
with radius r m, orientation (() ,<p), and transmissivity T m 2/S. These 
fracture properties are stochastic and are characterized by a radius 
distribution g(r) , an orientation distribution h( () ,<p), and a transmissivity 
distribution t(T). Furthermore, the assumption is made that different 
classes of fractures can occur and that each class, i, has its own 
distribution function. 

The fracture orientation parameters, () and <p, are the spherical 
coordinates of the normal to the fracture plane. If these directions are 
measured relative to a coordinate system with the z - direction in the 
vertical and the x-direction to the north, then () is the dip angle 
and <p the dip direction. The fracture orientation can be visualized as 
a point on the unit hemisphere; hence fracture orientation is described 
by a point distribution h( () ,<,0) for each fracture class i on the surface 
of the sphere. 

Each fracture has a constant transmissivity T m 2/8, so that the flow in 
the fracture is proportional to the head gradient. Transmissivities are 
used rather than fracture apertures since no well defined relation 
between these quantities is available for fractures in the field. Although 
experiments in single fractures (Abelin, 1986) indicate that the fracture 
transmissivity may vary considerably within the fracture, this extension 
is not included in the present model. Spatially varying fracture 
properties could be included in future models. 

In the model the fracture transmissivity is a stochastic variable and is 
characterized by a distribution function t(T) for each fracture class. 
Transmissivities in different fractures are statistically independent. 
Furthermore, there is at present no correlation between fracture radius 
and transmissivity. However, if desired, such a correlation can easily be 
introduced without disturbing the statistical analysis of the other fracture 
network parameters. 

Fracture centers for each class follow a Poisson space process 
intensity A m - 3. Consequently, fractures are randomly 
independently of each other and the probability of having N(V) 
centers inside a volume V m 3 is (Santalo, 1976), 

with an 
placed 

fracture 

P(N(V)=k) ( 3 . 1 ) 

The fracture network model defined here includes many simplifications 
and risks being little more than a theoretical concept. However, its 
value can only be verified by applying the model to real field data 
and evaluating the usefulness of the model predictions based on it. 
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In order to apply the model to a field problem it is necessary to 
have a well defined scheme of estimating the model parameters from 
readily available field data. Furthermore, evaluation of the flow through 
the discrete networks requires computational tools. 

ESTIMATING THE FRACfURE MODEL PARAMETERS 

Fracture intersections on drilled cores and exposed surfaces, such as 
drift walls and outcrops, are the basic source of the data for the 
geometry in the network model. Several researchers (Baecher and 
Lanney, 1978; Warburton, 1980; Priest and Hudson, 1981; Lasslet, 
1982; Panek, 1985) have already addressed this problem area. Mostly 
based on results from this research, Andersson and Dverstorp (1987) 
provide methods for estimating the distribution parameters in the 
network model. These methods will be applied to the data from the 
migration experiment. 

The only observable quantity related to the fracture radius r is the 
trace of length L that the fracture makes on a plane observation 
region. The trace length has a probability density function f(L). If a 
radius distribution g(r) is assumed, its first two moments can be related 
to the mean trace length. Thus by assuming a distribution for the 
fracture radius the problem of estimating the fracture radius is reduced 
to that of estimating the mean trace length. 

A serious problem when estimating the trace lengths is the restricted 
dimensions of the observation region, e.g. the drift wall, which only 
allows one to sample a tail of the uncensored trace length distribution. 
Consequently, the fitting of a theoretical distribution for the trace 
length distribution can lead to erroneous results even though corrections 
for the sampling biases are accounted for. 

By representing the orientation of a fracture plane by its unit normal, 
it can be visualized as a point on the unit hemisphere; hence the 
fracture orientation is described by a poin.t distribution on the surface 
of the sphere. Again, sampling biases complicate the estimation as, for 
example, the probability for a fracture to intersect the observation 
region is a function of the fracture orientation. The analysis in this 
report utilizes the Fisher distribution as a model for fracture 
orientation. The Fisher distribution can be viewed as the equivalent to 
a normal distribution on a sphere and is described by a mean 
orientation and an isotropic dispersion about this mean direction. If the 
mean direction coincides with the pole of the unit sphere, the Fisher 
distribution becomes (Mardia, 1972) 

f(8,<,O) 
KC 0 s 8 . 8 

K e SIn 

47r sinhK 
( 3 . 2 ) 

where K is the dispersion parameter about the mean direction. 

Experiments by Snow (1970) support the use of a lognormal 
distribution for the fracture transmissivity. This distribution will also be 
assumed here. 

The fracture density can be estimated from the number of observed 
fractures, n, once the radius distribution g(r) and the orientation 
distribution h( 8,<,0) are known. 
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SOLUTION OF FlOW PROBLEM 

A computer code, DISCFRAC, developed by Andersson and Dverstorp 
(1987), analyzes the flow through a discrete fracture network inside a 
right angled box. The code is divided into three major parts. The first 
part generates the fractures for given statistical models and model 
parameters. In the second part the generated, or alternatively just 
given, fractures are formed into a network. This is accomplished by 
calculating all the fracture intersections and sorting out the fractures 
that do not connect a boundary either directly or indirectly. In the 
third step, finally, the code solves for the steady - state flow through 
the box. 
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FIELD DATA ANALYSIS 

GENERAL 

Field data are analyzed with two objectives in mind. First it is 
necessary to quantify what is to be predicted by the model. In general 
terms the discrete network model shall model the uneven flow 
distribution measured. However, it is not realistic to model exactly the 
flow measured in each sheet. Probably a large ensemble variance 
between the different generated networks will make such deterministic 
matches meaningless. This unique problem makes it necessary to define 
other means of comparing field data and model results. Statistical 
measures of inflow to the drift are formulated. 

The second use of field data is that it provides the basis for the 
input definition to the discrete network model. Estimates of fracture 
orientation, size, and density are primarily made from the fracture 
tracers observed in the drift roof with the techniques outlined in 
Andersson and Dverstorp (1987) . 

AREAL DISTRIBUTION OF INFLOW TO DRIFT 

For practical reasons the analysis of the flow into the drift will be 
limited to the flow through the drift roof. The inflow to the drift is 
known in each plastic sheet, which has an approximate area of 2 m 2. 

This means that the distribution of flow is known with rather good 
resolution. Figure 4-1 illustrates the flow measured in each sheet. 
Quantitatively, the flow is very unevenly distributed. Of course one 
could question what the measured flows represent as blasting damages 
and stress releases close to the drift wall may alter the hydraulic 
properties there substantially. Nevertheless, in this report the flow 
distribution as measured is assumed to representatively describe the 
distribution of flow in the rock portion investigated. 
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Figure 4 -1 . Illustration of the inflow measured in each plastic sheet. 

The roof is divided into N subareas (sections) where the mInImum size 
of a subarea is the size of the plastic sheets, approximately 2 m 2. 

Flow in larger subareas is calculated by adding flows from different 
sheets. The following statistical measures for describing the areal 
distribution of flow are defined: 

the mean subarea inflow 

(4.1) 

where 0i is the flow in subarea i, the coefficient of variation 

€ = s / Q 

and the ratio of dry subareas. 

p 
dry 

number of dry subareas 
N 

(4.2) 

(4.3) 

Table 4 -1 0, € , and P dry for subareas consisting of two meter 
sections across the width of the roof 2 m x 4.5 m. This choice of 
subarea size is 
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relatively arbitrary. Of course it would be interesting to use other 
subarea sizes as well. Presently such an analysis is not performed. 

Table 4-1. Inflow distribution in drift subareas. 

In(Q) N 

2.12 10- 9 -19.97 1.72 0.31 36 

From Table 4-1 the high value of the coefficient of variation, almost 
equal to 2, and the large percentage of dry subareas should be noted. 
These two values quantify the degree of unevenness in the inflow 
distribution. 

FRACTURE ORIENTATIONS 

Fracture orientation statistics are only estimated from the orientation 
(dip and dip direction) of the fracture traces observed on the drift 
roof. Since the drilled cores are not oriented, the core data were not 
used for estimating the fracture orientation statistics. 

The orientation of a fracture is given by the polar coordinates (e ,cp) 
of the normal to the fracture plane. Each normal and fracture 
orientation are represented by a point (e ,cp) on a hemisphere. Figure 
4-2 shows the measured orientations plotted in a Schmidt net, which 
is a plane projection of the hemisphere. Three different clusters of 
orientations may be identified. A visual classification, also shown in 
Figure 4-2, of the orientation data into three different fracture sets is 
made. A fourth set of randomly oriented fractures is also introduced to 
account for the few fracture orientations that lie outside the limits of 
the first three sets. 
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Figure 4-2. A Schmidt plot of the orientations of the mapped 
fractures. The limits of the different orientation classes, 
1 b to 4b, are indicated. 

The measured data are fitted to a Fisher distribution (Mardia, 1972) 
assuming (a) all fractures belong to one set and (b) fractures belong to 
one of the four fracture sets. Table 4 -2 lists the estimated 
parameters, the mean orientation (f) ,cp) and the dispersion (K), for 
these two different cases. Assuming one orientation set results in a low 
estimated value of K in the Fisher distribution. A low value is 
reasonable since a small K indicates random orientations. In 
comparison, assuming four orientation sets result in relatively high 
values of K. This result motivates the different orientation sets although 
no goodness of fit estimates are made. 

Table 4-2. Fracture orientations from drift roof fitted to a Fisher 
distribution assuming one (a) and four (b) orientation 
classes. 

Class (j cp K 

1a 56.0 274.1 2.8 

1b 81.6 331.6 10.1 
2b 84.1 260.6 23.3 
3b 10.4 198.9 27.8 
4b 34.8 344.5 5.5 
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It is not certain that it is important to identify the different 
orientation sets in the flow calculations, even if the data show that 
different sets exist. In the flow analysis the eventual difference resulting 
from assuming a single orientation class and four orientation classes will 
be explored. 

Orientations measured on a single plane produce biased estimates. 
However, no corrections in order to account for these biases are made 
since no straight forward procedure for making such corrections exist. 

4.4 TRACE LENGTHS AND FRACfURE SIZES 

4.4.1 Mean trace lengths estimated with analytical formulas 

Fracture trace length estimates are made from the traces observed in 
the long section of the drift roof. In reality the traces are not 
completely straight lines and the roof is not exactly plane, which can 
be seen from Figure 2-2. To allow for a simple analysis, the traces 
in Figure 2-2 are interpreted manually into a trace map with exactly 
straight traces. Figure 4-3 displays this interpreted map, which is used 
in the following trace length analysis. 

FK:\ \;an !I~~~ jI ~ ~/-d :M\j-2.25 
-+2.25 

0.0 75.0 

Figure 4-3. Interpreted trace map used in the analysis. 

The circular sampling and scanline techniques described in AnderssQ!l 
and Dverstorp (1987) produce estimates of the mean trace length I. 
Different mean trace lengths result for the different circular sampling 
estimators and for different positions of the scanline. Table 4-3 shows 
the minimum and maximum trace length estimates obtained with the 
different circular sampling methods and for different positions of the 
scanline. In the first set of estimates (a) it is assumed that all traces 
belong to the single orientation set of case a defined in Table 4-2 
and in the second set (b) a mean trace length is estimated for each 
of the four orientation sets of case b defined in Table 4-2. 
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Table 4-3. Maximum and mlnlmum of estimated mean trace length 
(in m) for different circular sampling estimators and 
different scanline positions. 

Class Circular sampling Scanline sampling 

Imax 

1a 4.55 3.70 7.94 6.33 

1b 3.66 2.39 9.80 7.04 
2b 6.54 5.89 6.91 5.05 
3b 3.45 2.85 7.24 4.09 
4b 8.78 7.32 5.13 1.93 

The different estimators yield very different results as can be seen 
from Table 4-3~ Especially, there is a notable difference between the 
circular sampling and the scanline estimates. This discrepancy can be 
interpreted as a clear indication that the ainount of trace data available 
is insufficient to give good mean trace lerigth estimates. Furthermore, 
33 of the observed 73 traces are half censored, i.e. one of the trace 
ends cannot be observed, and 10 are fully censored, i.e. the trace 
traverses the sampling window. The different estimators account for 
censoring by different extrapolation techniques, but when the percentage 
of censored traces is high the quality of these extrapolations is likely 
to be poor. A wider sampling window might improve this situation 
substantially. 

It is not really possible to distinguish between the mean trace length 
estimates for the different orientation sets. For this reason it will be 
assumed that all orientation sets have the same mean fracture radius. 

If the distribution function for the fracture radii is kriown, then the 
mean trace length can be related to the mean fracture radius 
(Andersson and Dverstorp, 1987) . In particular, by assuming an 
exponentially distributed fracture radii with mean J.I. this relation is 

1/71" (4.4) 

Introducing the trace length estimates in Table 4-3 into Equation (4.4) 
implies that the mean fracture radius, assuming exponential distribution, 
is somewhere in the region 1.0-2.0 m. Due to this data uncertainty 
the analyses to follow will use two values of the mean fracture radius, 
namely J.I. equal to 1.39 m and 2.26 m. The differences between using 
1.39 m and 2.26 m are to be explored. 

4.4.2 Observed and simulated total trace length 

The analytical formulas for estimating the mean fracture radius could 
not be successfully applied on the available trace information. Partly 
this is due to the large number of censored (trace ends cannot be 
observed) tracers encountered, but another cause is that the analytical 
formulas do not make full use of the measured information. Integral 
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Class 

la 

Ib 
2b 
3b 
4b 
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trace measures, which are based on all observed traces, might use the 
data better. Examples of integral trace measures can be found in Table 
4-4. Table 4-4 contains the number of traces and total observed 
trace length, the number of half-censored traces, and total 
half-censored trace length, and the number of fully consored traces 
and total fully censored trace length. Furthermore, these measures are 
also given for the four fracture orientation sets. 

Measured number of traces and sum of trace length for all observed 
traces, for the half-censored traces and the fully censored traces. 

A I I traces Half censored Full y censored 
nabs L Li nabs L Li nabs L Li 

(m) (m) (m) 

73 207.9 33 91.4 10 55.1 

16 53.2 7 15.0 5 27.3 
20 63.8 11 42.3 0 
24 63.4 10 27.7 3 13.5 
13 27.5 5 6.3 2 14.3 

With simulation it is possible to check whether the estimated fracture radii will 
reproduce the observed trace characteristics or not. This check is 
accomplished in the computer by generating fractures of the given 
statistics until the number of fractures that intersects the observation 
window equals the number of observed traces. For the generated 
fractures the total trace length and the other measures described above 
are calculated. This procedure is repeated so that ensemble mean 
properties can be estimated. If the ensemble variance is small, i.e. if 
the number of observed traces is large, this procedure can be used to 
compare the quality of different fracture radius estimated. Furthermore, 
for a given statistical model, distribution parametes can be determined 
through calibration. However, as with all calibration procedures the 
uniqueness of such estimates cannot be guaranteed. 

Table 4-5 shows the ensemble mean and standard deviation of the 
total trace lengths and of the number of half ~ censored and censored 
traces calculated with the technique described above assuming (i) one 
orientation set and p, equal to 1.39 m, (ii) one orientation set and p, 
equal to 2.26 m, and (iii) the four orientation sets in Table 4-2 and 
p, equal to 2.26 m. The best fit with the measured values is for a 
mean fracture radius Jl of 1.39 m. For this radius the ensemble mean 
total trace length is within one standard deviation of the observed one. 
Furthermore, a mean fracture radius p, of 2.26 m results in a mean 
total trace length several standard deviations greater than the observed 
one. Also the total half and fully censored trace lengths lie rather 
close to the observed values for p, equal to 1.39 m. 
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Table 4-5. Mean of simulated number of traces and mean sum of trace length for 

J.L em) 

1 .39 
2.26 

2.26 
2.26 
2.26 
2.26 

all traces, for the half - censored traces and the fully censored 
traces as a function of fracture radius and orientation. 

Orienta- All traces Half censored Fu 11 y censored 
tion set nobs L Li nobs L Li nobs I: Li 

(m) (m) (m) 

1a 73 213. 39 105. 7 38. 
la 73 312. 45 155. 12 80. 

1b 16 63. 12 34. 3 22. 
2b 20 86. 12 49. 2 12. 
3b 24 88. 17 54. 5 32. 
4b 13 56. 9 28. 3 17. 

A mean fracture radius of p, equal to 2.26 m is too large if assuming 
an exponentially distributed fracture radii. Fora p, of 1.39, the fit is 
rather good. Of course such a one parameter fit can always be 
obtained but the fit is good also for the total half and fully censored 
trace lengths. This fact implies that there is at least no argument 
against assuming the exponential distribution for the fracture radius. 
Ideally, the analysis should be repeated for other assumptions of 
distributional forms before it is possible to judge the relative quality of 
the fit obtained. 

4.5 FRACfURE FLOW 

4.5.1 Classification of wet traces and estimating trace flow 

An idea of the hydraulic properties of the fractures could be obtained 
from the inflow distribution in the drift. 

The flow out from each mapped fracture is not measured explicitly. 
However, the relatively fine inflow resolution obtained from the plastic 
sheets makes it possible to approximately estimate the flow out from 
each mapped fracture trace. For each sampling sheet the flow per 
meter fracture trace is calculated 

Qi 
q. = 

1 L 1 •. 
j 1 J 

(4.5) 

where Qi is the flow and lij the length of trace j in sheet i. An 
estimate of the total flow in trace j is then made from 

L q. I .. 
1 1 J 

and. the total length of trace 

(4.6) 

is calculated as 
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J 

L I .. 
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(4.7) 

This method of estimating fracture flow will always overestimate the 
number of wet fractures since it is assumed that all the traces inside a 
sampling sheet are wet. However, there is only at a few instances that 
more than one trace is inside a sampling sheet. Furthermore, Equation 
(4.7) will always overestimate the wet trace length since the whole 
trace is supposed to be wet if the trace intersects at least one 
sampling sheet with flow. 

Applying Equation (4.7) to the measured data results in a total wet 
trace length of 149 (m). Another definition of wet trace length is used 
in Report 3 of the experiment. In the formula used there, only the 
parts of a trace that are inside the wet sampling sheets contribute to 
the wet length. This formula results in a wet length of 138 m. 
However, in Report 3 trace lengths are measured on the curvature of 
the drift roof and not on the plane projection, which is used in this 
report. Using the projected traces result in a total wet fracture length 
of 128 m. Thus Equation (4.7) and the method in Report 3 differ 
about 16 %. 

Equation (4.6) provides the flow in a trace and can thus be used to 
classify traces into dry and wet ones. A wet trace is a trace with 
non-zero flow. Table 4-6 displays a list of the number of observed 
traces and the number of observed wet traces. In Section 4.6 it is 
described how the number of wet and dry fractures and estimated wet 
fracture length are used for estimating the fracture density. 

Table 4-6. Number of observed fractures of the different fracture 
classes and the number of observed wet fractures. 

Class nobs nobs(wet) 

la 73 47 

Ib 16 13 
2b 20 12 
3b 24 18 
4b 13 9 

Fracture transmissivity 

A very crude method is used to estimate fracture transmissivity. It is 
assumed that each fracture observed in the drift has a constant 
transmissivity and that the flow is caused by a unit hydraulic gradient. 
Under these assumptions the transmissivity is given by the flow out 
from the fracture divided by the trace length 

T. 
J 

(4.8) 

Table 4-7 shows the mean and standard deviation of the 
transmissivities and the log transmissivities estimated with this scheme. 
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Table 4-7. Mean and standard deviation of fracture transmissivities as 
estimated from drift inflow using Equation (4.8). 

InT 

6.0210- 10 4.05 10- 10 -22.5 1.74 

Equation (4.8) is a great oversimplification. In many fractures close to 
the drift the gradient is probably far from unity. Furthermore, a low 
or no flow in a fracture may very well be due to that the fracture is 
not connected to another flowing fracture. These arguments suggest that 
Equation (4.8) will underestimate the mean transmissivity. However, the 
standard deviation value of 1.74 of the log transmissivity as estimated 
from Equation (4.8) might still be of the correct order of magnitude. 
Simulations assuming a lognormal transmissivity distribution with aln 
equal to 1 and simulations with aln equal to 2 will be compared in 
the flow analysis. 

4.6 FRACI'URE DENSITY 

4.6.1 Estimates of fracture center density 

The fracture center density depends upon the number of observed 
traces, the assumed or fitted fracture radius distribution, the fracture 
orientation distribution, and the size and shape of the observation 
region. Andersson and Dverstorp (1987) show, using results from Jensen 
(1985), that 

(4.9) 

where nobs is the number of observed fracture traces and V E is a 
function of the size and shape of the observation region and the 
fracture radii and orientation distributions. V E is evaluated numerically 
with the Monte-Carlo technique. 

The number of observed traces, see Table 4-6, introduced into 
Equation (4.9) provides estimates of the fracture center density. A 
"wet" fracture density is calculated by simply introducing the number of 
observed wet fractures into Equation (4.9). Table 4-8 contains the 
estimated fracture density and the "wet" fracture density assuming (i) a 
single orientation set and a fracture mean radius Jl of 1.39 m, (ii) a 
single orientation set and a fracture mean radius Jl of 2.26 m, and 
(iii) four orientation sets and a fracture mean radius Jl of 2.26 m. 
The estimated fracture density is small when the fracture mean radius 
is large as the probability of observing a fracture, then is large. 
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Table 4-8. Estimated fracture center densities as a function of 
assumed mean fracture radius and fracture orientation, 
where A tot is based on all observed fractures and A wet 
is based only on the observed wet ones. 

J1 (m) Orienta- Atot(m- 3 ) Awe t(m- 3 ) 

tion set 

1.39 1a 5.45 10- 2 3.51 10- 2 

2.26 1a 3.11 10- 2 2.00 10- 2 

2.26 1b 4.78 10- 3 3.88 10- 3 

2.26 2b 7.43 10- 3 4.46 10- 3 

2.26 3b 2.46 10- 2 1.84 10- 2 

2.26 4b 5.78 10- 3 1.78 10- 3 

There is no obvious interpretation of the wet fracture density. A 
fracture may be dry either because it is tight or because it does not 
connect to another conductive fracture. Thus, it is not correct to use 
the wet fracture density when generating the fracture network as some 
of the then generated fractures will not be connected to the flow. The 
resulting wet fracture density might then be substantially smaller than 
the generated density. On the other hand, since some of the fractures 
are dry because of being tight, the density of tight fractures should be 
subtracted from the total fracture density before a fracture network is 
generated. Unfortunately, there is little direct information on the 
density of tight fractures. 

Indirectly, a more correct wet fracture density may be determined from 
a calibration in the discrete network model. After generating the 
number of fractures consistent with a preset fracture density, fractures 
not connected to the flow are sorted out. Traces of the remaining 
connected fractures are recorded on the observation region and the 
number of observed wet traces and the total wet trace length, as 
defined in Section 4.5.2, are calculated. A fit with the observed values 
is obtained by adjusting the fracture density and rerunning the 
problem. 

4.6.2 Fracture frequency on drillcores 

From Equation (4.9) the following estimate of the fracture line 
frequency on a core may be formulated: 

f A VE(g(r),h(8,~),core length x)/x (4.10) 

where A is the fracture density estimated from the drift roof data. By 
comparing with the frequencies measured on the three vertical cores 
(see Section 2) it is possible to check the quality of these density 
estimates. 

Table 4-9 shows the total and wet fracture frequencies as estimated 
with Equation (4.10) for the different radius and orientation 
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distributions investigated as well as the actually measured values in the 
3 vertical holes. The measured wet frequency is based on qualitative 
descriptions only, i.e. the driller has made a note for each wet 
fracture encountered. 

Table 4 - 9. Fracture line frequency on the bored cores, measured 
and estimated as a function of assumed mean fracture 
radius and orientation. 

p. (m) Orienta- fdry f wet 
tion set 

1.39 1a 0.41 0.26 
2.26 1a 0.54 0.34 
2.26 Ib-4b 1.03 0.71 

Measured frequency 1.40 0.31 

The total fracture frequencies predicted from the drift roof estima tes 
are significantly smaller than the actually measured. One possible 
explanation for this difference could be that the fracture density 
increases farther away from the drift roof. Another explanation, which 
in this case is the more likely, is that the core mapping is made 
much more carefully and in larger detail than the mapping of the drift 
roof. Such measurement biases are of course very unfortunate but are 
probably not easy to avoid completely. However, a more detailed 
mapping of the drift roof may be very useful. 

For the wet fracture frequency the agreement between the measured 
value and the predicted is better. This might be a coincidence but it 
may also be taken as an argument that there might be a physical 
reality behind the wet frequency. The mapping of the roof section 
probably includes most of the wet fractures, which implies that the 
measurements on the roof and in the boreholes agree better for the 
wet fractures. 
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SIMULATIONS 

DEFINITION OF FLOW PROBLEM 

Practical reasons limit the size of the flow domain. It is at present 
totally unrealistic to solve discrete fracture network flow in volumes 
corrsponding to a whole rock mass. In fact, only volumes with linear 
sizes in the order of a few tens of meters can be treated. This 
implies that it is not possible to formulate "real" boundary conditions 
or by other means which closely model the real physical system. A 
feasible flow problem has to be rather idealized. 

Flow simulations are made in a right angled box with sides X, Y, and 
Z above the drift, see Figure 5-1. A no flow boundary condition is 
imposed on the vertical box faces. A constant head equal to zero is 
imposed on the face z = 0 and a constant head of Z is imposed on 
the face z = Z. These boundary conditions will produce a unit 
gradient in a uniform medium. 
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Ceiling of the drift 

Drift 

Figure 5-1. Definition of the flow domain. Water may leave 
anywhere on the box face z = 0, but the sampling is 
only made on the 4.5 m wide strip that represents the 
drift roof. 

A 4.5 m wide strip on the box face z = 0 represents the drift roof, 
see Figure 5-1. Flow can pass through the complete box face, but it 
is only the flow that comes out through this strip that is recorded and 
treated as the simulated flow into the drift. The strip is further 
divided into subareas of the same size, 2 m x 4.5 m, as the subareas 
used in the analysis of the real measured flow, see Section 4.2. 

Monte-Carlo simulations are performed, where for each realization the 
flow in each subarea is recorded and the statistics of the flow 
distribution on different subareas is calculated with Equations (4.1)
(4.3). Furthermore, the total actual wet fracture length is recorded in 
each realization after a set of Monte-Carlo simulations ensemble 
statistics are calculated. 
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Table 5-1. 

y (m) 

7.0 
10.0 
14.0 
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SIZE OF FLOW DOMAIN 

The connectivity of the fracture network will decrease if the flow 
domain is too small in the horizontal directions, x and y, and too 
large in the vertical direction, z. For a given Z, there might exist a 
minimum X and Y for which the flow out from the roof section strip 
is unaffected if X or Yare increased. If such minimum values exist, 
X and Y do not have to be larger than these values. 

Table 5-1 shows the simulated ensemble averages and standard 
deviations of 0, E, and Pdry for three different values of Y with X 
and Z equal to 20 m, for a case with large fractures (Il = 2.26 m, 
one orientation class, and ). = 1.70.10- 2, Le. the "wet" frequency). 
There are no dramatic changes but both E and Pdry decrease slightly 
as Y is increased. Thus, not even this simplified example proves the 
existence of a minimum Y. However, for practical reasons Y equal to 
7 m and X and Z equal to 20 m are used in the following analysis. 
The sensitivity study summarized in Table 5 -1 indicates that this small 
flow domain will not give totally misleading results. Of course, care 
must be taken when this size of a flow domain is used for less 
percolating ne\works, i.e. when p. or ). are smaller (Long and 
Witherspoon, 1985). If possible in the future the analysis presented in 
the following should also be made in a larger flow domain. 

<Q> 

2.44 
2.38 
2.70 

Analysis of the sensitivity to the width, Y, of the flow domain for a 
case with X = 20 m, Z = 20 m, p. = 2.26 m, and A = 1.7 
10- 2 m- s. 

(m 3/s) sQ <E> S E <Pdry> sp 

10- 1 0 1.95 10- 10 1.37 0.50 0.28 0.26 
10- 1 0 1.94 10- 1 0 1.35 0.65 0.29 0.27 
10- 1 0 2.00 10- 1 0 1.31 0.48 0.21 0.23 
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SIMULATION EXAMPLE'S 

The non - uniqueness in the input data estimation makes it necessary to 
compare different combinations of input data. Table 5-2 shows the 
sets of input data studied. The wet fracture density corresponding to 
the choice of radius and orientation distribution is used in all examples 
except for Case ii where the corresponding total fracture density is 
used. 

Table 5-2. Definition of simulation cases. 

Case Orientation InT 
classes 

I la 1.39 wet -22.5 
i i la 1.39 all -22.5 
Iii la 2.26 wet -22.5 
Iv Ib-4b 2.26 wet -22.5 

The mean fracture radius and fracture density have a large impact on 
the flow properties of the fracture network. This is illustrated in Figure 
5-2 which shows the connected fractures in two realizations, where in 
Figure 5-2a II- is 2.26 m, in Figure 5-2b p. is 1.39 m and the wet 
fracture density is used. The difference in connectivity is rather 
dramatic. Tables 5 - 3 and 5 -4 quantify these differences. 
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Figure 5-2. A three-dimensional picture of the connective fractures 
in a realization where in a) the mean fracture radius J.l 
is 1.39 m and in b) the mean fracture radius J.l is 2.26 
m. 
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Tables 5-3 and 5-4 list the ensemble mean and standard deviation of 
log Q the subarea mean flow, € the coefficient of variation between 
different subareas, Pdry the percentage of dry subareas, and L wet the 
wet fracture length scaled to a 4.5 m x 74.5 m drift roof. In Table 
5-3 alnT is equal to 1, and in Table 5-4 alnT is 2. The ensemble 
statistics are calculated only from the subset of connecting networks. 

Table 5-3. Ensemble mean and standard deviation of subarea mean flow, 
coefficient of variation, between subareas, ratio of dry subareas and 
wet fracture length in simulations with alnT is equal to 1. 

Case <lnQ> slnQ < € i> s <Pdry> S <1: Li> S 

-23.8 1.00 2.05 0.58 0.53 0.25 64.0 29. 
i i -22.4 0.77 1 .22 0.30 0.20 0.19 134.0 44. 
iii -22.3 0.75 1.25 0.53 0.24 0.25 139.0 44. 
iv -22.4 0.91 1.40 0.62 0.26 0.25 135.0 37. 

Ob-
serv-
ed -20.0 1.72 0.31 149.0 

Table 5-4. Ensemble mean and standard deviation of subarea mean flow, 
coefficient of variation, between subareas, ratio of dry subareas and 
wet fracture length in simulations with alnT equal to 2. 

Case <lnQ> slnQ < € i> s <Pdry> s <1: Lwet(m» s (m) 

i -24.4 1.69 2.25 0.55 0.53 0.25 64.0 29. 
i i -22.7 1.26 1.56 0.55 0.17 0.19 134.0 44. 
iii -22.5 1.27 1.45 0.63 0.23 0.25 139.0 44. 
iv -22.4 1.48 1.49 0.65 0.23 0.24 135.0 35. 

Ob-
serv-
ed -20.0 1.72 0.31 149.0 

5.4 DISCUSSION OF SIMULATION RESULTS 

Tables 5 - 3 and 5 - 4 suggest that the wet fracture length is a key 
parameter for the flow properties of the discrete fracture networks. 
There are no significant differences between the simulation results for 
Cases ii -iv for which the wet fracture length is approximately the 
same (135 m). It needs to be carefully explored, in future studies, 
when the wet fracture length is an important parameter. At any rate, 
it would be most advantageous if the total wet fracture length is as 
important as our simulation results suggest. Then the severe difficulties 
in estimating the fracture size and frequencies will not so badly 
influence the flow simulations as long as the total wet fracture length 
per area is correct. 
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For Cases iii and iv the fracture density is based only on the wet 
fractures whereas for Case ii the fracture density is estimated from all 
fracture traces observed in the drift roof. By recalling that the tests in 
Section 4.4.2 suggest that the mean fracture radius /l of 2.26 mused 
in Cases iii and iv is too large, this result clearly indicates that it is 
incorrect to use a wet fracture frequency when generating fractures. A 
fracture may be dry either because it is tight or because it is not 
connected to another conducting fracture. 

The ensemble variances in the simulation examples are relatively large 
especially in the case for f, the coefficient of variation of flow in 
different subareas, and Pdry' the percentage of dry subareas. There are 
realizations from all of the Cases i - iv for which these two parameters 
are the same. One of the sources for this variance is the uncertainty 
in fracture transmissivity. A larger flow domain might reduce the 
ensemble variance, but this is not certain. It is more likely that the 
statistical parameters in the discrete network model alone are 
insufficient for describing the fracture network. Different means of 
conditioning the network are needed. 

For Cases ii -iv the wet fracture length is rather close to the 
experimentally measured length 149 m, see Section 4.5.2. This 
similarity suggests that the Cases ii -iv are closer to the real situation. 
The ensemble means of f and Pdry also suggest that this is the case. 
The values of these properties for <TInT equal to 2, in Table 5 -4, lie 
relatively close to the experimental values in Table 4-1. 

The log mean transmissivity estimated with Equation (4.8) is too small 
as the log ensemble subarea mean flow in the simulation examples 
vary between -24.4 and -22.3 whereas the logarithm of the measured 
subarea mean flow is around - 20. However, recalling the discussion in 
Section 4.5.3 this underestimation is to be expected. 
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CONCLUSIONS 

Modelling the rock as a network of discrete fractures as described in 
this report makes it possible to explain the uneven flow distribution 
observed in the migration experiment. It appears that a more complex 
model, for example channels in the fracture plane for which there are 
other strong evidences (Abelin, 1986), is not needed just for explaining 
the flow distribution. 

Insufficient data limit the possibilities to obtain unique representations of 
the fracture network. In particular, although the amount of data in the 
migration experiment is large as compared to what is practically 
obtainable, it does not suffice to provide reliable estimates of the 
fracture size and the fracture transmissivities. One solution to this 
problem is that there may exist better ways of using the data. For 
example, it appears that the wet fracture length per area is a key 
parameter when describing flow in discrete networks. Further work in 
this direction should be made. 

Even if improved techniques of analyzing data are derived, better data 
also are needed. In order to estimate fracture size, larger sampling 
windows are needed so that the percentage of censored traces is 
decreased. Over 50 % of the traces on the roof of the experimental 
drift are censored. In this situation formulas accounting for the 
censoring bias effect (Baecher and Lanney, 1978) are not much more 
than guesswork. 

It is not sufficient to know just the statistical parameters in the 
discrete network model since different realizations of networks based on 
the same statistics may behave very differently. Means of conditioning 
the networks are needed. Andersson and Dverstorp (1987) show how to 
geometrically condition a network with the observed traces. 
Unfortunately they conclude that in most cases this geometrical 
conditioning insufficiently decreases the ensemble variance. Conditioning 
with hydraulic information is probably needed. 

Finally, it is concluded that the analysis of the migration experiment 
has demonstrated that the discrete network concept may be a fruitful 
approach to describe flow in fractured rock. Furthermore, much of the 
technique can be further developed. Thus it is worthwhile to continue 
this and similar exercises and to examine the validity of the basic 
model assumptions. 
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fracture line frequency 

fracture radius distribution 

fracture orientation distribution 

mean fracture trace length 

length of trace i 

number of observed traces 

number of observed wet traces 

number of subareas 

ratio of dry subareas 

mean subarea inflow 

fracture radius 

ensemble standard deviation of a 

fracture transmissivity 

coefficient of variation in subarea inflow 

fracture dip angle 

fracture dip direction 

dispersion parameter in Fisher distribution 

fracture center density 

mean fracture radius 

standard deviation in lognormal transmissivity 

distribution 

ensemble mean of a 
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UST OF IllUSTRATIONS 

Figure 2-1. 

Figure 2-2. 

Figure 4-1. 

Figure 4-2. 

Figure 4-3. 

Figure 5-1. 

Figure 5-2. 

Illustration of the experimental drift. 

Parts of the fracture trace ma p. 

Illustration of the inflow measured in each plastic 
sheet. 

A Schmidt plot of the orientations of the mapped 
fractures. The limits of the different orientation 
classes, 1 b to 4b, are indicated. 

Interpreted trace map used in the analysis. 

Definition of the flow domain. Water may leave 
anywhere on the box face z = 0, but the 
sampling is only made on the 4.5 m wide strip 
that represents the drift roof. 

A three - dimensional picture of the connective fractures 
in a realization where in a) the mean fracture 
radius 11 is 1.39 m and in b) the mean fracture 
radius 11 is 2.26 m. 
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