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PREFACE 
 
This work has been carried out as a part of the European research project FUNMIG: 
Fundamental processes of radionuclide migration (www.funmig.com). FUNMIG is a 
four year project that will be carried out between years 2005 and 2008. Participation of 
the VTT to the FUNMIG project is jointly funded by EU and Posiva Oy.  

The present report is an 18th month project delivery (PID4.6.1) of the work package 4.6. 
Work package 4.6 covers up-scaling processes of the retention and transport processes 
in the crystalline rock. 



 

 

ABSTRACT 
 
Fractured rocks are composed of porous but impermeable rock matrix and water 
conducting fractures, which are the main conduits for the groundwater flow. The main 
characteristic of the fractured rock is the great heterogeneity in different scales. The 
heterogeneous structure of the fractured rock leads easily to preferential flow paths that 
will govern both flow and transport properties. This channelling of the flow is an 
important process that needs to be taken into account when the retention in the fractured 
rock is modelled. 

At least three distinct flow environments can be identified in the fractured rock: 
channeling causing variable flow in the individual fracture planes, transmissivity 
differences between the fractures leading to preferential flow paths through the fracture 
network and extensive fracture zones providing highly transmissive connection over 
long distances.  

The main challenge of the spatial up-scaling of the retention properties is connected to 
the description of the flow characteristics of the fractured rock. At the moment, there is 
no general up-scaling method that can be applied for the performance assessment scale 
problems. The field experience and modelling has shown that the preferential flow and 
transport paths may run over long distances. Therefore, it is important that the up-
scaling method does not lack of long distance connections, which may be important in 
the field scale transport. The present situation supports recommendation of the 
RETROCK project (2005) to apply multiple approaches to ensure that the estimates are 
robust. 

Keywords: Matrix diffusion, groundwater flow, transport of solutes, performance 
assessment 
 



 

 

MATRIISIDIFFUUSION AIHEUTTAMAN PIDÄTTYMISEN 
ETÄISYYSRIIPPUVUUDEN LAAJENTAMINEN 
 

TIIVISTELMÄ 
 
Rakoillut kallio muodostuu huokoisesta kalliomatriisista ja vettä johtavista raoista. 
Pohjaveden virtaus tapahtuu käytännössä pääasiasiassa pitkin vettä johtavien rakojen 
muodostamia reittejä. Rakoilleen kallion merkittävimpiä piirteitä on eri mittakaavoissa 
havaittava heterogeenisuus. Heterogeenisuus johtaa helposti veden virtauksen kana-
voitumiseen. Virtauksen kanavoituminen pitää ottaa huomioon arvioitaessa veden mu-
kana kulkeutuvien aineiden pidättymis- ja kulkeutumisominaisuuksia eri virtausreiteillä. 

Rakoilleessa kalliossa voidaan tunnistaa ainakin kolme erilaista virtaukseen vaikuttavaa 
ilmiötä: virtauksen kanavoituminen yksittäisissä raoissa, rakojen vedenjohtokykyeroista 
johtuva hallitsevien yksittäisten virtausreittien muodostuminen rakoverkostojen läpi 
sekä yksittäiset laajat rakovyöhykkeet, jotka muodostavat hyvin johtavia yhteyksiä pit-
kien etäisyyksien yli.  

Suurin haaste eri mittakaavoissa tapahtuvan pohjaveden virtauksen kuvauksessa liittyy 
virtauksen kuvaukseen rakoilleessa väliaineessa. Tällä hetkellä ei ole olemassa yleistä 
menetelmää, jolla pienen mittakaavan virtausilmiöt olisi mahdollista ottaa huomioon 
suuren mittakaavan malleissa, joita tarvitaan loppusijoitustilan toimintakykyanalyy-
seissa. Kenttätutkimukset ja mallinnus ovat osoittaneet, että yksittäisiä hallitsevia vir-
taus- ja kulkeutumisreittejä voi muodostua pitkilläkin etäisyyksillä. Tämän vuoksi onkin 
tärkeää, että mittakaavan muutoksissa käytettävät menetelmät ottavat huomioon 
yksittäisten rakenteiden muodostamat ison mittakaavan yhteydet. Loppusijoitustilan 
toimintakykyanalyysien kannalta tämän hetken tilanne tukee RETROCK projektin 
(2005) suositusta, jonka mukaan kulkeutumisominaisuuksien arvioinnin tulisi perustua 
useilla eri lähestymistavoilla saatuihin tuloksiin.  

Avainsanat: Matriisidiffuusio, pohjaveden virtaus, kulkeutuminen, liuenneet aineet, 
toimintakykyanalyysi 
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1 INTRODUCTION 

The present report is prepared as a part of the FUNMIG Project (Fundamental processes 
of radionuclide migration). FUNMIG is an integrated project within the 6th EU 
Framework Programme for Research and Technological Development. The main 
objectives of this project are the fundamental understanding of radionuclide migration 
processes in the geosphere, the application to performance assessment and 
communication of the results.  

This work is a part of the work package 4.6 that has one of the main objectives to study 
the up-scaling of different individual processes to facilitate their integration in PA 
oriented models. The two main processes that are normally considered responsible for 
the retention of radionuclides in crystalline rocks, matrix diffusion and sorption, will be 
investigated for the up-scaling procedure development.  

The main objective of the present report is to examine spatial up-scaling methodologies 
for the retention caused by the matrix diffusion. Retention in the geosphere may have a 
significant role for the solute transport through the bedrock. Appropriate methodology 
and tools are needed in the performance assessment to deal with the retention in 
different scales. 

Outline of the present report is such that first the Sections 2 to 4 gives general 
description of the groundwater flow in fractured rock, matrix diffusion process and 
defines the parameter groups that control the retention. Different spatial up-scaling 
methodologies of the matrix diffusion are then presented in the Sections 5 to 8. Finally, 
implications of the different up-scaling methodologies for the performance assessment 
are discussed in the Section 9.  
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2 FLOW IN FRACTURED ROCK  

Among the other options, studies for deposition of the nuclear wastes concentrate to 
deep underground repository in crystalline fractured rock. Fractured rocks are composed 
of porous but impermeable rock matrix and water conducting fractures. Fractures or the 
network of fractures are the main conduits for the groundwater flow. Fracture network 
is also the main pathway for the transport of possible contaminants in groundwater.  

The main characteristic of the fractured rock is the great heterogeneity in different 
scales. The heterogeneity is also a distinctive feature of the hydraulic properties of the 
fractured rock. In practice, the groundwater flow takes place only through the fractures. 
Rock between fractures, the rock matrix, is porous and saturated by the water but it does 
not participate to the process of the groundwater flow. 

The heterogeneous structure of the fractured rock leads to preferential flow paths that 
will govern both flow and transport properties through the rock mass. The preferential 
flow paths, i.e. channelling of the flow, is an important process that needs to be taken 
into account when the transport of solutes is modelled. Below are discussed the main 
observations of the groundwater flow and channelling of the flow on the basis of the in-
situ experiments and modelling.  

2.1 Channelling 

Channelling of the flow and solute transport in fractured rock has been shown by 
models (Bear et al., 1993; Nordqvist, 1995) and in several in-situ experiments (Long 
and Billaux, 1987; Rasmuson and Neretnieks, 1986; Nordqvist et al., 1996). At the 
Fanay-Augéres site in France, it was found that only about 0.1% of the fractures 
contributed to flow on a large scale (Long and Billaux, 1987). It has also been found 
that 90% of fluid flow can occur through 5-20% of the fracture plane (Rasmuson and 
Neretnieks, 1986) and many field experiments indicate that only a limited part of the 
volume within the fractures, even less than 10%, is open to fluid flow and solute 
transport (Nordqvist et al., 1996). This affects significantly flow and transport 
properties of the potential transport paths. Underlying reasons for the channeling 
follows from the basic structure of the fractured rock.  

Sizes of fractures vary in scales ranging from microns to hundreds of kilometres. 
Throughout the different scales fractures have a significant effect on flow and transport 
processes (Berkowitz, 2002). The modelling and investigation of the fractured rocks is 
complicated by the inherent properties of the fracturing, e.g. there are indications that 
properties of the fractured rock cannot be homogenized in any scale. This follows from 
the observations that the fractured rock follows a scaling behaviour. For example, 
analysis of the field data suggests that fracture diameter distributions follow a power 
law distribution with exponents varying from 1.3 to 2.1 (Berkowitz and Adler, 1998). 
Sahimi (1995) makes a conclusion that fracture networks are fractal objects over the 
scale of observation, because it has been noticed that macroscopically fractured rocks 
are barely connected, i.e. they are close to the percolation limit. 

Scaling behaviour of the fracturing is not the only feature in the fractured rock that 
causes channelling. A characteristic feature of the fractured rock is the high degree of 
heterogeneity of the flow and transport properties in different scales. The flow and 
transport behaviour is governed by the fracture conductivities. A broad distribution of 
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the fracture conductivities causes channelling (Cacas et al. 1990a, 1990b). Berkowitz 
(2002) even notes that a (geometrically) well-connected network can exhibit sparse 
preferential flow paths, and the network appears to be near the percolation threshold, if 
the distribution of fracture conductivities is sufficiently broad. It should also be 
remembered that, in addition to the variability between the fractures, there is also 
heterogeneity within fractures. As it has been earlier noted, it may be that even less than 
10% of the fracture is open to fluid flow. 

2.2 Transport 

Many in-situ tracer experiments in the fractured rock have been carried out during 
recent years. Observations of the experiments reflect the flow characteristics of the 
fractured rock. Flow cannot be described accurately without considering distinct flow 
paths. Description of the solute transport and retention properties is even more 
dependent on the description of the preferential flow paths and dominating flow 
channels. 

Tracer experiments usually show fast initial arrival times, more than one peak in the 
breakthrough curves, and/or long tails and strong dependence on scale (Becker and 
Shapiro, 2000; Nordqvist et al., 1996; Tsang et al., 1991). Modelling has shown that the 
preferential flow and transport paths run over long distances and reduce mixing, 
especially in case of high transmissivity variance (Nordqvist et al., 1996). All these 
observations underline the central role of heterogeneity of the fractured rock as a 
governing feature of the flow and transport properties. 

The channellised nature of the solute transport in the fractured rock has also been 
studied in the modelling work. In the case of no mixing between channels they can be 
treated as a bundle of (one dimensional) individual conduits (Bear et al., 1993). The 
assumption of the channelling and weak mixing between the channels, i.e. representing 
the transport channels as a bundle of individual channels, has been commonly applied in 
the performance assessment modelling.  

In spite of the intensive work on in-situ tracer experiments there are untested properties 
that are important for the performance assessment. Many tests typically involve 
injection and pumping rates, which are considerably higher than flow rates occurring 
under natural gradient conditions, and the spatial scales of the tests are also much 
smaller than is required in the performance assessment. In practice, this cannot be 
avoided because collection of the tracer in the in-situ experiment is not possible unless 
the experimental flow field does not overcome the natural background flow field. For 
the same reason tracer tests need to be carried out in the well conducting hydraulic 
structures and over short distances, although in the performance assessment retention of 
the radionuclides takes place mainly in the low transmissive fractures. However, 
extrapolation of the transport and retention properties from the field measurements to 
performance assessment conditions need to based on proper process understanding. 
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3 RETENTION BY MATRIX DIFFUSION 

The advection-sorption-matrix diffusion equation for one-dimensional streamtube can 
be derived in a following way. First, we consider a case of a single immobile zone along 
the flow path. The flow path is bordered by streamlines and it is characterised by a fixed 
flow rate (denoted by Q). Figure 1 shows a schematic illustration of the mobile and 
immobile pore spaces along the flow path.  

We consider solute mass flux over a small control volume at the arbitrary location of the 
flow path as shown in the Figure 2. The whole flow path can be envisaged to be 
composed of a series of successive control volumes.  

The flow path is selected so that the molecular diffusion keeps solute concentration well 
mixed across the flow path over the transport distance that is considered. In practice, 
this means that the width (i.e. flow rate Q) of the flow path is selected so that all solute 
particles traveling through the flow path (length L) will experience the same, average, 
flow properties. 
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Figure 1. Schematic illustration of the streamtube (mobile porespace) and rock matrix 
(immobile porespace) next to the streamtube. 
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Figure 2. Streamtube and a control volume used to assess the mass balance equation 
for the solute transport through the streamtube of Figure 1. Immobile zone is not shown 
in this figure to keep the picture more readable. Note, that only one immobile zones is 
assumed at the top of the streamtube. 

 

The mass balance equation written for the control volume in Figure 2 is 
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where m is the solute mass in the control volume, Cf is the solute concentration in the 
control volume and the flow path (streamtube) is characterised by the width W(x), 
aperture 2b(x) and flow rate Q and Aer  is the outer normal of the control volume at the 
interface of the mobile and immobile pore spaces (i.e. at the diffusion interface). The 
factor Ra incorporates the interactions that can be described by instantaneous 
equilibrium between the mobile and immobile phases of the solute particles 
(equilibrium sorption). All properties may depend on the location along the flow path 
(except Q that is constant and defines the streamtube), i.e. the heterogeneity of the flow 
field along the flow path is taken into account.  

Diffusional mass transfer between immobile and mobile zones is described by the mass 
flux J

r
 of Equation (2).   
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where Cm is the solute concentration in the immobile pore space and De is the effective 
diffusion coefficient for the diffusion between the immobile and mobile zones. In the 
immobile zone the solute mass transfer is governed by the diffusion as indicated by the 
Equation (3) 
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where Dp is the pore diffusivity and Rp is the retardation coefficient in the immobile 
zone. We require continuity of the solute concentration over the interface of the mobile 
and immobile zones. This means that 

),()0,,( txCztxC fm ==   .       (4) 

Note, that Equation (4) is simplified by stating Cm=Cf at z=0 instead of z=b(x). These 
are equivalent formulations because it is assumed that well mixed conditions prevail in 
the fracture, i.e. Cf does not depend on z. In this case z measures the distance from the 
fracture wall, not from the centerline of the fracture. 

It is convenient to describe the condition (4) by representing the solute concentration in 
the immobile pore space according to the Equations (5) and (6) 

),(),,(),,( txCztxgztxC fm =         (5) 
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Diffusional mass transfer to the immobile zone can now be represented by using the 
“normalized” concentration g(x,t,z) 
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The diffusion mass flux of the Equation (1) is written as 
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The mass balance Equation (1) can then be written using Equations from (5) to (8) as  
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In order to examine some of the main properties of the transport equation it is not 
necessary to specify the structure and boundary conditions of the immobile zone, i.e. it 
is not necessary to solve Equation (3). The reason for this is that some of the main 
features of the solute transport (Equation (9) ) can be outlined without specifying the 
exact functional form of the “normalized” diffusion flux, ),( txj . However, we do need 
to take some steps further to solve the Equation (9).  

Laplace transform of the Equation (9) in respect of the time gives 
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where the tilde denotes Laplace transformation and s is the variable of the Laplace  
transformed domain. Equation (10) can be solved for the initial condition of empty (no 
tracer) rock matrix and a sudden release of mass M0 at the inlet of the flow path, i.e. 
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Equation (12) gives solution to Equation (10) using initial conditions of Equation (11). 
The solute mass flux at the outlet of the flow path (x=L) is  
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It is noted from the Equation (12) that, besides the advective delay (V/Q), the solution 
depends on the entity that is denoted here by the parameter u 
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Equations (12) and (13) are derived for a flow path that is bounded by the streamlines 
(i.e. a fixed flow rate passes through all points along the streamtube). Molecular 
diffusion keeps the concentration of the solute particles well mixed inside the 
streamtube (i.e. all solute particles will experience the same flow field when passing 
through the flow path). However, in the numerical simulations it may not be possible to 
follow the streamlines that bound the flow path. Instead, numerical models usually 
provide samples of the flow properties averaged over the model element size. In this 
case Equation (13) should be approximated by equation 

∫
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L

dx
xQ
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0

0
)('

),,(~)('    ,       (14) 

where W’(x)/Q’(x) is the measure of local flow rate along the pathway. Accuracy of this 
approximation depends on the sizes model elements, i.e. the scale of averaging. 
Preferably, the numerical approximation of the flow solution should not average the 
flow field over much larger region than what the solute particles will integrate along the 
flow path. 
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4 SPATIAL DEPENDENCY OF THE RETENTION PROPERTY 

Spatial up-scaling is first studied for the case of homogeneous immobile zone properties 
along the flow path (homogeneous rock matrix). In practice, this means that Equation 
(14) simplifies to  

∫=
L

dx
xQ
xWsju

0 )('
)(')(~  ,        (15) 

where )(~ sj  describes the coupling to the immobile zones and the flow dependent part is 
represented by 

∫=
L

F dx
xQ
xWu

0 )('
)('  .        (16) 

Subscript “F” in Equation (16) denotes the flow dependent part of the parameter u. 
Equation (16) states that the flow dependent part of the retention property uF is an 
integral along the flow path weighted by the inverse of the local 2D Darcy velocity in 
the fracture plane. Strictly, Equation (16) is written for the mass flux of the solute 
particles, but in practice, that is strongly correlated to flux of the groundwater flow in 
the transport channel.  

Equation (16) indicates that the retention property depends on the length of the flow 
path, but it is weighted by the local flow conditions. This means that flow 
characteristics in different spatial scales govern the spatial scaling of the retention 
properties. There are many different flow domains in the fractured rock that are 
connected to the size scale of the hydraulic features. Especially, this is true for the 
sparsely fractured rock and in case of wide fracture transmissivity distribution. In 
practice, this means that there is no averaging scale for flow in the fractured rock and 
that individual conduits may have significant role for the overall flow and transport 
characteristics.  

At least three different flow environments can be identified: channeling causing variable 
flow in the individual fracture planes, transmissivity differences between the fractures 
leading to preferential flow paths through the fracture network and extensive fracture 
zones providing highly transmissive connection over long distances. In connection with 
the Equation (16) this has twofold influences. First, local flow rate is higher along the 
in-plane channels and along the highly transmissive fractures and fracture zones. 
Secondly, extensive transmissive fractures and fracture zones provide shorter 
connection, i.e. shorter total path length. Both of these characteristics tend to reduce the 
overall uF, i.e. provide less retention. 

Equation (16) does not directly indicate the resolution required to determine the local 
distribution of the flow in the fracture planes. Equation (16) has been derived by 
assuming well-mixed conditions across the transport channel. A rigorous requirement to 
the resolution of the numerical model is that well mixed conditions should be assumed 
in each element of the model. In practice, this leads to unfeasibly fine discretisation of 
the model. More accurate description of the model resolution takes into account the 
whole flow paths. However, this cannot be assessed before the flow field is first 
numerically solved. Solutions to this problem could be, for example, calculation of the 
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flow and transport properties using different levels of discretisation and comparison of 
the results, or possible adaptive refinement of the mesh along the particle flow paths. 
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5 PERSISTENCE OF THE FLOW ALONG THE PARTICLE PATHWAYS  

It has been observed that the flow properties in fractured rock tend to persist along the 
flow paths. As an example of this persistence some modelling results are presented 
below. The results are based on the simulations of the Task 6 of the Äspö Task Force on 
groundwater flow and solute transport (Poteri, 2006). The objective of the Task 6 has 
been to bridge between the site characterisation and the performance assessment models 
by evaluating constraining power of the site characterisation experiments to the relevant 
transport properties in the performance assessment scale. Subtasks Task 6D and 
Task 6E deal with solute transport through a fracture network under the site 
characterisation and performance assessment conditions.  

The persistence of the flow properties along the flow path is here examined by studying 
the behaviour of the uF. In Task 6 the parameter uF is defined as 

∑=
i i

i
F q

Lu 2

  
  ,         (17) 

where Li is the length of the flow path segment i and qi is the corresponding 2D Darcy 
velocity, i.e. the local flow rate in the fracture of the flow path segment i.  

Figure 3 and Figure 4 show the accumulation of the uF along the simulated flow paths 
for the site characterisation and performance assessment model, respectively. The main 
observation from the results is that the slope of the path length vs. cumulative uF curve 
is steep at the beginning and gently sloping at the end. This general trend of the path 
length vs. cumulative uF curves indicates that the flow rate through flow paths increase 
as the flow path proceeds. In practice, this is a result of a process where flow paths 
accumulate to larger well conducting features and there is only a small probability for 
the transition back to the smaller features once the flow path has entered a larger 
hydraulic feature. This behaviour can also be represented by the persistent of the flow 
properties between the successive segments of the flow path.  
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Figure 3. Accumulation of the hydrological control of the retention (uF) as a function of 
the path length in case of site characterisation boundary conditions (tracer test between 
two boreholes). Solid lines indicate uF and the coloured circles at the background 
indicate the visited structures (from Poteri, 2006). 
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Figure 4. Accumulation of the uF along the flow paths as a function of the path length in 
case of the performance assessment conditions. Different colours indicate flow paths to 
the successive control planes along the main flow direction. The control planes are 
located at about 10 m, 50 m and 130 m from the source location. 
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6 SPATIAL UP-SCALING USING CONTINUUM OR FRACTURE NETWORK 
MODELS 

The two main modelling approaches that have been applied to assess the retention 
properties in the performance assessment are the continuum models and fracture 
network models (cf. e.g. RETROCK, 2005). Modelling of the retention by matrix 
diffusion is treated quite differently in these two models.  

6.1 Continuum models 

Continuum models use average properties of the rock, including fractures and rock 
blocks, to describe the groundwater flow. In practice, this means that the varying flow 
field over the large numbers of interconnected fractures is block wise replaced by an 
average conductivity. Continuum can include a stochastic component, i.e. in the 
stochastic continuum model the block conductivities are drawn from the statistical 
distributions. Application of the stochastic continuum models is discussed more in 
detail in the Section 8. 

Fractured bedrock is very heterogeneous and usually the large-scale zones need to be 
taken into account by applying different properties for them. The main difference 
between the fracture network model and continuum model is connected to the treatment 
of the stochastic features.  

The benefits of the continuum approach are that the models are usually computationally 
cheaper so that they can cover the whole volume of interest and assessment of the 
transport paths can be implemented easily. Transport environment of the particle 
pathways is usually conceptualised as imaginary one-dimensional streamtubes. The 
averaging of the transport properties (Equation (16)) takes place in the streamtube and 
the averaging combines both the flowing fractures and the immobile pore space within 
the rock matrix.  

Streamtubes are usually treated as a bundle of independent conduits. This means that 
there is no mixing between the streamtubes, i.e. the boundaries of the streamtubes are 
impermeable. Streamtubes are usually determined by following particle pathways 
through the model. Properties of the streamtubes are based on the information collected 
from the particle pathways, e.g. the length and averaged 3D Darcy velocities along the 
pathway. 

The main problem with continuum models is connected to the averaging of the transport 
properties over large volumes. It can be perceived that in the continuum model the up-
scaling of the retention properties takes place already at the averaging scale of the 
model, i.e. in the scale of the elementary blocks of the model. The retention property uF 
(Equation (16)) is evaluated by assuming some simple structure for the fracturing in the 
continuum blocks. In practice, the structure of the fracturing in the continuum blocks is 
represented by a set of fractures where the flow is divided, usually evenly, between the 
fractures. In this case the 2-D Darcy velocity of the Equation (16) is replaced by the 3-D 
Darcy velocity of the continuum block and the average flow wetted surface per volume 
of rock. Equation (16) indicates that the maximum retention is obtained by dividing the 
total flow rate evenly between the fractures. Therefore, the underlying heterogeneity of 
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the fractured rock implies that the averaged estimate of the retention property may be 
overly optimistic. 

6.2 Fracture network models 

Fracture network modelling tries to mimic the structure of the fractured rock by 
explicitly incorporating fractures to the model. The flow model is constructed so that 
the groundwater flow takes place through the interconnected fractures. In many cases 
blocks of the rock matrix between the fractures are even not included to the flow model.  

Fracture network models offer a good description of the groundwater flow and transport 
properties by incorporating huge amount of details to the model. In the transport 
applications the individual flow paths are tried to represent as explicitly as possible 
based on data on fracture frequency, size, orientation and transmissivity. In order to 
have a meaningful connectivity for the tracer transport or performance assessment 
application it may turn out that rather small fractures need to be included to the model. 
Fracture network models are stochastic models, because it is not possible to 
deterministically characterise all fractures in the level of details that is required in the 
transport calculations. However, the stochastic nature of the fracture network models 
does not preclude addition of the deterministic features to the model, and usually known 
large-scale hydraulic features are represented deterministically in the model.  

Fracture network model is a good tool to determine e.g. the required flow field 
properties (Equation (16)). Fracture network model tries to be closely identical with the 
expected physical environment faced by the solute transport problem in fractured rock. 
Averaging of the flow and transport properties takes place in a different scale than for 
the continuum models. In the fracture network model the hydraulic properties are 
usually averaged in the scale of the individual fractures, not over blocks of fractures as 
it the case in the continuum models.  

The main problems with the fracture network models are connected to the level of 
details that are taken into account in the model. The number of fractures in the model, 
that is usually directly proportional to the volume of the modelling domain, determines 
the computational resources that are required to solve the flow field. Presently, the 
number of fractures restricts the size of the model to some hundreds of metres. 
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7 SPATIAL UP-SCALING USING STATISTICAL MEANS 

Painter and Cvetkovic (2005) have developed an up-scaling method that is based on the 
application of the statistical means. The motivation for their work has been that the 
conventional advection-dispersion description is not able to predict the behaviour 
observed in the field experiments. The method also provides a way to predict tracer 
transport over longer distances that can be predicted by the advection-dispersion 
conceptualisation. 

Advection-dispersion representation suits better for highly and uniformly fractured 
rock. Programs of the geological disposal of the nuclear waste are more interested in 
sparsely fractured rock and it is note clear that advection-dispersion models are suitable 
for the modelling of the sparsely fractured rock, especially for the estimation of the 
retention properties as it has been noted in the Section 6.1. 

The approach of Painter and Cvetkovic (2005) employs site-specific fracture network 
modelling as a tool to assess the statistical properties of the transport pathways for a sub 
domain of the site scale domain. The simulated statistics is then applied for the 
assessment of the transport over longer pathways. An important implicit assumption is 
that the fracture network model used in the simulation is also representative for the 
fracture network in the larger scale, or in other words, that the assumption of the 
statistical homogeneity over a larger volume of the rock is valid for the modelled site. 

Painter and Cvetkovic (2005) approach is based on a Lagrangian representation of the 
transport in fractured rock. The impulse response function for the advection-retention 
process can be represented as 

( )sgBsBsl ˆexp),;(ˆ −−= ττγ ,        (18) 

where lγ̂  is the Laplace transform of the response function, τ is the water residence time 
along the trajectory, ĝ is the Laplace transform of the memory function for the retention 
process and B is a cumulative reactivity parameter that integrates retention properties 
along the trajectory. Subscript l indicates the length of the flow path. The function lγ  
can also be interpreted as the conditional, time-dependent, discharge at a monitoring 
boundary located at a distance of l from a source of the Dirac δ-function input for given 
values of τ and B. It can be noted that Equation (18) is identical with Equation (12) with 
an exception that the memory function ĝ  is written in more general form in the 
Equation (18). In the Equation (12) it is constructed for the diffusive mass transfer 
between the immobile and mobile zones. The parameter B in Equation (18) is 
proportional to the u (Equation (15)), i.e. it is also proportional to the uF. 

Calculation of the τ and B statistics is based on the simulated trajectories of the tracer 
particles. Each trajectory is discretised to a number of jumps, with each jump 
corresponding to transit through an individual fracture. Calculation of the τ and B values 
for a particle pathway is carried out by accumulating the ∆τ and ∆B values of the 
discretised jumps (for each jump the {∆l, ∆t, ∆B} triplet is recorded). It is observed that 
{ } 0)(),( >lll NBNτ  constitutes a stochastic process that governs the τ and B statistics.  

Painter and Cvetkovic (2005) claim that fracture network simulations have shown that 
there is a correlation in the transport properties between the successive segments along 
the trajectory. A particle that is in a high-velocity segment is more likely to indicate 
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high-velocity in the subsequent segment due to conservation of flux at the fracture 
intersections. In the framework of the Equation (12) this can also be reasoned by the 
conservation of the mass; larger and more transmissive hydraulic features collect flow 
from the smaller ones. In practice, this means increasing Darcy velocity along the 
visited fractures and the corresponding correlation between the successive segments of 
the flow path. Painter and Cvetkovic (2005) call the stochastic process that governs the 
flow properties along the particle pathways as a Markov-directed random walk 
(MDRW). 

According to Painter and Cvetkovic (2005) the correlation between successive segments 
along the particle trajectory is an important control on the breakthrough curves. It needs 
to be taken into account in the random walk models of the transport through a fracture 
network.  

A great benefit of the approach presented by Painter and Cvetkovic (2005) is that the 
fracture network simulations are performed only to determine the distribution for the 
variables τ and B in a fracture network that is large enough to be statistically 
representative for the site scale fracturing. Multiple retention processes can be 
incorporated to the model based on the distribution f(τ,B) and the memory function g, no 
additional fracture network simulations are required. The approach does no either 
require volume averaging and other assumptions that are inherent in the continuum 
approach.  
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8 SPATIAL UP-SCALING USING STOCHASTIC CONTINUUM 

Stochastic continuum models are used to describe the groundwater flow when a more 
detailed description of the heterogeneous hydraulic properties is required than what can 
be represented by the continuum model. This is the starting point of the up-scaling 
method applied by Öhman et al (2005). They use the fracture network model that is 
based on the geological and hydraulic data to obtain the flow and transport statistics at 
some support scale. The support scale is selected so that flow, but not necessarily 
transport, can be represented by means of a continuum. Stochastic continuum flow 
simulation is applied in combination with particle tracking to model large-scale 
transport. Detailed fracture scale properties are transferred to the regional scale using 
the block scale description. Öhman et al. (2005) summarises the approach by the 
following steps: 

1. Hydraulic characteristics of large number of fracture network realizations are 
studied to determine continuum tensors of the hydraulic conductivity at the 
block scale. It is then used as a support scale in a regional-scale stochastic 
continuum model. 

2. Transport properties are determined from the same block-scale fracture networks 
as were used to determine the continuum conductivity tensors. A large number 
of particles are released within the fracture network blocks, and distributions of 
the particle transit times are measured and collected as probability distributions. 
Distributions of the particle transit times at the block scale will be then used 
directly in the regional-scale simulations. Simulations performed by Öhman et 
al. (2005) show that the transit times through the fracture networks are clearly 
correlated to their block conductivity. Low conductivity seems to indicate long 
transit times; however, the spread of the simulated transit times is wide for all 
block scale conductivities.  

3. Regional-scale flow field is simulated with a stochastic continuum model. This 
model is discretised at the support scale of the step 1, and the distribution of up-
scaled conductivity, determined in step 1, is used as input. 

4. Regional-scale transport is modelled by sampling block scale particle transit 
time from the previously obtained block-scale transit time distributions. Each 
up-scaled continuum block conductivity value is linked to its own transit time 
distribution. This can be carried out easily since steps 1 and 2 are conducted for 
the same network realizations, representing the same block. To obtain the proper 
particle transit time at each step in the regional-scale model, the sampled block-
scale transit times need to be scaled according to the local ambient hydraulic 
gradient. 

Öhman et al. (2005) pay special attention to channelling when testing the methodology. 
This is carried out by applying different strategies to the sampling of the particle transit 
times for two neighbouring blocks, as a particle moves from one block element to the 
next. In many cases the particle transit times in two neighbouring blocks are assumed to 
be independent, i.e. not correlated. It is also possible to assume some correlation 
between the successive elements. The correlation means that particles traveling along a 
fast path in one block would also travel along a fast path in the next.  Öhman et al. 
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(2005) studies four different alternatives for the correlation successive transit times 
persistence  

i) No correlation, indicating that the transport channel does not 
continue in the next block. 

ii) Perfect correlation, indicating that the transport channel continues 
through out the model.  

iii) Two neighbouring blocks correlated so that transit time may change 
by a given amount. This case represents a dispersion process. 

iv) Perfect correlation over a given number of blocks (persistent 
correlation). 

Öhman et al. (2005) conclude that the most promising results gave application of the 
persistent correlation.  

The study by Öhman et al. (2005) does not directly deal with retention by the matrix 
diffusion, i.e. they do not examine properties of the uF (Equation (12)) or other 
equivalent retention property. However, the methodology can be directly applicable to 
assessment of the retention properties.  
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9 IMPLICATIONS FOR PA 

The RETROCK project (2005) notes that recent PAs for fractured rock have used 
geosphere retention more as a complementary safety function than as a main one. But 
still, also in these PAs retention in the geosphere becomes important when the waste 
canisters are broken and the radionuclides start to spread. In that situation one of the 
roles of the geosphere is to retard and attenuate the flux of radionuclides that are 
released from a repository. Assessment of the retention of the radionuclides needs to be 
carried out for a large volume of the rock that contains the whole repository and the 
bedrock between the repository and the potential discharge locations on the ground 
surface. In practice, the target volume of the rock mass can be several hundreds of 
meters vertically and a few kilometres horizontally. Estimation of the retention 
properties for a so large volume requires special modelling techniques. The different up-
scaling methods may give suitable tools to deal with the long release paths. 

The main challenge in spatial up-scaling of the matrix retention properties is coupled to 
the flow characteristics of the fractured rock. Individual fractures along the flow path 
contribute to the overall retention by a proportion that is depends on the size of the 
fracture weighted by the inverse of the flow rate (Equation (16)). If the flow conditions 
along the flow path do not vary considerably then the up-scaling is quite 
straightforward, i.e. the retention property increases linearly as the spatial scale, i.e. the 
length of the flow path, increases. However, the fractured rock is highly heterogeneous 
and comprises of multiple scales that have distinct flow properties. 

Different up-scaling methods can be compared using needs of the PA as a basis: 

• Continuum model is based on the up-scaling of the transport properties already 
at the level of the building block of the model. In practice, this leads to 
representation of the fracture network by an averaged continuum block. Earlier 
safety assessment calculations have been based on the streamtube concept that 
employs similar kind of averaging of the fracture network over large spatial 
scales. RETROCK (2005) notes on this approach that application of it will be 
difficult to defend on the conceptual grounds. Reason for this is that the 
underlying scale of averaging gives clearly too optimistic estimate of the 
retention properties, because the internal heterogeneity of the fracture network is 
not taken into account. 

• Application of the fracture network modelling is straightforward, but the 
computational requirements of the fracture network modelling are very 
demanding. Fracture network modelling is the only one of the studied 
approaches that is able to take into account the multi-scale structure of the 
fractured rock. From the transport and retention point of view it is important that 
the large-scale structures that may provide fast connection over large distances 
are incorporated to the model. 

• Statistical up-scaling method is computationally very feasible. It is based on the 
statistical description of the fracture network retention properties in one scale 
and application of stochastic processes for extrapolation in larger scales. It is 
based on the fracture network statistics that means it is able to avoid the volume 
averaging of the equivalent continuum models. The description of the retention 
properties is realistic, at least in the scales that are close the scale of the 
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underlying fracture network model. Uncertainties of this method increase when 
the difference between the scales used to derive the statistics and the scale of the 
up-scaled transport paths is large. The approach relies on assumption of the 
statistical homogeneity of the fracturing over the whole up-scaled length scale. 
However, the statistics of the underlying fracture network that is used to derive 
the statistics cannot contain accurate information on the larger scale structures 
that may eventually provide fast connection over large distances. Partly this is 
can be compensated by defining a correlation between successive segments 
along the particle trajectory. Painter and Cvetkovic (2005) note that the 
correlation is very important and it need to be taken into account in the random 
walk models of the transport in fractured rock.  

• Application of the stochastic continuum model is based on the averaging of the 
properties in the selected support scale. The method presented in the present 
report differs from the up-scaling by the continuum model so that the transport 
properties are not based on the averaged properties on the support scale, but on 
the “library” of simulation results derived from the support scale fracture 
network. Also in this method it is possible to correlate the properties for the 
successive blocks and, in fact, it was found that this type of persistency in the 
flow path properties gave best results. This method lacks the large-scale 
structures that can be important for the retention properties along the longer, up-
scaled, transport paths. However, in principal it is possible to incorporate 
deterministic structures into the stochastic continuum. 

The field experience and modelling has shown that the preferential flow and transport 
paths may run over long distances. It is important the up-scaling method does not lack 
of long distance connections, which may be important in the field scale transport. 
Difficulties in all studied up-scaling methods supports the recommendation of the 
RETROCK project (2005) to apply multiple approaches to ensure that the estimates are 
robust. 



  

    

23

10 SUMMARY 

Fractured rocks are composed of porous but impermeable rock matrix and water 
conducting fractures, which are the main conduits for the groundwater flow. In fractured 
rock the fracture network is the main pathway for the transport of possible contaminants 
of the groundwater.  

The main characteristic of the fractured rock is the great heterogeneity in different 
scales. The heterogeneous structure of the fractured rock leads easily to preferential 
flow paths that will govern both flow and transport properties. This channelling of the 
flow is an important process that needs to be taken into account when the retention in 
the fractured rock is modelled. 

At least three distinct flow environments can be identified in the fractured rock: 
channeling causing variable flow in the individual fracture planes, transmissivity 
differences between the fractures leading to preferential flow paths through the fracture 
network and extensive fracture zones providing highly transmissive connection over 
long distances.  

Large and transmissive hydraulic features have an important role in the flow and 
transport properties of the fractured rock. The flow paths tend to accumulate to larger 
features, which also carry a larger flow rate. In the modelled particle tracking 
simulations this behaviour is reflected as persistence in the flow properties along the 
flow paths. 

The main challenge of the spatial up-scaling of the retention properties is connected to 
the description of the flow characteristics of the fractured rock. Contribution of the 
individual fractures to the retention is proportional to the size of the fracture weighted 
by the inverse of the local flow rate, i.e. the flow rate affects directly the importance of 
the fractures to the overall retention. 

In the traditional continuum model up-scaling takes place when the properties of the 
fracture network are averaged to the property of the continuum blocks. However, the 
straightforward averaging of the flow may lead to overly optimistic retention properties 
for the flow paths. Therefore, it has been found that it is difficult to defend this 
approach on the conceptual grounds.  

It is also possible to up-scale based on the stochastic continuum model and applying the 
corresponding fracture network description of the transport properties in the support 
scale of the stochastic continuum model. This approach may lack some of the stochastic 
large-scale structures that can be important for the retention properties along the long 
transport paths. However, it should be possible to incorporate also the deterministic 
structures to the stochastic continuum. 

An up-scaling method has been developed that is based on the statistical description of 
the fracture network properties in an appropriate statistically representative scale. As 
this approach is based on the fracture network statistics it is able to avoid the volume 
averaging of the equivalent continuum models. However, this approach relies on the 
assumption of statistical homogeneity of the fracturing, i.e. that the small-scale fracture 
network description is valid over much larger volumes. This means that it is difficult to 
incorporate extensive fracture zones into this approach. 
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Fracture network modelling is the only one of the studied approaches that is able to take 
into account the multi-scale structure of the fractured rock and directly determine the 
retention properties of the flow paths. Fracture network modelling provides a 
straightforward way to directly simulate the up-scaling of the transport properties along 
the preferential flow paths through the fracture network and also to incorporate the 
channelling of the flow in the individual fracture planes to the model. However, it is 
computationally very demanding to directly simulate all these scales. At present, it is 
not possible to directly apply fracture network modelling to a PA-scale problem and 
take into account all different levels of heterogeneity (channels in fracture planes, 
preferential flow paths and extensive fracture zones).  

The final conclusion is that at the moment there is no general up-scaling method that 
can be applied for the performance assessment scale problems. The field experience and 
modelling has shown that the preferential flow and transport paths may run over long 
distances. Therefore, it is important that the up-scaling method does not lack of long 
distance connections, which may be important in the field scale transport. The present 
situation supports recommendation of the RETROCK project (2005) to apply multiple 
approaches to ensure that the estimates are robust. 
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