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Abstract
Larsson, M. 2012. Heterogeneity-Induced Channelling, Flow-Wetted Surface, and Modelling
of Transport in Fractured Rock. Acta Universitatis Upsaliensis.  Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Science and Technology 971. 76 pp.
Uppsala. ISBN 978-91-554-8468-2.

Heterogeneities in fractured rock are found at all scales; from the scale of individual fractures,
to the scale of fracture networks, and to the largest regional scales. These heterogeneities
cause challenges for modelling and parameter estimation of flow and solute transport. The
heterogeneities in fracture aperture, characterization of the flow channelling they are causing,
and implementation of this information into numerical simulation models of the solute transport
in fractured media are the subjects of this thesis.

Aperture variability within a fracture causes the flow channelling, where the water flow
is focused in a few channels and other areas of the fracture have practically stagnant water.
The flow-wetted surface is the area where the flowing water is in contact to the fracture area.
Contaminants are transported with the flowing water and therefore the flow-wetted surface is an
important parameter that influences the diffusion into the rock matrix and sorption to the fracture
rock surface. The specific flow-wetted surface (sFWS) is the flow-wetted surface divided by
the total fracture area. The sFWS is systematically analyzed for different fracture aperture
distribution characteristics. The local aperture is linked to the local hydraulic conductivity K.
Increasing standard deviation of the hydraulic conductivity K field (σln K) leads to decreased
sFWS. The sFWS is found to be independent of the correlation length (λ) of the field. An
empirical relationship is developed, which describes the sFWS as a function of the σln K. A
method is also introduced to determine this key parameter by analysis of the breakthrough
curve from a single-well injection-withdrawal (SWIW) test. Further, an approach is presented to
incorporate the effect of fracture level heterogeneity into fracture network models and to analyze
the effect on sorption and matrix diffusion, by including the sFWS parameter into the transport
calculations. The results show that the median transport time is proportional to the square of
the sFWS-value. The results also suggest that there are an averaging behaviour in the fracture
network, the sFWS-value of each individual fracture is not important for the transport over the
domain, but a mean-value can be utilized in the numerical model.
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Heterogeniteter i sprickigt berg finns i alla skalor, från millimeterskala till en skala på 
hundratals kilometer. Dessa heterogeniteter orsakar problem vid beräkning av vattenflöde och 
ämnestransport. Aperturen i en spricka är öppningen mellan de två omslutande bergsidorna, 
den varierar både inom och mellan olika sprickor. Ämnet för denna avhandling är 
heterogeniteter i aperturerna inom enskilda sprickor, karaktärisering av den flödeskanalisering 
som uppstår på grund av dessa heterogeniteter och hur man kan använda denna information 
till en numerisk modell. 

Variabilitet av aperturen i en enskild spricka gör att vattenflödet blir fokuserat i ett fåtal 
kanaler, medan andra områden av sprickan kan ha praktiskt taget stillastående vatten. Den 
flödesvätta ytan är det område där det strömmande vattnet kommer i kontakt med sprickytan. 
Den flödesvätta ytan som påverkar diffusionen in i bergmatrisen och sorptionen till 
sprickytan är en viktig parameter eftersom föroreningar transporteras med det strömmande 
vattnet. Den specifika flödesvätta ytan (sFWS) är den flödesvätta ytan dividerad med den 
totala sprickarean. I avhandlingen analyserades sFWS systematiskt för olika statistik över 
sprickaperturen. Den lokala aperturen är kopplad till den lokala hydrauliska konduktiviteten 
K. En ökad standardavvikelse för det hydrauliska konduktivitetsfältet (σln K) ledde till 
minskad sFWS. sFWS visades vara oberoende av konduktivitetsfältets korrelationslängd (λ). 
En empirisk relation utvecklades som beskriver sFWS som en funktion av σln K. Ett SWIW-
test är en typ av spårämnesförsök, där ett spårämne injiceras i en brunn följt av vatten i en 
bestämd tidsperiod, innan flödet vänds och en genombrottskurva registreras. Testet används 
traditionellt för att bestämma bergets diffusions- och sorptionsegenskaper. En metod 
presenterades för att bestämma den specifika flödesvätta ytan genom analys av 
genombrottskurvan för ett SWIW-test. Ett tillvägagångssätt introducerades för att analysera 
effekterna av sorption och matrisdiffusion i heterogena sprickor i en spricknätverksmodell 
genom att inkludera sFWS-parametern i transportberäkningar. Resultaten visade att 
medianvärdet för transporttiden är proportionell mot kvadraten på sFWS-värdet. Resultaten 
visade också att transporten genom spricknätverket inte är beroende av sFWS-värdet i de 
individuella sprickorna, utan att medelvärdet kan användas för modellering. 
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modelling, groundwater 
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1. Introduction 

Flow and transport in fractured rock is a challenging area of research, one 
that has been extensively studied over the last decades (Neuman, 2005; 
Tsang and Neretnieks, 1998; Bodin et al., 2003; NRC, 1996; Bear et al., 
1993; Berkowitz, 2002; Sahimi, 2011). One reason for the great interest in 
this research area is that a number of countries plan to build underground 
nuclear waste repositories as a means to dispose of their high-level nuclear 
waste in high-quality rock, wherein potential leakage is mainly through frac-
tures. For example, Sweden is planning a nuclear repository in the munici-
pality of Forsmark (NEA, 2012; SKB, 2011), whereas in Finland, a nuclear 
repository is planned to be constructed in Olkiluoto (Posiva, 2009 a, b). Be-
sides the nuclear waste investigations, flow and transport in fractured rock is 
of general interest to a number of applications, such as deep disposal of other 
waste forms, contaminant transport due to unplanned activities, and so forth. 

There are a number of issues that need to be addressed when modelling 
flow and transport in fractured rock under field conditions. These include 
characterization of the fractures in the rock, as well as model parameteriza-
tion and upscaling of these parameters, from local small-scale measurements 
to the scale of the models. All of these issues are complicated by a high level 
of heterogeneity in the fractured rock, including that arising from the hetero-
geneity in individual fractures. 

Aperture heterogeneity within fractures causes flow and transport to be 
channelized (e.g. Tsang and Tsang, 1989; Neretnieks, 1993; Tsang and 
Neretnieks, 1998; Berkowitz, 2002). This means that the flow gets focused 
along certain fast paths, and the main flow does not occupy the whole frac-
ture. The fracture aperture distribution is difficult to measure, and some of 
the existing methods for measurement, such as injection of resin into the 
fracture and subsequent excavation (Birgersson et al., 2000), damage the 
rock. Traditionally, varying fracture apertures have not been included within 
numerical models, largely because of computational constraints or the diffi-
culty in getting information and data concerning this variation. If the fracture 
aperture heterogeneity is not included, a fracture network model may tend 
toward overestimation of the spread of transport in each fracture, and there-
fore an overestimation of the active area in which retarding processes (such 
as matrix diffusion and sorption) take place. The flow-wetted surface is de-
fined as the surface area of a fracture where flowing water comes in contact 
with the rock (Moreno and Neretnieks, 1993). Since transported particles are 
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moving with the flowing water, this is the area where matrix diffusion and 
sorption take place. 

In this work, the influence of different degrees of heterogeneity in frac-
ture-aperture distributions (as described through their statistical properties) 
on solute transport is examined and quantified. This influence is examined 
by first analysing and quantifying the flow-wetted surface at a single fracture 
level, and thereafter applying the results to fracture-network modelling. 
Ways for determining the flow-wetted surface from field tests are also pro-
posed. Note that his work is a compilation of four studies (Article I, II, III 
and IV as listed previously), as detailed below. 

1.1. Objectives and aims 
The overall objective of this thesis is to investigate and develop models and 
approaches for characterizing the effect of flow and transport channelling, 
and the associated parameter of flow-wetted surface, for modelling solute 
transport in fractured rock. The specific aims are:   
• To examine the effect of aperture variability on flow and transport chan-

nelling in single fractures (Article I) 
• To develop a general relationship describing the dependency of a flow-

wetted surface on aperture variability  (Articles I and III) 
• To develop a method for estimating the flow-wetted surface of rock frac-

tures from the results of a single-well injection-withdrawal test (Article 
IV) 

• To develop a method for integrating the flow-wetted surface into frac-
ture network modelling (Article III) 

• To analyze the effect of different flow-wetted surfaces in transport mod-
elling for fracture networks (Article III)  

• To report an error, observed during the course of the work, in the parti-
cle tracking module PMPATH, associated with the widely used MOD-
FLOW code, and propose a correction. (Article II) 

In Article I, a basic understanding of heterogeneity induced channelling and 
flow-wetted surface in a single fracture is obtained, which is used in Articles 
I and III to develop a relationship for the flow-wetted surface. A method to 
determine the flow-wetted surface of a single fracture with the help of a sin-
gle-well injection withdrawal test is developed in Article IV. In Article III, 
the enhanced understanding obtained for single fractures is applied to a frac-
ture network, exploring the effect of varying flow-wetted surfaces on tracer 
breakthrough curves for fracture-network simulations. During the work with 
the single fracture simulations, we discovered an error in the widely used 
particle tracking module PMPATH; the error is reported and a correction is 
proposed in Article II. 
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In the following, first, I provide a general background with respect to 
flow and transport in fractured rocks,  including matrix diffusion and sorp-
tion, heterogeneity-induced channelling and flow-wetted surfaces, as well as 
different modelling approaches (Section 2). Next, I examine the flow-wetted 
surface in a single fracture (Section 3), and the development of an empirical 
equation for the flow-wetted surface is shown (Section 4). Then I present a 
method for estimating it with the use of breakthrough curves from a single-
well injection-withdrawal test (Section 5). The result from the study of sin-
gle fractures is subsequently applied to fracture-network modelling to ac-
count for different flow-wetted surfaces due to the individual fracture aper-
ture variability, and the effects are evaluated (Section 6). I discuss the dis-
covered error in the particle tracking code PMPATH, and present a correc-
tion scheme in Section 7. The main results of the thesis work are 
subsequently summarized and conclusions are presented (Section 8).  
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2. Background 

2.1. Modelling flow and transport in rock fractures  
Flow and solute transport in fractured rock has been widely studied for sev-
eral decades now, especially inspired by the need of a number of countries to 
build nuclear waste repositories positioned in the deep bedrock. The associ-
ated concern for possible radionuclide transport to the biosphere has set a 
high demand for good-quality estimations of flow and transport in fractured 
rock. The study area still remains a challenging one, with new methods re-
quired for characterizing and quantifying the effects of heterogeneity in this 
media (Neuman, 2005; Bodin et al., 2003; NRC, 1996; Berkowitz, 2002; 
Sahimi, 2011). Characterization of rock hydraulic properties is one of these 
challenges; mapping of the fractures and their connectedness is another. 
Traditionally, there have been three main approaches for calculating flow 
and transport in fractured rock. The first one is the effective porous medium 
approach, in which the fractured rock is assigned properties corresponding to 
an effective continuum with the same flow. This approach is applicable for 
large-scale problems wherein the detailed variability is of minor interest. The 
second approach is the stochastic continuum approach (e.g., Neuman et al., 
1987, Tsang et al., 1996), wherein the fractured rock is represented as a sto-
chastic continuum whose local-scale hydraulic properties are assigned a 
spatial distribution. This approach is also applicable at relatively large 
scales, where local scale variability has to be taken into account. The third 
approach is the fracture-network model first developed by Long et al. 
(1982), in which flow takes place in discrete fractures connected in the three 
dimensional space. This is the most detailed approach: the fractures are di-
rectly described in the numerical model, which is computationally intensive. 
Thus, the scale of the network simulations is typically limited due to compu-
tational constraints.  Another major challenge to this approach is the need for 
determining the detailed properties of the fracture networks.  

In addition, there are also hybrid methods combining several of the 
aforementioned approaches (e.g., Cacas et al., 1990; Niemi et al., 2000; Öh-
man and Niemi, 2003; Öhman et al., 2005; Svensson et al., 2010). These 
hybrid methods often include calculating block-scale properties with a frac-
ture-network model and subsequently using these values in a stochastic con-
tinuum model at the larger scale. In addition, several alternative methods 
have been presented, e.g. by Painter and Cvetkovic (2005) and by Deng et al. 
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(2010). Fracture-scale aperture variability can be included within the frac-
ture-network models (e.g., Painter, 2006; Nordqvist et al., 1996), but this 
further increases computational demands, thus limiting the scale of model 
for which computation can reasonably be done. Also, determining the het-
erogeneous aperture characteristics for field scale applications is a major 
challenge. 

2.2. Effect of sorption and matrix diffusion 
Advective flow and transport in fractured hard rock occurs within fractures. 
The spreading of the solute into the rock matrix is a diffusive process (e.g., 
Neretnieks, 1993), driven by the concentration gradient between the flowing 
fluid and rock matrix, thus making transport a reversible process. Another 
retarding process that delays advective transport is sorption to the rock adja-
cent to the fracture. Sorption is defined as the process in which the contami-
nant is attached to the surface of a solid phase (e.g., Neretnieks, 1993), due 
to several different causes. For linear sorption, mass adsorbed to the fracture 
wall is directly proportional to the concentration of solute in the fracture, and 
these processes are lumped together (and normally described by one factor, 
including both sorption and matrix diffusion—for one example, see Moreno 
and Crawford, 2009). These are the important retarding processes that can 
substantially slow down transport, especially with respect to large time- and 
spatial- scale processes such as those in predictions of potential radionuclide 
transport into the biosphere, as part of a safety assessment of nuclear reposi-
tories (Neretnieks, 1980; Elert, 1997; Tsang, 2005; Tsang et al., 2008).  Xu 
et al. (2001) showed that the rock properties display a high heterogeneity in 
the matrix diffusion coefficient, the effect thereof further investigated by 
Zhang et al. (2006). Recent observation has also shown an often occurring 
zone of altered rock at the interface of the fracture/rock matrix, this altered 
zone has a higher diffusivity coefficient (Polak et al., 2003; Widestrand et 
al., 2007). Effective matrix diffusion coefficient are found to increase with 
testing scale (Liu et al., 2004; Zhou et al., 2005), and Zhang et al. (2006) 
examined this effect by numerical simulations. These observations further 
confirm the heterogeneous properties of fractured rock. 

2.3. Fracture aperture distribution  
To calculate flow in a rock mass, we must quantify the hydraulic conductiv-
ity or transmissivity of the rock. The local fracture aperture is related to the 
local hydraulic conductivity/transmissivity of fracture void space. In our 
work, the well-known ‘cubic-law’ (Witherspoon et al., 1980) has been used, 
wherein the local scale transmissivity is related to the cube of the aperture. 
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Due to the underground location and subsequent challenges for accessibility, 
the aperture characteristics of rock fractures are difficult to measure directly.  
Tsang (1992) gives an overview of the different ways to determine the frac-
ture aperture, as well as the physical meaning of apertures determined in 
various ways. In principle, apertures can be determined based on hydraulic 
tests, which will yield an equivalent aperture using the ’cubic law’. Aper-
tures can also be analyzed using tracer tests, in which an equivalent aperture 
is based on mass-balance calculations or on frictional loss calculations. The 
equivalent aperture obtained will differ, depending on the method used 
(Tsang, 1992). A study by Zheng et al. (2008), compared experimental re-
sults to the analytical solution, they concluded that the mass balance aperture 
is the correct parameter to be used in solute transport simulations. This con-
clusion is also supported by theoretical analyzes of Tsang (1992). In addi-
tion, apertures can be estimated by direct examination of the drill cores ob-
tained during drilling, although this method is generally not recommended 
due to uncertainties in the measurement method (NRC, 1996).  

Natural fractures have apertures that are spatially variable, with different 
geometrical distributions (e.g., Hakami, 1995; Lanaro, 2001). Methods for 
measuring the aperture distribution include injection of resin (e.g., Hakami 
and Larsson, 1996; Birgersson et al., 2001). However, such a measurement 
requires careful excavation of the fracture, which has therefore significantly 
limited the possibility of getting a reliable estimation of the distribution 
while keeping the rock intact. Attempts at estimating aperture statistics have 
shown evidence of aperture variability up to about σln K=5 (e.g., Tsang et al., 
2008; Winberg et al., 2003; and Doughty and Uchida, 2003).  

2.4. Channelling and flow-wetted surface 
Aperture heterogeneity causes the water and solute transport to be channel-
ized to the pathways with least overall resistance, which means that flow and 
transport will be concentrated in flow paths with predominantly large aper-
tures (Neretnieks, 1993; Tsang and Tsang, 1989; Tsang and Neretnieks, 
1998). Some areas of small apertures may be part of the large flow paths 
connecting adjacent large-aperture areas. However, a majority of the areas 
with small apertures will have essentially stagnant water. The flow-wetted 
surface is defined as the fracture area where the flowing water is in contact 
with the rock surface (Moreno and Neretnieks, 1993); this is where matrix 
diffusion and sorption to the rock surface takes place. A larger flow-wetted 
surface provides a bigger potential for these retarding processes, and vice 
versa. Crawford et al. (2002) presented a method for estimating the flow-
wetted surface of the rock mass by the frequency of open fractures intersect-
ing a borehole between two packers. The packer-interval length is found to 
be crucial for this estimation, and should be kept short. Studies have shown a 
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strong influence of aperture variability when estimating retardation coeffi-
cient in fractured rock (e.g. Wels and Smith, 1994; Becker and Shapiro, 
2003; Reimus and Callahan, 2007), which emphasizes the importance of 
varying aperture for transport calculations. Traditional fracture-network 
models with constant aperture fractures risk overestimating the flow-wetted 
surface and thereby overestimating the retarding effect of matrix diffusion 
and sorption, since they allow the entire fracture surface to be in contact with 
the solute. In Section 3, the channelization of flow and transport in a single 
fracture is examined, and flow-wetted surfaces are analysed for different 
aperture characteristics, described through the standard deviation (σln K) and 
correlation length (λ) of the hydraulic conductivity distribution. An empirical 
equation describing the dependency is developed in Section 4.  

2.5. Accounting for flow-wetted surface in transport 
simulations 
An example is given below to illustrate the influence of a flow-wetted sur-
face on tracer transport. Transport in a single fracture at a distance away 
from the inflow is considered, assuming a constant material property group 
(MPG, unit L/T1/2) value, which describes the matrix diffusion and linear 
sorption potential for a specific substance. Let us assume an instantaneous 
‘step’ change of tracer concentration at the inflow of the single fracture, with 
a semi-infinite matrix diffusion and sorption occurring perpendicular to the 
fracture. The matrix diffusion and sorption properties are lumped into an 
MPG, defined as: 

bdekDMPG ρ=    (1) 

where De (L
2/T) is the effective matrix diffusion, kd (L

3/M) is the linear sorp-
tion coefficient, and ρb (M/L3) is the bulk density of the rock. 

The relative cumulative concentration at the outflow can then be calcu-
lated as follows (see, e.g., Moreno and Crawford, 2009): 
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where t (T) is the time, tw (T) is the advective travel time, R* (-) is a retarda-
tion coefficient accounting for equilibrium sorption, FWS (L2) is the flow-
wetted surface multiplied by two (corresponding to the two surfaces in con-
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tact with the flowing water) and Q is the flow rate (L3/T) through the frac-
ture.   

Different expressions have been presented and used in the literature to de-
scribe the effect of a flow-wetted surface on transport in fractured rock. To 
show the similarities of the different expressions used, we examine the tracer 
breakthrough concentration for a 1-D channelled flow in a fracture of vary-
ing aperture at a distance x from the input. Equation 2 can be used to calcu-
late the cumulative breakthrough curve under these conditions.  

The flow-wetted surface is the sum of the flow-wetted surfaces for each 
section along the flow channel, as presented by (for example) Moreno and 
Crawford (2009), so that:  
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where all Qi = Q for the 1-D case and AQi is the flow-wetted surface of seg-
ment i of the flow path. If MPG is assumed to be constant along the flow 
path and R* = 1, and if the advective travel time tw is much less than the time 
of interest t (which is the case for long-term calculations of transport of nu-
clear particles from a nuclear repository), then Equation 2 is reduced to: 
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where the summation is done for each separate segment i along the flow 
path. In Equation 4, the influence of the flow-wetted surface can be clearly 
seen. Comparing two different 1-D channels, that are identical except for the 
flow-wetted surface, we find that the first case has a flow-wetted surface that 
is half of the value of that in the second case. Then, in order to get the same 
argument for the complementary error function, the residence time in the 
first case would have to be one-fourth of that in the second case. In other 
words, for a given concentration (e.g., C (tC=0.5) = 0.5 C0 where the time tC=0.5 
corresponds to the median residence time), the case with the larger FWS-
value will have a median residence time four times larger than the case with 
half the FWS. 

A factor F has also been used to describe the flow-wetted surface. For ex-
ample Posiva (2009b) uses it in fracture-network simulations with constant 
aperture fractures. The factor can be decided for each individual fracture i 
along the particle flow path and is defined as:  
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where W is the fracture width, L is the fracture length and Qi is the flow rate 
in the fracture i. This is the equivalent of AQi/Qi in Equation 3 and 4. The 
individual F factors are then summed up for each particle, so that: 
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For a constant aperture case, the individual Fi factor, for each fracture is the 
particle flow path, can be written as: 
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where twi is the advective travel time or mean residence time of the water, 
and bi is the half-aperture of the fracture i. For fractures where aperture var-
ies, the factor WL does not correspond to the flow-wetted surface, and the 
equation does not hold, because the particles are not distributed over the 
entire fracture surface area. 

Cvetkovic et al. (1999) define a β-parameter as follows: 
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where τ is the residence time for a water particle from a release point to an 
observation point or plane some distance away, downstream from the flow. 
Defined in this way, the β parameter is a Lagrangian random variable that 
controls the matrix diffusion and sorption to the rock surface. The parameter 
can be calculated in the following way: 
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where βj is the value for particle j, Δτi,j is the residence time in the cell i trav-
ersed by the particle j and bi,j is the half-aperture for that cell. The arithmetic 
mean for a group of M particles is: 
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Comparing Equation 3, 5, 7, and 9, we can see that the β parameter, F factor, 
and the FWS actually describe and measure the same phenomena but in dif-
ferent ways. The flow-wetted surface describes a physical measure for the 
contact area of the flowing water and the rock, and therefore the contact 
surface that the transported solutes have with the rock, whiles the β and F-
factors also account for the water flow that comes into contact with this sur-
face.  A large value for β or F corresponds to a high potential for matrix 
diffusion, due to the large flow-wetted surface for a given flow rate, or small 
flow rate for a given flow-wetted surface. 

2.6. Including heterogeneity effects into fracture 
network simulations  
Many fracture-network modelling studies have been presented in the litera-
ture; some examples are mentioned in Chapter 2.1. Normally, these models 
do not account for heterogeneity in individual fractures, partly due to com-
putational constraints, and partly because efficient methods to account for 
such effects are lacking. Painter (2006) and Nordqvist et al. (1996) are ex-
amples of studies in which the aperture variability within fractures is in-
cluded in fracture-network simulations.  

In a fracture-network model with constant aperture that does not account 
for channelization, the flow will be distributed over the entire fracture sur-
face. If in reality, flow takes place only in a fraction of the fracture, the re-
tardation due to matrix diffusion and sorption will be overestimated when 
using fracture-network model with a constant aperture. One of the aims of 
this work is to include information about the flow-wetted surface in hetero-
geneous fractures within fracture-network models, in a computationally fea-
sible way.  Our approach is incorporated within the earlier fracture-network 
models of Öhman and Niemi (2003), Öhman et al. (2005) and Odén et al. 
(2008), which do not consider fracture-level heterogeneity and flow-wetted 
surfaces. 

Öhman et al. (2003, 2005) developed a methodology for analyzing and 
upscaling flow and transport from local-scale data, based on small-scale 
fracture-network simulations, and then used the upscaled information to 
model flow and solute transport at larger scale.  The three-dimensional frac-
ture-network simulations  used geological data—such as  data on fracture 
densities, orientation, trace length—together with hydraulic data from well 
tests (to determine fracture transmissivities), as inputs. In these transport 
simulations, no matrix diffusion was considered, and the fracture apertures 
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were assumed homogeneous. Odén et al. (2008) further developed the ap-
proach by Öhman et al (2005) and implemented a method to include matrix 
diffusion and sorption into the fracture-network transport simulations. This 
was implemented by introducing a time delay caused by matrix diffusion and 
sorption at the level of the individual fractures of the network blocks, and the 
effect on network simulations was subsequently analyzed. Also in these 
analyses, fractures were assumed to be homogeneous parallel plate fractures.   

In the present work, we introduce a method that includes matrix diffusion 
and sorption within fracture-network simulations, taking into account varia-
tions in the flow-wetted surface caused by fracture-level heterogeneities. 
Using this model, we will evaluate the effect on tracer transport (Chapter 6). 

2.7. Determination of the flow-wetted surface from 
single-well injection withdrawal (SWIW) tests 
Well tests of different kinds are performed to obtain information about me-
dia, and hydraulic and transport properties. Examples of properties that can 
be obtained through these tests are diffusion and sorption properties, connec-
tivity, and tracer residence times. Hydraulic tests are used to determine the 
transmissivity and storage properties for a section of the well (NRC, 1996; 
Jouanna, 1993). Tracer-transport tests between two wells can be used to 
investigate the breakthrough curve and to determine transport properties, and 
the tests can also be used to examine the connectivity between different 
wells through fractures (NRC, 1996; Jouanna, 1993). A single-well injec-
tion-withdrawal (SWIW) test is a test utilizing only one well that is used to 
determine either a retardation coefficient for the tracer transport or an effec-
tive material-property group value, describing the capacity of the rock and 
tracer for matrix diffusion and sorption to the fracture walls (e.g., Tsang, 
1995; Lessoff and Konikow, 1997). In the SWIW test, a short tracer-
injection period is followed by injection of a chasing fluid, which is some-
times followed by a waiting period to let the tracer diffuse further. Then, in 
the last phase, the fluid is pumped up the well, and the concentration change 
during the fluid retrieved is recorded. SWIW-tests have been studied by nu-
merous researchers (e.g., Tsang, 1995; Haggerty et al., 1998 and 2001; No-
vakowski, 1998). Unlike two-well tracer tests, SWIW tests focus on the dif-
fusive-dispersive effects of  tracer transport, since the influence of the advec-
tive part of the transport is small (ideally cancelled out) with this combina-
tion of injection and withdrawal. Lessoff and Konikow (1997) presented a 
numerical study investigating among other things the effect on tracer recov-
ery of a regional flow through the fracture and heterogeneity. They suggest 
that this combination causes difficulties to evaluate the tests. Altman et al. 
(2002), in addition, have shown a strong effect of transmissivity variance 
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(i.e. aperture variance) on mass recovery rates of a SWIW test. Because of 
their simplicity, these tests have played an important role in evaluating 
transport properties as part of hydrogeological investigations related to nu-
clear waste repositories. In Sweden, numerous such tests have been carried 
out within the nuclear waste repository program (reviewed by Nordqvist et 
al. ,2012; examples of SKB reports: Nordqvist and Gustafsson, 2004; 
Gustafsson et al., 2006; Nordqvist, 2007; Thur et al., 2007). Cvetkovic and 
Cheng (2011) presented a method of evaluating the tracer SWIW test using a 
Lagrangian travel time approach. Doughty and Tsang (2009) used a complex 
fracture model to evaluate three of SKB:s tests 

Traditionally, the SWIW test in fractured rock has been evaluated using a 
conceptual model of a homogeneous constant-aperture fracture, with no 
pressure gradient over the fracture, for estimating the effective retardation 
coefficient. In our study here (Chapter 5), we use the concept of an equiva-
lent Pm-value to describe this retardation property of the rock, in which the 
Pm-value is defined as a material-property-group value that describes the 
potential for matrix diffusion and sorption of the rock. Typical constant aper-
ture evaluation misses the effect of variable fracture apertures, and hence the 
effect of decreasing interaction area due to flow channelling. The equivalent 
Pm-value determined from SWIW tests in the field will therefore differ from 
the one determined in the laboratory. In Chapter 5, we will show the effect 
on the tracer breakthrough curve by using numerical simulation of a SWIW 
test in a 2-D fracture with variable apertures characterized by different σln K-
values, where the σln K is the standard deviation of the hydraulic conductivity 
field over the fracture plane. We will also show that the equivalent Pm and 
the true Pm-value differ, and the difference is in fact an effect of the flow-
wetted surface, which can be used to determine the specific flow-wetted 
surface. We also investigate how a SWIW test affects the tracer break-
through curve for the case in which there is a general pressure gradient over 
the fracture. This is done by applying different regional pressure gradients in 
our numerical model, in addition to the gradient created by injec-
tion/withdrawal. We demonstrate that these regional flow effects on SWIW 
tests have particular characteristics, and that they can quite possibly be dis-
tinguished from the usual diffusion-sorption effects through SWIW tests 
using tracers of different Pm-values. 
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3. Quantification of flow and transport 
channelling and specific flow-wetted surface 
(sFWS) in a single fracture (Paper I) 

In this chapter, the relationship between the flow-wetted surface and the 
underlying distribution of hydraulic conductivity in a single fracture is ex-
plored. The methodology used in this work is reviewed first, followed by a 
presentation of results.   

3.1. Methodology 
Flow and transport simulations are performed for heterogeneous rock frac-
tures. The fracture apertures are represented by two-dimensional lognor-
mally distributed conductivity fields and an exponential variogram. The ef-
fect of heterogeneity on the flow-wetted surface is investigated by system-
atically varying the standard deviation and correlation length of the underly-
ing conductivity field. The flow field is first solved for the heterogeneous 
field with a pressure step imposed between the two opposite sides of the 2-D 
field. Subsequently, particles are released by using an advective particle 
tracking code simulating the transport of a nonsorbing tracer, and the paths 
of the particles are tracked until arrival at the outflow boundary. The parti-
cles’ flow paths over fields of different standard deviations (σln K) and corre-
lation lengths (λ) of the hydraulic conductivity fields are analyzed. We also 
determine the total transversal width of a given percentage of the fastest-
flowing particles along a cross section and calculate the specific flow-
wetted surface, which is the integration of the transversal width over the 
fracture area.  

Standard deviation of the natural logarithm of the hydraulic conductivity 
values from 0.23 to 4.6 are used, a range found in an interpretation of hy-
draulic tests in natural hard rock fractures (e.g., Tsang et al., 2008; Winberg 
et al., 2003; and Doughty and Uchida, 2003). The correlation length (λ) is 
chosen to be 2%, 6%, and 18% of the fracture width, the smaller value cho-
sen to be large enough compared to the size of the numerical cell (1 λ corre-
sponding to 5 cells) and the large value to be small enough compared to the 
full width of the field used in the simulations. One set of hydraulic conduc-
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tivity fields were generated for each correlation length, subsequently the 
standard deviation of the field was changed using a method (Tsang and 
Tsang, 1989) that preserves the correlation structure and the geometric mean 
of the field. This is done in order to obtain comparable fields of different 
σln K. More details can be read in Article I. For each combination of σln K and 
λ, between 4 and 34 realizations are simulated. The geometric mean value of 
the generated hydraulic conductivity fields is kept constant at 10-4 m/s. Local 
aperture is related to the local hydraulic conductivity value through the po-
rosity value used in the equivalent porous media flow and particle simula-
tions. The relationship used is the ‘cubic law’ discussed by Witherspoon et 
al. (1980): 
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where ne,i,j is the effective porosity at position i,j in the field, and Ki,j is the 
corresponding hydraulic conductivity. Average effective porosity (<ne>) is 
set to 0.003. The field is chosen to have a length-to-width ratio of two, and it 
is discretized into 500 and 250 cells in the length and width directions, re-
spectively. Examples of two fields with different correlation lengths are 
shown in Figure 1.  

The lower and upper boundaries are set as impermeable. The left and 
right boundaries are constant-head boundaries, with an overall gradient of 
0.02, giving a flow from left to right. The flow field is calculated using the 
MODFLOW code (Harbaugh and McDonald, 1996). Even though the mag-
nitude of the flow rates and the velocities of the field depend on the gradient, 
it should be pointed out that the transport paths are not, since the movement 
of a particle is dependent on the relative magnitude of the flow rates over the 
cell boundaries in a specific numerical cell, and the relative magnitude of 
these is not dependent on the magnitude of gradient. Transport is calculated 
using the PMPATH code (Chiang, 2005). During this work, we detected an 
error with this code when modelling transport for fields with varying poros-
ities. A method to correct the flow paths and the particle’s residence times in 
each cell was introduced and is being used. More details about the encoun-
tered error and our proposed correction method are given in Chapter 7. 
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Figure 1. Two examples of hydraulic conductivity fields: (a) σln K = 3.45 & λ = 2% 
of the field width, (b) σln K = 3.45 & λ = 18% of the field width. 

Particles are released in a line parallel to the water inflow boundary, and the 
input line is located 1/10th into the field in order to avoid the influence of the 
inflow boundary, which has a constant pressure along it. For the same rea-
son, the particles are collected at a distance of 1/10th of the field length from 
the outlet boundary. The number of particles released is made proportional 
to the local flow rate in each cell along the release line, to simulate a con-
stant concentration influx, where a cell with a large flow rate carries propor-
tionally more particles.  Approximately 20 000 particles are released for 
each realization. The flow path of each particle is recorded from the release 
point to the outflow boundary. An example of the particle densities, the 
number of particles passing through each cell in the field, is shown in Figure 
2.  A check is performed for all realizations in order to detect realizations 
where the number of particles in each cell is not consistent with the total 
flow rate for the current cell. (Such realizations are removed from further 
analysis, but there are only a few such cases. More details on the particle 
tracking calculations are given in Article II.) 
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Figure 2. Example of particle densities over a realization with σln K = 3.45 and λ = 
6% of the field width. A cross section is indicated where an example is given on 
how the channelling width is analyzed (see text). The colour corresponds to the 
number of particles flowing through a specific cell in the domain. 

The channelling width is examined for different σln K and λ values, to evalu-
ate the transport channelling. The channelling width for a given percentage 
of the particles is defined as the part of a cross section that is crossed by the 
specific percentage of particles with the largest flow rates. It is calculated by 
ordering the cells, along a line (the cross section) parallel to the left bound-
ary, according to the number of particles moving into this cell, with cells 
ordered according to the number of particles going through the cell, the first 
being the cell with the largest amount of particles. In this way, a relationship 
between the fraction of particles and the fraction of the fracture cross section 
they have crossed is determined. In the example cross section in Figure 2, 
90% of the particles pass through 58 out of the 250 cells of the cross section, 
so the channelling width for 90% of the most concentrated particles is 
23.2%.  

The specific flow-wetted surface (sFWS) for a given fraction of the parti-
cles is defined as the portion of a fracture that comes into contact with this 
fraction of the most channelized particles. It is calculated as the average 
value of the channelling width over the full fracture plane for different frac-
tions of the particles. In this way, we can investigate the relationship be-
tween the fraction of the particles and the area occupied by them. In the ex-
ample in Figure 2, the sFWS for 90% of the particles corresponds to 28.4% 
of the fracture.  

We conducted an investigation of grid dependency to evaluate whether 
the fracture was discretized finely enough. The simulations showed that 
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there is no effect induced by a finer discretization, as long as the conver-
gence criteria are kept strict. The convergence criteria used is 10-7 m for the 
total head change between two iterations, and 10-7 m3/s for the residual. 
More information is given in Article I.  

3.2. Results 
In this section, the results for channelling width and flow-wetted surfaces for 
different σln K and λ are presented. The particle densities on the plane of the 
fracture show the clear impact of varying σln K and λ (Figure 3 and 4). The 
particles become increasingly focused into fewer channels as σln K increases, 
as can be seen in Figure 3. For increasing λ-values, the particles also get 
increasingly channelized (Figure 4); however, each channel is wider for 
smaller λ-values. For increasing σln K the channelling width shows decreasing 
values for a given fraction of particles. For 90% of the particles and σln K = 
1.15, the channelling width is stable over the entire field at approximately 
70% of fracture width; for σln K = 4.61, the channelling width is about 15%. 
These results are in line with the particle-density results shown previously. 
For the different λ-values, however, the results fully overlap with each other, 
suggesting that they are independent of the correlation length. The figures 
showing the results for different values of channelling width are left out, but 
can be found in Article I.  

The sFWS is defined as the fraction of the fracture that comes into contact 
with a given fraction of the particles, which also approximately corresponds 
to the same fraction of the flow. Figure 5 shows the sFWS as a function of 
the fraction of particles for different σln K. The lines correspond to the results 
from the numerical simulations. All lines with similar symbols correspond to 
multiple realizations with the same underlying hydraulic conductivity statis-
tics. The circles correspond to a fitted equation that will be discussed in 
Chapter 4. It can clearly be seen that the specific flow-wetted surface sys-
tematically decreases with increased σln K. For a nearly homogeneous fracture 
(σln K = 0.23), the particles are evenly distributed within the fracture. In this 
case, the sFWS is close to a linear relationship with respect to the fraction of 
particles, so that 50% of the particles are carried by almost 50% of the frac-
ture. For the most heterogeneous fracture (σln K = 4.61), on the other hand, 
the sFWS value for the same amount of particles is approximately 2%, since 
the particles are concentrated into only a few large channels.  
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Figure 3. Particle densities for λ = 6% of field width, a) σln K= 1.15, b) σln K= 2.30, c) 
σln K= 3.45, d) σln K= 4.61. 
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Figure 4. Particle densities for σln K=4.61, a) λ=2%, b) λ=6%, c) λ=18% of the field 
width.  

 

The results also show that sFWS values are independent of the correlation 
length, as can be seen in Figure 6, where realizations for three different λ-
values with σln K = 3.45 are plotted together. The sFWS results of the three λ-
values overlap with each other completely, which is in line with the results 
of the channelling width and particle densities shown earlier. Similar results 
are found for other standard deviations and varying λ. These results can be 
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easily understood if the particle densities are examined. The flow paths in 
Figure 4 are different for the different correlation lengths, but the relative 
proportions of the fracture that meet the flowing particles are similar. In 
other words, if one would ‘zoom in’ the field according to the correlation 
length, so that the compared fields with different correlation lengths are 
zoomed to a specific number of correlation lengths, a similar flow pattern 
should be seen in both cases, with the results of sFWS shown in Figure 5 and 
6 being independent of the correlation length λ. 

 
Figure 5. The specific flow-wetted surface as a function of fraction of particles for 
different values of standard deviation of the fracture hydraulic conductivity distribu-
tion (σln K). Results of numerical calculations are shown as black lines. Red circles 
indicate the fit with Equation 16 below. 
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Figure 6. Fraction of the particles carried by corresponding part of the fracture used, 
for different correlation lengths of the hydraulic conductivity field (λ) and 
σln K = 3.45. Results for different realizations for the same λ value are plotted as 
separate curves with the same colour.  

In the following chapter, the development of an empirical equation is pre-
sented for results shown in Figure 5, where the specific flow-wetted surface 
is described as a function of the standard deviation of the hydraulic conduc-
tivity alone.  
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4. Empirical equation relating specific flow-
wetted surface to aperture heterogeneity 

In this chapter, we present the derivation of an empirical equation describing 
the relationship between the standard deviation of the hydraulic conductivity 
field and the specific flow-wetted surface. The equation should follow the 
requirements given by Figure 5 and summarized in Table 1. Here, P is the 
fraction of the particles. Furthermore, it is required that the equation be sim-
ple. A first guess for a functional form is given by Equation 12, as it is the 
simplest equation that follows the suggested constraints. Equation 13 is pro-
posed as a more general functional form derived from Equation 2, a form 
that is more flexible and allows a better fit to the numerical results. For 
Equation 12-14, sFWS is the specific flow-wetted surface, P is the fraction 
of particles, σln K is the standard deviation of the hydraulic conductivity in the 
fracture, and η and N are parameters that can be varied to fit the numerical 
data.  In Article I, III, and IV, the specific flow-wetted surface calculated 
with an equation is denoted S; here, however, we choose to call it sFWS, to 
be consistent with the notations used in Chapter 3. Expressions f(σln K) and 
g(σln K) simply indicate a functional dependence on σln K. 

 

Table 1. Requirements for the functional form 

For parameter value Required result 

P = 0 sFWS = 0 

P = 1 sFWS ≈ 1
σln K = 0 sFWS = P
Increasing σln K sFWS decreases 
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where Equation 13 can be rearranged as in Equation 14:   
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In order to evaluate whether the functional form of Equation 13 and 14 are 
accurate, the natural logarithm of sFWS/P is plotted as a function of the 
natural logarithm of (N-Pη). In Figure 7, a plot with N = 2 and η = 2 is 
shown, which is the combination of parameters that gives the longest straight 
lines in the figure. A linear curve is fitted to the data by linear regression, for 
an interval of 0.42<P<0.96.  If another interval is needed, e.g., P<0.42 or 
P>0.96, the procedure can be repeated with either another functional form or 
another combination of N and η.  

 

 
Figure 7. Plot of linear regression fits in the interval ln (2 – P2) = 0.1 to ln (2 – P2) = 
0.6. Linear regression gives a curve y = m * x + b, where m and b are functions of 
σln K and are denoted f (σln K) and g (σln K), respectively. sFWS is in this figure de-
noted S. 
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Figure 8.   f(σln K) (left y-axis and circle symbols) and g(σln K) (right y-axis and 
square symbols) as a function σln K. f (σln K) is the slope of the regressed fitted curves 
in Figure 7 and g (σln K) is the intercept. 

The slopes and intercepts of these linearly interpolated curves in Figure 7 are 
investigated to find the functional relationships f (σln K) and g (σln K). The 
slope f (σln K) is plotted as a function of σln K (black curve and left axes in 
Figure 8). A simple linear relationship is judged sufficient to approximate 
the behaviour. To determine the g (σln K), the intercepts with the y-axis are 
also plotted as a function of σln K (red curve and right axes in Figure 8). Here, 
a simple quadratic relationship is chosen to describe the relationship. Insert-
ing these functional relationships into Equation 14 gives the following equa-
tion: 
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Using the Surface Fitting Toolbox in Matlab, the combination α = -0.941 and 
β = -0.0426 was found to give the best fitting result. By rounding off these 
values to one significant figure, we arrive at the following equation: 
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In Figure 5, the red circles display the result of Equation 16. As pointed out, 
this model is (strictly speaking) only valid for the range 0.42<P<0.96, but as 
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can be seen in Figure 5, there is good agreement as to the behaviour outside 
this range as well. However, if there is a need to investigate in detail the 
specific flow-wetted surface for the most channelized/fastest particles 
(P<0.42), there might be a need to develop other functional forms.  The de-
velopment of such a functional form can be based on the method used here 
and adjusted to another interval of P. This derived model gives a general 
expression of sFWS as a function of aperture σln K and can be used as input 
for fracture-network simulations, as explained in Chapter 6. 
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5. Estimation of the sFWS using the 
breakthrough curve of a SWIW-test (Paper IV) 

A single well injection withdrawal (SWIW) test is a well test in which a 
short tracer injection is followed by injection of a chasing fluid. After a pe-
riod of time, the flow is reversed, and the concentration of tracer in the out-
flow is recorded to get a tracer breakthrough curve. Traditionally, the test 
has been used to determine rock/tracer retardation properties. In this work, 
we introduce a method to determine the sFWS of a heterogeneous fracture by 
analysing the tracer breakthrough of the SWIW test. We also analyze how 
the results depend on the regional flow or pressure gradient.  

5.1. Methodology 
A SWIW test is modelled by simulating injection and withdrawal of particles 
over 2-D fields of hydraulic conductivity, where the standard deviation (σln K) 
is varied. The different fields have the same correlation structure, which 
allows for a systematic study of the effect on the tracer breakthrough curves 
for different σln K. Flow and particle transport is simulated for a short injec-
tion period, followed by a period of pumping in chaser fluid (normally water 
without any tracer) into the fracture. Then follows a withdrawal period 
where fluid is pumped out of the fracture. During the withdrawal period, the 
flow field is reversed, and particle tracking is performed on the return of the 
particle back to the well. In the simulation, the well is placed at the centre of 
the fracture. By releasing a large number of particles over fields of different 
σln K and calculating the total travel time, including effects of matrix diffu-
sion and linear sorption, for all the particles, we can study the effect of the 
σln K on tracer breakthrough curve.  

Water flows are calculated using the MODFLOW code (Harbaugh and 
McDonald, 1996) for the injection and withdrawal period for several differ-
ent hydraulic conductivity distributions over the fracture field. Particle track-
ing is done using the THEMM code (Tsang and Tsang, 2001; Doughty, 
2012). The injection phase, with a short pulse injection of tracer and the 
following injection of chaser fluid, lasts for three days before the withdrawal 
phase begins, and it is simulated until most of the particles have returned to 
the well. The upper and lower boundaries are closed boundaries; the left and 
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right ones are open and modelled as constant pressure boundaries. The 
boundaries are chosen to represent a fracture with two closed sides and two 
sides with connections to neighbouring fractures. This mesh design also 
allows for a study of the effects of regional pressure gradient on the SWIW 
test discussed in Chapter 5.4. 

The flow rate is taken to be 10-6 m3/s, chosen to achieve a proper spread 
of the particles in the fracture given the volume of the fracture. The field 
consists of 200 cells in each direction, representing a 100 m by 100 m frac-
ture or fracture zone. The generation of conductivity and porosity fields fol-
lows the same methodology as used in Chapter 3; more details are given in 
Article IV. Approximately 200 000 particles were released in the injection 
period for each flow field. The THEMM code calculates the advective resi-
dence time of the particle by using the head field from the MODFLOW flow 
calculation. To calculate the total transport time in each numerical cell, the 
THEMM code can calculate a time delay corresponding to the delay in 
transport caused by matrix diffusion and linear sorption. It is calculated by 
assuming matrix diffusion into an infinite rock matrix occurring in a direc-
tion normal to the advective flow direction. Then, an analytical solution in-
cluding matrix diffusion and sorption can be used (Neretnieks, 1980; Tsang 
and Tsang, 2001): 
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where kd is the linear sorption coefficient (L3/M), ρP is the rock-matrix den-
sity (M/L3), De is the effective diffusion coefficient (L2/T), tw is the residence 
time for a particle without matrix diffusion (T), t is the residence time for a 
particle with matrix diffusion (T), and b is here the local aperture (L) at 
points in the fracture plane. Material properties can be lumped together in a 
factor Pm, defined as: 

 

DDkP ePdm ρ=    (18) 

where D is the free water diffusion coefficient (L2/T), which in this study is 
set to D = 2×10-9m2/s. An increased value of the dimensionless factor Pm 
results in a larger residence time due to stronger linear sorption and diffusion 
into the rock matrix. 

The simulations are performed in two main scenarios. The first scenario 
consists of simulations of SWIW tests in which the left and right constant 
pressure boundaries are assigned equal value, so that there is no regional 
gradient over the field. The simulations are performed for a number of dif-
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ferent standard deviations of the hydraulic conductivity field, where the val-
ues tested are σln K= 0, 0.23, 1.15, 2.30, and 3.45. For the homogeneous frac-
ture (σln K= 0), nine different Pm-values are used, to simulate tracers of differ-
ent capacities for diffusion and sorption. The heterogeneous fractures are 
simulated for two different Pm-values. (These results are shown in the next 
section, Chapter 5.3). Subsequently, a method for determining the sFWS-
value using the tracer breakthrough curve from a SWIW test is presented in 
Chapter 5.4. The second scenario consists of simulations with a higher con-
stant pressure on the left boundary than on the right boundary, creating a 
gradient over the field. This is in addition to the radial gradient created by 
the injection/withdrawal of the SWIW test.  This additional gradient over the 
field will from now on be called a ‘regional gradient’. The breakthrough 
curves are analysed to identify the effect of the gradient and to examine any 
systematic changes. Simulations are done for a homogeneous fracture and a 
heterogeneous fracture (with σln K= 2.30), and for both cases, two Pm-values 
are used. Two different regional gradients are tested in addition to the previ-
ously mentioned zero-gradient case. These results can be found in Chapter 
5.5. 

5.2. Results for simulations without a regional gradient 
In this section, we show the results for the first scenario mentioned above, 
simulations of SWIW tests without a regional gradient. As a verification 
exercise, we compare these results to an analytical solution for the constant 
aperture fracture case. The analytical solution was initially presented by Jung 
and Preuss (2012) for a one-dimensional thermal-flow pulse injection, fol-
lowed by flow withdrawal in a homogeneous single fracture, where the heat 
conduction is normal to the flow path. This analytical solution was imple-
mented for a radial SWIW test (Jung and Preuss, 2012; Jung, private com-
munication, 2012). The analytical solution is easily adapted to a tracer 
SWIW test, due to the similarities in the governing equation. The results 
show excellent agreement between the analytical and the numerical solution, 
and gives good confidence in the methodology. The figure is omitted but can 
be found in Article IV. 

Figure 9a and 9B respectively show the numerical results for the parti-
cles’ positions at the end of the injection period of SWIW tests in both ho-
mogeneous (constant-aperture) and heterogeneous (varying aperture) frac-
tures. Particle positions at the end of the injection period show us a number 
of things. For the homogeneous fracture, the particles of a nonsorbing tracer 
(Pm=0) approximately form a circle around the well (the red dots in Figure 
9a show Pm=0). The variations from the circle represent numerical and grid-
orientation effects. On the other hand, the highly sorbing particles, with a 
Pm=10-3, are located much closer to the well and fill a smaller inner circle 



 39

(the black dots in Figure 9a show Pm=10-3). This case also shows a differ-
ence between the nonsorbing particles and the sorbing particles that have 
travelled furthest from the well, shown as the white space in between the red 
circle and the closest black dots. For the heterogeneous simulation (Figure 
9b), the advective particles no longer form a circle; the positions are highly 
irregular, due to the heterogeneous flow field. The sorbing particles occupy 
the whole inner area, and the difference between the advective particles and 
the sorbed particles that have travelled furthest from the well is much 
smaller in this case.  

The breakthrough curves for a homogeneous fracture (Figure 10) show 
that results for small Pm-values (with a low potential for matrix diffusion and 
sorption) display a sharp peak close to two times the length of the injection 
period, as to be expected. For larger Pm-values the peak arrives earlier but is 
more spread out with a much lower concentration. The spread-out peak is 
earlier than two times the length of the injection period, as many of the parti-
cles that are highly sorbed and diffused are retained close to the well during 
the injection phase.  During withdrawal, some of these particles rejoin the 
flowing water and return early to the well. These cases also display a long 
tail, a signature of a highly retarded tracer breakthrough curve.  
 

 
Figure 9. Particle position at the end of the injection period. The well position is 
(49.5,49.5). The red dots indicate position of non-sorbing particles (Pm=0) and black 
dots indicate the position of particles with Pm=10-3. The upper figure, (a) shows 
results for a homogeneous fracture, and the lower figure, (b) shows results for a 
heterogeneous fracture with σln K = 2.30.   
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Figure 10. Breakthrough curves for a homogeneous fracture (σln K=0) for a number 
of different Pm-values. The green dot on the x-axis indicates two times the injection 
period. 

For the heterogeneous fractures, a similar pattern can be seen (Figure 11) 
when comparing the results for different Pm-values for one σln K. The break-
through curves for a case with a large Pm-value have an earlier peak with 
lower concentration when compared to that with a small Pm-value. Examin-
ing the results for different σln K-values, with one Pm-value of 10-6, we find 
that the peak concentrations increase slightly with increasing σln K, but the 
time of the peak for different σln K is constant at a time close to two times the 
injection period. However, the breakthrough curves for a large Pm-value 
have increasing peak times as the σln K-value increases, as well as increasing 
peak concentration. These results indicate that tracer transport for heteroge-
neous fractures with a large Pm-value displays similar behaviour to the tracer 
transport for homogeneous fractures for a tracer with smaller Pm-value. The 
curve for σln K=2.30 and Pm=10-4.5 has a behaviour in between that of the 
smaller and the larger Pm-values, with the peak at approximately two time 
the injection period but the peak has considerably lower concentration com-
pared to the small Pm-values. The tails of the breakthrough curves for large 
time values (figures omitted here) show a 3/2 slope on the logarithmic scale, 
as is typical for a diffusive-dominated transport situation (Konosavsky et al., 
1993; Rumynin, 2011). In other words, diffusive behaviour dominates even 
over heterogeneity effects for long times, as to be expected. This tail behav-
iour is also seen in the fracture-network simulations and is further discussed 
in Chapter 6. 
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Figure 11. Breakthrough curves of the peak for different combinations of σln K-
values and Pm-values. Solid lines show Pm=10-6, the dash-dotted lines show Pm=10-3 
and the dotted line show Pm=10-4.5. The green dot on the x-axis indicates two times 
the injection period. 

The cumulative breakthrough curves for a homogeneous fracture and a num-
ber of different Pm-values are shown in Figure 12a. The figure confirms the 
large influence of the Pm-value. For small values, the cumulative break-
through curve is very steep, centred around two times the length of the injec-
tion phase. For large Pm-values, the curve is much more diffuse and has a 
gentler slope.  The arrival time for a given mass percentage larger than ap-
proximately 0.5 gets larger for larger Pm-values. Breakthrough curves for 
heterogeneous fractures are shown in Figure 12b, and the previously ob-
served behaviour is also confirmed. Results for Pm=10-6 have a very steep 
slope, and those for the Pm=10-3 show a larger spread with a more dispersed 
curve. Examining the dependence of σln K for one Pm-value, we clearly find 
that the behaviour of the cumulative breakthrough curve for a large σln K-
value is similar to the behaviour of a homogeneous case with a smaller Pm-
value (by comparison of Figure 12a and 12b). 
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Figure 12. Cumulative breakthrough curve with a comparison of a homogeneous 
fracture and different Pm-values to different σln K with Pm=10-3.  

5.3. A method to estimate sFWS with the help of 
SWIW-test breakthrough curves 
In this section, we present a method to determine the flow-wetted surface for 
a heterogeneous fracture with the help of the tracer SWIW breakthrough 
curve. Chapter 4 presents the relationship, describing the sFWS as a function 
of the standard deviation of the hydraulic conductivity field for a two-
dimensional flow situation in rock fractures. From Equation 20 in Chapter 6, 
where simulations over fracture networks are examined, it is seen that the 
behaviour of the breakthrough curve over the domain is not only depends on 
the sFWS, but also on the material property group Pm. Values of sFWS and 
Pm that will produce the same factor (Pm)1/2×sFWS will all generate the same 
breakthrough curve for transport through the domain. This suggests a way to 
determine the sFWS value from the tracer SWIW test breakthrough curve. 
The cumulative breakthrough curve for a heterogeneous fracture (with a 
given combination of σln K and Pm) can be compared to one of a homogene-
ous fracture (σln K=0) and an ‘equivalent’ Pm-value (from now on denoted 
Pm,eq) can be determined. Figure 12 shows that the cumulative breakthrough 
curve with a large σln K does behave similarly to a curve for a homogeneous 
fracture of smaller Pm-value. A Pm,eq-value can then be estimated by fitting 
the arrival time for a given mass-fraction m to the arrival time of a homoge-
neous fracture and the Pm,eq-value. In Figure 13 the arrival times for two 
examples of mass fraction, m=0.75 and m=0.9, are shown.  
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Figure 13. Arrival time for cumulative mass of two fractions of the mass for a ho-
mogeneous fracture. 

The arrival time of the mass fraction m for the heterogeneous fracture of a 
given combination of σln K and Pm is fitted to the arrival time for the same 
mass fraction for a homogeneous curve and a varying Pm-value. The Pm,eq-
value is achieved with this fitting, done using a simple linear regression. 
Here, the linear regression is done for simulations of Pm=10-3, and the two 
mass fractions m = 0.75 and 0.9. Pm=10-3 are used because they give a 
steeper slope (Figure 13), and therefore the fit will be better. The equivalent 
Pm-value is used to determine an equivalent sFWS value, by using the fol-
lowing equation: 
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where Pm is the Pm-value used in tracer transport simulations, which corre-
sponds to the laboratory-measured Pm-value. We have compared sFWSeq 
obtained with Equation 19 to the sFWS-value calculated by using the empiri-
cal equation (Equation 16) in Chapter 4, since the σln K-value is known as 
input to the SWIW calculations. In Table 2, this comparison is shown. 
Strictly speaking, Equation 16 is only valid for fractions of particles P, such 
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that 0.42<P<0.96. However, a thorough comparison to the numerical results 
presented in Figure 5 shows negligible difference, so that Equation 16 can be 
used. In using Equation 16, we have chosen to use P=1, to generate the 
sFWS for essentially all the particles through the fracture plane. A compari-
son to P=0.9 is also included. The results show good agreement between the 
sFWSeq and the value taken from Equation 16 and P=1, especially for low 
σln K, and a little bit worse for large σln K. The good agreement gives confi-
dence that this is a proper method to determine the sFWS, with the help of 
SWIW tests. During Article III, a P-value of 0.9 is used. The results attained 
from the SWIW test suggest a usage of a higher fraction, but the exact value 
can further be discussed.  

 

Table 2. Comparison of the real Pm-value and the Pm,eq for two different cumulative 
mass, to the corresponding sFWS-value and the sFWS-value determined by Equation 
16. 

σln K Pm, 

real 
Pm,eq, 
m=.75

sFWSeq

m=.75
Pm,eq, 
m=.9

sFWSeq

m=.9
<sFWSeq> sFWSP=0.9 sFWSP=1 

0.23 10-3 0.99×10-3 1.0 1.0×10-3 1.0 1.0 0.87 1.0 

1.15 10-3 0.89×10-3 0.95 0.89×10-3 0.94 0.95 0.70 0.95 
2.30 10-3 0.48×10-3 0.67 0.44×10-3 0.66 0.67 0.49 0.80 
3.45 10-3 0.17×10-3 0.41 0.17×10-3 0.41 0.41 0.31 0.60 

5.4. Simulation results for the cases with a regional 
gradient and the possibility to distinguish its effect 
In this section, we present results for the simulations of SWIW tests per-
formed on fractures with a regional flow gradient. Breakthrough curves for 
two different gradients are shown, together with comparisons to the corre-
sponding cases without a regional gradient. Particle positions at the end of 
the injection phase for a homogeneous fracture with Pm=10-6 can be seen in 
Figure 14. The particles in the simulation with the largest regional gradient 
(1/100) have spread furthest downstream, as might be expected. One inter-
esting observation is that when the particles have travelled downstream, a 
large number of the particles come closer to the well, which is no longer 
centred in the tracer cloud. The 1/1000 gradient simulation differs little from 
the no-gradient simulation. 
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Figure 14. Position of the particles at the end of the injection period for a homoge-
neous fracture (σln K = 0) and Pm = 10-6, for different regional gradients. 

The breakthrough curves (Figure 15) show some very interesting features. 
The effect of the regional gradient is highly dependent on the value of the 
material property group, Pm. For Pm=10-3 (the red, purple, and orange curves 
in Figure 15), there is no qualitative difference in the breakthrough curve, as 
all curves are very close to each other. For Pm=10-6 (the green curve shows 
the no-gradient case, the blue curve shows a regional gradient of 1/1000, and 
turquoise curve shows a regional gradient of 1/100 in Figure 15), distinct 
differences can be seen. Furthermore, the breakthrough curves for the homo-
geneous fracture (Figure 15a), for these Pm-values and a regional gradient, 
show a bimodal behaviour, with the first peak arriving earlier than for the 
case without the regional gradient. For the peak for the simulations with the 
largest regional gradient, only the first peak is distinct, and it is much earlier 
than the no-gradient case (about 3.6×105s versus 5.2×105s). The tails of all 
curves display a 3/2 slope typical for transport dominated by diffusive proc-
esses over longer times. For the heterogeneous fracture, the breakthrough 
curves are more diffuse, and the discussed features can be harder to detect, 
e.g., the clear double peak, for the gradient 1/1000 and Pm=10-6, are dis-
persed into one peak that is similar to the peak in the no-gradient results. 
However, a signature of the two peaks can perhaps still be discovered. For 
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the large gradient, for small Pm and nonsorbing tracer, the effect is still dis-
tinct. The results show the possibility for estimating the regional gradient 
from the behaviour of the tracer breakthrough curve. Tracers with large Pm-
values should be used to determine the sFWS or possibly the equivalent Pm-
value, since these breakthrough curves have been shown to be largely inde-
pendent of the regional gradient. Tracers with low Pm-value can then used to 
estimate the regional gradient. The use of multiple tracers of different Pm-
values, that are fitted to breakthrough curves and simultaneously analyzed, 
can be a good practice for estimating both the specific flow-wetted surface 
and the regional gradient. Further research will be conducted to explore the 
practical application and limitations of this method for determining the re-
gional gradient. 

 
Figure 15. Breakthrough curve for σln K = 0 (left) and σln K = 2.30 (right), Pm = 10-6 
and Pm = 10-3.  
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6. Implementation of sFWS to fracture 
network modelling (Paper III) 

In this chapter, a method is presented for including a specific flow-wetted 
surface into fracture-network simulations, starting from a constant aperture 
fracture-network model. With this model, we will analyze the effect of in-
cluding a specific flow-wetted surface resulting from fracture-aperture vari-
ability on the simulation results of a fracture-network model.  

6.1. Method to include the effects of variable flow-
wetted surface 
Odén et al. (2008) presented a method for including the effect of matrix dif-
fusion and linear sorption into constant aperture fracture-network models. 
This method was originally developed by Yamashita and Kimura (1990) and 
was adopted to transport in fractured rock (see, e.g., Tsang and Tsang, 
2001). First, the advective travel time for each particle travelling through the 
fracture network is calculated with a fracture-network model without sorp-
tion and matrix diffusion.  For this, Odén et al. (2008) adapted the fracture 
network simulations of Öhman and Niemi (2003), as we do in this work. 
Then a time delay, corresponding to the delay in transport due to matrix dif-
fusion and sorption, is calculated by using Equation 17 and the method de-
scribed in Chapter 5.2. This approach is identical to the one used in Chapter 
5 for the SWIW-test, with the difference that in the approach by Odén et al. 
(2008), the time delay is computed for an entire fracture surface given the 
advective travel time. In our work, we extend this to variable apertures, 
through the concept of sFWS and the expression developed in Chapter 4.  

In Equation 17 the factor tw/b is identical to the factor sFWS/Q, as well as 
other factors as described in Chapter 2. The tw is the advective-particle travel 
time, b is the fracture aperture, sFWS the flow-wetted surface and Q is the 
flow rate through the specific fracture. The tw/b (or sFWS/Q) factor describes 
the reaction area for the matrix diffusion and sorption divided by the flow 
rate. For flow and transport simulations of a fracture network with fractures 
of constant aperture, the flow is spread over the entire area of each fracture 
as opposed to a variable-aperture condition. In order to include the effect of 
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varying fracture apertures and a decreased flow-wetted surface area, the tw/b 
factor is multiplied by the sFWS factor: 
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By factoring the sFWS to the previous equation, we can use Equation 20 to 
calculate the particle residence time t, including the effect of the specific 
flow-wetted surface applied to each of the fractures along the particle trajec-
tory. 

To determine the sFWS, we use the results and expression in Chapter 5. 
Alternatively, if data on the aperture variance is available, then Equation 16 
in Chapter 4 can be used directly. If none of these data is available, the 
sFWS-value can be used as a calibration parameter. Another option is to use 
the factor as a sensitivity parameter to examine the effect of different spe-
cific flow-wetted surfaces and (if needed) use the result to argue for a SWIW 
test to decide a specific value. In this study the σln K (or the sFWS) is used as 
a sensitivity parameter, and the effect on the transport breakthrough curve is 
investigated.  

6.2. The fracture network simulations 
Multiple realizations of fracture networks are generated based on data re-
garding the statistical distributions of fracture orientations, density, length 
and termination properties. The particular set of data used in our work comes 
from Sellafield, England, and is summarized in Table 3. The fracture-
network blocks are cubic, 7.5 m for each side. One hundred of the fracture 
networks were stochastically generated using the Fracman code (Dershowitz, 
1998), based on the statistical input given by Table 3. In the network simula-
tions, the fractures all have a constant aperture and transmissivity, but each 
fracture’s transmissivity is randomly assigned from a lognormal distribution, 
with a geometric mean (µlog T) of -12.6 m2/s and a standard deviation (σlog T) 
of 1.23. The transmissivity data have been determined using borehole packer 
test data from depths of 650 m to 800 m, described in Öhman and Niemi 
(2003). Flow is calculated for each fracture network using an imposed step 
gradient, first in a horizontal and then in a vertical direction. Given the re-
sulting flow field over the fracture network, particle tracking is performed to 
determine the advective transport and breakthrough curve. Both flow and 
particle transport are calculated by the MAFIC code (Miller et al., 1999). 
Further details concerning the original fracture network generation and 
transport simulations without any matrix diffusion and without the effect of 
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the specific flow-wetted surface, are covered in Öhman and Niemi (2003) 
and Öhman et al. (2005). In this study (Article III), these travel times are 
corrected with the approach presented in Chapter 6.1, in which a time delay 
caused by matrix diffusion and sorption with a specific flow-wetted surface 
factor, for each fracture traversed by the particle, is added to the its advective 
travel time. 

 

Table 3. Data on fracture geometry. Reprinted from Öhman and Niemi (2003) 

Fracture 
set 

Mean 
Dip, 
deg 

Dip Direc-
tion, deg 

Fisher 
κ 

Perpendicular 
Spacing Sf, m 

Total 3-D 
Intensity P32, 
m2/m3

Conductive 3-D 
Intensity, P32

Cond, 
m2/m3

1 08 145 5.9 0.29 2.91 1.09 

2 88 148 9 0.26 3.24 1.22
3 76 021 10 0.28 3.01 1.13
4 69 087 10 0.31 2.74 1.02 

6.3. Tested scenarios 
The effect of including the specific flow-wetted surface into the solute trans-
port is investigated by testing three different scenarios summarized in Table 
4. In scenario A, all fractures are assigned the same sFWS corresponding to 
one σln K-value. σln K are varied from the smallest value of 0.5 up to the largest 
of 4. This range is reasonable for natural fractures, especially at deep depths 
(Tsang et al., 2008; Winberg et al., 2003; and Doughty and Uchida, 2003). 
Apart from these realistic values, much lower values for the specific flow-
wetted surface are tested in order to determine whether the resulting break-
through curve converges toward the curves not including matrix diffusion 
and sorption at all. In Scenario B, all the fractures are assigned a σln K-value 
randomly from a uniform interval, with two different intervals tested as 
shown in Table 4. In Scenario C, the standard deviation of the hydraulic 
conductivity field is assigned different values for the horizontal fracture set 
and the three vertical sets. This is done based on the idea that all horizon-
tal/vertical fractures might have similar σln K if they were formed in a similar 
way. Two different cases are tested: in one, the horizontal σln K is kept con-
stant and the vertical σln K is varied; in the second case, the opposite is tested. 
All scenarios are simulated both with a vertical and a horizontal pressure 
gradient over the fracture networks, and therefore the results are presented 
for both directions. 
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Table 4. Different scenarios for assigning the standard deviation for hydraulic con-
ductivity for the fractures in the networks.  

Scenario  Sub-scenarios 

A One σln K for all fractures σln K =0.5, 1, 1.5, 2, 2.5, 3, 4 

B Random σln K sampled from a 
uniform distribution 

σln K =[0, 4], [1,3] 

C Different σln K for vertical and 
horizontal fracture sets 

σvert = 2, σhor = 0.5, 1, 2.5, 4 
σvert = 0.5, 1, 2.5, 4, σhor = 2 

6.4. Results 
6.4.1. All fractures with equal heterogeneity statistics 
(Scenario A) 
Scenario A consists of a number of simulations with a different σln K assigned 
to all fractures in the fracture networks. In addition to the reasonable values 
(between σln K=0 and σln K=4]), larger σln K-values (smaller sFWS) were also 
included to analyze the overall behaviour. The complete list of cases can be 
seen in Table 5. The cumulative breakthrough curve shows that a decreased 
specific flow-wetted surface (corresponding to an increased σln K) makes the 
transport over the fracture network faster (Figure 16). In fact, the behaviour 
of the breakthrough curve can go from the breakthrough curve for a case 
with full matrix diffusion and sorption over the whole fracture, to the break-
through curve for a case without matrix diffusion, by decreasing the sFWS 
value in Equation 20. Figure 16a shows the results for simulations with a 
gradient in the horizontal direction, whereas the Figure 16b shows the results 
for a vertical gradient. No significant difference can be found in the two 
figures’ cumulative breakthrough curves. Therefore, only the results for the 
horizontal gradient will be discussed. In Table 5, the median arrival time (the 
time when half of the mass/particles has arrived through the fracture net-
work) and the slope of the cumulative breakthrough curve around this point 
are shown. In Figure 17, the slopes and the median travel time are plotted as 
a function of the mPsFWS × .  Some interesting features can be seen. In 
this study, only the sFWS is changed, the Pm-value is a constant. Both curves 
show large changes when the sFWS is large, but for small sFWS-values, the 
curves are close to constant and close to the result with no matrix diffusion 
(filled markers on the left axis in Figure 17). The natural logarithmic median 
arrival time shows a linear relationship for sFWS larger than 0.1 above a 
breakpoint value of sFWS×(Pm)1/2 = 10-4.5, and the following equation can be 
fitted to the results: 

 
sFWStm 105.010 log25.3log +≈=  for 110 −>sFWS  and Pm=10-7 (21) 
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so that  
 

2
5.0 sFWStm ∝= .   (22) 

The proportionality in Equation 22 can be explained by looking at Equation 
20, where the sFWS is divided by a factor including the square root of the 
time, t. In order to achieve the same result (or the same concentration) of 
Equation 20, a decrease in sFWS must be accompanied with the same de-
crease in t2, which is the particle residence time including matrix diffusion. 
This is repeated for all fractures in the network; therefore, we can see a simi-
lar result in the fracture-network scale as well. 

 

 
Figure 16. Simulated cumulative breakthrough through fracture networks for differ-
ent values of specific flow-wetted surface (sFWS) for (a) a horizontal gradient and 
(b) a vertical gradient.  
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Figure 17. Logarithm of median travel time (square symbols and left axis) and the 
slope of the cumulative breakthrough curve (diamond symbols and right axis) as a 
function of logarithm of sFWS and (b) logarithm of sFWS × (Pm)1/2. The filled 
squares and circles on the left and right axis correspond to the extreme cases of full 
matrix diffusion over the fracture surface (right axis) and no matrix diffusion (left 
axis), respectively.   

 
Table 5. Slope of the cumulative breakthrough curve and arrival time for 50% of the 
mass for a horizontal gradient, as a function of sFWS and σln K-value 

Case / sFWS σln K Slope of 
CDF

tm=0.5 

Matrix diffusion - 2.0E-5 3800 

sFWS = 1 - 2.0E-5 3800
sFWS = 0.82 0.5 2.6E-5 2900
sFWS = 0.64 1.5 4.3E-5 1800
sFWS = 0.55 2 5.7E-5 1300
sFWS = 0.46 2.5 8.0E-5 950
sFWS = 0.35 3.2 1.6E-4 480
sFWS = 0.24 4 2.8E-4 280
sFWS = 0.2 4.32 4.9E-4 160
sFWS = 0.15 4.84 8.6E-4 94
sFWS = 0.1 5.51 1.9E-3 48
sFWS = 0.05 6.54 6.3E-3 19
sFWS = 0.01 8.53 2.8E-2 8.5
sFWS = 0.001 10.85 4.0E-2 7.1
sFWS = 0.0001 12.82 4.1E-2 7.0
No matrix diffusion - 4.2E-2 7.0 
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Figure 18.  Line indicating the different combinations of sFWS and Pm that result in 
the same breakthrough curve. The line shows the breakpoint (lower limit) for the 
validity of Equation 22 such that above the line the median travel time is propor-
tional to the square of the sFWS, while below the line it is approximately constant. 

Closer investigation of Equation 20 reveals that the behaviour of the cumula-
tive breakthrough curves is not only dependent on sFWS, but also on the 
material properties of the rock. In Equation 20, this is expressed in the form 
of the ed DksFWS ρ× . It can also be expressed with the lumped Pm term, 
as mPsFWS× . Figure 17 shows the median travel time and the slope of the 
cumulative breakthrough curve for this lumped factor. Different combina-
tions of sFWS and Pm that yield the same factor will produce the same break-
through curve, regardless of the individual values of either sFWS or Pm. In 
this study, a Pm-value of 10-7 is used, and the breakpoint point occurs for a 
sFWS value of 0.1. If the Pm-value should instead be 4×10-9 (which corre-
sponds to a case/tracer that is less diffusive and sorptive), the sFWS value of 
0.5 (σln K = 2.3) would be the breakpoint for this combination of rock and 
tracer. In other words, for sFWS larger than 0.5, Equation 22 holds, and for 
smaller values, the behaviour resembles the breakthrough curve of the simu-
lations without matrix diffusion. In Figure 18, the combinations of Pm and 
sFWS that lie on the straight line will produce this breakpoint behaviour. 
Above the line, Equation 22 is valid; below the line, the behaviour resembles 
the case with no matrix diffusion.  

Particle frequencies, the number of particles arriving through the fracture 
network per unit of time, are used here as a qualitatively measure for con-
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centration averaged over a time period. These are shown in Figure 19. For 
large sFWS values (close to one) and no matrix diffusion, there is a continual 
decrease from an initially relatively large particle frequency.  The small 
sFWS values and the case without matrix diffusion show an initial increase 
and a peak after 1–10 years, before they start to decrease more rapidly than 
larger sFWS values. There are two interesting features in Figure 19. First, the 
long time tails show a steady slope following this relationship: 

 

tconstC 1010 log)23(log ×−=     or   2
3−∝ tC . (23) 

The t-3/2 relationship is typical for systems dominated by diffusion processes; 
this tail behaviour has been shown for tracer breakthrough curves for similar 
dual-continuum type of media (Konosavsky et al., 1993; Rumynin, 2011). 
The second observation is that around the time between 102 and 103 years, 
for the cases with small sFWS values (sFWS<10-3), there is a change in the 
slope of the breakthrough curve. It is likely that at earlier times, transport is 
dominated by highly channelized advective flow, and the change in slope 
marks the transition to transport dominated by diffusive processes. For larger 
sFWS cases, there are smoother transitions.  
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Figure 19. (a) Particle frequencies as a function of transit time for a large range 
number of sFWS-values and (b) frequencies for smallest sFWS-values at early times.  
sFWS is denoted S in the legend in this figure. 

6.3.2. Fractures with randomly sampled heterogeneity statistics 
(Scenario B) 
In Scenario B, σln K is randomly drawn from a uniform distribution for each 
fracture in the fracture network. Two different uniform distributions are 
tested, σln K = [0,4] and σln K = [1,3]. A comparison of the result is made to the 
mean value (σln K = 2); no qualitative difference can be seen. This suggests 
that there is an effective averaging that takes place in the fracture-network 
simulations. (The figure is omitted here, figure and more details are given in 
Article III.) 

6.3.3. Different aperture statistics for fracture sets with different 
orientations (Scenario C) 
Scenario C consists of simulations in which the fracture sets are assigned 
σln K depending on the direction of the set. To make a comparison, we set the 
horizontal fractures to a constant σln K while the vertical fractures have vary-
ing σln K, and vice versa (details in Table 4). The results of these simulations 
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show larger differences around the simulation with σln K = 2, when the verti-
cal fractures’ standard deviation of the hydraulic conductivity is varied, than 
when the horizontal fractures’ standard deviation is varied. This can be seen 
clearly in the cumulative breakthrough curve in Figure 20, with (a) showing 
the case of varying σln K in the horizontal fractures; and (b) the case of vary-
ing σln K for vertical fractures. The number of fractures in the vertical direc-
tion is approximately three times as abundant compared to the horizontal 
fractures, which can explain the larger influence of variation of σln K in the 
vertical direction.  

The results presented in Chapter 6.3.1, 6.3.2 and 6.3.3, describing differ-
ent ways to assign the sFWS to the different fracture sets, suggest that the 
effect of the fractures’ individual sFWS values are averaged out. These re-
sults indicate that a simplified model could be used with simpler data re-
quirements, in which information on the individual fracture’s sFWS is not 
needed, and only the mean value is needed. 

 

 
Figure 20. Cumulative particle breakthrough through the fracture networks for cases 
with (a) constant vertical and varying horizontal σln K  and (b) constant horizontal 
and varying vertical σln K. (horizontal pressure gradient case). 
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7. Observed error in PMPATH for the case of 
particle tracking simulations with varying 
porosity and suggested correction (Paper II) 

7.1. Introduction and detecting the suspected error 
In this chapter, we discuss an observed error in the particle tracking code 
PMPATH (Chiang, 2005). First, the error in the algorithm is discussed, and 
then a correction to achieve the correct flow paths and travel times for parti-
cles simulated with the software are presented. The PMPATH software is a 
code developed to be used with Processing Modflow, which is a pre- and 
post- processing code developed around the well-established and widely 
used groundwater flow simulator MODFLOW (Harbaugh and McDonald, 
1996). Processing Modflow has commonly been used for simulations in 
stochastic hydrogeology, since the suite of codes includes a random field 
generator. The particle tracking code has been used in several studies of 
contaminant transport (e.g., Stauffer, 2005; Hefting et al., 2006; Dhiman and 
Keshari, 2006). The suspected error is detected when simulations are run for 
a two-dimensional heterogeneous hydraulic conductivity field with a co-
varying porosity, identical to the simulations presented in Chapter 3. An 
example of the hydraulic conductivity field is shown in Figure 21. 

 

 
Figure 21. An example of the hydraulic conductivity field with σln K = 4.61, λ = 6% 
of the field width. 
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Figure 22. (a) Particles densities for the flow field over conductivity field of Figure 
21, (b) distribution of particles at X = 40m as simulated with the uncorrected 
PMPATH model. 

The particle densities for a simulation over the hydraulic conductivity field 
shown in Figure 21, can be seen in Figure 22a, where simulation is per-
formed with the standard method of Processing Modflow and PMPATH for 
the porosity. The particles are increasingly channelized as they flow over the 
field, and as they approach the downstream right boundary, the particles are 
transported in very few channels with a very large number of particles in 
each channel. The distribution of the particles 40 m from the inflow bound-
ary (Figure 22b) confirms this extreme channelling. A comparison to the 
water flow rates shows that the water flows are not getting more focused into 
fewer flow paths in the same way. It is difficult to find a physical explana-
tion for this behaviour, where the particle densities along a flow path in-
crease further downstream. Multiple realizations were run, and all of them 
showed a similar focusing of the particle pathways.  

7.2. Looking for the error and the correction method. 
After a thorough search for possible physical explanations of this behaviour, 
we decided to test the validity of the code. Flow and particle simulations 
were performed with the hydraulic conductivity field of Figure 21 but with a 
constant porosity field. The particle densities can be seen in Figure 23. 
Comparing the particle pathways in Figure 22a and Figure 23a, we find one 
big difference. The particles do not seem to be focused so into as few chan-
nels as the previous simulations, and the particle positions along cross sec-
tion 40 m from the left boundary show a more even distribution than the 
results shown in Figure 22b. The particle pathways do not show the in-
creased channelling of Figure 22a. At the same time, the solutions for the 
flow fields (the Darcy flow rates in each cell) are identical.  
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Figure 23. (a) Correct particles densities for the flow field over conductivity field of 
Figure 21, (b) correct distribution of the particles at X = 40m. 

To understand the difference in the results, we examined the algorithm for 
particle movement within a cell as calculated by for the PMPATH code 
(Chiang, 2005). The code uses the so-called Pollock’s algorithm (Pollock, 
1988), in which particles are transported in the water, and therefore the aver-
age pore-water velocity in the numerical cell controls the movement. By 
interpolating the velocities at the cell boundaries, we can calculate the aver-
age pore water velocity for any position within the cell (Equation 24).The 
equations are shown below for flow in 2-D as in our simulations, but can be 
straightforwardly extended to 3-D. 

 
  ( ) 11 xxx vxxAv +−=    (24a) 

 ( ) 11 yyy vyyAv +−=     (24b) 

where the components of the pore velocities at the cell boundaries within the 
particular cell under consideration are 

 
( )zynQv xx ΔΔ= 11    (25a) 

( )zynQv xx ΔΔ= 22    (25b) 

( )zxnQv yy ΔΔ= 11     (25c) 

( )zxnQv yy ΔΔ= 22     (25d)  

 
( ) xvvA xxx Δ−= 12      (26a) 

( ) yvvA yyy Δ−= 12      (26b) 

The x1 and x2 subscripts represent the two opposite boundaries in the x-
direction, vx1 is the pore velocity across the x1 (left) boundary, vx is the pore 
velocity at any x-point inside the cell, and Qx1 is the flow over the specified 
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boundary. Similarly we define vx2 and the quantities in the y-direction. Po-
rosity n is constant within each cell, and Δx, Δy, Δz are the cell dimensions 
in three directions. If Equation 24 a and b are integrated from time t1 to t2 in 
order to determine the position (x,y) for a time t2 (for details, see Pollock, 
1988) the following relationship can be derived:  

 
 ( )( ) xxxx AvTAtvxtx /exp)()( 1112 −Δ×+=  (27a) 

( )( ) yyyy AvTAtvyty /exp)()( 1112 −Δ×+=    (27b) 

where x1 is the left boundary of the numerical cell in the x-direction and y1 is 
the lower cell boundary in the y-direction. Given a starting position within 
the cell (or on a cell boundary) at time t1, we can then calculate the exit point 
and pathway with Equation 27.   

The residence time can be expressed as   
 

xvxT Δ=Δ  ,   (28) 

where <vx> is the average pore velocity for a particle in the cell, and Δx is 
the x-distance the particle has moved within the cell. Equation 28 can be 
equally expressed in the y-direction. By rearranging Equation 25, 26, and 28, 
and by using easy algebra, it is clear that the Equation 27 can be expressed 
independently of the porosity (n), and therefore the movement of the parti-
cles should not be changed when the porosity of the field is changed. The 
particle’s pathway within a cell is dependent on the magnitude of the Darcy 
flow rates through the cell boundaries, which is not dependent on the poros-
ity of the cell. These results indicate that one of the particle-transport simula-
tions (with or without varying porosity) must be erroneous.  

Furthermore, it should be pointed out that the local Darcy flow rates must 
satisfy mass conservation; i.e., all the flow that exits one cell must enter the 
next one. However, the pore-water velocities at either side of a cell boundary 
do not necessarily have the same value, since each cell has its own porosity. 
After a rigorous search to find the reason for the inconsistency in the results, 
we found out that the PMPATH uses the harmonic mean of the average wa-
ter velocities on the two sides of a cell boundary. Instead of using two differ-
ent velocities for the two sides of a boundary between two neighbouring 
cells, PMPATH only utilizes the harmonic mean of the velocities. The use of 
harmonic mean is not described in the PMPATH manual (Chiang, 2005), but 
can be back-calculated from the flow results. In the code, the velocities used 
for calculating particle paths are continuous between cells, so that the parti-
cle movement is no longer related to the magnitude of the flow rates. The 
harmonic mean velocity at a cell boundary next to a cell with a larger veloc-
ity will be much larger than that at a cell boundary next to a cell with a 
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smaller velocity.  Thus, the particle will in a higher degree move towards a 
neighbouring cell with a large velocity, which leads to the nonphysical fo-
cusing of the flow shown in Figure 22a.  

7.3. Correction of the particle pathway and travel time 
To obtain the correct pathway and travel time for PMPATH simulations with 
a variable porosity field, the following approach is suggested. In order to 
locate the correct pathways, simulations should first be performed with a 
constant porosity. The porosity value can be set to any value, since the path-
way is not dependent on the porosity value. To obtain the correct residence 
time for each particle, the residence times from these constant porosity simu-
lations need to be corrected. To achieve this, the residence time in each trav-
ersed numerical cell, obtained with the constant porosity simulation, is 
scaled by multiplying the residence time by the factor fi,j 

 

c

jiact
ji n

n
f ,,

, =     (29) 

where nact,i,j is the actual porosity of the current cell at (i,j), and nc is the con-
stant porosity used in the first steps of the calculation. The factor is based on 
the relationship between flow rate and pore velocity in a cell, especially 
Equation 25. Once the correct residence time for a traversed cell is achieved, 
the procedure is repeated for the next traversed cell, and later, the residence 
time for each traversed cell is summoned up to get the correct total travel 
time for the current particle. This is repeated for each released particle. This 
method will produce the correct travel times for the particles and the correct 
breakthrough curve for PMPATH simulations with variable porosity fields. 
This method has been used in the simulations presented in Chapter 3. After 
submitting this work to a scientific journal, the code developer was indi-
rectly notified, and a new version of the code has subsequently been re-
leased, Processing MODFLOW v.8.013, in which the error has been cor-
rected. 
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8. Summary and Conclusion 

The overall objective of this thesis has been to investigate and develop mod-
els and approaches for characterizing the effect of flow and transport chan-
nelling, and the associated parameter of flow-wetted surface, for application 
to modelling solute transport in three-dimensional fractured rock at larger 
scales. Since detailed information on fracture aperture variability is hard to 
obtain for practical field conditions, a new method of using single well injec-
tion-withdrawal (SWIW) tests to obtain the key associated parameter is also 
developed as part of this thesis. We summarize the specific aims and conclu-
sions in Chapter 8.1 to 8.5, and then, in Chapter 8.6, make some concluding 
remarks.  

 

8.1. Quantification of flow and transport channelling 
and specific flow-wetted surface (sFWS) in a single 
fracture 
Channelling of flow and transport in a single fracture and how it affects sol-
ute transport in fractured rock is the focus of this work. To examine this 
effect, we conducted advective particle tracking simulations over single frac-
tures of different fracture aperture statistics. A clear effect of the σln K (stan-
dard deviation of the hydraulic conductivity field of the fracture) is seen, 
where the tracer particles are more and more focused to narrower distinct 
channels as the σln K increases. As a measure of the effect of channelling on 
flow and transport, the specific flow-wetted surface (sFWS) is chosen. The 
flow-wetted surface is defined as the surface area of a fracture that comes 
into contact with the flowing (versus almost stagnant) water. The specific 
flow-wetted surface in turn is defined as the flow-wetted surface related to 
the total fracture area. The sFWS is quantified in such a way that a relation-
ship between the fraction of the field that carries a fraction of the particles is 
established, so that X percent of the particles are carried by Y percent of the 
field; in other words Y is the sFWS value for X percent of the particles. The 
results for sFWS are similarly affected by the σln K; for a given percentage of 
particles, the sFWS is smaller for a large σln K compared to a smaller σln K and 
the behaviour is very consistent as can be seen in Figure 5. A similar investi-
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gation was made for different correlation lengths (λ) of the aperture field. 
The results showed that, while flow patterns of the particles are affected, in 
that the channels are fewer but wider for larger λ-value (Figure 4), the sFWS 
are found to be independent of λ. This is demonstrated for correlation lengths 
up to the investigated 18% of the field width investigated here. Actually, 
when “zooming in” in a field with a small correlation length, we can find a 
flow pattern similar to that of the entire field of the larger correlation length, 
making the parameter sFWS (a parameter scaled with respect to total fracture 
area) independent of λ.  

 

8.2. Empirical equation relating specific flow-wetted 
surface to aperture heterogeneity 
Based on the results in Chapter 4, we developed an empirical equation to 
describe the specific flow-wetted surface as a function of the σln K-value of 
the conductivity field for varying particle fraction. The equations mimics the 
simulation results of Figure 5 and are derived as: 

 

( ) 2
ln

2
ln 04.0)2ln(9.0ln KK P

P
sFWS σσ ⋅−−⋅−=








. (16) 

The resulting equation (Equation 16) provides good agreement for all the 
simulations, but is (strictly speaking) only accurate for particle fractions (P) 
for the interval between 0.42 and 0.96. Therefore, the development of the 
expression is also shown, in order to possibility fit another equation to an-
other interval if needed. 

 

8.3 - Estimation of the sFWS using the breakthrough 
curve of a SWIW-test 
Here, a method is introduced to show how the results of a single well injec-
tion-withdrawal (SWIW) test can be used to determine the specific flow-
wetted surface in the field. SWIW tests are simulated for a number of differ-
ent values of σln K of the fracture and different values of the material property 
group (Pm). A method to calculate the specific flow-wetted surface, based on 
the observed breakthrough curve of the SWIW test, is presented. It can be 
shown that if a material property group value (Pm) is determined by evaluat-
ing the breakthrough curve as corresponding to a homogeneous fracture, the 



 64 

Pm-value determined is actually a factor of the real Pm-value and the square 
of the sFWS. The real Pm should be determined in the laboratory, and then 
the sFWS equals (Pm,eq / Pm)1/2, where Pm,eq is Pm-value determined by evalua-
tion of a SWIW test using a homogeneous fracture. A comparison between 
the sFWS calculated with this method and the value calculated by Equation 
16 shows good agreement. 

We also analyze, by means of numerical simulations, how the presence of 
a regional pressure gradient can possibly be analyzed from the results of a 
SWIW test. The results show that the effect on the tracer breakthrough curve 
is different for different Pm-values. For large Pm-values, the results are rela-
tively insensitive to the gradient, while the SWIW breakthrough curves are 
sensitive to the regional gradient for tracers with low Pm and for nonsorbing 
tracers.  The breakthrough curves for these (low Pm and nonsorbing) tracers 
show a double peak signature, with the first peak earlier than two times the 
length of the injection phase. The two-peak feature is clear for a homogene-
ous fracture, but is somewhat masked in a heterogeneous fracture. Neverthe-
less, even in the heterogeneous case, the double peak signature is recogniz-
able. This study suggests that, because of the different effects of the regional 
gradient on breakthrough curves for tracers with different Pm-values, multi-
ple tracers should be used for the SWIW test. Then, results using tracers with 
a large Pm-value can be used to determine the sFWS, and results with tracers 
with smaller Pm can be used to evaluate the possible effect of a regional flow 
gradient. Alternatively, simultaneous analysis of results for both tracers may 
yield information on both sFWS and regional effects. 

 

8.4. Implementation of sFWS to fracture network 
modelling  
Next, a method for including the effects of sorption and matrix diffusion in 
heterogeneous fractures in a fracture-network-modelling context is pre-
sented. Fracture-aperture heterogeneities are included by accounting for the 
smaller fraction of the fracture area that comes into contact with flowing 
water and the solute (in other words, the specific flow-wetted surface sFWS). 
The sFWS is multiplied into the transport equation (as in Equation 20) used 
to calculate the time delay due to matrix diffusion and sorption in a fracture-
network model with constant aperture fractures. By varying the sFWS vari-
able in Equation 20, we can transform the behaviour of the model from a 
model allowing for matrix diffusion and sorption over the whole fracture 
area (obtained by using sFWS=1), to a model not accounting for any matrix 
diffusion and sorption (by assigning sFWS to a small value close to 0). Be-
tween those extremes, some interesting features are found. Above a break-
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point value of sFWS of 0.1 (corresponding to σln K=5.5), the median transport 
times (tm=0.5) are proportional to the square of the sFWS-value. This quality 
can be understood from the equation used to account for matrix diffusion 
and sorption (Equation 20), where the argument has a factor sFWS / t1/2. If 
the specific flow-wetted surface has a value of 0.25, the median arrival time 
is reduced by a factor of 16 as compared to simulations with sFWS=1. Below 
the breakpoint, the behaviour of the transport simulations is similar to the 
case of no matrix diffusion and sorption. In our calculations, the material 
property group value Pm=10-7 is used. The actual value of the aforemen-
tioned breakpoint is shown to be a lumped factor of sFWS×(Pm)1/2 and sev-
eral combinations of Pm and sFWS will produce the same breakthrough 
curve. For example, while Pm=10-7 has a breakpoint at sFWS=0.1 (σln K=5.5), 
for a tracer with Pm=4×10-9 (a less sorbing tracer), the corresponding break-
point will be sFWS=0.5 (σln K=2.3). The different combinations of sFWS and 
Pm producing the breakpoint behaviour are shown in Figure 18. The equiva-
lent Pm-value (Pm,eq), determined by evaluating the SWIW test using a con-
ceptual model with a constant aperture fracture, equals the lumped factor  
sFWS×(Pm)1/2. Therefore, using the fracture network methodology described 
here, the use of Pm,eq or the combination of a sFWS (determined as described 
in Chapter 5) and a Pm-value measured in laboratory, will yield the same 
breakthrough curve for the simulated transport. However, it is recommended 
to separate the Pm-value and the sFWS-value for the any large scale simula-
tions, and that variations in these parameters are carefully investigated.  

The impact of the way the different fracture sets were assigned sFWS-
values was also analyzed. The results suggest that there is an averaging ef-
fect, so that the individual fracture’s value does not seem to be important. 
This means that a relatively simple model, one using a mean sFWS-value, 
can be utilized. 

 

8.5. Observed error in PMPATH for the case of particle 
tracking simulations with varying porosity and 
suggested correction 
In the process of the investigations described above, we found an error in the 
advective particle tracking routine of the well-known and widely used 
MODFLOW code when applied to flow and transport simulations with vary-
ing porosity. The error occurs when calculating the pore-water velocity at 
the boundary of two numerical cells. This value is taken in the code as the 
geometric mean of the two values on the two sides of the boundary—instead 
of using different values at the two sides—causing erroneous velocities in 
the case of variable porosity. The direction of the particle path depends on 
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the true velocity; the use of the geometric mean creates particle movement 
that is no longer proportional to the magnitude of the water flows out of the 
cell. This error creates an increased channelling of the particle flow over the 
field, which does not correspond to any physical behaviour of the system. A 
method to obtain correct particle pathway and travel times is presented in 
our work. 

8.6. Concluding remarks 
This thesis has analyzed and presented approaches for quantifying the effect 
of flow and transport channelling due to heterogeneities in fracture apertures. 
Channelling is quantified by using the concept of a specific flow-wetted 
surface (sFWS), which is defined as the fraction of a fracture that comes into 
contact with a given fraction of the particles and of water flow. We pre-
sented an approach that first explores the behaviour of sFWS in a single frac-
ture, and then subsequently applied it to three-dimensional fracture net-
works. The behaviour of the sFWS parameter is evaluated for single frac-
tures with different aperture/conductivity statistics, and from these results we 
determined an empirical relationship for sFWS as a function of the σln K of 
the fracture. How to determine this key parameter from field measurements 
is considered next. The study presents a method for estimating the sFWS 
from the tracer breakthrough curves of a SWIW test. The impact of regional 
flow on a tracer SWIW breakthrough curve is also evaluated. Thus, we have 
developed a comprehensive approach to investigating the effect of fracture 
aperture heterogeneities, from the single fracture scale to possible applica-
tion to regional-scale modelling, including a new method of obtaining the 
key parameter from a field test. 

Finally, I would like to conclude by suggesting at least three possible ar-
eas for further research. These are: 

 
• To design and implement a laboratory- and field-measurement program 

for multiple tracer SWIW tests, to apply the understanding of this work. 
• Further modelling studies of SWIW tests, e.g., including the effects of 

rest periods of different lengths. 
• Further modelling studies of SWIW tests and fracture networks that 

consider other types of matrix diffusion than that into an infinite media, 
e.g., matrix diffusion into discrete blocks. 

This thesis provides a basic framework on which these areas of future re-
search can be made. 
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10. Sammanfattning på svenska (Summary in 
Swedish) 

Modellering av flöde och ämnestransport har varit ett forskningsområde av 
stort intresse de senaste decennierna. En av anledningen till det stora intres-
set är planerna i flera länder att bygga slutförvar för använt kärnbränsle i den 
djupa berggrunden och de säkerhetsanalyser som hör till denna lösning. Ett 
av problemen som föranlett mycket forskning är heterogeniteter i berget, 
som finns i alla skalor, från mikro- till regionalskala. Denna avhandling är 
inriktad på heterogeniteter i sprickaperturen, det vill säga tomrummet mellan 
de två bergssidorna som omgärdar sprickan, och kanaliseringen av vatten-
flödet och därmed ämnestransporten i en spricka med varierande apertur. 
Varierande apertur i en spricka leder till att vattnet flödar i ett fåtal kanaler, 
medan vattnet i princip är stillastående i andra delar av sprickan. För att 
kvantifiera denna kanalisering, använde vi begreppet den ”flödesvätta” ytan, 
som definieras som den yta av sprickan som kommer i kontakt med det flö-
dande vattnet. Den flödesvätta ytan är viktig eftersom den bestämmer kon-
taktarean mellan det flödande vattnet och berget. Eventuella föroreningar 
transporteras med vattnet och interaktionsarean är den yta där eventuell dif-
fusion in i berget och sorption till sprickytan kan ske. Matrisdiffusion (diffu-
sion in i bergmatrisen) och sorption är viktiga fördröjande processer som kan 
minska föroreningars transporthastighet genom berggrunden. 

Det övergripande syftet med denna avhandling var att undersöka och ut-
veckla modeller och tillvägagångssätt att karakterisera effekter av flödes- 
och transportkanalisering. Detta gjordes genom att undersöka och kvantifiera 
parametern ”flödesvätt yta”, och genom att använda denna parameter i mo-
deller för att beräkna ämnestransport i sprickigt berg. De specifika målen för 
avhandlingen var: 

 
• Att undersöka effekten av aperturvariabilitet på flödes- och transportka-

nalisering i en enskild spricka. 
• Att utveckla en generell ekvation som beskriver sambandet mellan en 

sprickas flödesvätta yta och aperturvariabilitet. 
• Att utveckla en metod för att bestämma den flödesvätta ytan med hjälp 

av spårämnens genombrottskurvor från injektion-uppumningstest från en 
enskild brunn (ett så kallad SWIW-test). 
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• Att utveckla en metod för att integrera den flödesvätta ytan i spricknät-
verksmodellering 

• Att analysera effekten av varierad flödesvätt yta i transportberäkningar 
för spricknätverksmodeller 

• Att rapportera ett fel, observerat under arbetets gång, i partikelspår-
ningskoden PMPATH, som är kopplad till den kända MODFLOW-
koden, och att presentera en metod för att korrigera resultaten. 

Den flödesvätta ytan i en enskild spricka kartlades genom numeriska simule-
ringar över två-dimensionella hydrauliska konduktivitetsfält, där varje fält 
representerade en spricka med given statistisk fördelning av aperturen. De 
numeriska simuleringarna genomfördes med en partikelspårningsmetodik 
där partiklarna rör sig advektivt med vattenflödet. Den specifika flödesvätta 
ytan (sFWS) kvantifierades genom att beräkna hur stor del av sprickan som 
kom i kontakt med flödande partiklar. Sedan beräknades hur stor del av 
sprickan som möter en specifik andel av partiklarna. De statistiska paramet-
rarna för konduktivitetsfältet som undersöktes är standardavvikelsen (σln K) 
och korrelationslängden (λ). σln K-värdet påverkade den specifika flödesvätta 
ytan starkt och systematiskt, så att sFWS-värdet minskar vid ökad standard-
avvikelse för konduktiviteterna i sprickan. Simuleringarna visade dock att 
sFWS är oberoende av λ. Med hjälp av dessa resultat utvecklades en ekvation 
som beskriver den specifika flödesvätta ytan som en funktion av σln K-värdet 
för olika andelar av partiklar (motsvarande olika andelar av vattenflödet). 
Ekvationen gav generellt sett mycket bra överensstämmande med resultaten. 

Det är svårt att bestämma hur sprickaperturen varierar utan att förstöra 
berget, eftersom tillförlitliga metoder saknas för att skatta denna variation. I 
denna avhandling presenterades en metod för att bestämma den specifika 
flödesvätta ytan genom analys av spårämnesgenombrottskurva från ett 
SWIW-test. Ett SWIW-test är ett pumptest, där endast en pumpbrunn brukas 
och testet används traditionellt för att bestämma diffusions- och sorptionse-
genskaperna för en spricka eller en viss del av berget som undersöks.  I 
SWIW-testet pumpas först ett spårämne ner, oftast i en avgränsad del av 
pumpbrunnen, och det efterföljs av injektion av vatten, som transporterar ut 
spårämnet i berget. Efter en bestämd tid, vänds pumpriktningen i brunnen 
och vatten och spårämne pumpas ut ur berget. Spårämneskoncentrationen 
mäts i vattnet som pumpas upp och en genombrottskurva, d.v.s. spårämens-
koncetrationen som funktion av tid eller utpumpad massa, registreras. Ge-
nom att analysera genombrottskurvan för spårämnet kan bergets egenskaper 
för matrisdiffusion och sorption bestämmas. Traditionellt har SWIW-testet 
analyserats med antagandet att sprickan som vattnet pumpas in/ut ur har en 
konstant homogen apertur. Med hjälp av en simuleringsstudie visade vi att 
heterogeniteter i aperturen påverkar genombrottskurvan. Vi visade att den 
traditionella analysmetoden ger värden på diffusions- och sorptionskoeffici-
enterna som innehåller effekter av den specifika flödesvätta ytan. En metod 
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visades för att bestämma den specifika flödesvätta ytan, genom att jämföra 
de experimentella resultaten med simuleringsresultat för en homogen spricka 
(med konstant apertur).  

En spricknätverksmodell presenterases som inkluderar effekten av den 
flödesvätta ytan. Med denna modell kan ämnestransport beräknas över en 
bergsformation, där effekten av matrisdiffusion och sorption för en mindre 
kontaktyta (sFWS) mellan det flödande vattnet och berget är inkluderad. 
sFWS-parametern varierades för att undersöka effekten på transporttid och 
genombrottskurvan av en förorening med specifika egenskaper. För ett rim-
ligt värde på σln K-värdet, är medianvärdet för genombrottstiden (det vill säga 
genombrottstiden för 50 % av den ackumulerade massan) proportionell mot 
sFWS2. Det innebär att om man jämför ett sFWS-värde på 1 (hela sprickan är 
vattenförande) med ett fall där sFWS är 0,25, så blir medianvärdet för ge-
nombrottstiden ungefär 16 gånger mindre. Vi visade också att modellens 
beteende beror av en kombinerad faktor som innehåller sFWS2 och diffu-
sions- och sorptionskoefficienterna, så att olika kombinationer av sFWS-
värden och spårämnen (med skilda diffusions- och sorptionsegenskaper) kan 
ge upphov till samma genombrottskurva.  

Under arbetets gång, upptäcktes ett fel i den använda partikelspårnings-
koden. Koden tillhör en programvarusvit byggd kring den kända grundvat-
tenmodelleringskoden MODFLOW. Felet uppstod när simuleringar gjordes 
med varierande porositet och felet visades komma från felaktig beräkning av 
partiklars rörelse i de numeriska cellerna. En korrigeringsmetod presentera-
des, som kan användas för att få korrekt transportväg och tid för partiklarna. 
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