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Abstract 

An essential task of performance assessment of radioactive waste 
repositories is to predict the potential release of the escaped contaminant 

into the environment. For such a quantitative assessment conceptual models 
are required to properly account for different types of transport mechanisms 

in the repository near- and far-field. Thus, the near-field model can describe 

the release of radionuclides from a damaged canister and the far-field model 
can describe the subsequent transport of the nuclides in the host bedrock, 

which may result in the nuclide release into the environment. 

 The focus of this thesis is on the development of new models to 

improve our understanding of radionuclide transport in the repository “far-
field” in fractured rocks. The proposed models contribute to the channel 

network (CN) concept and describe the recently developed models with 
stagnant water zones (STWZs) and channels with variable aperture allowing 

to consider their possible impacts on the overall transport of radionuclides 

in fractured rocks; features that cannot readily be incorporated in other 
conceptual models. The models presented in this study are believed to 

adequately represent the physical mechanisms involved in transport of 
radionuclides in fractured rocks and are aimed to find new and alternative 

interpretations of field experiments that better relate to underlying physics 

than previous interpretations. With this goal in mind, the impact of the CN-
concept itself, the stagnant water zones and the tapered channel are studied 

and discussed in relation to analyzing and predicting tracer experiments in 
fractures and fractured rocks. 

The studies begin with the development of an integrated transport model 
to explore how the presence of STWZs in the fractures planes can add to 

the retardation of sorbing nuclides in (a) an individual channel and (b) a 
large-scale far-field of repository. New conceptual models are also proposed 

to better understand hydrodynamic dispersion in fractured rocks by taking 

into account velocity distribution within tapered channels, i.e., Fickian-type 
dispersion, and between different flow paths, i.e., velocity dispersion, as 
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embodied in the proposed multi-channel model. Included in the work is 
also development of new expressions for the dispersion in channels with 

variable apertures including tapered and sinusoidal wave-shaped channels. 

The results of both deterministic and probabilistic (to consider 

parameter uncertainties) analyses reveal that over the long times of interest 
for safety assessment of high-level radioactive waste repositories, STWZs 

can substantially enhance the retardation of both short- and long-lived 

nuclides, with the exception of the non-sorbing species, i.e., 36Cl and 129I. 
Nevertheless, over the short time-scales the impact of STWZs is not very 

strong and is not expected to affect the results of short-term field 
experiments. It is also shown that the velocity dispersion behaves quite 

differently from the Fickian-type dispersion and its effect cannot readily be 

included in the advection-dispersion equation, ADE, with a constant 
dispersion coefficient. More importantly, it is shown that the proposed 

multi-channel model can explain the apparent scale dependency of the 
dispersion coefficient that is often observed in field tracer tests; a 

phenomena that cannot correctly be explained by the ADE and the so-

called macro dispersion coefficient. 

In lights of the results of this study, it is suggested that the interpreted 
results of short-range, forced-gradient tracer experiments cannot necessarily 

give information on what would take place over longer distances. This is 

mainly because the physical mechanisms that cause dispersion under forced-
gradient flow conditions are shown to be entirely different and, thus, can 

result in considerably different estimates of dispersivity compared to what 
can be found over long distances in natural-gradient systems. Furthermore, 

arguments and empirical evidence are presented in this thesis to support the 

idea that it is feasible and more physically meaningful to describe flow and 
transport as taking place in a three-dimensional network of channels with 

randomly assigned properties, as embodied in the CN-concept. 

Keywords 

Channel network concept; radionuclide transport; stagnant water zones; 

velocity dispersion; modeling and simulation 
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Sammanfattning 

En viktig uppgift för långsiktig säkerhetsanalys av deponier för 
radioaktivt avfall är att förutsäga potentiella utsläpp av lösta föroreningen 

och radionuklider till miljön. För en sådan kvantitativ bedömning krävs 
konceptuella och matematiska modeller för att korrekt kunna redogöra för 

olika typer av transportmekanismer i förvarets när- och fjärr-områden. 

Närområdesmodellen beskriver frisättningen av radionuklider från en 
skadad kapsel och fjärrområdesmodellen beskriver den efterföljande 

transporten av nukliderna i berget från förvaret till biosfären.  

 Denna avhandling handlar om utveckling av nya modeller för att 

förbättra vår förståelse för radionuklidtransport i bergets sprickor. De 

föreslagna modellerna kan infogas i kanalnätverkskonceptet (CN). De nya 
modellerna behandlar inverkan av stagnanta vattenzoner och av kanaler med 

variabel apertur, vilket påverkar den totala transporten av radionuklider i 
sprickigt berg. Dessa koncept och modeller kan inte lätt införlivas i andra 

modeller som inte tar hänsyn till kanaliserad strömning som observeras i 

naturligt sprickigt berg. Modellerna som presenteras i denna studie söker 
beskriva de fysiska mekanismer som påverkar transport av radionuklider i 

sprickigt berg. Arbetet syftar också till att finna nya och alternativa 
tolkningar av fältförsök som bättre relaterar till underliggande fysik än 

tidigare tolkningar. Med dessa mål i åtanke studeras och diskuteras 

effekterna av själva CN-konceptet, de stillastående vattenzoner, av kanaler 
med avsmalnande tvärsnitt i samband med analys av och prediktering av 

spårförsök i sprickor och sprickigt berg. 

Beskrivning av arbetet börjar med utveckling av en integrerad 

transportmodell för att undersöka hur närvaron av stagnanta vattenzoner 

(STWZs) i sprickor kan fördröja nuklider i (a) en enskild kanal och (b) 
nätverket av kanaler runt förvaret. Nya konceptuella modeller föreslås också 

för att bättre förstå och beskriva orsakerna till dispersion i sprickigt berg 
med beaktande av hastighetsfördelning i avsmalnande kanaltvärsnitt vilket 

orsakar Taylordispersion och mellan olika flödesvägar vilket här kallas 

”hastighetsdispersion”.  
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Resultaten av både deterministiska och probabilistiska studier av 
parametervariationer visar att det för långa tider av intresse för 

säkerhetsanalys av högaktiva radioaktiva förvar, kan STWZs väsentligt öka 

fördröjningen av både kort- och långlivade nuklider med undantag för icke-
sorberande nuklider som 36Cl och 129I. Dock är effekterna av STWZs över 

de relativt korta tider som används i fältförsök inte särskilt starka. 

Det visas också att dispersion förorsakad av hastighetsskillnader mellan 

olika kanaler är annorlunda än s.k. Ficks dispersion. Den förra 
dispersionstypen kan inte användas i advektions-dispersions-ekvationen, 

ADE, med en konstant dispersionskoefficient. Det visas också att 

”hastighetsdispersionen” kan förklara det skenbara beroendet av 
dispersions-koefficienten som ofta observeras vid spårförsök i fält. Detta är 

ett fenomen som inte korrekt kan förklaras av ADE och den så kallade 
makrodispersionskoefficienten. 

I ljuset av resultaten av denna studie påvisas att spårförsök med 

påtvingad gradient över korta tider och avstånd sannolikt inte kan ge 
information om vad som skulle ske över längre avstånd och tider. Detta 

beror främst på att de dominerande fysikaliska mekanismerna som orsakar 
dispersion vid påtvingad gradient är olika och kan ge betydligt olika 

dispersion jämfört med vad som sker över långa avstånd i naturliga 

gradientsystem. 

Vidare presenteras argument och empirisk evidens för att det finns 

fördelar att beskriva flöde och transport i ett tredimensionellt nätverk av 
kanaler än med kontinuummodeller.  

 

Nyckelord 

kanalnätverkskonceptet; radionuklidtransport; stagnanta vattenzoner; 
hastighetsdispersion; modellering och simulation 
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Chapter 1 

Introduction 

This chapter describes the KBS-3 repository design for the disposal of 

high-level radioactive waste in fractured crystalline rocks. The contents of 
this chapter provide the reader with the fundamental information underlying 

the performance assessment of geological repositories in fractured rocks. 
The important transport mechanisms are discussed and proposed 

conceptual models to characterize fractures properties are critically 

compared. The chapter ends with an overview of the aims and an outline of 
this thesis. 

1.1  Setting the scene 

The vast majority of electricity production in Sweden relies on 
hydropower dams and nuclear power plants. According to the 

Ekonomifakta, in the year 2016, forty percent of the electricity supply in 

Sweden was produced by nuclear energy in three different nuclear power 
plants, namely Forsmark, Oskarshamn and Ringhals that together comprise 

nine active nuclear reactors [1].  

In the Swedish reactors, the fuel of a nuclear reactor is in the form of 

ceramic pellets made from oxide of enriched uranium, as schematically 
shown in Fig. 1.1. The pellets are encased in metal tubes (fuel rods), which 

are then bundled into fuel assemblies ready to be loaded into the heart of 
the reactor. With time, however, the reactivity of the fuel gradually falls to 

the point that the fuel is no longer able to sustain the fission reaction and 

the spent fuel should be removed from the reactor, albeit it remains highly 
exothermic and radioactive. The removed fuel may then either be 

reprocessed to recover the fissile materials and, thus, reduce the volume of 
the high-level wastes or be prepared for disposal.  



2 |Chapter 1 

 

 

The safe disposal and isolation of the radioactive waste from people and 
environment is the final and vital stage of the nuclear fuel cycle that still 

remains one of the major challenges facing the nuclear power industry. For 

many years, it has been proposed that one appropriate way of dealing safely 
with the highly active radioactive wastes is to carefully burry them in 

geological repositories at considerable depths below the ground surface. 
After nearly four decades of active research, the concept of geological 

repositories for radioactive waste is now generally accepted as the reference 
solution worldwide and more than thirty countries with nuclear waste 

management programs are involved at different stages in the feasibility study 

and performance assessment of such repositories [2]. 

In Sweden, the Swedish Nuclear Fuel and Waste Management Company, 

SKB, is the company responsible for handling the radioactive waste from 
the Swedish nuclear power plants. In response to this challenge, SKB has 

developed an effective repository technology that has been accepted to be 
safe over sufficiently long time. The technology is called the KBS-3 method 

and relies on a multiple barrier system where natural and engineered barriers 

are used to hinder the potential transport of radionuclides toward the 
biosphere, as schematically shown in Fig. 1.1 [3]. The barriers include, 

besides the ceramic fuel pellets, (1) a copper canister, (2) bentonite clay, and 
(3) crystalline bedrock. The first barrier is a cylindrically shaped copper 

canister with an insert of cast iron. The canister is about 5 meters long, 
weights 25 ton and is designed to protect the nuclear fuel against corrosion 

and mechanical stress that may occur as a result of the rock movements. 

The copper canister will then be placed in a deposition hole encased in 
compacted bentonite clay (the second barrier), which acts as a buffer 

protecting the canister from corrosion. The choice of bentonite clay is 
because of its favorable properties for isolation of the canister and 

containment of the waste. When in contact with water, the clay particles 

adsorb water molecules, which make the bentonite swell strongly filling the 
voids and cracks surrounding the deposition hole.  The compacted 

bentonite has a very low hydraulic conductivity and the water flow around 
the canister surface is practically negligible. Furthermore, the clay particles 

have high sorption capacity for radionuclides and can strongly retard 

sorbing species. The final barrier against the leakage of the escaped nuclides 
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to the biosphere is the crystalline bedrock. Unfractured rock can effectively 
retard nuclide migration and the long retention time allows many of the 

nuclides to decay to very low activity levels before they reach to the 

biosphere. However, fractures in the crystalline bedrock can provide water 
pathways to carry dissolved nuclides through the bedrock by seepage to the 

ground surface. Yet, fortunately, the nuclides in the seeping water in the 
fractures can be retarded by several mechanisms that can substantially slow 

down the nuclide migration to the ground surface. 

 
Fig. 1.1. Schematic picture of the natural and engineered barriers that 

protect the stored nuclear waste (KBS-3) [3] 

To provide an overall assessment of the KBS-3 repository design in the 
light of safety and performance criteria, the nuclide transport rates in 

fractured rocks are often quantified in models that account for different 
interactions and retarding mechanisms. Such models are central for safety 

analysis and are used in performance assessment calculations to assess the 

possible escape rate of the nuclides over time to the biosphere where 
animals and people could be exposed to radioactive substances.  

1.2   Performance assessment of geological repositories 

The performance assessment (PA) of a geological repository is to use 
mathematical models to predict the long-term behavior of radionuclide 

transport through the natural and engineered barriers in the given 

repository. The PA analysis is widely regarded as an essential tool to ensure 
the permanent and safe disposal of radioactive waste. The PA results can 
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help to analyze and evaluate the extent to which the final repository 
complies with the established requirements and standards and thus help to 

build confidence in the proposed repository design. In particular, it can help 

to determine the consequences in scenarios when one or more of the 
barriers protecting the nuclear waste fail and radioactive substances start 

releasing to the surrounding bedrock. 

For the PA purposes, the repository system is conceptually divided into a 

near-field (NF) and a far-field (FF). The repository near-field, as 
schematically shown in Fig. 1.2, comprises the fuel matrix, copper canister, 

bentonite clay and part of the nearby geosphere surrounding the deposition 
hole that is damaged by excavating operations. The repository far-field, on 

the other hand, is the naturally fractured part of the geosphere, i.e., the host 

bedrock that is not significantly affected by human activities.  

 

Fig. 1.2. Schematic picture of the repository near-field 

Should the canister fail, radionuclides would be released from the 

canister and begin migrating toward the biosphere. In the repository near-
field, release of radionuclides is controlled by dissolution of the fuel matrix, 

transport through the canister damage, diffusion through the bentonite clay, 
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advection in the fractures or fracture zones, as well as adsorption and 
radioactive decay [4, 5]. After escaping from the near-field, the nuclides may 

further migrate in the repository far-field, as schematically shown in Fig. 1.3, 

where different mechanisms control their transport behavior [6, 7, 8]. 

 

Fig. 1.3. Schematic of the repository far-field with fractures and a fracture 
zone [7] 

In the host bedrock, fractures and fracture zones of different sizes and 
orientations can often be found. Radionuclides can, thus, be carried by 

underground water through conductive parts of fractures called channels. 
The water flow rates differ between the channels and the velocity may also 

vary across individual channels. These mechanisms give rise to advection 

and dispersion in the individual channels. Within the bedrock, when the 
randomly oriented fractures intersect, multitude of the channels can connect 

and form a three-dimensional network of channels. At channels 
intersections where waters from two or more channels meet, the water 

particles may mix to varying degrees and nuclides in the flowing water may 

move partly into one and partly into another channel. The nuclide particles 
can, therefore, be divided up into an enormous number of pathways in the 

rock volume with uneven flow rate and velocity distribution. This gives rise 
to velocity dispersion as different paths leading to the same location have 

different velocities. Moreover, the rock matrix is porous and the nuclides 
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can enter into the stagnant water in pores of the rock matrix by molecular 
diffusion and be withdrawn from the flowing water. Furthermore, the 

presence of stagnant water zones (STWZs) in the fracture plane can 

enhance the retardation because this gives access to additional surface over 
which nuclides can diffuse into the rock matrix [9]. Many nuclides are also 

retarded by sorption onto the matrix internal surface and that of the 
fracture, and thereby are given more time to decay. 

Although the aforementioned mechanisms impact the nuclide transport 
differently and some of them, depending on the flow conditions and rock 

properties, may dominate over others, they are all influential factors on the 
performance of a repository and should be taken into account for PA 

purposes. This requires conceptual models that can appropriately 

characterize a variety of transport processes in the repository near- and far-
field. The near-field model shall describe the release of radionuclides from a 

damaged canister into the surrounding bentonite and bedrock, and the far-
field model shall describe the subsequent transport and retention of the 

nuclides in the host bedrock, which may result in radioactive release into the 

environment. 

The contribution of this thesis primarily revolves around the 
development of new models to improve our understanding of radionuclide 

transport in the repository “far-field” in fractured rocks. The proposed 

models are founded on the channel network conceptualization of flow paths 
in fractured rocks that provides a convenient framework to incorporate 

many of the important transport mechanisms, some of which cannot readily 
be incorporated in other conceptual models. This is further discussed in the 

following section. 

1.3   Modeling concepts for flow and solute transport in fractured 

rocks 

Modeling flow and transport in fractured rocks is rather complex and 
requires proper characterization of fractures and fracture zone properties, 

i.e., sizes, orientations and transmissivities. During the last decades, different 
conceptual models were proposed and parameterized to infer the required 

properties and represent effective flow paths in fractured rocks. The 
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commonly used continuum model (CM) envisages the system of fractures as 
one continuous porous medium with fixed lumped hydraulic properties. 

Though this conceptualization is shown to be applicable in some 

homogeneous porous media such as carefully designed packed bed reactors, 
numerous studies have suggested that the continuum model cannot 

adequately represent the real nature of solute transport in fractured systems, 
which often exhibit anomalous behavior. The stochastic continuum model 

(SCM) treats the fractured rock as if it consists of a number of small 
volumes each with randomly assigned hydraulic conductivities [10]. In the 

discrete fracture network model (DFN), the rock is modeled as consisting of 

a network of connected conductive fractures, where every fracture is 
typically assumed to have the same transmissivity over its entire plane [11]. 

In a real fracture, however, apertures vary from fully closed to usually less 
than one mm and some open parts are connected that form channels in the 

fracture. This feature has been included in the channel network (CN) 

concept where the flow is assumed to take place in a three-dimensional 
network of interconnected and randomly generated channels in the rock 

volume [12, 13, 14]. This conceptualization is consistent with observation in 
drifts, tunnels and rock faces.  

In contrast to the other approaches, the CN-concept provides a 
convenient framework to incorporate several mechanisms and important 

geometric properties of flow paths in fractures that cannot readily be 
introduced in other models. First, a channel in a fracture may be in contact 

with finite volumes of water in stagnant zones adjacent to the channel. It is 

possible in the CN-concept to account for the diffusive mass exchange 
between the stagnant water zones and the channel. It will be shown that this 

can have a considerable impact on the retardation of sorbing radionuclides. 
Second, the impact of channels with variable apertures can be 

accommodated in the CN-concept and it will be shown that this has 

important impact on dispersion of the radionuclides. Third, the CN-concept 
can accommodate radial diffusion from channels in a porous rock matrix. 

When water flows in channels with narrow width, the matrix diffusion 
would increasingly become radial as the penetration length by diffusion 

becomes larger than the channel width. This enhances the rate of mass 

exchange with the water in the porous rock matrix and causes increased 
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retardation [15]. None of these features are considered in the DFN or the 
continuum models, CM and SCM. 

1.4   Aims and scope 

This thesis contributes to the further development of the CN-concept. 

The main objective of the thesis is to develop efficient models for water 
flow and radionuclide transport in the repository far-field of fractured rocks 

that account for mechanisms that have not been invoked previously but are 
deemed to have considerable potential to retard the nuclides in addition to 

the mechanisms already considered previously. An integrated transport 

model is developed in this study to assess the retardation that may result 
from diffusion of nuclides into the stagnant water zones in the fractures. 

New models are also proposed to better understand hydrodynamic 
dispersion in fractures and fracture networks by taking into account velocity 

distribution within channels with variable apertures e.g. tapered channels 

and between different flow paths. This is motivated by numerous evidence 
in fractured rocks suggesting that the commonly used assumption that 

dispersion is Fickian is not adequate for fracture networks in crystalline 
rocks. 

The main approaches outlined in this thesis focus on mathematical 
modeling, model verification, model structural analysis, and computer 

simulation. The purposes are to (a) build confidence in the proposed models 
and (b) to deepen our knowledge of solute transport in fractured rocks by 

exploring how the transport behavior may vary with changes in flow 

conditions and rock properties. Furthermore, arguments and empirical 
evidence are presented in this thesis to support the idea that it is more 

realistic to describe flow and transport in fractured rocks as taking place in a 
three-dimensional network of channels. 

The findings of these studies are implemented in the Channel Network 
Model (CNM) and its computer code, CHAN3D. Thus, the code can 

further be used to perform safety analyses in different release scenarios as 
well as to predict tracer test results. The CNM is, in fact, the CHAN3D 

implementation of the CN-concept that is continuing to evolve including 

more and more mechanisms and geometric features. The findings of this 
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thesis can also be useful to gain insights into transport and fate of other 
toxic compounds and to examine if, and how, the remediation of 

contaminated areas can, or cannot, be expected to be successful. 

Throughout this thesis, the terms solute, nuclide and radionuclide are 

used interchangeably to refer to the contaminant that may release from a 
damaged canister and spread through the fractures. The CNM and CN-

concept are also used interchangeably with the latter having a broader 

meaning. The remaining chapters of the thesis are based on four appended 
papers focusing on further development and application of far-field models.  

 In Chapter 2, a conceptual model is developed and solved for 

radionuclide transport in a single channel to include an arbitrary-length 

decay chain and stagnant water zones. It is followed by an uncertainty 
analysis, i.e., the global sensitivity analysis, to improve our understanding of 

the model structure, knowing that many of the model input parameters are 
subject to sometimes considerable uncertainties. 

In Chapter 3, the developed model is implemented in the CNM where 
the three-dimensional network of channels with stochastic properties give 

rise to a large number of pathways. This makes it possible to account for the 
effect of stagnant water zones on nuclide transport in a large-scale far-field 

of repositories. For validation purpose, the simulation results are compared 

to the data available for the tracer test experiment, STT-1, performed at the 
Äspö Hard Rock Laboratory in Sweden. 

In Chapter 4, an attempt is made to explain the non-Fickian behavior of 

solute transport in fractured rock where the solution to a single-flow-path 

model is extended into more general cases to also account for velocity 
variation between the tapered channels. This leads to the development of 

the multi-channel model followed by its mathematical formulation and 
analytical solution. The chapter ends with two examples aimed to illustrate 

the distinct effects of Fickian and velocity dispersions on the spreading of 

solute mass when the observation distance increases. 

In Chapter 5, dispersion is discussed within the framework of the CN-
concept, and the applicability of the continuum model is questioned—
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mostly because, in order to capture the effect of spatial heterogeneities, the 
model requires introducing effective lumped entities that barely, if ever, can 

be derived from the underlying physics. As an alternative approach, it is 

argued that the CN-concept offers an attractive and simple framework to 
model and explain the more realistic behavior of solute transport in 

fractured rocks because it allows incorporating physical mechanisms 
underlying the actual behavior of solute transport as well as essential spatial 

heterogeneities. 

Finally, the thesis ends with the concluding remarks together 

with prospects for the further development of the CN-concept, in Chapter 
6. 

The work presented in this Ph.D. thesis was performed during the years 
2012-2017, at the department of chemical engineering – KTH, Stockholm, 

Sweden. 
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Chapter 2 

Transport of an arbitrary-length decay chain in a channel 

surrounded by rock matrix and stagnant water zones 

In this chapter, a conceptual model is developed to simulate transport of 
an arbitrary-length decay chain in an individual channel surrounded by rock 

matrix and stagnant water zones. We begin in this chapter by introducing 
the model and proceed to presents an analytical approach to find the 

transient solution for nuclide concentrations in the channel. Following that, 

we simulate a series of problems with increasing complexity to highlight the 
relative contributions of the major processes in retarding sorbing and non-

sorbing species in the same channel. The chapter ends with the global 
sensitivity analysis of the model aimed to quantify the importance of the 

transport mechanisms and, thus, identify the parameters that have the 

greatest potential for the model output uncertainty reduction.  

2.1   Background  

Today, it is widely recognized that conductive parts in fractures are 

primarily responsible for groundwater flow and distribution in fractured 
crystalline rocks, Fig. 2.1. This interpretation is supported by evidence from 

field experiments that revealed that often large discontinuities exist in 

fracture planes and fracture aperture can vary from fully closed to millimeter 
sizes. It can, therefore, be conceived that the open locations in fractures 

may connect over long distances and form potential pathways through 
which water can flow when subject to a hydraulic gradient and, thus, carry 

radionuclides through fractures. We call the flow paths in fractures channels. 

After being released to the repository far-field, the radionuclides may be 

subject to different transport mechanisms in the channels. Advection and 
dispersion are the principal mechanisms that control the transport of non- 
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Fig. 2.1. Schematic picture of a fracture plane 

sorbing nuclides in the channels. The rock is porous and the nuclides can 
enter into the pores of the rock matrix by molecular diffusion, and be 

withdrawn from the flowing water to a great extent. Sorbing nuclides can, in 
addition, be retarded by sorption onto the matrix internal surface as well as 

the fracture surface, and thereby be given more time to decay. Presence of 

stagnant water zones, STWZs, in the fracture plane may also enhance the 
nuclide retardation because this gives access to additional surface over 

which nuclides can diffuse into the rock matrix. 

The STWZs can be envisaged as geometrical irregularities within which 

the flow velocity is very low and is approximated to be zero. In a natural 
fracture, STWZs may be formed due to heterogeneities that exist in the 

fracture morphology, i.e., minor fractures, voids, etc., along the rough walls 
of the fracture that result in stagnant flow conditions in separate parts of the 

water body, Fig. 2.1. As a result, if the STWZ is located adjacent to the 

flowing channel, the nuclides can, first, diffuse into the pools of stagnant 
water in the fracture plane and then find their way to the rock matrix 

adjacent to the water body. In this manner, the STWZs allow the nuclides to 
access a larger fracture surface over which they can diffuse into the rock 

matrix and, if reactive, sorb onto the inner surfaces of the rock matrix. 

The main objectives of this chapter are (a) to explore how the existence 

of STWZs may enhance radionuclide retardation and (b) to gain insights 
into the relative importance of the major transport mechanisms that 
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radionuclides experience in a channel. For these purposes, an integrated 
model is developed to study radionuclide transport in a single channel. The 

model can be viewed as an extension to the model developed in [16] to 

include an arbitrary-length decay chain in the presence of a STWZ. It takes 
into account not only advection and dispersion, but also linear equilibrium 

sorption, diffusion into the rock matrix, diffusion into the STWZ, and 
radioactive chain decay. The proposed model is described in the following 

section. A brief review of the previous modeling efforts along with their 
strengths and limitations are given in Paper I.  

2.2   Model development  

In this study, the channel is conceived as a straight flow path with 

constant aperture and width. Fig. 2.2 shows a conceptual picture of the 
model where radionuclides traverse a rectangular channel with the width of 

2Wf and aperture of 2bf.  

 
Fig. 2.2. Different paths for solute transport in a channel [16] 

The STWZ is assumed to be a rectangular cuboid with the same length 

as the channel but with a different aperture, 2bs, and width, 2Ws. Complete 

mixing is assumed across the channel and the radionuclides are assumed to 

travel with the mean flow velocity, u. Furthermore, the rock matrix is 

assumed to be homogeneous. The radionuclides can diffuse directly from 

the flowing channel to the adjacent rock matrix. They may also first diffuse 

into the STWZ and then from there diffuse further into the rock matrix. 
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Although, in Fig. 2.2, diffusion to the STWZ and rock matrices is shown in 
positive directions, the model also takes into account the diffusion in the 

opposite directions.  

Because the system has been conceptualized into four subsystems, four 

mass balance equations are formulated for each species to describe transport 
in the (1) flowing channel, (2) stagnant water zone, (3) rock matrix adjacent 

to the flowing channel, and (4) rock matrix adjacent to the STWZ. To 

provide the coupling between the subsystems, solute exchange at the 
interfaces is described by introducing sink terms (dashed underlined terms 

in Eqs. (2.1) and (2.5)) and by providing continuity of the concentration at 
the interfaces. Because the system involves members of an arbitrary-length 

decay chain, a second coupling is also necessary to account for the mass 

gain of the daughter and the mass loss of its parent. In what follows, the 
governing equations in each subsystem are presented. 

2.2.1 Solute transport through the channel 

Based on the above considerations, the one-dimensional transport 

equation of species i in the flowing channel can be formulated as 

2

, , , ,, ,

, 2

0 0

,

f i f i f i ef pf is i s is

f i

f f fy z

f i

C C C D CD Cb
u D

t x x b W y b z
R

= =

∂ ∂ ∂ ∂∂
+ − = +

∂ ∂ ∂ ∂ ∂

- - - - - - - - -- - - - - - - - - - -

 

, , , 1 1 , 1
      1,2,...,  

f i i f i f i i f i
R C R C i n

− − −
− λ + λ ∀ =      (2.1) 

where x represents the coordinate along the channel and y and z are the 

coordinates into the STWZ and into the rock matrix adjacent to the flowing 

channel, respectively. The subscripts, f, s and pf refer to the channel, STWZ 

and rock matrix adjacent to the channel, respectively.  

 The last two terms on the left-hand side of Eq. (2.1) describe advection 

and dispersion along the channel. On the right-hand side, the first two terms 
describe the diffusional processes at the interfaces between the channel and 

the STWZ and between the channel and the rock matrix adjacent to it, 
respectively. The third term on the right-hand side of the equation 

represents the mass loss of member i by decay, and the fourth term denotes 
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the mass gain of member i due to the decay of its parent. The initial 

condition is  

,
( ,0) 0

f i
C x =             (2.2) 

The boundary conditions are given by 

( ),

, ,

0

( , )
(0, )

I

f iI I i

f i f i

x

C x t F t
u C t D

x A
=

∂
− =

∂ φ
         (2.3) 

and 

,
lim ( , ) 0

f i
x

C x t
→∞

=             (2.4) 

In Eq. (2.3), FI
i (t) is the total flow rate of the nuclide i into the channel.

φ is the channel porosity and A is the cross-sectional area of the channel. 

The constants uI and DI
f,i can usually be considered equal to u and Df,i in a 

case where the advective and dispersive fluxes have been specified. In this 

study, it is also assumed that φ  = 1.  

2.2.2 Solute transport in the stagnant water zone 

Neglecting diffusion in the x direction, the one-dimensional transport 

equation of species i in the STWZ can be formulated as  

2

,, , ,

, , 2

0
s

ps is i s i es i

s i s i

s s z

CC C D
R D

t y b z
=

∂∂ ∂
= +

∂ ∂ ∂

- - - - - - - - - -

    

          
, , , 1 1 , 1

   1, 2,...,
s i i s i s i i s i

R C R C i n
− − −

− λ + λ ∀ =        (2.5) 

The subscript ps refers to the rock matrix adjacent to the STWZ and zs 

is the coordinate into the rock matrix. Here we assume complete mixing in 

zs direction within the thin layer of STWZ. The initial condition is  

( ),
,0 0

s i
C y =              (2.6) 
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The boundary conditions are given by 

, ,
(0, )

s i f i
C t C=             (2.7) 

and 

,

2

0

s

s i
C

y
=

∂
=

∂ y W
            (2.8) 

The second term at the right-hand side of Eq. (2.5) describes diffusion at 

the interface between the STWZ and the rock matrix adjacent to it. Solute 
transport in the flowing channel and in the STWZ is coupled through Eq. 

(2.7), which describes the continuity of the nuclide concentration at the 

interface. Eq. (2.8) shows a no-flux boundary condition at y = 2Ws in the 

STWZ. The no-flux condition can be motivated as a symmetry condition 

with the neighboring water zone in which transport occurs simultaneously. 
It may also be a physical boundary. 

2.2.3 Solute transport in the rock matrix adjacent to the channel 

Transport in the porous rock matrix is mainly controlled by molecular 

diffusion. The one-dimensional transport equation of species i in the matrix 

adjacent to the flowing channel can be formulated as 

2

, , ,

, , ,2

pf i ef i pf i

pf i pf i i pf i

pf

C D C
R R C

t z

∂ ∂
= − λ

∂ ε ∂
 

, 1 1 , 1
     1, 2,...,

pf i i pf i
R C i n

− − −
+ λ ∀ =              (2.9) 

The initial condition is  

,
( ,0) 0

pf i
C z =                        (2.10) 

and the boundary conditions are given by 

, ,
(0, )

pf i f i
C t C=                       (2.11) 

and 
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,
0

f

pf i

z

C

z
=δ

∂
=

∂
          (2.12) 

Given the complete mixing across the channel aperture, solute transport 

in the channel and in the rock matrix can be coupled through Eq. (2.11). Eq. 

(2.12) describes a no-flux boundary condition at z = δf for a rock matrix 

adjacent to the flowing channel. 

2.2.4 Solute transport in the rock matrix adjacent to the stagnant 

water zone 

Similar to equation (2.9), the one-dimensional transport equation of 

species i in the rock matrix adjacent to the STWZ can be written as 

2

, ,,

, , ,2

ps i ps ies i

ps i ps i i ps i

ps s

C CD
R R C

t z

∂ ∂
= − λ

∂ ε ∂
 

, 1 1 , 1
     1, 2,...,

ps i i ps i
R C i n

− − −
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The initial condition is 

,
( ,0) 0

ps i s
C z =                                    (2.14) 

and the boundary conditions are given by 

, ,
(0, )

ps i s i
C t C=                  (2.15) 

and 

,
0

s s

ps i

s z

C

z
=δ

∂
=

∂
                      (2.16) 

Equation (2.15) describes the continuity of the nuclide concentration 

between the STWZ and its adjacent rock matrix. 
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2.3   Analytical solution in the Laplace Domain 

The mass balance equations for an arbitrary-length decay chain result in 
a set of coupled (due to the chain decay) partial differential equations 

(PDEs) that cannot readily be solved analytically in the time domain. 

However, the PDEs can be transformed into a set of coupled ordinary 
differential equations (ODEs) in the Laplace domain. It is also feasible to 

apply the matrix-similarity-transform technique to decouple the ODEs and, 
thus, solve the equation for each nuclide independently. 

The above mathematical procedures to solve the governing equations in 
each subsystem are detailed in Paper I. In what follows, we only present the 

final solution obtained for the nuclide concentration at the channel outlet. 
The solution is characterized according to the parameter groups introduced 

in Table 2.1. This helps to elucidate the central mechanisms contributing to 

radionuclide transport. In the Laplace domain, the outlet concentration for a 

given number of radionuclides, n, can be determined from the following 

equation,  

( )1−= ×η ηη ηη ηη ηfC O V�                              (2.17) 

where Cf is a column vector that contains the Laplace-transformed 
concentrations at the channel outlet and V is a column vector that 
represents the inlet flux boundary conditions  

( )
1i n

V
×
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F s
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u Q
Au D

D u
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          (2.18) 

and  

2

, ,
4 S

i f i i i
Q u D= + �           (2.19) 

 The characteristic matrix (ηÕη-1), also called the transfer function of the 

channel, contains the governing functions that describe fluid flow and 

radionuclide transport in the channel. S� is a diagonal matrix that carries the 
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eigenvalues of matrix S (defined below) on its main diagonal. η is a lower-
triangular matrix whose columns are the eigenvectors of matrix S, and η-1 is 

the inverse of η.  

Table 2.1. Parameter groups used to characterize the transport of nuclides in 

the system 

Definition Physical Significance 

, ,
MPG

f i ef i pf pf
D R= ε  MPGf is the material property group for the rock 

matrix adjacent to the flowing channel [17]. 

, ,
MPG

s i es i ps ps
D R= ε  MPGs is the material property group for the rock 

matrix adjacent to the stagnant water zone [17]. 

F
f

f

x

ub
=  

Ff is the ratio of the flow-wetted surface of the 
rock matrix adjacent to the flowing channel to the 
volumetric water flow rate. Ff gives a measure of 
the ratio of diffusion through the rock matrix to 
advection in the flowing channel and quantifies the 
relative importance of these two types of solute 
transport in the channel. A high value of the Ff 
indicates that a large amount of solute carried by 
the flowing water can quickly be transported into 
the rock matrix. 

2

F s

s

s s

W

D b
=  

Fs is the ratio of the flow-wetted surface of the 
rock matrix adjacent to the stagnant water zone to 
the diffusion conductance of the stagnant water 
zone. Fs gives a measure of the ratio of diffusion 
through the rock matrix to diffusion into the 
stagnant water zone and quantifies the relative 
importance of these two types of solute transport. 
A high value of Fs indicates that a large amount of 
solute diffusing from the flowing channel into the 
stagnant water zone can quickly be sucked by the 
rock matrix. 

f

x

u
=τ  Characteristic time for advection through the 

flowing channel, which is the water residence time.  
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2

s

s

s

W

D
=τ  Characteristic time for diffusion into the stagnant 

water zone. 

2

,

,

f

Df i

af i
D

δ
=τ  Characteristic time for solute diffusion through the 

rock matrix adjacent to the flowing channel. 

2

,

,

s

Ds i

as i
D

δ
=τ  Characteristic time for solute diffusion through the 

rock matrix adjacent to the stagnant water zone. 

N s s s

f f

D xb W

ub W
=  

N is the ratio of the characteristic rate of diffusion 
into the stagnant water zone to the characteristic 
rate of advection through the flowing channel. N 
gives a measure of the fraction of solutes that can 
depart from the flowing channel into the stagnant 
water zone. 

,

,

,

ef i

af i

pf pf i

D
D

R
=

ε
 Apparent diffusivity of the nuclide i in rock matrix 

adjacent to the flowing channel. 

,

,

,

es i

as i

ps ps i

D
D

R
=

ε
 Apparent diffusivity of the nuclide i in rock matrix 

adjacent to the stagnant water zone. 

 

Using the terminology in Paper I, matrix S can be expressed as 

( ) ( )1 1− −
= + +Π γ γ αΘαΠ γ γ αΘαΠ γ γ αΘαΠ γ γ αΘαf f pfS M P N          (2.20) 

which consists of several matrices that are too complicated to be expressed 

here, but are well documented in Paper I. For an arbitrary number of 

radionuclides, n, the key diagonal matrix Õ in Eq. (2.17) takes the following 
form 

( )o
i j

n n×
=Ο� �

,
      with      

( )exp
o

0

i i

i, j

A j i

j i

−κ =
=

≠





�                    (2.21) 

where κi is called dispersion-correction factor, given by 
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         (2.22) 

and 

( ), , ,
N tanh 2

i fi si f i i s i s i
A A A= + = Ω + × Ω × Ω           (2.23) 

The terms Afi and Asi represent, respectively, the lumped effect of the 

channel and STWZs. In Eq. (2.23), Ωf,i denotes the contribution of the 

channel and rock matrix adjacent to it, and it is defined as 

( ), , ,
F

f i f i f i f f i i
R s P sΩ = τ λ + + λ +        (2.24)  

where Rf and τf are the surface retardation coefficient and characteristic time 

of advection in the flowing channel, respectively, and Pf,i is 

( )( ), , , ,
MPG tanh

f i f i Df i i i
P s= × τ λ +        (2.25) 

Similar to Ωf,i, Ωs,i denotes the contribution of the STWZ and its 

adjacent rock matrix, and it is defined as, 

( ), , , , ,
F

s i s i s i i s i s i i
R s P sΩ = τ λ + + λ +         (2.26) 

with 

( )( ), , , ,
MPG tanh

s i s i Ds i i i
P s= × τ λ +        (2.27) 

In the following section, the final solution for nuclide concentrations in 

the channel, Eq. (2.17) is used to perform a series of simulations to gain 
insights into the relative significance and contributions of different 

mechanisms in retarding solute transport in a channel. 
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2.4   Model verification and simulation results 

Before we carry out the simulations, we initially verified the accuracy of 
the model solution. We did this by comparing the model predicted results 

with two numerical experiments found in literature [18, 19, 20]. The 

comparison results, as discussed in Paper I, revealed excellent agreements 
between the model results and those reported for the experiments. 

 In this section, we conduct a set of simulations to determine the error 

that might be committed if one (a) neglects the effect of STWZ in long-term 

assessment of radionuclide transport and (b) models the transport of a 
decay-chain member simply as a single species transport. The system under 

consideration is a channel surrounded by rock matrix and STWZs.  

Consider the two-member decay chain, Am243 → Pu239, that traverse the 

channel and experience advection, longitudinal dispersion, sorption, 

diffusion into rock matrix and diffusion into the STWZs. The geometrical 
data used for the simulations are listed in Table 2.2. The radionuclide 

properties are also listed in Table 2.3 [21, 22].  The subscripts 1 and 2 refer 

to Am243 and Pu239 respectively. 

A systematic procedure is used to make a simple sensitivity analysis by 

introducing one new phenomenon at a time, as given in Table 2.4. 

Table 2.2.  Geometrical and physical Properties 

Channel length  L = 50 m 

Channel half-width   Wf = 0.1 m 

Channel half-aperture  bf = 1×10-4  m 

Ground water velocity  u = 5  m/yr 

STWZ half-width   Ws = 0.5 m 

STWZ half-aperture  bs = 1 ×10-4  m 

Channel rock matrix porosity  εpf = 5 ×10-3 

STWZ rock matrix porosity  εps = 5 ×10-3 
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Table 2.3. Radionuclide properties  

Am243  Pu239 

Half-life = 7.37×103 years  Half-life = 2.41×104 years 

Ds,1 = 1×10-9      m2/s  Ds,2 = 1×10-9     m2/s 

Def,1 = 4×10-14    m2/s  Def,2 = 4×10-14   m2/s 

Des,1 = 4×10-14    m2/s  Des,2 = 4×10-14   m2/s 

Rf,1 = 1  Rf,2 = 1 

Rs,1 = 1  Rs,2 = 1 

Rpf,1 = 7.95×103  Rpf,2 = 7.95×103 

Rps,1 = 7.95×103  Rps,2 = 7.95×103 

 

Table 2.4. Simulation conditions* 

* (×) → Considered;   (−) → Neglected 

First, we consider a simple case where the STWZ is absent. Therefore, 
the nuclide carried by the mobile water will only diffuse and sorb in the rock 

matrix adjacent to the flowing channel, “CASE 1”. Next, sorption and 

diffusion into the STWZ and its adjacent rock matrix are considered in 
“CASE2”. The model is thereupon extended to include radioactive decay 

process in “CASE 3” and dispersion in “CASE 4”. In Table 2.4, Ci0 is the 

 CASE 1 CASE 2 CASE 3 CASE 4 

Matrix adjacent 
to the channel × × × × 

Stagnant water 
and its adjacent 
matrix 

− × × × 

Sorption  × × × × 

Chain decay  − − × × 

Dispersion − − − Pe=100 

Inlet Condition 
C10 = 0 

C20= c0 δ(t) 

C10 = 0 

C20 = c0 δ(t) 

C10 = c0 δ(t) 

C20 = 0 

C10 = c0 δ(t) 

C20 = 0 
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inlet concentration of the ith nuclide. The symbol δ is the Dirac's delta 

function representing instantaneous nuclide release at the channel inlet, and 

c0 is the ratio between the mass injected and volumetric flow rate through 

the channel. In this study, c0 is considered to be unity. 

The results for Pu239 at the channel outlet are shown for the four cases in 
Fig. 2.3. The simulation results suggest that ignoring the effect of the STWZ 

can cause significant underestimation of the first-arrival time and 
considerable overestimation of the peak-concentration compare red and 

blue plots in Fig. 2.3). Likewise, neglecting the parent and modeling its 

daughter as a single stable species in cases involving chain decay can cause a 
significant overestimation of the daughter peak-concentration. Moreover, it 

can be seen that an increase in dispersion causes the arrival-time and peak-
time of daughter decrease while the peak-value increases. 

 

Fig. 2.3. Comparison of the response functions for CASES 1-4 

2.5   Global sensitivity analysis (GSA) 

The analysis made above gives a general picture of the relative 

contribution of the transport mechanisms. However, predictions made by 

the model must be used with caution, mainly because many of the model 
input parameters are subject to inherent uncertainties. Therefore, changes in 

the input data can cause even greater variations in the model predicted 
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results. This is demonstrated below by a systematic uncertainty analysis 
aimed to identify the most influential parameters. Such analysis improves 

our understanding of how sensitive the model is to its key parameters and 

correlations between them. The sensitivity analysis can also indicate which 
processes may be worth to be further studied in future to decrease the 

prediction uncertainty. 

The following discussion addresses the method of global sensitivity 

analysis, GSA, based on the Sobol sensitivity indices [23, 24]. The 
mathematical description of the GSA method is given in Paper I. In words, 

the first-order sensitivity index, Si, represents the fraction of model output 

variance that is explained by the input variation of a single parameter Xi. 

Thus, it can help to detect and rank the parameters that must be reliably 

measured to reduce the output variance; a high value of Si means a 

significant influence of Xi on the model output uncertainty. The total 

sensitivity index, STi, represents the expected amount of output variance that 

would remain unexplained if only Xi were remained unknown and left free 

to vary over its uncertainty range. The total index is, therefore, a suitable 

measure to identify non-influential parameters that are not important either 

individually or in combination with other parameters [25, 26]. In other 

words, the identified parameter with STi ≈ 0 can be fixed to any value within 

its range of uncertainty without appreciably affecting the model output 
variance. 

 In what follows we apply the method to the transport model for the 
individual channel. This analysis helps to assess the model sensitivity to the 

inherent uncertainties in the input parameters and, thus, 
facilitates prioritization of the influential transport parameters in fractured 

rock.  Given a pulse injection at the channel inlet, the response peak-time is 

taken to be the target value. The five characteristic parameters, i.e., MPGf, 

MPGs, Fs, Ff and N, are assigned an uncertainty range of 0 < Xi < 3, where 

Xi represents the parameters. The data used to determine this uncertainty 

range are taken from field observations and laboratory experiments reported 

in SKB publications [27, 28]. Because the model output is time-dependent, 
the Sobol first-order and total sensitivity indices are estimated as functions 
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of time. They are given as area plots in Figs. 2.4 and 2.5 to facilitate 
identification of the relevant and less-relevant parameters. 

 

Fig. 2.4. Total sensitivity indices at different time points 

 

Fig. 2.5. First-order sensitivity indices at different time points 

As shown in Fig. 2.4, the total sensitivity indices for the characteristic 
parameters are non-zero over the entire time span, suggesting that they 
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continuously contribute to the model output variance and that they should 
not be fixed at any given value within their range of variation. In Fig. 2.5, it 

can be seen that the first-order sensitivity index for the parameter N (SN) 

gradually increases over the time span and consistently shows higher values 

compared to the other parameters. This suggests that the parameter N 

provides a major and consistent contribution to the model output variance. 
As a result, because N is understood to be the measure for fraction of solute 

that can depart from the flowing channel into the STWZ (See Table 2.1), 
this result strongly supports the idea that the STWZs can play an important 

role in determining the fate of sorbing nuclides in fractured rocks.  

For ease of quantitative comparison, the first-order sensitivity indices for 

the input variables, Si, are also listed in table 2.5 at different time points. By 

the same token, the Si values suggest that if it were possible to evaluate the 

“true” values of input variables at the same cost and effort, the 

determination of priorities would be in the sequence of N, Fs, MPGs, Ff and 

MPGf. 

Table 2.5. First-order sensitivity indices at different time points 

In this chapter we derived the analytical solution for radionuclide 

transport in a channel surrounded by rock matrix and STWZs. We started 

by conceptualizing the system into four subsystems followed by application 
of the Laplace transform and matrix similarity transform techniques to solve 

the transport equations in each subsystem. We, thereafter, made a series of 

Time (y) 7.0×102 2.2×103 8.0×103 1.5×104 3.0×104 6.7×104 1.0×105 1.4×105 

Ff 0.087 0.095 0.093 0.078 0.068 0.057 0.072 0.062 

MPGF  0.066 0.091 0.082 0.078 0.068 0.059 0.070 0.065 

Fs 0.066 0.077 0.159 0.133 0.126 0.139 0.142 0.146 

N 0.120 0.209 0.370 0.389 0.433 0.428 0.453 0.452 

MPGS 0.064 0.099 0.131 0.124 0.140 0.131 0.141 0.140 

Sum of 
1st order 
effects 

0.403 0.570 0.835 0.802 0.834 0.814 0.877 0.885 
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deterministic simulations to form an overall impression on the long-term 
effect of STWZs, without uncertainty estimates of the transport parameters. 

The key question addressed was to what extent the radionuclide retardation 

would be influenced by the presence of STWZs over the long times of 
interest for safety assessment of radioactive waste repositories. 

Subsequently, we made a global sensitivity analysis to quantify the model 
sensitivity to uncertainties in its input parameters and, thus, prioritize the 

influential transport parameters in fractured rock. 
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Chapter 3 

Stagnant water zones and their effect on radionuclide transport 

at large scales 

The main objective of this chapter is to extend the Channel Network 

Model (CNM) and its computer implementation, the CHAN3D program, to 
account for diffusion into stagnant water zones adjacent to the flow 

channels. We believe that this feature makes the program a more efficient 

tool for predicting radionuclide transport in crystalline bedrocks for 
performance assessment purposes. The chapter provides an overview of the 

structure and underlying premise of the CNM in which the groundwater 
flow and radionuclide transport are envisaged to take place in a three-

dimensional network of channels with randomly assigned properties. The 

chapter also describes the procedure to include the effect of stagnant water 
zones in the CNM by implementing the model presented for an individual 

channel in Chapter 2. The rest of this chapter is concerned with the 
probabilistic simulation of radionuclide transport in fractured rocks where 

the CHAN3D is applied to perform predictive modeling of two converging 

tracer tests with different injection-extraction scenarios, as performed at the 
Äspö Hard Rock Laboratory. 

3.1   The Channel Network Model 

As remarked in the introductory chapter, an essential task of 
performance assessment of radioactive waste repositories is to evaluate the 

potential for release of radionuclide into the environment. For such a 

quantitative assessment, the Channel Network Model (CNM) and the 
corresponding computer program, CHAN3D, have been developed to 

simulate radionuclide transport in fractured bedrocks. The CNM is founded 
on the channel network (CN) concept, which is based upon the premise that
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the flow of water and transport of radionuclides take place in a three-
dimensional network of interconnected channels within the rock volume. In 

other words, the CNM is the CHAN3D implementation of the CN-

concept, which can further be evolved to include additional mechanisms 
and geometric features. The CNM describes the flow paths that are made up 

of an arbitrary number of connected channels with stochastic properties. 
The hydraulic properties and channel frequencies can be obtained from 

transmissivity measurements of conductive fractures intersected by 
boreholes in the rock mass. Sorption properties can be taken from 

laboratory and field studies, and matrix diffusion properties can be obtained 

by laboratory measurements as well as measurements in boreholes. In 
addition to the stochastic channels, the model can contain deterministic 

fractures, fracture zones and tunnels. These features are mapped on the 
stochastic channel network to modify the channel transmissivities and flow 

wetted surface areas, i.e., the contact areas between the flowing water and 

the rock.  

Once the transmissivities of the channels are specified, the flow 

distribution is obtained by solving the flow equations with known boundary 
conditions. The apertures of the channels are estimated by the cubic law or 

modifications thereof. When the flow field is known, the paths of 
radionuclides can be determined by a particle-tracking technique where a 

multitude of particles are injected into the network at desired locations. 
Each individual particle is then followed tracing out its transport path. The 

particles are transported by advection and when a particle arrives at an 

intersection, it chooses which channel to enter with a probability 
proportional to the channels outflow rates. This is equivalent to assuming 

complete mixing at intersections [29]. The advective travel time for non-
interacting solutes in a given channel is determined by the flow rate through 

the channel member and by its volume. For solutes that have access to 

stagnant waters in the matrix and/or stagnant zones, the additional 
residence time caused is determined from the properties of each channel in 

the transport path that the particle traverses and of the neighboring matrix 
and stagnant water zones (STWZs).  
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It should be emphasized that in an individual channel with a constant 
aperture, a particle can move faster than the mean water velocity due to e.g. 

longitudinal molecular diffusion, which is often negligible compared to 

advection in the channel. However, in channels with variable apertures e.g. 
tapered channels, velocity differs across the channel width and a particle can 

experience different residence times in the channels. There will, therefore, 
be a distribution of residence times, not only a single value as when the 

particles are assumed to travel with the mean flow velocity. The latter 
assumption is, however, valid if the channel length is sufficiently long so the 

molecular diffusion can even out the concentration across the channel 

width, as discussed in [30]. Additionally, in narrow channels the matrix 
diffusion would increasingly become radial as the penetration length 

becomes larger than the channel width [15].  

In the CNM, every transport path can consist of a series of channels 

each with a distinct transfer function, due to the different properties that the 
channels can have. The effluent concentration from one channel determines 

the inlet concentration to the next. Therefore, the outflow from channel 

m+1 can be obtained by convolution between the outflow from channel m, 
and the transfer function of the channel m+1. This approach becomes very 

simple for linear systems where the transfer function can be obtained by 
Laplace transform technique. This is mainly because in Laplace space, the 

convolution is obtained by multiplication. Thus, the outflow from the 
transport path can, eventually, be obtained by multiplication of the M-1 

equations describing each constituent channel. The individual channels in 

the path may describe channels with different properties including shapes, 
mechanisms and parameter values. This procedure is described in more 

detail in the following section exemplified by channels with stagnant water 
zones. The question of how the tapered channels may affect the solute 

residence time distribution is further addressed in Chapters 4 and 5. Further 

discussion on the solute transport in circular channels with radial diffusion 
can be found in [15]. This feature can also be readily incorporated in the 

CNM. 
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3.2   Extension of CHAND3D with stagnant zones 

The main objective of this section is to explore how the presence of 
STWZs in fracture planes can add to the retardation of sorbing nuclides 

when they are carried by groundwater in the repository far-field of fractured 

rocks. For this purpose, the model developed in Chapter 2 for radionuclide 
transport through a single channel is embedded into the CNM where the 

flow and transport are assumed to occur through a three-dimensional 
network of interconnected channels with stochastic properties. This gives 

rise to a large number of flow paths and makes it possible to account for the 

presence of STWZs. 

The governing equations and the solution procedures to describe 
radionuclide transport in a single channel, i.e., an idealization of the basic 

building block of the CNM, are discussed in Chapter 2. In what follows, we 

only present the final solution given for the nuclide outlet concentration in 
the channel, Eq. (2.17). We then apply the solution to find the effluent 

concentration in a transport path where radionuclides travel through a series 
of connected channels. Given the concentration boundary condition, Eq. 

(2.17) reduces to 

( )1−= ×η ηη ηη ηη ηf f0C O C�             (3.1) 

where Cf is a column vector that contains the Laplace-transformed 

concentrations at the channel outlet and Cf0 is a column vector represents 

the inlet concentration boundary conditions. The characteristic matrix 

(ηÕη-1), as discussed in Chapter 2, contains the governing functions that 
describe fluid flow and radionuclide transport in the single channel. In 
fracture rocks, however, the nuclides pass through not only one, but tens to 

hundreds of channels with different properties. Consider a transport path 
that is composed of a series of M (M>1) channels. The outlet concentration 

of the first channel can readily be found by Eq. (3.1), i.e., 

( )
1

1 1−
= ×η ηη ηη ηη ηf f0C O C�             (3.2) 

where the superscript refers to the channel identity number. 
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Along the transport path, the outflow from one channel is the inflow to 
the next channel and, therefore, for the second channel, Eq. (3.1) gives 

( )
2

2 1 1−= ×η ηη ηη ηη ηf fC O C�             (3.3) 

This procedure can be extended to a transport path with an arbitrary 
number of channels. Thus, in a recursive manner, the outflow concentration 

from the Mth channel will be 

( )
M

M 1 M-1−= ×η ηη ηη ηη ηf fC O C�            (3.4) 

As a result, the general solution for the effluent concentration of the 

transport path in the Laplace domain can be expressed as 

( )
M

m
M 1

m 1

−

=

= ×∏ η ηη ηη ηη ηf f0O�C C            (3.5) 

For a simple case where only a single radionuclide is involved, matrices η 

and η-1 both become unity. It follows that, when the axial dispersion is 

negligible, κi =1, the exponent in Eq. (3.5) reduces to a simple addition, 

given the property of the exponential function that exp(α + β) = exp(α) × 

exp(β) 

M
exp A

=

= ×
 
 
 
∑f f0C C
M

m

m 1

           (3.6) 

Moreover, in a particular case when diffusion into STWZs is not 

invoked, Ni and Ωs,i, in Eq. (2.23), become zero. As a result, it can be shown 

that the effluent concentrations of the transport path can be determined 

from the following expression, 

( )M 1−= ×ψ ψψ ψψ ψψ ψ�f f0C U C            (3.7) 

where the lower triangular matrix (ψŨψ-1) represents the overall effect of 

transport mechanisms when radionuclides pass through the transport path. 
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Ũ is a diagonal matrix that contains the eigenvalues of matrix H, defined 
below. ψ is a lower-triangular matrix whose columns are the eigenvectors of 

matrix H, and ψ-1 is the inverse of ψ. Matrix H is, in fact, the sum of the 
matrices Sm in every channel, Eq. (2.20), and it is given by 

( )
M M

m
m m 1

m 1 m 1

−

= =

= +∑ ∑Η Π γ γΗ Π γ γΗ Π γ γΗ Π γ γf f pfM P           (3.8) 

Hence, from Eq. (2.21), it is straightforward to show that matrix Ũ takes 

a simple form of the matrix Õ, i.e.,  

( )
n n×

====� �U u
i, j       with      

M
m m

,

m 1

exp

0

i f i
j i

j i

=

− κ Ω =
=

≠

  
  

 



∑
�u

i, j          (3.9) 

When the axial dispersion is negligible, matrix Ũ reduces to 

( )
M M

m m

, ,

m 1 m 1

exp

0

f i i f f i i f
R s P s j i

j i

= =

− λ + τ − λ + =
=

≠

  
  

 



∑ ∑
�

F
u

i, j    (3.10) 

Eq. (3.7) is, in fact, the primary solution that has been used in the 

CHAN3D program, where one joint solution is obtained for each transport 
path with an arbitrary number of channels. Noticeably, Eq. (3.10) suggests 

that neither the channel hydraulic aperture, 2bf, nor the channel width, 2Wf, 

independently influence the diffusive exchange of the nuclides, and that the 

solution is merely determined by the sum of the water residence time, τf, and 

sum of the ratio of the flow wetted surface area to the flow rate, Ff. 

However, the general solution, as given in Eq. (3.5), differs from this 
particular solution in a couple of important aspects. First, in order to 

determine the general solution, it is required that, not only one joint matrix, 
but all the characteristic matrices of individual channels along a transport 

path be iteratively evaluated. Therefore, when applied for large-scale 

simulations, this will excessively increase the computational cost. Second, 
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when diffusion into STWZs is included, Eq. (3.5) and Eq. (2.26) suggest 
that the characteristic matrices also contain the independent values of the 

channel width 2Wf, the STWZ width 2Ws, and the STWZ aperture 2bs, 

which are all required to be individually determined for stochastic 

calculations. This introduces further uncertainties concerning the properties 

of the channels and STWZs. Therefore, to introduce the effect of STWZs 
via Eq. (3.5), new modules are developed for the CHAN3D program so that 

the program can accommodate the new model and explain new phenomena. 
The modules are designed to reduce the number of iterations and reduce the 

computation time. This is done in MATLAB by the help of matrix element-

wise operations and parallel calculation of the characteristic matrices. The 
modules are responsible for a) reading and generating the channels’ and 

STWZs’ properties, b) determining the characteristic matrices of individual 
channels, and c) performing the inverse-Laplace transformation. 

3.3   Simulation results and discussion 

In this section, the CNM and the extended CHAN3D are used to 

simulate the converging tracer test STT-1, part of the TRUE-1 project [31]. 
The experimental site is located at about 400 m depth at the Äspö Hard 

Rock Laboratory. Injection of the tracer was performed in a borehole over 4 
hours and the collection took place in another borehole, about 5 m distant 

from the injection point [31]. The data required for a predictive modeling of 

the tracer test are carefully evaluated in Paper II. In order to represent the 
stochastic nature of flow distribution, fifty realizations of the channel 

network are made based on the model data. In each realization, the tracer, 
137Cs, is carried through a different flow path resulting in a new 

breakthrough curve, BTC, with certain arrival time and peak value. Flow 

paths with a fast flow result in rapid, early breakthrough of radionuclides, 
and those travelling along slower flow paths, on the other hand, experience 

greater retardation and are thus delayed. The simulation result for Kd = 0.29 

is shown in Fig. 3.1 where Kd is the rock matrix sorption coefficient. To 

avoid clogging the figures, the computed BTCs for different realizations are 
grouped into shaded regions. All 50 results are found within the shaded 

region and the dashed lines indicate the boundaries of the regions. 
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Fig. 3.1. Grouped BTCs for 137Cs, Kd = 0.29, relatively short transport time 

As shown in Fig. 3.1, the predicted results fairly well agree with the 

experimental data. However, no significant change in the extent of rock 

retarding capability is observed when diffusion into STWZs is taken into 
account, and matrix diffusion directly from the channels remains the 

dominant retarding mechanism. The reason for this marginal effect is that 
the penetration depth into the STWZ is very short during the time of the 

experiment.  

To illustrate the effect of diffusion into STWZs over relatively long time-

scales, we consider a different, yet realistic, tracer injection-extraction 
scenario. Consider the same geometry and model as in STT-1 tracer test 

with the following modification: (a) the injection and extraction points are 

situated at a longer distance of 19 m (in the original test the distance was 5 
m) and (b) the pumping rate is reduced to half of that in the original test. 

Simulation results for the above scenario are provided in Figs. 3.2 and 3.3 

for Kd = 0.04 and Kd = 0.29, respectively. The two different Kd-values are 

selected to represent the range of sorption strengths reported for 137Cs.  
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Fig. 3.2. Grouped BTCs for 137Cs, Kd = 0.04, relatively long transport time 

 
Fig. 3.3. Grouped BTCs for 137Cs, Kd = 0.29, relatively long transport time 
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From the graphs, it can be seen that the Cesium arrival is hindered for 
hundreds of years and the long retention time allows the nuclide to decay to 

very low concentrations. In contrast to the STT-1 test results, when the 

effect of the STWZ and its adjacent matrix is included in the model, the 
results show considerable changes in the average effluent peak-value as well 

as the nuclide retention time. The changes are more pronounced for Kd = 

0.29 as it enhances the nuclide retardation to a great extent and provides a 

much longer retention time, compared to the nuclide short half-life, 30 
years. 

In a similar manner, it is found that when a long-lived nuclide, i.e., 135Cs, 
is involved, STWZs still play an important role in retarding radionuclide 

transport, as shown in Fig. 3.4. 

 
Fig. 3.4. Grouped BTCs for 135Cs, Kd = 0.29, relatively long transport time 

Taken together, the results presented above suggest that over a short 
time-scale of field experiments, i.e., less than a year, the impact of diffusion 

into STWZs is not as pronounced as that of matrix diffusion directly from 

channels into the rock matrix. However, the predictions made over longer 
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time-scale, tens of years and more indicate that the effect of STWZs is 
strong for both strongly- and weakly-sorbing nuclides and tends to increase 

with transport time. This effect is shown to be more pronounced for 

strongly sorbing nuclides, or in general when the material property group 
has a large value, to significantly prolong to the nuclide retention time. 



 
 

40 

 

 

 

Chapter 4 

Velocity dispersion in fracture rocks – modeling, simulation and 

analysis 

This chapter presents a new conceptual model called the multi-channel 
model to account for simultaneous effects of Fickian and velocity 

dispersions in fractures. The chapter begins with an analytical approach to 
develop a new robust solution for the well-known two-parallel-plates model 

that describes transport of solute in a single flow path in a porous rock. The 

obtained solution has a clear physical meaning and takes the form of an 
integral with finite limits of integration, which makes the numerical 

integration much more stable and efficient. The chapter continues with the 
rationale for proposing the multi-channel model, followed by its 

mathematical formulation and analytical solution. Included in the model are 

also new expressions for the Fickian-type dispersion in channels with 
variable apertures e.g. tapered and sinusoidal wave-shaped channels. Two 

illustrative examples are studied in the last part of this chapter to 
demonstrate the distinct effects of Fickian and velocity dispersion on solute 

transport behavior in fractured rocks.  

4.1   Background 

In Chapters 2 and 3, we have extensively discussed the importance of 
matrix diffusion and diffusion into the stagnant water zones. Another 

important mechanism that affects the residence time distribution of solute 
in fractured rocks is the separation of advective pathways in fractures [32]. 

In a real fracture, apertures vary from fully closed to usually less than one 

mm and some open parts are connected that form channels in the fracture. 
Water can, therefore, flow with different velocities in the channels. 

Furthermore, if the channels have negligible mass exchange with 
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neighboring channels, they can form independent transport paths [33]. In 
this way, spreading of a tracer observed at a downstream location is caused 

by the solutes having travelled in different transport paths with different 

flow rates and residence times toward the observation point. In literature, 
this process is often referred to as flow channeling, also known as, velocity 

dispersion [34, 35]. The velocity dispersion also describes the consequences 
of collecting and mixing the solutes advected from different stream tubes 

with different flow rates, which have been subject to different spreading 
mechanisms along the transport paths. 

In this chapter, for the purpose of understanding the consequences of 
velocity dispersion, we have, first, revisited the classical two-parallel-plates 

model [36] and developed a new simple and robust solution for the problem 

of solute transport in a single fracture-matrix system. Thereafter, the 
solution, here referred to as the solution to the single-flow-path model, is 

extended into more general cases where a discrete or continuous set of flow 
channels is present in fractures in rocks. This leads to a development of the 

multi-channel model where the net effect of Fickian-type dispersion and 

velocity dispersion on solute transport is taken into account. 

 It is shown that the velocity dispersion behaves quite differently from 
the Fickian-type dispersion and its effect cannot readily be included in the 

advection-dispersion equation, ADE, with a constant dispersion coefficient. 

It is also shown, by practical examples, that the multi-channel model can 
readily explain the apparent enhanced dispersion effect with increased 

observation distance; a phenomena that is often observed in tracer tests in 
fractured rocks [37]. By contrast, it is shown that the calibrated dispersion 

coefficient with the ADE is scale-dependent, increasing with the 

observation distance. This is a clear violation of the underlying assumption 
that the dispersion coefficient is constant and implies that the ADE can 

hardly, if ever, describe the correct spreading mechanisms under tracer test 
conditions.  

4.2   Solution to the single-flow-path model  

The system under consideration is the simplified version of the model 

presented in Chapters 2 and 3, as schematically shown in Fig. 4.1. It is here 
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assumed that the fracture with a constant aperture 2b is embedded in a rock 

matrix of infinite extent; the effect of stagnant water zone is neglected and a 

pulse of tracer is injected over a certain period of time at the origin of the 
fracture.  

 

Fig. 4.1. Schematic view of the fracture-matrix system 

Given the above assumption, the single-species transport equation can 
be expressed by the simplified form of Eq. (2.1) as follows: 

2

2

f f f p pf pf

f f f f

z b

c c c D c
R u D R c

t x x b z
=

∂ ∂ ∂ ε ∂
= − + + − λ

∂ ∂ ∂ ∂
       

(4.1) 

with the initial and boundary conditions given by 

( ), 0 0
f

c x =              (4.2) 

( ) ( )in
0,

f
c t c t=             (4.3) 

( ), 0
f

c t∞ =             (4.4) 

The subscripts f and pf refer to the fracture and the rock matrix, 

respectively. cin(t) is the concentration inlet boundary condition and Dp is 

the coefficient of pore diffusion in the rock matrix. The diffusive transport 
within the rock matrix can be described by 

2

2

pf pf

pf p pf pf

c c
R D R c

t z

∂ ∂
= − λ

∂ ∂
          (4.5) 



Velocity Dispersion in Fracture Rocks – Modeling, Simulation and Analysis| 43 

 

 

with the following initial and boundary conditions: 

( ), , 0 0
pf

c x z =             (4.6) 

( ) ( ), , ,
pf f

c x b t c x t=            (4.7) 

( ), , 0
pf

c x t∞ =             (4.8) 

One may note that in the idealized fracture described above, it is 

assumed that molecular diffusion can rapidly even out the concentration 

profile that would result from the parabolic velocity distribution across the 
fracture aperture. It is, therefore, assumed that the Fickian dispersion is fully 

developed and dispersion effect can be described by a constant dispersion 

coefficient, Df, that can be evaluated by the Taylor dispersion theory [30, 

38]. This is the same assumption that also underlies the advection-dispersion 

equation, ADE. 

Given the simplifying assumptions, the solution to Eq. (4.1) in the 
Laplace domain is straightforward and can readily be obtained from Eq. 

(2.17), which reduces to 

( )in

Pe Pe 4
exp exp 1 G

2 2 Pe
f w f

c c t S R S= − + +
  

   
   

          (4.9) 

where c̅f and c̅in are the Laplace transformation of cf and cin, respectively; tw 

is the mean water residence time; Pe is the Peclet number and S = s + λ with 

s and λ being the Laplace variable and decay constant, respectively. In 

writing Eq. (4.9), we have also defined  

MPG
G

b
=            (4.10) 

where MPG is the rock matrix material property group defined in Table 2.1. 

The next step is to transform the solution, c̅f, back to the time domain. 

This has previously been done in [36]. However, their final solution takes a 
complex integral form that makes it difficult to understand the respective 
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roles of matrix diffusion and Fickian dispersion in affecting solute transport. 
Furthermore, the integral has an infinite upper limit that significantly 

increases the computational burden when the solution is evaluated 

numerically for each point in space and time. Not to mention that the 
variable of integration does not have an obvious physical meaning. 

To overcome these shortcomings, a simple strategy is adopted to obtain 

the general transient solution for the problem of solute transport along a 

single fracture in a porous rock. The procedure is detailed in Paper III, yet a 
short discussion is worth here.  

In order to simplify the solution, it is of interest to consider the limiting 

case when no dispersion is assumed, i.e., Pe → ∞. In this case, it can readily 

be seen that Eq. (4.9) reduces to 

( ) ( )inPe
exp G

f w w f
c t c t S R S

→∞
= − + 

         (4.11) 

For several practically-important cases of the inlet concentration, cin(t), 

the inverse transform for c̅f (tw)|Pe → ∞ is straightforward and can be written 

in a general form of (See Paper III, Appendix A for further details): 

( ) ( ) ( )
Pe

, ,G  H
f w f w w f w

c t t g t R t t t R t
→∞

= − −        (4.12) 

where H(t) is the Heaviside step function and g(t) is the response of the 

fracture-matrix system to the cin(t) injection, involving advection, matrix 

diffusion, sorption and decay, but no dispersion. Finally, by introducing a 

change of variable in the integral, it is shown that the solution to the single-

flow-path model takes the form of a convolution of two functions, f(t) and cf 

(tw)|Pe → ∞ that can be expressed as 

( ) ( ) ( )
Pe0

 , d
f f

c t f c t
∞

→∞
= τ τ τ∫         (4.13) 

or equivalently, using Eq. (4.12), 

( ) ( ) ( )
0

 ,G  d
f

t R

f f
c t f g t R= τ − τ τ τ∫        (4.14) 
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where the f(t) function is given by 

( )
1 1 Pe Pe Pe Pe

exp
2 4 42

w w

w

t t t
f t

t t t t
= − −

π

 
 
 

      (4.15) 

When substituting the definition of Pe and tw in Eq. (4.15), it can be 

justified that f(t) is, indeed, the solution to the ADE for a fracture-only 

system, i.e., 

( )
( )

2

1
exp

42 ff

x utx
f t

t D tD t

− −
=

π

 
 
 

       (4.16) 

As a result, the final solution has now a clear physical meaning. In other 
words, the effects of Fickian-type dispersion and matrix diffusion have been 

decoupled in the sense that these two mechanisms can be viewed separately 
and independently, as schematically shown in Fig. 4.2.  

 
Fig. 4.2. Decoupling the system into two subsystems with different 

transport mechanisms 

The first function, f(t), can be seen as the probability density function of 

residence time distribution of a conservative solute in the fracture-only 

system as if the rock matrix is impermeable. The second function, g(t), is the 

response of the fracture-matrix system to the input source when Fickian-
type dispersion is completely neglected. Furthermore, the new solution now 

has finite limits of integration, which makes the numerical integration much 

more stable and efficient. 
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It is worth emphasizing that the solution to the single-flow-path model 
has been developed under the conceptualization that the fracture has a 

constant aperture, 2b, and is fully conductive for water flow with a constant 

velocity, u. This idealization allows evaluating the dispersion coefficient, Df, 

by the Taylor dispersion theory that accounts for the effect of diffusion 

across the aperture of the fracture to give 

2 2

52.5
f w

w

u b
D D

D
= +

×
              (4.17) 

where Dw is the molecular diffusion coefficient of the solute in water. 

As discussed in Paper III, Appendix B, similar effect of diffusion 

between streamlines is expected in channels with variable apertures, i.e., 
tapered channels, as schematically depicted in Fig. 4.3.  

 

Fig. 4.3. Cross section of a tapered channel in a fracture plane 

In tapered channels, which are deemed to better describe flow paths in 

fractured crystalline rocks, transverse mixing across the width of the channel 

can even out the concentration difference between the streamlines that 
would result from the parabolic velocity distribution across the channel 

width. It is shown that a similar expression to Eq. (4.17) can be derived for 
tapered channels, but now with half-aperture being replaced by half-width 

of the channel to give 
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When compared to Eq. (4.17), this result suggests that the dispersion due 
to diffusion across the aperture of the channel is very small and can be 

neglected compared to that across the width of the tapered channels. In 

other words, transverse mixing across the width of the channels may take 
much longer time to even out the concentration difference between the 

streamlines, but when it does, quite large Fickian dispersion could be 
expected. It is worth noting that this requires the mean residence time in the 

channel to be much larger than the characteristic time for diffusion across 

the width of the channel, tD = W2
f /Dw. Only then the dispersion coefficient 

becomes constant, independent of travel distance and the ADE can be 

considered valid for the tapered channel. This problem is further discussed 
in the next chapter. 

Based upon the above considerations, in the following section, the 

solution to the single-flow-path model is applied in more general cases 

where a discrete or continuous set of tapered channels with different flow 
rates is present in fractures in rocks.  

4.3   The Multi-Channel model, MCh 

In contrast to the idealized picture sketched in Fig. 4.1, field 
observations indicate that fracture surfaces are uneven [39], and water flows 

only in a small part of a conductive fracture to form one or more flow 

channels with variable aperture, as schematically shown in Fig. 4.4. 

 

Fig. 4.4. Schematic view of the flow channels in a conductive fracture 

To account for the effect of velocity dispersion on solute transport, the 

fracture is envisaged to contain N independent channels where no mixing is 
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assumed to occur between the channels [40]. A discrete form of the general 
transient solution for the solute concentration at the outlet of the fracture 

can, therefore, be written as 
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f N
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=
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          (4.19) 

where the summation runs over the number of the flow channels that make 

up of the fracture. In the above equation, qi and cf,i(t) denote flow rate and 

outlet concentration of the ith channel, respectively. The assumption behind 

this equation is that any influence on cf,i by qi is already accounted for, and 

that there may be different transport and interaction mechanisms along 

different channels. If the outlet concentration in each channel can be 

described by an expression analogous to the solution to the single-flow-path 
model, i.e.,  
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then by substituting this expression into Eq. (4.19), it can be written 

( ) ( ) ( )
0

1

1

1
 ,G  d

f

N
t R

f i i i fN

i

i

i

c t q f g t R

q =

=

= τ − τ τ τ∑∫
∑

      (4.21) 

Clearly, cf(t) cannot be expressed in the form of a seemingly convolution 

anymore in the multi-channel model. Nevertheless, Eq. (4.19) and (4.21) 
illustrate the basic principles to account for the effect of velocity dispersion 

on solute transport in fractured rocks. In the continuous form of the 
problem, where it is assumed that there are numerous channels with 

significant changes in the flow rates, Eq. (4.19) takes the following integral 

form  
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where cf(t;q) denotes the solute concentration in the channel having a 

volumetric flow rate q. In the above equation, qmean is the mean flow rate of 

the ensemble of channels defined as 

( )mean
0

 dq κ q q q
∞

= ∫           (4.23) 

and κ(q) describes the probability distribution of the volumetric flow rate of 

the channels, and can be estimated from the aperture field of natural 
fractures, which mostly follows a lognormal distribution [39, 41]. In an 

idealized case when solute concentration along all the channels, cf(t;q), can 

be described by the solution to the single-flow-path model, Eq. (4.22) can 

be rewritten as 
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where q is also introduced at the right-hand side of semicolon to stress 

that the f(t) and g(t) functions implicitly depend on the volumetric flow rate 

q via either u or b. We will refer to Eq. (4.24) as the solution to the multi-

channel model. This multi-channel approach is in line with the concept of 

velocity dispersion [34] and is based on the important argument that field 
scale experiments in fractured rocks are rarely, if ever, governed by a Fickian 

dispersion.  

4.4   Solution to the MCh model 

Following this discussion, we may go one step further to relate the flow 
rate distribution in the channels to the aperture field of fractures by the 

generalized cubic law of laminar flow in a slit [38, 40]. The general 
procedure and resulted expressions are presented in detail in Paper III, 

Appendix C. It is shown that if the mean aperture a̅ of the channels could 

well be described by a lognormal distribution function, p(a̅), and that the 

natural fracture is composed of channels with identical geometries, the 

relation between b and a ̅, W and a ̅, q and a ̅, as well as u and a ̅, are all 

available. This allows the solution to the multi-channel model, Eq. (4.24), to 
be rewritten as  
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We will refer to this equation as the exact analytical solution. The 

difference between the mean aperture a̅ and the aperture 2b, is that a̅ is the 

mean of the real local apertures of each of the channels with arbitrary shape, 

whereas 2b is an aperture that is not real but is a measure of the flow-

wetted-surface area per unit flow-volume of the channel. Mainly because of 

the dependence of u, Df and b on a̅, no simple analytical solution has been 

found for Eq. (4.25). However, a good approximation can be made for non-

sorbing solutes in the high-flow rate cases by introducing: 
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As a result, Eq. (4.25) becomes 
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with the f(t) function now given by 
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Due to its numerical efficiency, this approximated solution to the multi-

channel model can be used to give a quick and qualitative analysis of field 
tracer tests. We should not, however, directly apply the solution to predict 

the transport of strongly sorbing solutes in fractured rocks. The applicability 
of this approximate solution to describe tracer transport behavior is further 

discussed in the following section. 

4.5   Simulations and discussion 

In the following analyses, we study the one-dimensional transport of a 
non-sorbing tracer in a 2-meter-long fracture surrounded by a porous rock 

matrix. The fracture is conceptualized to be composed of tapered channels 
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that are identical in width. It is assumed that the mean aperture a̅ of the 

channels can be described by a log-normal distribution function, p(a̅), and 

that the cubic law applies. It is also assumed that λ = 0 throughout the 

studies. The mean volumetric flow rate is set to qmean = 0.2 ml/d, 

corresponding to u = 0.01 m/d for a rectangular channel, which is 

comparable to the velocity of underground water under natural flow 

condition. The standard deviation of the natural logarithm of a̅ is chosen to 

be σp = 0.214, corresponding to Pe = 10, which is consistent with the Pe-

value often observed in field experiments. The other parameters used to 

characterize the fracture and run the simulations are summarized in Table 

4.1. Unless otherwise indicated, these values apply to the analyses presented 
in this section. The simulation results are presented as the system response 

to the Dirac delta injection into the fracture.  

Table 4.1. The data used in the simulation 

Fracture length x = 2 m 

Mean* half-width Wmean = 0.1 m 

Mean* aperture amean  = 1.0×10-04 m 

Mean* volumetric flow rate qmean = 0.2 ml/d 

Standard deviation of ln(a̅) σp = 0.214 

Molecular diffusion coefficient in water Dw = 1.6×10-09 m2/s 

Pore diffusion coefficient in the rock 
matrix 

Dp = 1.6×10-10 m2/s 

Surface retardation coefficient in the 
flowing channel 

Rf = 1 

Retardation coefficient of the rock matrix Rpf = 1 

*Mean of the ensemble of channels  

4.5.1 Accuracy of the approximate solution 

In what follows we investigate the accuracy of the approximate solution 

given in Eq. (4.27). The purpose is to determine the condition for 
applicability of the approximate solution in describing solute transport in a 

fracture. For this purpose the results obtained by the approximate solution 
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are compared with those obtained from the exact analytical solution given in 
Eq. (4.25) and also from a numerical approach that inverts the Laplace-

transformed solution of Eq. (4.25) back to the time domain [42]. For this 

purpose, five realizations are considered by varying qmean in the range 0.2–

8.0 ml/d, as shown in Fig. 4.5. The studied range is selected to include 
situations where the predicted results by the different solutions may, or may 

not, be in agreement. The results are presented as the solute concentration, 

cin-pulse, normalized by c0 (the ratio between the mass injected and the 

volumetric flow rate through the fracture), as a function of time. This curve 

is also known as the exit age distribution, E-curve, or the residence time 

distribution (RTD) of the solute particles [43]. E has the unit of time–1.  

 
Fig. 4.5. Breakthrough curves at x = 2 m for the flow rate qmean = 0.2, 1.0, 

2.0, 5.0 and 8.0 ml/d (from right to left), respectively 

It can be seen that the numerical solution gives identical results with 
those obtained from the exact analytical solution. The plots in Fig. 4.5 also 

indicate that the agreement between the breakthrough curves (BTCs) 
calculated from the approximate solution and the exact analytical solution 
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are satisfactory when qmean > 1.0 ml/d, corresponding to u > 0.05 m/d. 

This triggers an alert that the approximate solution given in Eq. (4.27) can 

only be used in the high flow-rate cases for non-sorbing solutes. However, it 
also suggests that the approximate solution might find more applications in 

the interpretation of field tracer tests because they are often performed at 

high flow rates, larger than e.g. 15.0 ml/d, mainly in order to shorten the 
test period.  

4.5.2 Comparison of the model predictions 

Although both the single-flow-path and multi-channel models can 
account for matrix diffusion, sorption and decay, the main difference 

between the models lies in the way that hydrodynamic dispersion is dealt 

with. The single-flow-path model accounts only for Fickian dispersion, 
similar to the ADE [30, 38]. The multi-channel model, on the other hand, 

considers both Fickian dispersion, as well as velocity dispersion due to 

velocity difference between the channels. This is reflected in the joint f(t) 

function given in Eq. (4.28) for the multi-channel model suggesting that the 

effects of Fickian and velocity dispersions on the spreading of solute mass 
can be quite distinct. Mainly for this reason, predictions of the models as 

how a tracer pulse spreads with increasing distance can be entirely different. 
To explore this phenomena, in what follows, predictions of the models are 

compared at three observation distances, i.e., x = 2, 4, and 8 m. To illustrate 

the contrast between the models, the rock is assumed to be impermeable, 

i.e., εpf = 0.  It is also assumed that the Fickian dispersion coefficient, Df, is 

constant and can be determined by the Taylor dispersion theory, Eq. (4.18). 

The results are presented in the form of another RTD function Eθ = ̅ts × E, 

as a function of normalized time θ = t / ̅ts, as shown in Fig. 4.6. ̅ts is the 

solute mean residence time. 

It can be seen that the predicted BTCs by the single-flow-path and multi-
channel models exhibit very different behaviors. The results of the single-

flow-path model resemble spears where the peak tends to center around the 

mean residence time with increasing distance and the curve becomes more 

symmetrical. The mean ̅ts and standard deviation σs of solute residence 

times, expressed as ̅ts(σs), are found to be 200 (34), 400 (48), and 800 (68) 
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days, respectively, if observations are made at x = 2, 4, and 8 m from the 

origin of the fracture. Therefore, both ̅ts and σs
2 (i.e. the variance) increase in 

proportion to the distance the solute travelled. This leads to a linear increase 

of the Peclet number–the inevitable result of using a constant dispersion 
coefficient in the model. However, the calculated Pe values, as given in the 

legend, are far larger than the observed Pe in field tracer tests, which 
suggested that Pe is commonly in the range between 1 and 100 with a 

predominance of  Pe = 1 ~ 10 [37].  

 
Fig. 4.6. Breakthrough curves at x = 2, 4 and 8 m, predicted by the two 

models, εpf = 0. 

By contrast, the asymmetrical shape of the BTCs predicted by the multi-

channel model seems to remain unaffected by the choice of observation 

distance, implying that the Peclet number remains nearly constant. In fact, 

in this case the mean ̅ts and standard deviation σs of solute residence times 

are found to be 200 (98), 400 (188), and 800 (365) days, respectively, at x = 

2, 4, and 8 m. Compared to the results predicted by the single-flow-path 

model, the mean residence time ̅ts is nearly identical but the variance σs
2 
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becomes much larger in all of the three cases. More importantly, σs
2  is now 

shown to increase in proportion to the travelling distance squared. This 

leads to the Peclet number unchanged, keeping roughly at 10.0. It can, 
therefore, be inferred that in this experiment the dispersion coefficient 

increases proportionally to the distance of observation, due primarily to the 

effect of velocity dispersion; a phenomena that is observed in a multitude of 
field experiments in fractured rocks [37, 44]. In these situations, if one tries 

to interpret this enhanced dispersion effect by the ADE and the so-called 
macro dispersion coefficient, the inevitable conclusion is that the macro 

dispersion coefficient increases in proportion to the distance of observation. 

However, this is a clear violation of the underlying assumption of the ADE 
that the dispersion coefficient is constant. 

This analysis, thus, demonstrates how the multi-channel model can 

explain the apparent scale dependency of the macro dispersion coefficient 

that is often observed in field tracer experiments. This finding can reinforce 
the relevance of the multi-channel model that describes flow and transport 

in fractures as taking place in independent flow paths that seldom mix with 
other flow paths.  

Furthermore, this dramatic difference between the model behaviors can 
introduce challenges regarding how the information from short-range tracer 

tests should be interpreted so they can give reliable estimates of what would 
take place over longer distances. To illustrate this situation, a fictitious 

experiment is considered below. The experiment is performed at the flow 

rate of qmean = 0.2 ml/d over a period of 100 years—in practice, field 

experiments are often performed at high flow rates over a period of e.g. 

several hundred days. The experiment data are generated from the 
simulation results of the multi-channel model perturbed with a random 

fluctuation so that the single-flow-path model can also reproduce the 

results. The BTC of a non-sorbing tracer obtained at the point of 

observation at x = 2 m is represented by the solid circles in Fig. 4.7. 

 Then, it is possible for both models to get reasonably good curve fits of 

the results by (a) adjusting the water velocity, u, and the dispersion 

coefficient Df in the single-flow-path model, and (b) calibrating the channel 
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width Wmean and standard deviation σp of the aperture field of the ensemble 

of channels in the multi-channel model. Provided that this is the case, as 

shown in Fig. 4.7, the two models gives very different BTCs at x = 4 and 8 

m, respectively. Essentially, the multi-channel model predicts that the solute 

will arrive much earlier with a much larger variance of solute residence times 

than what the single-flow-path model might expect. 

 
Fig. 4.7. Using both models to fit the breakthrough curve observed at x = 2 

m (left curves), and then extrapolating to the distances at x = 4 and 8 m.  

This example clearly indicates that the two models behave differently in 

extrapolating the results of short-range field tracer tests to longer distances. 
It also suggest that field experiments over a short distance can hardly, if 

ever, give information on what would take place over long distances unless 
we have a clear understanding of spreading mechanisms in the system under 

study. In other words, prior to applying the models it is essential to know 

whether the mass spreading is dominated by Fickian dispersion or velocity 
dispersion. This problem will be further discussed in the next chapter. The 

results also suggest that the slight difference in form of the fitted curves is 
not sufficient to separate the impact of the two mechanisms. Therefore, we 
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should not feel satisfied with good curve fits of the experimental results 
unless the model and the parameters used are physically reasonable and have 

been verified independently. Nevertheless, in this particular case, knowing u 

= 0.008 m/d and Df = 7.88×10-8 m2/s have been used in the single-flow-

path model for achieving good curve fits, we can reject its use in the 

predictions since the incredibly large Df value is not consistent with Taylor 

dispersion theory even for much wider channels than W = 0.1 m used in the 

example.  
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Chapter 5 

Some aspects of interpreting tracer test results 

In this chapter, the concern is raised again that the use of the continuum 

model can lead to tentative interpretation of field-scale tracer experiments in 
fractured rocks. In these situations, it is often required to introduce large 

effective entities to calibrate the model predicted results to the experimental 

data. These calibrated entities, however, can hardly, if ever, give and 
appropriate description of the heterogeneous nature of solute transport in 

fractured rocks. Mainly for this reason, a simple analysis is made in this 
chapter to examine the conditions for the appearance of Fickian behavior in 

tapered channels. The analysis is made under natural- and forced-gradient 

flow conditions and the corresponding results shed light on the limitations 
of the advection-dispersion equation and macro dispersion coefficient to 

interpret tracer test results. In a same manner, the idea behind introducing 
the field-scale matrix diffusion coefficient to explain the enhanced matrix 

diffusion effect in fractured rocks is critically discussed. The concerns 

mainly revolve around the inherent physical and theoretical uncertainties in 
estimating the lumped transport parameters. Eventually, it is suggested that 

the channel network concept can provide an effective framework to 
accommodate many important physical mechanisms underlying the actual 

behavior of solute transport in fractured rocks, when their impacts 

otherwise would be interpreted as effective lumped entities. All these issues 
are illustrated in this chapter by practical examples from an actual tracer 

experiment in fractured crystalline rocks. 

5.1   Background 

In the radioactive waste management community, considerable effort has 

been devoted to study the hydrodynamic dispersion and residence time 
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distribution of solutes in geological media. In this regard, many different 
conceptual and numerical approaches have been proposed to address the 

problem of solute transport in fractured rocks [45, 46, 47, 48]. Among them, 

the continuum model, i.e., advection-dispersion equation (ADE), has 
commonly been used to describe solute transport behavior, mainly because 

it is relatively simple and straightforward to be implemented [36, 49, 50, 51]. 
However, many of the research papers that apply the ADE to interpret field 

experiment results, often, neglect to address a key question, namely, under 
what circumstances does the mathematical form of ADE take on physical 

meaning and the so-called Fickian dispersion capture the impact of the 

underlying physical processes in fractured rocks?  

In these situations, the use of the continuum model often gives rise to 

uncertainty and confusion in interpretation of field-scale tracer experiments. 
This is mainly because the flow condition cannot, in most cases, be 

adequately approximated by the model. The effects of spatial heterogeneities 
are, therefore, interpreted by introducing effective entities, i.e., macro 

dispersion coefficient and field-scale matrix diffusion coefficient. These 

parameters often lump various complex transport mechanisms that are not 
considered in the idealized continuum model. Therefore, their estimations 

can be subject to sometimes large theoretical and physical uncertainties and 
errors. These uncertainties make the entity values vulnerable to the 

heterogeneities that exist in the system suggesting that the values obtained 
under certain conditions cannot be used with confidence to extend the 

model results to other distances, directions or flow rates. 

 It is, therefore, believed that the overwhelming efforts directed toward 

defining the effective entities to address the transport problem in fractured 

rocks are misplaced and distract from seeking detailed understanding of the 
hydraulic behavior and solute transport mechanisms. This chapter serves to 

illustrate the above concerns by practical examples from an actual tracer 
experiment in fractured crystalline rocks. It is shown that the existence of a 

multitude of essentially individual flow paths, as embodied in the multi-
channel model and incorporated in the channel network (CN) concept, 

gives rise to phenomena that cannot readily be captured by the effective 

lumped entities. In light of the findings in this study and empirical 
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evidences, it is suggested that the CN-concept provides an efficient 
framework to accommodate some important physical mechanisms that 

underlie the behavior of solute transport in fractured rocks.  

5.2   Taylor dispersion in tapered channels 

As discussed earlier in Chapter 4, application of Taylor dispersion in a 
circular tube can be extended to non-circular channels. It is shown that the 

Taylor dispersion coefficient, DL, in a tapered channel can be derived as  
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Thus, it is straightforward to show that the Peclet number with respect 

to the channel length becomes, 
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         (5.2)  

This Peclet number characterizes the ratio of advective transport rate to 

the rate of longitudinal dispersive transport and is indicative of degree of 
mixing in the tapered channel. However, the above mathematical form of 

Taylor dispersion takes on physical meaning only if the travel distance, or 

travel time is sufficiently long to allow the diffusion across the tapered 
channel to effectively even out the concentration over the channel width. 

Only under this circumstance, the Fickian conditions are reached and the 
ADE becomes physically reasonable. More specifically, as discussed in 

Paper IV, Appendix A, this requires the transport time to be equal or greater 

than 0.6 of the characteristic time of diffusion across the channel width. In 
mathematical terms it can be expressed as 
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T 0.6w
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D L
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= ≥             (5.3) 

where T is the dimensionless characteristic diffusion time. The above 
discussion can also help to address another important question, namely, can 
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the dispersion observed under forced-gradient flow conditions, as in tracer 
test experiments, be safely applied under natural flow conditions for the 

typical channel widths? 

To approach this question, we explore how the channel width and flow 

condition may influence the dispersion in a tapered channel under the 
conditions of the STT-1 test. It is here, first, assumed that the time of 

interest is sufficiently long, so that the Taylor dispersion concept and ADE 

are applicable. Consider the channel lengths between 0.1 and 5 m and the 
widths ranging from 0.01 to 0.1 m. These values are within the ranges 

observed in Swedish rock masses at depths below 100 m [32]. With the data 
provided in Table 5.1 and for a channel length and width of, respectively, 1 

m and 0.1 m, the Peclet number in the tapered channel becomes, 

2
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≅ × =            (5.4) 

Table 5.1. The data evaluated for the tracer test STT-1 

Entity Value 

Mean residence time, tm, (h) 34 

Pumping flow rate, Q, (m3/h) 0.024 

Mean velocity, u, (m/s) 4.08×10-5 

Diffusivity in water, Dw, (m2/s) 1×10-9 

However, these conditions also imply that the dimensionless 
characteristics diffusion time equals T = 0.0024 which is much smaller than 

T = 0.6. This small T suggests that negligible mixing between streamlines is 
expected for the 1 m long channel studied above. Therefore, the velocity-

induced dispersion in the channel, i.e., the mass-spread expected because 

solute particles travel with different advection times induced by the 
parabolic shape of the velocity profile, prevails and the ADE cannot be used 

with confidence. If the ADE were valid, the low estimated value of the 
Peclet number, compared to Pe = 1, would suggest that the advection term 

could be neglected to obtain the BTC. Even if in the experiment the entire 
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flow path were to consist of one tapered channel, i.e., L = 5 m, the Peclet 

number would equal Pe = 0.59. However, even for the full length of the 

flow path in the experiment, Taylor dispersion does not develop in a 0.1 m 
wide channel (T = 0.012) whereas in a 0.01 m wide channel it would (T = 

1.25). 

Contrary to the tracer test experiment, the situation is quite different 

under natural-gradient condition where water flows with lower velocities. 

With a gradient of 0.003 m/m and mean transmissivity of 1×10-7.8 m2/s, the 

mean velocity under natural flow condition is u = 1.52×10-7 m/s. Therefore, 

for a channel with L = 1 m and Wf = 0.1 m, the Peclet number and 

dimensionless diffusion time, respectively, becomes Pe = 31.6 and T = 0.67. 

This implies that under the natural flow condition Fickian condition may be 

satisfied and the ADE may become applicable in individual channels. This is 
in contrast to the field experiment where the spreading of the tracer pulse is 

mostly caused by a) velocity-induced dispersion in individual channels, i.e., 
advection and b) separation of the transport paths, i.e., velocity dispersion. 

This result indicates that forced-gradient experiments can result in 

considerably different dispersion than what can apply in the natural-gradient 
case for the typical channel widths. One can then conclude that this is 

another reason why the validity and usefulness of the ADE needs to be 
carefully investigated before being employed to interpret the tracer test 

results and why the use of macro dispersion coefficient may be misleading.  

To exemplify this issue, the STT-1 test is initially studied using the 

Channel Network Model (CNM), given the non-sorbing tracers Uranine and 
tritiated water, HTO. As discussed in Paper IV, two sensitivity analyses are 

made to investigate the effect of matrix diffusion and velocity dispersion on 

the tracer breakthrough curves, BTCs. The results of the analyses indicate 
that (a) matrix diffusion has marginal effects on the BTC tailings of these 

non-sorbing tracers, (b) the velocity distribution between channels can 
largely effect the early-time behavior of the tracers, and (c) the tracer late-

time behaviors are primarily controlled by the tailed shape of the injection 

curves and remain practically unaffected by the velocity distribution under 
the STT-1 test conditions. It is, therefore, understood that the overall 

shapes of the observed BTCs are mainly controlled by the tracer injection 



 Some Aspects of Interpreting Tracer Test Results| 63 

 

 

curves as well as velocity dispersion in the rock within and surrounding the 
test volume. 

Following these analyses, an attempt is made to interpret the tracer test 

results using the ADE. This is done by calibrating the equation parameters, 

i.e., Peclet number, Pe, and water mean residence time, tw. As shown in Fig. 

5.1, a very good fit to the tracer test result can be obtained for the Pe = 5 

and tw = 5 hours. As a result, if the results were interpreted using the ADE, 

the inevitable conclusion would be that the dispersion that is mainly caused 
by the injection process and heterogeneous velocity field in the rock volume 

could solely be described by a large macro dispersion coefficient DL = 

2.78×10-4 m2/s. However, the validity of the ADE and the interpretation of 

the result, as earlier discussed, are questionable under the experimental 

conditions and the ADE cannot successfully describe the tracer 
concentration distribution if the test conditions are changed e.g. if the 

observation distance is increased.  

 
Fig. 5.1. Uranine ADE-predicted results compared to the experimental 

BTC 
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5.3   Field-scale matrix diffusion coefficient 

A common practice to include matrix diffusion effect in the continuum 
model is to add a sink term to the ADE, so it can describe the diffusive 

mass exchange between fractures and the matrix. However, when this 

idealized model is employed to interpret field tracer tests, it has often been 
found that much larger matrix diffusion coefficients than laboratory 

measurements are required to reproduce the observed tracer BTCs. This 
suggests that there are other mechanisms that are not accounted for in the 

model and that the model would have doubtful use for prediction purposes. 

In literature, this enhanced coefficient is often referred to as field-scale 
matrix diffusion coefficient, and is defined in a similar manner that the 

macro dispersion coefficient is defined.  

In naturally heterogeneous fractured rock, however, this enhanced 

matrix diffusion effect is mainly attributed to several physical mechanisms 
including diffusion into fracture in-fillings [40], advective transport between 

fast and slow pathways [52], diffusion into the stagnant water zones [9, 53], 
and fractal structure of transport paths [54]. Therefore, it can be understood 

that the predicted enhanced value for the matrix diffusion coefficient is the 

inevitable consequence of using the continuum model that stems from the 
inadequacy of the model to capture the effect of spatial heterogeneities in 

the system. In other words, when the continuum model is used to interpret 
a field tracer test, the calibrated matrix diffusion coefficient incorporates 

additional and often complex transport mechanisms that are not considered 

in the idealized model. The coefficient is, therefore, subject to uncertainties 
and potential bias involved in finding the model-calibrated parameters. 

Furthermore, the continuum model completely ignores the very potential 
influences of varying velocity field as well as stagnant water zones (STWZs) 

on the matrix diffusion effect.  

In contrast to the continuum model, the CN-concept postulates that 

solutes move along different transport paths between injection and 
collection points in the rock volume where velocity can vary between and 

within the constituent channels. In this way, the transport retarding 

mechanisms, including the diffusion process into the rock matrix, are 
controlled by the local values of transport parameters in individual channels, 
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and the solute particles that traverse different pathways will experience 
varying degree of retardation. In addition, although solute can experience 

Fickian dispersion in individual paths, the ensemble of independent paths 

will give rise to velocity dispersion. The net effect can ultimately be captured 
by collecting and mixing the streams coming out of the different transport 

paths to the observatory location. In this way, it is likely to capture the joint 
effect of the retarding mechanisms and velocity dispersion on the solute 

transport behavior. Furthermore, the CN-concept can account for the effect 
of STWZs situated adjacent to the flow channels, radial diffusion effects and 

Taylor dispersion and other phenomena that are not readily incorporable 

into other model structures. Every channel can provide a new surface area 
over which solute can diffuse into the rock matrix and, thus, increase the 

matrix diffusion effect. In addition, one can introduce heterogeneities in the 
rock matrix [16] as well as to incorporate objects including stochastic and 

deterministic fractures, fracture zones, tunnels, etc. that exist in natural 

fractured rocks. The latter is done in a simplified manner in the CHAN3D 
by locating the channels enclosed by the objects and modifying their flows 

and transport properties, i.e., conductance and FWSA, respectively.  

To support our concern regarding the credibility of the continuum 

model results and also to highlight the inherent differences between the 
continuum model and the CNM, we again study the STT-1 test. However, 

this time we simulate the behavior of the sorbing tracer Cesium-137, 137Cs 

with the laboratory-measured effective diffusion coefficient De = 4.25×10-14 

m2/s and sorption coefficient Kd = 0.29 m3/kg. In order to interpret the 

tracer test results using the continuum model, it is required to calibrate the 

model parameters, i.e., Peclet number, Pe, water mean residence time, tw, 

and the scale factor, SF, defined as the ratio of the would-be field-scale 

matrix diffusion coefficient, D* 
e , to the effective diffusion coefficient De. 

The experimental BTC and predicted results for 137Cs are shown in Fig. 5.2.  

The continuum model predicted results are obtained for four different 

sets of the calibrated parameters tw, Pe, and SF, as shown in the legend of 

Fig. 5.2. The calibration is made to find the best fit to the late-time behavior 

of the experimental BTC. It can be seen that the SF can take different 

values, ranging from 1.3 to 5.6, corresponding to different values of tw. This 
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indicates that when the continuum model is employed, a larger value for the 
matrix diffusion coefficient is, in general, required to explain the observed 

tailing in the BTC. However, in the meantime, it introduces a potential for 

bias in selecting the model parameters since all the four sets of parameters 
can be used to produce the model predicted BTC. Furthermore, it can be 

seen that in all the parameter sets the calibrated Peclet numbers exhibit 
smaller values, Pe = 1, compared to the Pe = 5 found from the preceding 

test with the non-sorbing tracers in Section 5.2. Despite the error involved 
in applying the ADE to find the Pe = 5, it is yet supposed to be a better 

measure for the dispersion solely caused by the velocity variation in the 

system. The inconsistency between the calibrated Pe = 1 and Pe = 5 
together with the unknown physical explanation behind this inconsistency 

make the calibrated parameters tw, Pe, and SF questionable. Not to mention 

that these values are valid only under the test conditions and should not be 

used to e.g. extend the model results to other distances, as exemplified in 

Chapter 4. 

 
Fig. 5.2. Continuum model-predicted results for 137Cs vs. experimental 

BTC 
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Fig. 5.3.  The simulated BTCs for 137Cs and experimental BTC 

The situation is, however, quite different when the CNM is employed to 

describe the tracer transport. The swarm of points in Fig. 5.3 represents the 
predicted BTCs for a hundred of channel-network realizations and the solid 

line represents the corresponding mean BTC. In these realizations, no 

Fickian-type dispersion is invoked and only advection and matrix diffusion 
are active in channels. The distinct distributions observed in the figure 

suggest that in a rock with stochastic channel networks, tests in different 
locations can be expected to give widely different results.  

It can be seen that the mean BTC fairly well agrees with the experimental 
result, considering that no parameter fitting is made. In other words, the 

CNM allows predicting the tracer BTC by using the laboratory-measured 
diffusion and sorption parameters. This became possible because the CNM 

provides a physically meaningful framework to incorporate tracer transport 

within fast and slow pathways. In this way, the tracer particles can 
experience local values of transport parameters in every channel, which their 

properties are stochastically, or deterministically, assigned to represent the 
impact of heterogeneities exist in the rock volume. With regard to matrix 
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diffusion effect, this feature is illustrated in Fig. 5.4 where the histogram 

distribution of Ff values (See Table 2.1) that the tracer particles experience 

in different transport paths in one channel-network realization is shown.  

 
Fig. 5.4. The Ff histogram distributions for one channel-network realization 

Furthermore, as indicated in Fig. 5.5, the tailing slope of the mean BTC 

is slightly smaller than –3/2, the well-known slope for matrix diffusion 

effect. This emphasizes the role of velocity dispersion, caused by 
heterogeneities, on the late-time behavior of the tracer. To make it clearer, 

one may consider a situation where it is assumed that all the channels in the 
network have similar transmissivities, i.e., the standard deviation of 

transmissivities equals σ = 0. Thus, the effect of velocity dispersion is 

neglected in the network. In Fig. 5.5, the simulated BTC obtained under this 

condition is plotted and compared to the mean of the resulted BTCs with σ 

= 0.97.   

It is evident from the plots that the predicted BTCs behave very 
differently when the transmissivity distribution is neglected. The BTC with 

σ = 0 now exhibits a tailing slope which is consistent with –3/2, expected 
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solely due to the matrix diffusion effect. Furthermore, the effect of retarding 
mechanisms is largely underestimated owing to neglecting the impact of 

velocity distribution in the network. This finding, again, highlights the 

importance of the detailed flow-field information for the proper description 
of tracer transport behavior in fractured rocks. 

 
Fig. 5.5. The effect of velocity distribution on 137Cs BTCs 

It is important to note that, though mathematically feasible, we have no 

intention to calibrate the CNM parameters to find a best fit of the 
experimental BTCs. We, on the other hand, would like to draw the attention 

to the relevance of the CN-concept to address the behavior of solute 
transport in fractured rocks. The CN-concept provides a simple framework 

to introduce the heterogeneities exist in a fractured systems and allows to 

predict the close-to-the-real behavior of solute transport in fractured rocks, 
given the laboratory-measured transport properties.  
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Chapter 6   

Concluding remarks and future outlook 

The contribution of this thesis can be viewed as the development of new 

models and techniques to improve our understanding of water flow and 
radionuclide transport in the repository far-field of fractured crystalline 

rocks. Yet, most formulations in this thesis can also be seen as general 
transport models that can be applied to other solute in different practical 

situations.  

The work done in this contribution can be grouped in two main parts 

based on the context and the desired objectives. In the first part of the 
thesis, chapters 2-3, the aim is to further develop the transport model in an 

individual channel to include an arbitrary-length decay chain and presence 

of stagnant water zones (STWZs). The model can account for advection, 
longitudinal dispersion, equilibrium sorption, and direct diffusion into the 

rock matrix from the channel. 

The final analytical solution derived in the Laplace domain is found to be 

a function of a few characteristic parameters associated with the central 
transport mechanisms. This allows to simulate a series of deterministic 

problems of increasing complexity to highlight the relative contributions of 
the major processes in retarding sorbing and non-sorbing species. The 

deterministic simulation results reveal that ignoring the effect of the 

stagnant water zones over long time-scales can lead to significantly 
underestimating the rock retarding capability for sorbing nuclides. Likewise, 

neglecting the parent nuclide and modeling its daughter as a single stable 
species in cases involving chain decay can cause a significant overestimation 

of the daughter nuclide’s peak-value. 
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These deterministic studies can, indeed, help to form an overall 
impression on the long-term effect of transport mechanisms. However, the 

inherent uncertainties in the model input parameter can cause sometimes-

large variations in the predicted results and, therefore, lead to tentative 
assessment of the system performance. As a first step to address this 

problem, the global sensitivity analysis, GSA, is applied to the developed 
model to quantify the importance of the transport mechanisms and, thus, 

identify the parameters that have the greatest potential for the model output 
uncertainty reduction. The results of the GSA indicate that the characteristic 

parameters, Ff, MPGf, N, MPGs, Fs, constantly contribute to the model 

output variance suggesting that they should not be assumed as fixed 
parameters at any given value within their range of variation. Furthermore, 

the results suggest that if one intends to, more accurately, evaluate the 
values of the parameters at the same cost and effort, the determination of 

priorities would be in the sequence of N, MPGs, Fs, Ff and MPGf. This 

again highlights the important role of STWZs in determining the fate of 

radionuclide in fractured rocks over long times. To further address the 

concerns over the parameter uncertainties, the CN-concept is implemented 
in the Channel Network Model code, CHAN3D, where the groundwater 

flow and radionuclide transport are envisaged to take place in a three-
dimensional network of interconnected channels with stochastic properties. 

This gives rise to a large number of random flow paths and makes it 

possible to account for the effect of STWZs in the large-scale far-field of 
repositories. To perform the probabilistic calculation of radionuclide 

transport in fractured rocks, the CHAN3D is applied to perform predictive 
modeling of two converging tracer tests with different injection-extraction 

scenarios as performed in the well-defined STT-1 tracer test at the Äspö 

Hard Rock Laboratory in Sweden. It is shown that the probabilistic 
simulation results can fairly well predict the observed breakthrough curve 

(BTC) of the sorbing tracer 137Cs without adjustment of any of the 
independently determined parameters. It is also found that over the short 

time-scale of the tracer test, the effect of diffusion into STWZs is not as 

pronounced as that of matrix diffusion (MD) directly from the flow 
channel, and MD remains the main retarding mechanism. Predictions for 

longer time-scale, tens of years and more, however, show that the effect of 
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STWZs becomes strong and tends to increase with transport time. It is, 

therefore, concluded that over the long times of interest for safety 
assessment of high-level radioactive waste repositories, STWZs can 

substantially contribute to radionuclide retardation. This result is in line with 
that of the deterministic studies and applies to both short- and long-lived 

nuclides, except for the non-sorbing species, i.e., 36Cl and 129I. Nevertheless, 
over the short time-scales of field experiments the impact is not very strong 

and is not expected to affect the results of short-term tracer tests. 

In the second part of this thesis, chapters 4-5, the focus is directed 

toward better understanding of hydrodynamic dispersion in channels, 

fractures and fracture networks by taking into account not only the Fickian 
dispersion, as embodied in the advection-dispersion equation (ADE) but 

also velocity variations between tapered channels. This is motivated by 
numerous evidence in the literature suggesting that the ADE does not 

adequately represent the real nature of solute transport in fractured rocks, 
which often exhibit non-Fickian behavior.  

This part begins with development of a new simple and robust solution 
for the single-flow-path model, in the time domain. The model only 

accounts for matrix diffusion and Fickian dispersion and the transport 

equation in the flow path takes a similar form to the ADE + MD. In 
contrast to the previously determined solution [36], the proposed solution 

has a clear physical meaning that allows to distinguish the respective roles of 
matrix diffusion and Fickian dispersion in a channel with rectangular or 

rhomboidal cross section. For the latter case, it is shown that the dispersion 
due to diffusion across the aperture is often very small and can be neglected 

compared to the larger dispersion expected due to diffusion across the 

width of the variable-aperture channel. 

Thereafter, to also account for velocity variation between different 

independent paths in a fracture, the derived solution is applied in more 

general cases where the fracture is envisaged as a system of N independent 

channels with different flow rates. This leads to the development of the 
multi-channel model that, contrary to the single-flow-path model, considers 

both Fickian dispersion in the channels with variable aperture, i.e., tapered 
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channel, as well as velocity dispersion due to different flow rates of the 
channels. Therefore, predictions of the two models, as how a tracer pulse 

spreads with increasing distance, are expected to be entirely different. 

In fact, the predicted BTCs by the multi-channel model reveals that the 

downstream spreading of solute, i.e., variance, increases in proportion to the 
travel distance squared. Thus, in contrast to the predicted results with the 

single-flow-path model where Peclet number is shown to increase with 

increasing distance, in the simulations with the multi-channel model a 
constant Peclet number is found, due primarily to the effect of velocity 

dispersion. As a result, the dispersion coefficient is shown to increase 
proportionally to the distance of observation. This phenomenon is what is 

typically observed in field tracer tests with the Pe values commonly ranging 

from 1 to 100. The finding, thus, suggests that the multi-channel model can 
explain the apparent scale dependency of the dispersion coefficient that is 

often observed in field tracer tests. 

In the similar circumstances, i.e., unchanged Peclet number with 

distance, if the ADE were used to interpret the result with a constant 
dispersion coefficient, it is readily shown that the so-called macro dispersion 

coefficient would increase in proportion to the distance of observation. This 
is, however, a clear violation of the underlying assumption of the advection 

dispersion model concept, which constrains the dispersion coefficient to be 

a fixed property of the porous medium, independent of travel distance. This 
discrepancy between the model output and the underlying assumption 

together with the field observations supporting the multi-channel model 
results, as discussed above, cast doubts on the correctness of the predictions 

made by the ADE. Not to mention that, according to the Taylor dispersion 

theory, the large value of macro dispersion coefficients often needed to fit 
the ADE results to the experimental data, requires that the flow path has a 

much larger width compared to what is often observed in Swedish rock 

masses, i.e., W = 0.01 ~ 0.3 m.   

Furthermore, the findings of the study suggest that although it is 

possible to obtain good curve fits of the experimental results with the two 

models, a great caution must be exercised to extend the predicted results to 
other experiment conditions, mainly due to the inherent difference of the 
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single-flow-path and multi-channel models. In practical terms, this means 

that the interpreted results of field experiments over short distances cannot 
necessarily give information on what would take place over longer distances 

unless the mechanisms that contribute to the mass spreading in the 
fractured system are well characterized and understood. If not, it is shown 

that it is likely that the Fickian dispersion coefficient estimated from the 
short-term field experiments cannot represent a meaningful material 

property. Several reasons are raised for this problem. One is that the 

dominating mechanisms that cause dispersion in short-term tracer tests with 
high flow rates are shown to be entirely different compared to the spreading 

mechanisms under natural flow conditions when much lower flow rates 
prevail. Besides, over the short time-scales of field experiments, the 

diffusion in and out of stagnant water zones, as discussed earlier above, as 

well as the diffusion perpendicular to the flow direction in naturally tapered 
channels may not have time to contribute to the tracer distribution. In other 

words, the molecular diffusion cannot even out the tracer concentration 
across the channel width to fully develop Taylor dispersion under the 

forced-gradient flow condition of the experiments whereas it may do so 

under natural flow conditions. 

To further discuss this problem, a simple theory is presented to examine 
the required condition for the appearance of Fickian dispersion in tapered 

channels. The question explored is when it is physically appropriate to 

utilize the concept of macro dispersion coefficient, thus allowing solute 
transport to be modeled by the ADE. The subsequent analysis, made under 

natural- and forced-gradient flow conditions, indicate that while under the 
natural-gradient condition the ADE might be valid in individual channels, 

spreading of the tracer pulse under the forced-gradient condition, as in field 

test experiments, is mostly dominated by advective mechanisms and velocity 
dispersion. Therefore, it is once again inferred that the use of the ADE and 

the macro dispersion coefficient can be misleading when applied to interpret 
the experimental BTCs.  

In the same manner, several practical concerns are also raised in this 
thesis with regard to utilizing the concept of field-scale matrix diffusion 

coefficient in fractured rocks. These concerns are mainly directed toward 
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the uncertainties and potential bias involved in finding the continuum model 
parameters, and are illustrated with practical example from the predictive 

modeling of the sorbing tracer 137Cs under the STT-1 test conditions. 

In light of the above analysis, it is argued that it is more physically 

meaningful to visualize flow and transport as taking place in many different 
pathways that seldom mix with other pathways, similar to the multi-channel 

model and as incorporated in the Channel Network Model (CNM). It is 

shown, by practical examples, that the CNM allows to capture the impacts 
of spatial heterogeneities that exist in fractured rocks and can accommodate 

the physical mechanisms underlying the behavior of solute transport, where 
their impacts otherwise would be interpreted as effective lumped entities, 

i.e., macro dispersion coefficient and field-scale matrix diffusion coefficient. 

It should be stressed that more realistic predictions require detailed 

information on the fracture geometries and their spatial distribution in the 
fractured system. It is also essential to have detailed understanding of the 

system hydraulic properties as well as central transport mechanisms. At the 

present time, there are, however, few systematic observations of channels 
shapes, widths and flow rate distributions. 

To appropriately account for the retarding effect of STWZs, reliable 

information are also required on the geometry and location of STWZs in 

the fractures. At the present time, unfortunately, little is known on the 
extent of STWZs in the fracture planes because it is difficult, if possible at 

all, to obtain appropriate data from field experiments. 

When available, these data can be incorporated in the CN-concept that 

together build a reliable and realistic framework to explain the close-to-the-
real behavior of solute transport in fractured rocks. Further development of 

the CNM may focus on introducing conductance-length correlations. This is 
motivated by the fact that randomly assigning conductance may result in a 

channel network where slow-flow channels block fast-flow channels and 

suppress the system connectivity. Thus, a pure stochastic CNM may tend to 
converge to a Fickian-type dispersion with increasing distance. However, 

this phenomenon is not consistent with field observations. One possible 
explanation that is suggested is that larger regions often include increasingly 
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larger fractures, which contain increasingly longer channels that are expected 

to be more transmissive than channels in smaller fractures. Although this 
situation can be relaxed in the CNM by introducing fracture zones or 

deterministic fractures, introducing the correlation length can help to better 
visualize the solute transport via the CNM. By the same token, the CNM 

may evolve to describe the self-similar, i.e., fractal, characteristic of fracture 
networks in natural fractured rocks. Thus, in this conceptualization fractures 

with larger extension can provide longer and more transmissive flow paths 

for water flow and nuclide transport. 
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Nomenclature 

Dimensions are given in terms of mass (M), length (L), time (T) and   

dimensionless (–). 

a Local aperture of the channel (L) 

a ̅ Mean of the local apertures of the channels (L) 

a0 Largest aperture of the tapered channel (L) 

b Half-aperture of a channel with arbitrary geometry, FLV/FWS (L) 

bf Half-aperture of the flowing channel (L) 

bs Half-aperture of the stagnant water zone (L) 

c0  Ratio between the mass injected and volumetric flow rate through 

the flowing channel or fracture for a pulse injection (ML–3T) 

cin Concentration of the tracer at the origin of the fracture (ML–3) 

Cf Concentration in the flowing channel (ML–3) 

Cpf Pore water concentration in the rock matrix adjacent to the flowing     
channel (ML–3) 

Cps Pore water concentration in the rock matrix adjacent to the stagnant 
water zone (ML–3) 

Cs Concentration in the stagnant water zone (ML–3) 

Daf Apparent diffusivity in the rock matrix adjacent to the flowing             
channel (L2T–1) 

Das Apparent diffusivity in the rock matrix adjacent to the stagnant 
water zone (L2T–1) 

D* 
e         Field-scale matrix diffusion coefficient (L2T–1) 

Def Effective diffusivity in the rock matrix adjacent to the flowing             
channel (L2T–1) 

Des Effective diffusivity in the rock matrix adjacent to the stagnant 
water zone (L2T–1) 
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Df  Longitudinal dispersion coefficient in the flowing channel (L2T–1) 

DL Taylor dispersion coefficient (L2T–1) 

Dp  Pore diffusion coefficient in the rock matrix (L2T–1) 

Ds Diffusivity in the water in the stagnant water zone (L2T–1) 

Dw  Molecular diffusion coefficient in water (L2T–1) 

Ff Ratio of the flow-wetted surface of the flowing channel to the 
volumetric water flow rate (TL–1) 

FLV Flow volume in the single channel (L3)  

Fs Ratio of the stagnant-water-wetted surface to the diffusion 

conductance of the stagnant water zone (TL–1) 

FWS Area of flow-wetted surface of the single fracture or channel (L2) 

G Diffusive mass-transfer parameter (T–1/2) 

H Heaviside step function 

Kd Rock matrix sorption coefficient (L3M–1)  

L Channel Length (L) 

M Arbitrary number of channels in a flowpath (–) 

MPGf  Material property group of the rock matrix adjacent to the flowing      
channel (LT–1/2) 

MPGs Material property group of the rock matrix adjacent to the stagnant 
water zone (LT–1/2) 

n Arbitrary number of nuclides in a decay chain (–) 

N Ratio between the diffusion rate into the stagnant water zone and 

the mass flow rate through the channel (–) 

N Number of the independent channels that make up of the fracture  

Pe Péclet Number (–) 

qi Volumetric flow rate in the ith channel (L3T–1) 

qmean  Mean flow rate of the ensemble of channels (L3T–1) 

Rf Surface retardation coefficient in the flowing channel (–) 
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Rpf Retardation coefficient of the rock matrix adjacent to the flowing 
channel (–) 

Rps Retardation coefficient of the rock matrix adjacent to the stagnant 
water zone (–) 

Rs Surface retardation coefficient in the stagnant water zone (–) 

s Laplace transform variable (T–1) 

S First-order sensitivity index (–) 

t Time (T) 

̅ts  Mean of solute residence times (T) 

tw Mean water residence time in the fracture or channel (T) 

u Mean water velocity in the fracture or channel (LT–1) 

W Half-width of the channel with arbitrary geometry (L) 

Wf Half-width of the flowing channel (L) 

Wmean  Mean half-width of the ensemble of channels (L) 

Ws Half-width of the stagnant water zone (L) 

x Distance along the flow direction (L) 

δf Thickness of the rock matrix adjacent to the flowing channel (L) 

δs Thickness of the rock matrix adjacent to the stagnant water zone 
(L) 

εpf Porosity of the rock matrix adjacent to the flowing channel (–) 

εps Porosity of the rock matrix adjacent to the stagnant water zone (–) 

λ  Decay constant (T–1) 

σ Standard deviation of transmissivities (L2T–1) 

σp Standard deviation of ln(a̅) (–) 

σs  Standard deviation of solute residence times (T) 

τ Solute residence time in the fracture in the absence of retarding 
mechanisms and λ = 0 (T) 
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τf Characteristic time of advection (–) 

τDf Characteristic time of diffusion through the rock matrix adjacent to 

the flowing channel (–) 

τDs Characteristic time of diffusion through the rock matrix adjacent to 

the stagnant water zone (–) 

τs Characteristic time of diffusion through the stagnant water zone (–) 

Subscripts 

f Refers to the flowing channel  

i Refers to the ith member of a decay chain 

s Refers to the stagnant water zone  

pf Refers to the rock matrix adjacent to the flowing channel 

ps Refers to the rock matrix adjacent to the stagnant water zone 

Superscript 

m  Channel identity number 

Abbreviations 

ADE  Advection-Dispersion equation 

BTC  Breakthrough Curve 

CNM  Channel Network Model 

GSA  Global Sensitivity Analysis 

MCh  Multi-Channel Model 

MD  Matrix Diffusion 

RTD  Residence Time Distribution 

SF  Scale Factor 

STWZ  Stagnant Water Zone 
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