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Predictive modeling of fluid flow and solute transport in fractured rock is central to many
subsurface applications, including nuclear waste isolation, geothermal energy, carbon storage,
and hydrocarbon recovery. Such predictions depend strongly on the conceptualization of
fractured media and on the assumptions used in model formulations. This thesis investigates
how conceptual modeling choices influence the analysis of fluid flow, mass transport, and
mechanical deformation behaviors in three-dimensional fracture networks by examining
four key sources of uncertainty: multiscale anisotropy, geomechanical model simplification,
mechanical boundary conditions, and ensemble structure and variability for modeling flow and
transport in fractured rocks.

Results demonstrate firstly that fracture-scale and network-scale anisotropy features interact
in a non-linear manner. Alignment between the two scales enhances preferential flow, while
misalignment suppresses connectivity and delays transport, producing travel-time differences of
up to two to three orders of magnitude even for networks with similar equivalent permeability.
Secondly, simplified geomechanics models (omitting fracture nonelastic deformation, stress
variability, and fracture interaction) fail to capture complex stress-induced deformation of
fractures under high stress ratio conditions, leading to underestimation of flow capacity
and faster transport pathways, although they may remain robust for low stress ratios. The
findings highlight that the validity of geomechanical simplification is strongly stress-dependent.
Thirdly, mechanical boundary-condition effects are negligible for networks dominated by
smaller fractures but become significant in networks containing larger fractures, especially
under strongly anisotropic stress conditions. The higher connectivity of larger fractures
allows boundary-induced stresses to propagate deeper into the system, resulting in stronger
deformation, increased aperture, and enhanced transport. Fourthly, we investigate the ensemble
structure and variability of flow and transport in fracture networks with varying connectivity. A
suite of statistical metrics is introduced to quantify deviations of realizations from the ensemble
average. We show that near the percolation threshold, strong variability among realizations
limits the reliability of ensemble-averaged predictions. This variability diminishes away from
the percolation threshold.

This thesis shows that flow and transport predictions in fractured rock systems are highly
sensitive to model conceptualization and assumptions, highlighting the need for robust and
uncertainty-aware modeling frameworks to guide model selection and evaluation for subsurface
engineering applications.
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1. Introduction

Geological formations in the subsurface often contain discontinuities like
cracks, joints, bedding planes, and fault zones, which span multiple spatial
scales and evolve over geological time. These discontinuities constitute one
of the most complex geological features encountered in subsurface engineer-
ing, forming intricate, hierarchical networks that strongly influence the me-
chanical, hydraulic, thermal, and chemical behavior of fractured geological
media (Huang et al., 2023; Lei, 2023; Niemi et al., 2000; Tsang, 2024). Dec-
ades of research have shown that the presence of these discontinuities, their
geometry and connectivity control the bulk properties of fractured rock masses
(Bonnet et al., 2001; Lei & Wang, 2016; Ouillon et al., 1996). In many set-
tings, fractures serve as the primary conduits for fluid flow and solute migra-
tion. Even though their volumetric proportion may be small, their high perme-
ability and low stiffness/strength relative to the intact rock matrix can domi-
nate system-scale hydro-mechanical behavior. As a result, fractures exert crit-
ical control over the performance, safety, and predictability of numerous
engineering and environmental applications. These include geologic disposal
of spent nuclear fuel, enhanced geothermal systems, CO, sequestration,
groundwater management, hydrocarbon recovery, and underground construc-
tion for civil or mining engineering (Dong et al., 2022; Shen et al., 2020;
Viswanathan et al., 2022). The success of each of these operations hinges on
the ability to realistically represent mechanical behavior, flow, and transport
through fractured geological media.

Predicting fluid flow and solute transport in fractured rocks is very chal-
lenging, mainly because of the highly heterogeneous nature of fractured me-
dia, along with the limited availability of observations. This makes the predic-
tion of their distribution and properties difficult. Furthermore, fractures re-
spond dynamically to stress perturbations caused by tectonic movements,
fluid injection, or tunnel excavation. Small changes in normal or shear stress
may induce significant aperture variations, alter local transmissivity, and re-
organize preferential flow paths (Jiang et al., 2019; Kang et al., 2019; Lei et
al., 2015; Lei, Wang, et al., 2017; Sharma et al., 2025; Sweeney & Hyman,
2020). These stress-dependent responses highlight the complex feedback be-
tween mechanical deformation and hydraulic processes in fractured media.
Consequently, any attempt to model such systems must address a key ques-
tion: how should a model of fractured rock with its properties and boundary
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conditions be conceptualized? This requires determining which structural, me-
chanical, and hydrological features must be explicitly represented and which
can be approximated without compromising predictive reliability. Striking
this balance is essential both for computational efficiency and for ensuring
that models remain physically grounded and relevant across the spatial and
temporal scales of interest.

1.1. Stress, flow, and transport in fractured rocks

Fractured rocks exist within complex three-dimensional (3D) stress fields
originating from tectonic loading, lithostatic weight, fluid injection, excava-
tion, or thermal perturbations (Pollard & Segall, 1987). These stress condi-
tions govern how individual fractures deform and, in turn, how fluids and so-
lutes migrate through the subsurface (Lei et al., 2015; Min et al., 2004; Osuji
et al., 2025b, 2025a; Sweeney & Hyman, 2020; Tsang et al., 2018). When
compressive stress increases, fractures tend to close through elastic or inelastic
deformation, reducing hydraulic aperture and significantly lowering permea-
bility (Huo et al., 2024). Conversely, shear stress can induce slip along fracture
surfaces, generating dilation due to roughness-related mismatches between
opposing walls. This shear dilatancy can enhance permeability and promote
flow pathways (Figueiredo et al., 2016; Kang et al., 2019; J. Zhang et al.,
2007). Deformation within the fracture system in turn redistributes stresses
throughout the surrounding rock, producing heterogeneous mechanical re-
sponses across the system. Such stress transfer becomes especially significant
under large perturbations, including the development of damaged zones
around underground openings (Lei & Tsang, 2022; Tsang et al., 2005), pore-
pressure buildup during injection (Song et al., 2023), and fracture reactivation
induced by geothermal production (Jiang et al., 2022) or hydrocarbon extrac-
tion (Buijze et al., 2017; Segall & Fitzgerald, 1998). This implies that stress
directly controls fracture aperture changes, and different assumptions about
the stress-aperture relationship (elastic closure, empirical fits, or dilation un-
der slip) could yield different permeability responses for the same loading
conditions.

Fluid flow in fractured media is controlled by the fracture geometry, net-
work connectivity, and stress condition, which together determine permeabil-
ity, preferential flow paths, and the degree of hydraulic communication
(Berkowitz, 2002; Neuman, 2005). While flow within fractures is commonly
represented using the cubic-law for smooth parallel plate approximation, nat-
ural fracture roughness induces spatially heterogeneous apertures and contact
zones that distort flow and promote channelization (Tsang & Neretnieks,
1998; Tsang & Tsang, 1989). Even small changes in aperture can strongly
influence effective transmissivity and produce a highly heterogeneous veloc-
ity field. At the scale of a fracture network, connectivity governs whether
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domain-spanning flow paths exist and how fluids move from one subdomain
to another (Maillot et al., 2016). Concepts from percolation theory are partic-
ularly useful in understanding these transitions: networks near the percolation
threshold are extremely sensitive to small changes in fracture aperture or
stress, whereas well-connected networks exhibit more stable hydraulic behav-
ior (Berkowitz, 1995; Davy et al., 2024; Ebrahimi et al., 2014; Nakaya et al.,
2003). The flow calculations are therefore dependent on assumptions made
regarding fracture roughness and network settings.

Solute transport in fractured rocks is governed by a combination of advec-
tion, dispersion, diffusion, and chemical interactions, all of which are strongly
shaped by the heterogeneity of the fracture network (Berre et al., 2019;
Shahkarami et al., 2019). Fluid velocities in fractures are typically orders of
magnitude higher than those in the surrounding matrix, but because flow is
often channeled into discrete high-aperture regions, solute plumes experience
uneven advection, rapid breakthrough, and long late-time tails (Neretnieks,
1990; Odén et al., 2008). Geometric complexity in fracture networks induces
spatial heterogeneity in fracture connectivity, resulting in velocity contrasts
that strongly control flow dynamics (Shahkarami et al., 2019). In parallel,
fracture intersections and increased pathway tortuosity enhance solute plume
spreading and mixing through flow convergence, divergence, and channeling
effects (Meng et al., 2018). Although fractures dominate advective transport,
the rock matrix plays a crucial role through diffusion-driven exchange. Solutes
can diffuse into low-permeability matrix blocks, temporarily storing mass and
re-releasing it over long timescales, producing pronounced tailing in break-
through curves (Neretnieks, 1990; Odén et al., 2008; H. Wu et al., 2025).
Whether a model predicts rapid breakthrough or pronounced tailing is deter-
mined not only by the subsurface process, but also by the conceptual frame-
work used to represent it. Therefore, choices about fracture representation
(modeled explicitly or homogenized), aperture heterogeneity, fracture-matrix
exchange, and stress-driven connectivity changes may lead to different
transport behavior.

The interplay between stress, flow, and solute transport highlights why con-
ceptual modeling choices are so consequential and can also lead to significant
uncertainties. Every numerical model necessarily adopts assumptions about
fracture geometry, how deformation alters aperture, how fracture-matrix ex-
change occurs, and how connectivity evolves under stress. Different concep-
tualizations can therefore yield different hydraulic responses, flow pathways,
and solute travel times, even under the same boundary conditions. As a result,
model reliability depends not only on parameter values, but on how the under-
lying conceptual simplifications are formulated and evaluated. This raises a
central question for fractured-rock modeling: how large are the uncertainties
introduced by alternative conceptual models, and how do they influence pre-
dictions of flow, transport, and deformation? Recognizing and analyzing these
uncertainties is essential for developing robust interpretations of subsurface
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behavior. The central objective of this thesis is therefore to quantify how sen-
sitive predictions of flow, transport, and deformation are to these alternative
conceptual representations.

1.2.  Uncertainty in modeling hydro-mechanical
processes in fractured rocks

Modeling hydro-mechanical processes in fractured rocks is inherently uncer-
tain due to the complexity, heterogeneity, and limited observability of the sub-
surface (Lei, 2025). The uncertainties do not only arise from natural variability
of geological formations, but also from the assumptions required to construct
conceptual and numerical models. They are generally grouped as aleatoric and
epistemic uncertainty (Ross et al., 2009; Spiessl et al., 2017; Yi et al., 2025).

Aleatoric uncertainty reflects the inherent randomness of geological sys-
tems and is therefore irreducible. It captures natural variability such as the
stochastic distribution of fracture sizes, orientations, apertures, and spatial lo-
cations, which originate from complex geological settings that cannot be pre-
dicted deterministically (Murph et al., 2024; Ross et al., 2009). In contrast,
epistemic uncertainty stems from incomplete knowledge, limited data, and
model simplifications. It is theoretically reducible through improved measure-
ments, better site characterization, or more realistic conceptual models
(Ranjbaran et al., 2024; Ross et al., 2009). Therefore, in fractured-rock hydro-
mechanics, uncertainty arises from both epistemic and aleatory sources. Many
key quantities such as in-situ stress, mechanical properties, and fracture-net-
work connectivity exhibit genuine spatial variability, while at the same time
being only sparsely or indirectly observed. As a result, part of the uncertainty
reflects natural randomness, and part reflects limited knowledge and measure-
ment constraints (Bisdom et al., 2016; La Pointe & Fox, 2011). The limitations
in data and understanding can cause significant uncertainty in predicting fluid
flow and mechanical behavior in fractured reservoirs.

A significant source of uncertainty in fractured reservoir modeling stems
from the geometrical and structural characterization of fracture networks. De-
spite advances in field observation techniques, it remains extremely difficult
to resolve the complete spatial distribution and connectivity of fractures. Even
with high-resolution borehole image logs or detailed outcrop mappings, the
data acquired are often scale-dependent, biased by sampling resolution, and
incomplete in terms of representing the true network topology (Bertotti et al.,
2007; Peacock et al., 2019; Petrik et al., 2023). Consequently, fracture net-
work models must rely on statistical representations that integrate both alea-
toric variability and epistemic uncertainty, due to incomplete or indirect
knowledge of the network’s topology.
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This dual uncertainty has critical implications for predicting hydro-me-
chanical behavior. The connectivity of fractures, especially domain-spanning
pathways, dominates fluid transport and also affects mechanical response.
Therefore, even minor uncertainties in fracture orientation or position may
produce significant deviations in aperture evolution, flow channelization, and
stress redistribution during natural loading or engineering interventions
(Huang et al., 2020; Huang et al., 2023; Ozkaya & Mattner, 2003). Further-
more, uncertainty arises from the mechanical representation of fractures and
their stress-dependent behavior. The in-situ stress field is rarely measured with
high fidelity, and estimates of principal stress magnitudes and orientations of-
ten carry substantial epistemic uncertainty (Bisdom et al., 2016). Additionally,
constitutive models that describe normal closure, shear dilation, or nonlinear
stress-aperture relationships inevitably simplify the complex underlying phys-
ics, such as fracture surface roughness, contact deformation, gouge formation,
and asperity degradation (Cui et al., 2022; Lei & Barton, 2022; Osuji et al.,
2025b, 2025a). These simplifications introduce model-dependent discrepan-
cies where different mechanical formulations can yield distinct predictions for
aperture and permeability under identical loading conditions.

Boundary conditions represent another major and often underappreciated
source of epistemic uncertainty. Subsurface systems rarely conform to the ide-
alized stress or pressure boundaries of a fractured rock block under study as-
sumed in numerical simulations. Features like lithological contacts, excava-
tion unloading, seasonal water table fluctuations, or well operations are chal-
lenging to characterize precisely, yet they exert strong control over stress re-
distribution and deformation (Liu et al., 2017; Piper & La Rocque, 1944;
Tiwari et al., 2025). In fractured systems, even subtle differences in boundary
conditions can significantly alter predictions of fracture activation, connectiv-
ity evolution, and solute migration (La Pointe & Fox, 2011). Small errors in
representing these boundary conditions can cascade into large differences in
flow fields, breakthrough times, and predictions of solute transport.

To address uncertainties in modeling coupled processes in the subsurface,
an international research initiative called DECOVALEX, which stands for De-
velopment of Coupled Models and their Validation against Experiments, was
established in 1992 (Birkholzer et al., 2019; Hudson et al., 2017; Tsang et al.,
2009). Its mission is to improve the understanding of complex thermo-hydro-
mechanical-chemical (THMC) interactions in geological media by intercom-
parison among multiple numerical models and approaches on specified test
cases as well as benchmarking numerical models against controlled laboratory
and field experiments. Within this framework, multiple research teams collab-
orate on distinct tasks to develop and compare models for the performance
assessment of fractured rock systems. In the DECOVALEX-2023 project
(Birkholzer et al., 2025), seven international teams, including Uppsala Uni-
versity supported by the Swedish Radiation Safety Authority (SSM), partici-
pated in Task F1 to construct benchmark models incorporating standardized
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fracture geometries, domain sizes, and boundary conditions. The teams ap-
plied different simulation algorithms, upscaling methods, and solute transport
solvers. Predictions of migration times for conservative, sorbing, and decay-
ing solutes by the teams showed strong convergence in simple cases involving
four deterministic fractures. However, the introduction of stochastic fractures
led to contrasting results across models, likely due to the high complexity of
flow paths and the associated variability in modeling choices (Mariner et al.,
2025). In a broader comparison of performance-assessment approaches for re-
gion-scale models, teams used the same conceptual repository layout and host-
rock properties but adopted different assumptions, numerical schemes, and
parameterization strategies (Leone et al., 2025). Despite harmonized input
specifications, key outputs such as breakthrough times and transport pathways
differed significantly by two to three orders of magnitude among results from
the different teams. These findings, summarized in Appendices A and B, high-
light the dominant role of conceptual modeling assumptions, including how
discrete fracture networks are represented, the assumed complexities, and how
numerical solvers are formulated, in shaping benchmark and performance-as-
sessment outcomes for fractured rock systems.

In general, the design of conceptual models to be used in simulation of flow
and transport in fractured rock involves a large number of assumptions and
thus introduce some important uncertainties. For example, it assumes how
fractures are represented, which processes are included, and how complex in-
teractions are simplified or neglected. These choices form the foundational
assumptions of many models and dictate how the related uncertainties (para-
metric, structural, or boundary-related) propagate through the system (La
Pointe & Fox, 2011; Ross et al., 2009; Sawada et al., 2013; Selroos et al.,
2002). While previous studies have made significant progress in quantifying
parametric variability as an uncertainty, particularly in fracture aperture, trans-
missivity, and mechanical stiffness (La Pointe & Fox, 2011; Murph et al.,
2024; Peacock et al., 2019; Ranjbaran et al., 2024; Ross et al., 2009; Sawada
et al., 2013; Selroos et al., 2002; Spiessl et al., 2017; Yi et al., 2025; Ziegler,
2022), the systematic evaluation of conceptual modeling assumptions has re-
ceived comparatively less attention. Yet these choices strongly influence pre-
dicted permeability, connectivity, and solute migration paths. Outstanding
challenges remain in understanding how conceptual assumptions shape cou-
pled flow and transport responses in 3D fractured systems. Defining when
commonly adopted simplifications remain valid or begin to fail forms the core
motivation of this thesis.
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1.3. Aims and objectives: definitions of four model
uncertainties investigated

While advances in numerical modeling have enabled increasingly detailed
representations of fractured rock systems, predictive uncertainty remains
strongly influenced by conceptual model formulation. The overarching aim of
this thesis is to identify, define, and quantify the impact of some key hydro-
mechanical conceptual model uncertainties on flow and solute transport pre-
dictions in three-dimensional fractured rock systems. Figure 1 provides an
overview of the main sources of uncertainty affecting flow and transport pre-
dictions in fractured rock systems. Uncertainty can exist in three categories
due to: limited data availability, model representation choices, and inherent
heterogeneity of fractured media, respectiely. For the first category, scarce
data and indirect observations make model parameterization poorly con-
strained. In practice, several different parameter sets may reproduce the avail-
able data, meaning that calibration and validation cannot uniquely determine
the model behavior and predictive uncertainty remains large. Here parameters
include variation of permeability and porosity over the domain as well as an-
isotropy in fracture aperture over the fracture plane and anisotropy of the frac-
ture network. In the second category, model uncertainty is introduced, e.g.,
through simplifying assumptions in fracture representation, geomechanical
formulations, and applied boundary conditions. In the third category, variabil-
ity from scale effects, heterogeneity and statistical ensemble representative-
ness introduces uncertainty into the predictions. By isolating and investigating
specific modeling assumptions, the thesis seeks to establish a physically
grounded framework for assessing several important model choices. This ob-
jective is pursued through four complementary studies, each addressing a dis-
tinct but interconnected source of conceptual uncertainty. More specifically,
we have selected four topics to investigate from the three categories of uncer-
tainties shown in Figure 1. Results of these four topical studies form the con-
tents of the four papers that are included in this thesis.

First, natural fractured rocks commonly exhibit anisotropy arising from
preferential fracture orientations in fracture networks, size distributions, and
fracture aperture variability. These features may manifest at the scale of indi-
vidual fractures as well as at the scale of the fracture network as a whole.
However, many models treat anisotropy in a simplified or aggregated manner,
obscuring the relative roles of fracture-scale and network-scale anisotropy in
controlling hydraulic connectivity, flow channeling, and solute transport. The
first topical study (Paper I) studies this uncertainty by systematically investi-
gating how anisotropic features at the fracture-scale and network-scale inter-
act to influence flow and transport dynamics in 3D discrete fracture networks
(DFN).
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Figure 1. Sources and manifestations of uncertainty in flow and transport prediction
in fractured rocks.

The second study concerns fracture deformation under stress which directly
affects aperture changes and, consequently, flow and transport properties. In
many application studies, geomechanical behavior is often represented using
simplified formulations to reduce computational cost, such as linearized
stress—aperture relationships and partially coupled mechanical models. While
such simplifications are widespread, their implications for predicted hydraulic
responses in three-dimensional fractured systems are not well understood.
This study (Paper II) evaluates the impact of adopting high versus low com-
plexity geomechanical formulations, with the aim of clarifying when reduced
models remain valid and when they lead to systematic deviations in predicted
flow and transport behavior.

In addition to the issue of alternative geomechanical model simplifications,
mechanical boundary conditions govern stress redistribution within fractured
rock domains and therefore exert a strong influence on fracture deformation
patterns. Despite this, boundary conditions are often selected based on numer-
ical convenience rather than physical representativeness, and their influence
on coupled hydro-mechanical responses is rarely examined systematically.
The third topical study (Paper III) investigates the sensitivity of flow and
transport predictions to different mechanical boundary condition formula-
tions, identifying regimes in which alternative boundary assumptions produce
similar outcomes and those in which they lead to very different hydraulic be-
havior.

Finally, we consider the issue that strong heterogeneity and connectivity
effects can cause individual fracture network realizations, even when
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generated from identical statistical input parameters, to exhibit widely differ-
ing flow and transport responses. Ensemble averaging is commonly employed
to obtain representative predictions, yet the validity of this approach is seldom
tested explicitly. The fourth topical study (Paper 1V) addresses this issue by
assessing ensemble structure and variability to determine the conditions under
which ensemble average can and cannot robustly describe the behavior of in-
dividual realizations in flow and transport analysis. This analysis provides in-
sight into when predictive uncertainty is dominated by structural variability
rather than ensemble-mean trends.

Together, these four topical studies analyze complementary sources of con-
ceptual model uncertainty: multiscale anisotropy, geomechanical models, me-
chanical boundary conditions, and ensemble representativeness. By explicitly
defining and evaluating these uncertainties, the thesis contributes to the un-
derstanding of their impact and importance and to potentially pave the way
for improving the robustness, interpretability, and credibility of flow and
transport predictions in fractured geological media, with relevance to applica-
tions such as nuclear waste disposal, subsurface energy systems, and ground-
water resource management.
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2. Theory and Methods

In this section, the theoretical background and modeling framework adopted
in this thesis are presented. The section first introduces the fundamental con-
cepts governing fluid flow, solute transport, and mechanical deformation in
fractured rock systems. The governing equations and constitutive relation-
ships underlying the coupled flow, transport, and mechanical formulations
employed throughout the thesis are then outlined. Then, the details of the spe-
cific model configurations, assumptions, and numerical implementations used
in each of the four topical studies are presented.

2.1. Fractured rock representation

Modeling flow and solute transport in fractured geological media requires an
integrated theoretical and computational modeling framework capable of cap-
turing the multiscale heterogeneity, structural complexity, and variability in-
herent to these systems. Over the past decades, a spectrum of modeling strat-
egies has been developed to represent fractured systems, including the Dis-
crete Fracture Network (DFN) approach (Long et al., 1985, Aldrich et al.,
2017; Andersson & Dverstorp, 1987; Erhel et al., 2009; Hyman et al., 2015;
Jiang & Lei, 2025; Lei et al., 2017; Niemi et al., 2000, Ohman et al., 2005),
Discrete Fracture-Matrix (DFM) models (Hadgu et al., 2017; Hyman et al.,
2022; Leung et al., 2012; Odseeter et al., 2019; Samardzioska & Popov, 2005;
Sweeney et al., 2020), Stochastic Continuum (SC) approach (Neuman, 1987,
1997; Niemi et al., 2000; Ohman & Niemi, 2003; Odén et al., 2008; Tsang et
al., 1996), Equivalent Porous Media (EPM) approximations (Atdayev et al.,
2020; Ghasemizadeh et al., 2015; Long et al., 1982; Ma et al., 2023; Samar-
dzioska & Popov, 2005), and the Channel Network (CN) method (Dessirier et
al., 2018, 2023; Figueiredo et al., 2016; Sharma et al., , 2025; Tsang et al.,
1988; Tsang & Tsang, 1987, 1989). Each of these conceptual frameworks cap-
tures different aspects of fracture-dominated flow and transport, balancing
physical realism with computational constraints. This thesis primarily em-
ploys the 3D DFN approach, in which individual fractures are explicitly rep-
resented in terms of their geometry, orientation, size, and spatial distribution
within a three-dimensional domain. The explicit representation enables de-
tailed resolution of fracture-scale flow pathways, stress-aperture coupling, and
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network-scale connectivity under effects. This makes the DFNs particularly
well-suited for investigating conceptual model uncertainties as explored in the
thesis.

2.1.1. Discrete Fracture Network (DFN) model

Originally developed in the 1980s, DFN modeling provides a rigorous frame-
work for simulating flow and transport in fractured rock by explicitly repre-
senting individual fractures and their connectivity (Andersson et al., 1984;
Elsworth, 1986b, 1986a; Long et al., 1982, 1985). DFN models can be con-
structed in either 2D or 3D, depending on the complexity of the geological
setting, the spatial scale of interest, and the objectives of the simulation. In 2D
DFN models, fractures are typically represented as lines on a plane, and are
commonly used for preliminary analyses, simplified conceptual analyses, or
scenarios where the geometry can be effectively represented within a planar
framework. In contrast, 3D DFN models idealize fractures as 2D planar fea-
tures embedded in 3D space, and with fractures commonly approximated as
circular, rectangular, or polygonal shapes. Their geometric and hydraulic com-
plexity is then statistically characterized using properties such as orientation,
size, intensity, permeability, and connectivity. DFN models may be con-
structed deterministically when detailed structural information is available or
stochastically using probability distributions inferred from field data (Balza-
rini et al., 2001). Surrounding matrix can be included to account for additional
physical processes such as mechanical deformation, stress redistribution, and
matrix diffusion (Fumagalli & Keilegavlen, 2019). Such models are essential
when fracture-matrix interactions significantly influence the system behavior,
including stress-dependent permeability and long-term transport (Banshoya et
al., 2024; Jaffré et al., 2011).

2.1.2. Fracture properties

The flow and transport behavior of fractured rock is strongly controlled by the
properties of individual fractures. While network geometry governs large-scale
connectivity, fracture-scale attributes such as aperture variability determine trans-
missivity, flow channelization, and fracture-matrix exchange (Huang et al., 2019;
Makedonska et al., 2016; Zhan et al., 2022). Early models treated apertures as
uniform to enable analytical formulations such as the cubic law (Witherspoon et
al., 1980), which idealizes fractures as smooth parallel plates:

(M
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where T is fracture transmissivity, a is fracture aperture, u is viscosity, p is
fluid density, g is acceleration due to gravity, and fracture permeability (k)
corresponds to a?/12.

However, natural fractures rarely conform to the parallel-plate approxima-
tion, where roughness, tortuous flow paths, and contact zones reduce hydrau-
lic aperture and promote channelization (Brown, 1987; Tsang & Tsang, 1989).
Modified cubic law formulations have been proposed to account for these ef-
fects and distinguish hydraulic from mechanical aperture (Kottwitz et al.,
2020; Renshaw, 1995; Wang et al., 2015; Wang et al., 2018). Fracture aperture
properties evolve through geological processes such as stress history, mineral
infilling, and surface alteration, which induce spatial heterogeneity and aniso-
tropic configuration of fracture apertures. Numerical models adopt represen-
tations of aperture that vary from simplified uniform apertures to fully sto-
chastic fields, reflecting different levels of physical realism and uncertainty
(Faoro et al., 2016; McGuire et al., 2013; Min et al., 2009). Rather than treat-
ing apertures as uniform or uncorrelated random variables, natural fractures
can be more accurately represented using spatially correlated aperture fields
characterized by finite correlation lengths (Larsson et al., 2012, 2013;
M¢heust & Schmittbuhl, 2000; Osuji, et al., 2025; Stock & Frampton, 2025).

Anisotropy is a fundamental characteristic of fractured rock systems, aris-
ing from a range of geological and geomechanical processes (Laubach et al.,
2019; Makedonska et al., 2016; M. Lou Zoback et al., 1989). Fractures often
form under inherently non-uniform stress and deformation conditions and
commonly exhibit pronounced geometric and structural anisotropy (Barton &
Quadros, 2015; Noorian Bidgoli & Jing, 2014; Pollard & Aydin Attila, 1988;
M. Lou Zoback et al., 1989). This anisotropy manifests itself across multiple
scales, not only within individual fracture surfaces, through heterogeneous
and directionally dependent aperture distributions (Co & Horne, 2015;
Okoroafor et al., 2022; Thompson & Brown, 1991), but also at the network
scale, where orientation, size distributions, and connectivity introduce direc-
tional flow organization (Roy et al., 2021; Mourzenko et al., 2011; Adler et
al., 2009; Vujevi¢ et al., 2014; Vu et al., 2018). Fracture orientation distribu-
tion can be characterized using Fisher constant (x) for angular dispersion
around the mean (Einstein & Baecher, 1983; Fisher Ronald, 1953):

K

sin6 - exp(k - cos6)

f6,¢) =

4msinh.x

2

where « is the Fisher constant, sinh. k is hyperbolic sine for normalization of
Fisher constant, 8 is the polar angle, and ¢ is the azimuth angle.

Therefore, multiscale anisotropy emerges as an intrinsic characteristic of
fractured rock systems that can influence coupled hydro-mechanical behavior
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by governing both local fracture-scale responses and network-scale connec-
tivity patterns. The interaction between anisotropy at different scales shapes
flow pathways, stress-dependent aperture changes, and transport efficiency.
underscoring the importance of explicitly accounting for anisotropic struc-
tures when analyzing and interpreting coupled processes in fractured rocks.

Fractures exhibit a wide range of length scales, and the statistical distribu-
tion of their length plays a critical role in determining network connectivity
and flow behavior (Bonnet et al., 2001). The commonly observed forms in-
clude power-law, log-normal, and exponential distributions, each reflecting a
different statistical formulation. While fracture-length distributions character-
ize the geometric organization of fracture networks, additional relationships
are needed to assign physical properties such as permeability or aperture to
individual fractures. Typically, length-property relationships are used for cor-
relating geometric structure and hydraulic properties within a DFN model.
Possible ways of assigning these properties include: (a) a positively correlated
power-law, where longer fractures are assigned higher permeability or aper-
ture according to a scaling law; (b) a power-law with log-normal scatter, in
which stochastic variability is added around the scaling law while the overall
positive correlation is retained; (¢) a log-normal distribution around a pre-
scribed mean, in which fracture properties are randomly distributed and inde-
pendent of length; and (d) a constant assignment, where all fractures are given
the same property regardless of their size (Hyman et al., 2016). For example,
the mean fracture aperture can be scaled with the fracture radius obeying a
sublinear relationship (Olson, 2003):

a=pl°
3)

where a is the mean fracture aperture, [ is the fracture radius, e is the power
law exponent with a value of 0.5 and £ is a constant given by (Olson, 2003)
as:

_ Kic(1-v?)

b=

“)

where K| is the intrinsic fracture toughness, v is the Poisson’s ratio, and E is
the Young’s modulus.

In addition to fracture length distributions and the scaling of hydraulic
properties, other geometric parameters play a crucial role in defining the struc-
ture and function of discrete fracture networks. Geometric descriptors such as
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fracture orientation, spatial density, and network intensity fundamentally in-
fluence connectivity, anisotropy, and the formation of conductive pathways.
Percolation parameter (p,-) is commonly used to describe network connectiv-
ity. For a constant sized randomly distributed fractures, the percolation param-
eter can be defined as (Bour & Davy, 1998):

2

ST (5)

pr=y
where V is the domain volume, 7% is the fracture radius.

Another fracture network descriptor is the fracture intensity (P;5), used to
describe the total fracture area per unit volume (Dershowitz & Herda, 1993).
It provides the representation of fracture abundance, independent of fracture
orientation or size. For constant fracture size networks, Ps, is defined as:

_ 2
Pz, = ngmry

(6)

where n, is the fracture number density (Ng/V), Ng is number of fractures in
the domain.

These descriptors determine the likelihood and density of fracture intersec-
tions, which, in turn, influence how flow is partitioned and how solutes are
routed through the network. Consequently, variations the descriptos can lead
to substantial differences in transport pathways and residence times, even for
networks with similar fracture size distributions (de Dreuzy et al., 2002; Der-
showitz & Herda, 1993).

2.2. Model formulation
2.2.1. Flow and solute transport

DFN models typically assume that flow and transport occur mainly in con-
nected fractures, but in some formulations the matrix is also included when its
permeability is non-negligible. This thesis makes use of both approaches in
different contexts.

Flow is solved using Darcy’s law for incompressible flow, yielding for
steady-state conditions:

Viv) =0
@)
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where v is the fracture flow velocity, VP is the pressure gradient, u is the fluid
viscosity, and k is the permeability.

Solute transport can then be simulated by solving the time-dependent ad-
vection-dispersion equation (ADE), given by:

9C/,. = V(DVC) — V(vC)
%)

where C is the solute concentration, and D is the diffusion coefficient with a
value of 1.6x10” m?/s typical for solutes in water like small molecules such
as chloride ions or other conservative tracers at room temperature (Appelo &
Postma, 2004).

Please note that in the general ADE formulation, D is the dispersion coef-
ficient, which includes not only molecular diffusion but also mechanical dis-
persion effects. In the present study, however, mechanical dispersion is ac-
counted for by explicitly including the heterogeneities, and thus, only molec-
ular diffusion is accounted for in this term.

2.2.2. Geomechanics model

Matrix deformation
Geomechanics models compute fracture displacements, where the 3D rock
matrix is treated as an isotropic, homogeneous, and linearly elastic medium.
The heterogeneous stress field is calculated across the rock mass, incorporat-
ing fracture-fracture interactions as well as rock matrix deformation and rota-
tion to provide a more accurate representation of stress redistribution.

The solid deformation of rock masses is governed by the following me-
chanical equilibrium equation:

Vo+ F=0
(10)

where F is the body force, o is the total stress tensor related to the strain tensor
€ as 6 = C: g, with C being the elasticity tensor.
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Neumann boundary conditions are imposed on the fracture-matrix interface
to account for stress and deformation discontinuities across the two opposing
walls of the fracture (Jiang & Lei, 2025).

o-nf = —tf

o-ng = —t;

(11)

where n¢ is the unit normal vector to the fracture wall, t; is the traction, and
the superscripts ‘“+’ and ‘=" denote the two opposing fracture walls.

Fracture Normal deformation

The normal deformation of fractures is accounted for by using the Barton-
Bandis model (Barton et al., 1985) which describes the nonlinear relationship
between normal stress and fracture closure. As normal stress increases, the
fracture aperture decreases, reflecting the characteristic non-linear closure of
rock joints as shown in Figure 2a. The normal closure, v, is calculated as
(Bandis et al., 1983):

v = KnoVi
n knoVm+0eff

(12)

where 0,5 is the effective normal stress acting on the fracture plane, vy, is
the maximum closure, and k,, is the initial fracture normal stiffness.

Fracture shear deformation and dilation

For the shear behavior, a linear elastic model can be used to describe relation-
ship where shear displacement ug increases linearly with shear stress 75 as
shown in Figure 2b, determined by the fixed shear stiffness irrespective of the
magnitude of T4 or ug (Harthong et al., 2012):

Ts = kg ug

(13)

where 74 is shear stress, kgis shear stiffness, ug is shear displacement.

The relationship can be extended by implementing Coulomb’s friction law
where the shear stress versus shear displacement increases linearly until it
reaches the peak shear stress 7,, and then plateaus, as shown in Figure 2c¢ (solid

lines) (Lei et al., 2014; Min et al., 2004).
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ks-us if us <u,
Ty =

T, fus=u,

(14)

where 7, = 8ptan@y is the peak shear stress, @ is the friction angle, 7 is the
shear stress, u; is the shear displacement, u;, is the peak shear displacement
corresponding to 7y, and u, = 7,/ks is the peak shear displacement, marking
the transition from elastic to plastic shear deformation, beyond which plastic
slip develops with the slip distance constrained by the deformation of the sur-
rounding rock matrix. These shear stress-shear displacement relationships are
implemented in the second topical study.

The shear-induced dilation (vg) increases linearly with shear displacement,
and plateaus as u; exceeds u, as shown in Figure 2b and 2c (dashed lines),
and is calculated as (Min et al., 2004):

_ {—tan(z)ius Ug < Uy
s — VUs_max Us > Uyr

(15)

where vy is the dilation, v ¢ 1s the maximum possible dilation, u, is the
residual shear displacement, and @; is the dilation angle.

Then, the deformed fracture aperture under combined normal and shear
loading is obtained as:

a= ayg— v, — Vs

(16)

where a, is the initial aperture under the zero-stress condition, v, is the clo-
sure caused by the normal stress, and vy is the shear dilation.
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Figure 2. Constitutive laws describing (a) the normal closure of fractures under normal
compressive stress, and (b)-(c) the evolution of shear stress (solid lines) and shear
dilation (dashed lines) as a function of shear displacement along a fracture commonly
adopted in geomechanics modeling (modified from Paper II and Paper III).

Mechanical boundary conditions

Mechanical boundary conditions dictate how external loads and constraints
are transferred into fractured rock domains and influence the resulting defor-
mation, aperture evolution, and flow organization. Three classes of boundary
conditions are typically used: pure stress, pure displacement, and mixed stress-
displacement boundaries.

Pure stress boundaries impose far-field lithostatic or tectonic stresses di-
rectly on the model faces, allowing simulation of domains embedded within a
larger rock mass and enabling realistic representation of stress-induced frac-
ture closure, dilation, and slip (Jiang et al., 2022, 2024; Lei et al., 2014, 2020;
Tsang et al., 2018). Pure displacement boundaries constrain deformation in
selected directions, analogous to rigid structural contacts or laboratory loading
plates, and therefore simulate mechanically confined environments (Zhang &
Ma, 2021). Mixed boundary conditions combine stress and displacement con-
straints on different faces and offer flexibility for representing site-specific
structural configurations such as fault-bounded reservoirs or repository
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galleries (Lei et al., 2017; Nguyen et al., 2018; Osuji et al., 2025b; Wu &
Kulatilake, 2012; Yao et al., 2017).

2.3. Model implementation

2.3.1. Numerical codes

The numerical modeling and analysis conducted in this thesis are implemented
mainly by using dfnWorks (Hyman et al., 2015) and COMSOL Multiphysics
(Comsol, 2017) complemented by extensive custom scripting in MATLAB
Livelink (Comsol, 2009).

In the workflow, the fracture networks are first generated in dfnWorks
which provides a stochastic DFN that incorporates fracture size, orientation,
intensity, and spatial distribution. These discrete fracture networks are then
exported as planar surfaces and subsequently imported into COMSOL, where
they are embedded into a 3D domain for flow and transport or hydro-mechan-
ical modeling.

COMSOL is used to solve the governing equations for stress, flow, and
solute transport using its Finite Element Method numerical framework. For
mechanical simulations, COMSOL implements linear elasticity for rock ma-
trix deformation, and nonlinear fracture-matrix interaction and stress-depend-
ent aperture evolution. For flow and transport, COMSOL solves Darcy’s law
and the advection-dispersion equation in fractures, and matrix domains. The
coupling between these processes is achieved through shared mesh interfaces,
material models, and continuity conditions across fracture-matrix boundaries.

MATLAB LiveLink is used to automate geometry generation, model setup,
meshing, parameter sweeps, convergence checks, and post-processing. This
enables execution of large simulation campaigns, sensitivity analyses, and
parametric studies involving thousands of fracture realizations or varying me-
chanical boundary conditions. The combination of dfnWorks for DFN gener-
ation and COMSOL for finite-element simulation allows efficient modeling
while retaining explicit control over fracture network representation, hydro-
mechanical coupling, and transport pathways.

2.3.2. Quantification of simulation outputs

To evaluate the simulated flow and transport or coupled hydro-mechanical
responses of the fracture networks, a set of quantitative parameters is defined
and systematically computed.

Flow channeling indicator

The flow channeling indicator describes the channelization of the flow in the
fracture network. In other words, it quantifies the degree of preferential fluid
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migration along connected pathways formed through the multiple fractures
within the network (Tsang and Neretniels, 1998, Maillot et al., 2016). We
quantify flow channeling within the network using a channeling indicator
(dg) (Davy etal., 1995, 2010) which was developed from the concept of par-
ticipation ratio in the physics literatures (Bell et al., 1970; Edwards &
Thouless, 1972):

4 _ 1l erasp?
Qnetwork — (Jf @ asg)

(17)

where Qf is one half of the absolute flow exchanged by a fracture with its
neighbours, S¢ is the fracture surface area, and V'is the domain volume. Lower
d values indicate stronger channeling, while high d, values indicate weaker
channeling.

To quantify the flow channeling behavior incorporating even the fracture
scale channeling arising from aperture variability within each fracture plane,
we extend Equation (17) by considering flow at different locations (mesh ele-
ments S,) on individual fracture planes as governed by local aperture varia-
tions. This accounts for fracture scale flow channeling while evaluating the
flow channeling in the entire network.

d _ 1(J[ Qe dse)?
Q_fracture v (ff Qg dSe)

(18)
where S, is the surface area of the mesh elements on the fracture plane, Q, is
one half of the sum of absolute values of flow exchanges between an element

with all its neighbouring elements on the fracture plane, and V is the domain
volume.

Equivalent permeability

Equivalent permeability of the fracture network is calculated based on the sim-
ulated total flow through the system and the pressure (or hydraulic head) gra-
dient (e.g. Figure 3) and is defined based on Darcy’s law:

k. = doutH (E)
€a pg \Ah

(19)
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where k., is the equivalent permeability, qoy, is the Darcy flux through the
outlet boundary, u is the dynamic viscosity, Ah is the difference in hydraulic
head between inlet and outlet, AL is the length of the domain (length of the
side of the cube in our case), p is the fluid density, and g is the gravitational
acceleration.

Effective porosity

Effective porosity is the fraction of the total pore volume that is hydraulically
connected and actively contributes to groundwater flow. It determines the por-
tion of the pore space or fracture aperture network that participates in advec-
tive transport and therefore strongly controls the rate and extent of solute mi-
gration (Freeze & Cherry, 1979):

KAh

Ne = VAL
(20)

where K is hydraulic conductivity, V is average solute migration velocity
through the flow domain to the exit boundary.

Aperture heterogeneity

Aperture heterogeneity is quantified with an area-weighted metric y in form
of coefficient of variance, defined using the normalized root-mean-square de-
viation (Nicholl et al., 1999):

_ /%f(a —@)2dA

X = -

a

21

where A is the total fracture area within the network, @ is the mean fracture
aperture, and a is aperture.

2.4. Numerical simulation design

Geomechanics, flow and transport through the DFNs are solved sequentially
in COMSOL. When rock matrix is involved, the matrix is discretized using
unstructured tetrahedral elements, while the planar fracture surfaces are dis-
cretized using unstructured triangular elements. Geomechanical calculation is
first solved if it is involved, which is then followed by flow and transport anal-
yses. Flow through the network is configured such that fluid enters the domain
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through one boundary at a prescribed inlet pressure (P;,) and exits through
the opposite boundary at a lower outlet pressure (P,,;) as shown in Figure 3.
All remaining boundaries are treated as no-flow surfaces, ensuring that fluid
movement is restricted to the internal fracture system. This formulation cre-
ates a hydraulic gradient from left to right across the fracture network.

Flow
direction
- =

&
Pout

No flow

Figure 3. Hydraulic boundary conditions implemented (from Paper III).

For solute transport, a constant concentration boundary condition is applied at
the inlet, representing the continuous injection of a conservative solute. Con-
vective transport outflow boundary is defined at the outlet and all other bound-
aries are specified as no-flux. This setup enables quantification of solute
breakthrough at the outlet boundary and monitoring the development of vari-
ous transport phenomena under advective—dispersive transport.

2.5. Further modeling specifications for the four
topical studies

Paper I examine how multiscale anisotropy at both the fracture and network
scales interacts and controls flow and transport in fractured rocks. recognizing
that tectonic stresses and rock fabric commonly induce directional fracture
properties that strongly govern connectivity, flow channeling, and system-
scale transport behavior. Subsurface conditions often produce preferred
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orientations and directional contrasts in fracture size, spacing, aperture, and
connectivity (Amadei, 1996; Barton & Quadros, 2015). These directional bi-
ases, referred to as anisotropy, strongly influence how fluid pathways organize
and how solutes are channeled, and therefore require careful examination for
accurate system understanding. In this study, fractures are modeled as disc-
shaped with their radius distribution described by an exponential model (Priest
& Hudson, 1981), with lower and upper cut-offs of 2 m and 200 m, respec-
tively, and a mean radius of 10 m. Fracture mean aperture is then scaled with
the radius using the relation described in Equations 3 and 4. Random fracture
aperture fields are then generated with distinct correlation lengths
(A =/ lcy) in two orthogonal directions, enabling an explicit characteriza-
tion of fracture-scale aperture anisotropy. In addition, fracture network orien-
tation is described using Fisher constant (k) defined in Equation 2.

Papers II studies the impact of the geomechanics model and especially
often used simplifications on constitutive relationships, on predicted flow and
transport in 3D fractured rocks. In our calculation, the matrix is kept for stress
loading and deformation, particularly in the full complexity model, while flow
and transport are restricted to the fracture network. Disc-shaped fractures of
constant mean radius of 20 m and uniform aperture initially defined as 0.1 mm
are adopted. The fracture orientation follows a Fisher distribution with k = 1
and fracture intensity (Ps,) of 0.2 m*m’. A triple-roller displacement mechan-
ical boundary condition is implemented to constrain the model to mechanical
loading and deformation.

Paper III investigates the effect of different mechanical boundary condi-
tions (a) pure stress, (b) single-roller, (c) triple-roller, and (d) buffer-plate
loading boundary conditions, to assess how the boundary conditions influence
aperture evolution, and consequently flow and solute transport. The matrix is
primarily retained in geomechanical modeling. Disc-shaped fractures with
constant mean radii of 20 m and 40 m with a uniform initial aperture of 0.1
mm are initially defined, where apertures can change as a result of the me-
chanical loading. Fracture orientation with Fisher constant ¥ = 0.01 and in-
tensity P3; = 0.2 m?/m’ are defined. To address the influence of fracture size
on these analyses, the study was extended to include fracture radii of 30m and
50 m.

Paper IV investigates the ensemble structure and variability in flow and
transport prediction as a function of a percolation parameter which represents
the degree of network connectivity, and this study includes the impact of ma-
trix permeability. Multiple 3D fracture networks are generated as circular-
discs with constant mean radius 20 m in a cubic domain of length 100 m, and
uniform initial aperture of 1 mm. Their orientation is defined as Fischer dis-
tribution with k = 0.01, and the model domain is then populated with frac-
tures using a percolation parameter (p,) ranging from 0.5 to 4 as defined in
Equation 5. In addition, the rock matrix participates in advection as well as
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diffusion. Three different matrix permeabilities 101> m?, 10717 m?,
1071% m? were investigated to assess their impact on the flow and transport
dynamics. Different statistical metrics including median absolute deviation ra-
tio (@) (Leys et al., 2013), coefficient of variance (y) (Draper, 2011), ensem-
ble representative index (Rgy), and KL-divergence (KL,,s) (Gibbs & Su,
2002) were introduced to quantify ensemble structure and variability of indi-
vidual realizations from ensemble average.
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3. Results and Discussion

This section summarizes the key findings from Papers I to IV that form the
main contributions of the Thesis, and discusses their implications for the mod-
eling of flow and solute transport in fractured rocks. Each subsection corre-
sponds to a specific paper and research question addressed in this thesis.

3.1. Impact of multiscale anisotropy on flow and
transport in 3D fracture networks (Paper I)

The role of multiscale anisotropy in controlling fluid flow and solute transport
within 3D fracture networks is examined in this study. Natural fracture sys-
tems commonly exhibit anisotropy at multiple scales, arising from preferential
fracture orientations, size distributions, and spatial organization. A key objec-
tive of this work is to quantify the individual and combined influences of frac-
ture-scale anisotropy and network-scale anisotropy on flow organization, con-
nectivity, and solute transport behavior in fractured rock systems. By explic-
itly distinguishing between these anisotropy scales, the study aims to clarify
how multiscale structural features shape transport pathways and contribute to
variability in flow and transport responses.

Fracture-scale anisotropy is introduced by assigning different directional
correlation lengths to the aperture fields on each fracture plane. Figure 4
shows the degree of fracture scale anisotropy as quantified by the correlation
ratio (/1 =ly/ lcy), with values ranging from 0.5 to 3 and within typical ex-
perimental and theoretical estimates of aperture anisotropy (Gong et al., 2021;
Petchsingto, 2008; Silliman, 1989; Xing et al., 2024).

Network-scale anisotropy in turn is represented through the statistical dis-
tribution of fracture orientations using the Fisher constant (x). The selected
range of k values for fracture network orientation are 1, 25 and 50, consistent
with values for natural fracture systems (Priest, 1993; Valerio M et al., 2021).
Figure 5 shows the orientation probability density functions along with exam-
ple fracture networks for the chosen x parameters.

A specific mapping routine was designed to accurately align the anisotropic
aperture fields with the 3D orientation of the fracture network to achieve a
multiscale configuration as shown in Figure 6. The anisotropic aperture field
is projected onto fracture planes within the network by identifying network
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scale anisotropy direction. The aperture fields are then rotated within each
fracture plane to the desired global anisotropy direction. Figure 6 shows the
aperture and permeability mapping routine, starting from top left with gener-
ating the field, then identifying the fracture plane type and projecting onto the
fractures. The bottom panels depict the in-plane rotation of anisotropy from
local direction to desired global direction and subsequent mapping onto the
networks.

Aperture [mm]

-60
0. 30 60 -60

o 0 10+
x[m] x[m]

30 60

-30

Figure 4. Representation of fracture-scale anisotropy by varying correlation length
ratio A, defined as the ratio of the correlation length in the x-direction (I.,) to y-di-
rection (l,) (from Paper I).
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6 (rad)

Figure 5. Probability density function (PDF) of different Fisher constant ¥ = 1,25, 50
showing network structure of fractures for varying network-scale anisotropy (from
Paper I).
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Steady-state flow and conservative solute transport are simulated for twelve
combinations of 4 and x across multiple DFN realizations. Results show that
each anisotropy scale produces distinct flow responses: increasing A aligns
aperture fields in the flow direction and enhances preferential flow paths,
whereas increasing k creates directional alignment of fracture sets that pro-
motes concentrated transport corridors through the domain. At low A and «,
solute spreads through a broad range of pathways because the aperture field
aligns orthogonal to flow direction (in case of 4 = 0.5) while the network re-
mains relatively isotropic. As either A or k increases, breakthrough occurs ear-
lier, showing faster transport as the flow becomes more channelized. Figure 7
shows the median breakthrough curve (BTC) for 10 realizations of each com-
bined A or k scenario. The plot colors represent fracture scale anisotropy from
blue (4 = 0.5) to red (4 = 3). Regardless of the network scale anisotropy,
aperture correlation dominates the solute arrival time. Considering the effect
of network scale anisotropy represented by different line symbols, it can be
seen that networks with the highest anisotropy (x = 50) show earliest solute
breakthrough for A = 3. followed by k = 25, then k¥ = 1. However, for lower
A values, we observe competing behavior of network connectivity with respect
to the k. This shows that at intermediate and low fracture scale anisotropy, the
effect of network scale anisotropy can be reinforced or subdued.
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Figure 7. Median breakthrough curves of the ensemble of ten realizations for different
i and A values with line colors representing fracture-scale anisotropy (blue for 4 =
0.5, yellow for A = 1, green for A = 2 and red for A = 3) and the line symbols repre-
senting network-scale anisotropy (from Paper I).
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To examine the flow and transport dynamics more closely, we analyzed the
relationship between equivalent permeability and median travel time. Figures
8a, 8b and 8c show the impact of fracture scale anisotropy for individual net-
work scale k values, 1, 25 and 50, respectively. We observe that as A increases
from 0.5 to 3, the equivalent permeability value increases while the median
travel time decreases. When both anisotropy scales are varied together as
shown in Figure 8d, their effects amplify one another. Equivalent permeability
generally increases with A for all k values, and the magnitude of this increase
depends on the network-scale orientation configuration. Overall, the plot
shows that for cases with nearly identical permeability, the median solute
breakthrough time can still vary by more than two orders of magnitude de-
pending on fracture-scale anisotropy. This demonstrates that permeability
alone does not control transport and that aperture-scale anisotropy is a domi-
nant factor governing solute migration, even when network-scale anisotropy
is held constant.
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Figure 8. Median travel time versus equivalent permeability for a) k = 1 b) k = 25
¢) k = 50 and d) combined result for all cases. Different colors represent different A
values, and different markers represent different x values (from Paper I).
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These results collectively show that fracture-scale and network-scale aniso-
tropies influence flow and transport in complementary but distinct ways. Frac-
ture-scale anisotropy governs the degree of channelization and travel time be-
havior, while network-scale anisotropy organizes directional connectivity
across the domain. Consequently, simplified isotropic assumptions cannot re-
liably represent flow or transport behavior in anisotropic fracture systems,
since multiscale anisotropy has significant impact on permeability, flow chan-
neling, and solute breakthrough.

This study demonstrate that flow and transport responses are strongly con-
trolled by the interplay between fracture-scale properties and network-scale
organization. Variability in aperture distributions and fracture connectivity al-
ters preferential flow and channelization, consistent with earlier observations
in fractured systems (Tsang & Neretnieks, 1998). Anisotropically distributed
aperture fields create conductive pathways that enable rapid solute movement
along favored directions, while poorly connected regions producing extended
residence times. Likewise, networks with high connectivity but tortuous path-
ways lead to prolonged transport times, whereas more preferential directional
connections allow earlier breakthrough (Cardenas et al., 2007).

When the dominant aperture direction aligns with the preferential flow ori-
entation of the network, strong channelization develops and transport becomes
significantly faster especially for high anisotropy at both scales. In contrast,
when the aperture anisotropy is oriented orthogonally to the network anisot-
ropy, the two effects oppose one another, reducing transport efficiency. This
competition between alignment-driven enhancement and connectivity-driven
restriction suggests that directional biases at different scales do not simply add
linearly; instead, they may either reinforce or counteract each other, producing
non-intuitive system responses. These results point to a transition from net-
work-controlled to fracture-controlled behavior as anisotropy becomes more
pronounced at the fracture scale. Furthermore, it highlights that transport be-
havior cannot be inferred from bulk hydraulic properties alone; instead, the
geometry of flow paths and the degree of channelization play a critical role
(Becker & Shapiro, 2000; Neuman, 2005).

3.2. Impact of geomechanics model simplification
on flow and transport in 3D fracture networks
(Paper II)

Modeling deformational behavior in the subsurface requires geomechanical
formulations that capture the complex mechanical response of fractured rock.
Such models are computationally demanding, and therefore simplifications
are often introduced. However, these simplifications may overly reduce the
physical complexity and lead to inaccurate or biased representations of the

43



system. This part of the thesis investigates how simplifications commonly
used in geomechanics models affect the prediction of flow and transport in
stressed 3D fracture networks. The central aim is to assess when simplified
model formulations remain valid, and when they fail to capture the mechanical
and hydraulic response of the system.

Two geomechanics models, called a full complexity model and a simplified
model in the current work, are evaluated. The full complexity model computes
fracture displacements using the finite element method, in which the 3D rock
matrix is represented as an isotropic, homogeneous, linearly elastic medium.
This approach captures the heterogeneous stress field throughout the domain
and explicitly allows for fracture-fracture interactions, matrix deformation and
rotation, thereby providing a realistic description of stress redistribution. It
adopts a nonlinear shear displacement constitutive relation shown in Figure
2c¢ and described by Equation 14 (see Chapter 2). In contrast, the simplified
model estimates normal and shear displacements by analytically calculating
fracture apertures from stresses obtained by directly projecting the far-field
(boundary) stresses onto each individual fracture. Local stress perturbations
and interactions are neglected, and the resulting displacements are governed
solely by the adopted linear shear stress-shear displacement constitutive rela-
tionship shown in Figure 2b and described in Equation 13. Both models adopt
the same normal closure and shear dilation constitutive relations described in
Equations 12 and 15 (see Chapter 2).

Both the full complexity and simplified models are simulated for the same
DFN realizations. Constant fracture size of 20m are randomly populated in a
cubic domain of 100 m with intensity P;, of 0.2 m*/m?, and subjected to stress
loading with stress ratios from 1 to 4. The differences in stress, shear displace-
ment, aperture evolution, flow velocity distribution, and flow channeling are
quantified. Results show that under stress ratios from 1 to 3, both models pro-
duce comparable predictions of aperture distribution, equivalent permeability,
flow patterns, and breakthrough curves. The hydraulic characteristics, such as
permeability (Figure 9a), aperture variance (Figure 9b) increase gradually
with applied stress for both models with minor deviations between the two
approaches. However, when the stress ratio reaches 4, the full complexity
model predicts higher equivalent permeability and aperture heterogeneity.
This might be attributed to the elastic-plastic constitutive relation, resulting in
stronger dilation and thus higher permeability. In addition, the full complexity
model shows lower flow channeling indicator (Figure 9¢) which implies more
channeling and is more pronounced at stress ratio of 4. The effective porosity
in Figure 9d increases as stress ratio increases for both models, with the full
complexity model showing relatively higher values at stress ratio of 4. There-
fore, at stress ratio of 4, the simplified model underestimates the magnitude of
aperture heterogeneity, permeability enhancement, and the emergence of pref-
erential flow pathways.
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Figure 9. Comparison of (a) equivalent permeability (b) coefficient of aperture vari-
ance, (c) flow channeling indicator (d) and (d) effective porosity in the full (in blue)
and simplified (in red) models under varying stress ratios. Mean values are repre-
sented as circular dots, while maximum and minimum values are represented as
dashes (from Paper II).

Figure 10 shows 10 realizations of solute breakthrough curves for each stress
ratios 1 to 4 and for the full-complexity and simplified models. At stress ratios
up to 3, the two models produce nearly identical transport behavior, indicating
that the simplified representation is adequate for predicting solute migration
under moderate stress conditions. However, at a stress ratio of 4, the full-com-
plexity model exhibits a noticeably earlier breakthrough in comparison to the
simplified model. This divergence reflects the stronger deformation and en-
hanced flow connectivity captured by the full model, which are not fully rep-
resented in the simplified formulation. The observed trend is consistent with
the flow response shown in Figure 9 and highlights the increasing importance
of mechanical complexity at high stress loads.

45



Full model Simplified model Full vs Simplified

101 ; 1.0 R [
-} ===~ Simplified model
=1 EG: 0.5 0.5 / 0.5+ /

r ]
/ ]
0.0 ) - Y ol

107! 10 10! 10 10°! 10° 10' 102 10°! 10° 10' 102

1.0 1.01 1.0 PP
4 ”
/ r
. = o
Z=2Yo0s5 0.5 //f‘ 0.5 i/
|9) ] i ]

SR

G'y /
[
0.0 1 , , 0.0 1 , , 0.0 ===z’ ,
10! 10° 10! 10% 107! 10° 10! 107 107! 10° 10' 102
1.0 ] 10] 1.0 ——]
r J L
Oy o /f' y "
—=3 Q05 / 0.5 il 0.5 y
ay /, ]/ /
[ I ]
00—~ 0.0 f==x 0.0 ===t

10-1 10° 10' 102 10~ 10° 10 10® 10-1 10° 10' 102

1.0 m—— 1.0 1 ] 1.0 —e——
I,’ > /"
.
[

Ty S [ ‘
—=4 Y05 " 0.5 [k 0.5 H
Ty Q /, / i
4 | y
JSr ;!.r’
0.0 =4 o 0.0 ===t . 0.0 =50 .
107! 10° 10! 102 107! 10° 10® 102 107! 10° 10! 102
Time [years] Time [years] Time [years]

Figure 10. Breakthrough curves showing solute transport evolution. The grey plots rep-
resent individual realisations, while the dashed plots represent the median of the reali-
sations calculated using the simplified (red) and full (blue) models (from Paper II).

Additional simulations in which the principal deviatoric stress was applied
along the y-direction yielded behaviors similar to those in the x-direction case
as shown in Appendix D. This symmetry reflects the influence of the isotropic
fracture orientation distribution (x = 1), which reduces directional depend-
ence in mechanical and hydraulic responses. However, in more anisotropic
fracture networks, changing the orientation of the applied stress would likely
produce distinct outcomes. In such systems, shear slip becomes most pro-
nounced when fractures are favorably oriented relative to the stress field, lead-
ing to enhanced dilation and greater hydraulic response. Conversely, when
fracture orientations are narrowly clustered away from favorable slip direc-
tions, shear dilation would be strongly suppressed and the differences between
simplified and full-complexity models might remain minimal.

To identify the source of these deviations, an intermediate “semi-simpli-
fied” model that applies the simplified constitutive shear law while still solv-
ing the heterogeneous stress field numerically is introduced. Under stress ratio
4, the solute breakthrough curve shows earliest arrival times for the full-com-
plexity model as shown in Figure 11. This confirms that most of the
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discrepancy between the simplified and full model arises from the constitutive
shear stress-shear displacement constitutive formulation rather than heteroge-
neous stress field configuration.
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Figure 11. Comparison of solute breakthrough for full, semi-simplified, and simpli-
fied models under the stress ratio of 4 for a single realization (from Paper II).

It is important to note that this conclusion is based on the particular set of
model parameters used for this study. The relatively weak influence of stress-
shadowing in our results is not generalized, because fracture networks studied
here represent only one configuration, with a specific density, anisotropy
level, and mechanical parameter set. Systems with higher fracture density,
stronger anisotropy, or greater stiffness variability could exhibit more pro-
nounced fracture interaction and localized stress response. Further studies will
be conducted to explore the results for more general distributions for the frac-
ture network.

Overall, the predictions by a simplified and full-complexity geomechanics
model remain the same at moderate stress ratios (1 to 3), with earlier arrival
times as the stress ratios increases. However, pronounced divergence between
the models is observed as the differential stress become sufficiently large
(stress ratio 4) to induce widespread shear slip and dilation. The strong devia-
tion observed beyond this threshold therefore reflects the onset of frictional
yielding and dilation that the simplified model cannot capture. This behavior
is consistent with theoretical expectations for a system with similar friction
coefficient (u = 0.6) used in this study. With this condition, shear sliding on
optimally oriented fractures is expected to initiate at a stress ratio of
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approximately 3.1 (Zoback, 2007). A system with a higher friction coefficient
would require a larger stress ratio before such deviations emerge, indicating
that the stress threshold at which simplifications break down might be mate-
rial-dependent. Because the location of this threshold depends on frictional
and structural properties, careful evaluation is required before simplified geo-
mechanics models are applied in predictive assessments.

The full-complexity model required substantial time and memory model,
with an average run time of approximately 9.5 hours and computational
memory usage reaching up to 18 GB per realization (on a workstation
equipped with an Intel(R) Core (TM) i9 10900K CPU @3.70 GHz). In con-
trast, the simplified model requires an average run time of only 4.5 seconds of
runtime with memory usage of about 0.25 GB. While the flow and transport
computation for both the full and simplified models take about same time (10
minutes), the computational efficiency of the simplified model makes it ap-
pealing for large-scale simulations or parametric studies. Nevertheless, the
computational cost of the full-complexity model may limit its applicability in
large-scale or real-time simulations, regardless of its high-fidelity simulations.
This contrast can be addressed through the implementation of hybrid or mul-
tiscale strategies, in which only mechanically critical fractures are resolved
explicitly and smaller features are upscaled.

The results demonstrate that in our case study the simplified geomechanical
representations can perform well when differential stress ratio remains below 3,
but they lose reliability at high stress ratio (e.g. 4). At this high stress ratio, ne-
glecting elastic-plastic constitutive behavior leads to underestimation of hydrau-
lic enhancement, highlighting a key implication for subsurface engineering.

3.3. Influence of geomechanical loading configuration
on flow and transport in 3D fracture networks
(Paper III)

A systematic investigation on how mechanical loading conditions at domain
boundaries influence flow and transport in three-dimensional fractured rock
was conducted. Four boundary condition types ranging from pure stress
boundary condition (BC 1) to progressively constrained systems with single
roller (BC 2) and triple roller (BC 3) boundary conditions, and a boundary
type with a buffer plate (BC 4), as shown in Figure 12, were explored for
networks with fracture radii of 20 m and 40 m. The models were loaded with
stress ratios from 1 to 4. Steady-state flow and conservative solute transport
were simulated for each boundary condition and fracture size case.

48



z
Yabox

Figure 12. Schematic representation of mechanical boundary condition types (a) BC
1-pure stress boundary (b) BC 2-single roller boundary (c) BC 3-triple roller boundary
and (d) BC 4-pure stress boundary with buffer plates (from Paper III).

Results show that networks with a fracture radius of 40 m showed higher equiv-
alent permeability (keq) (Fig. 13a) and less flow channeling (dq) (Fig. 13b)
than networks with a radius of 20 m. The aperture heterogeneity () (Fig. 13c¢)
for both fracture radii is comparable to stress ratio up to 3, but at stress ratio 4
the larger fractures show higher aperture heterogeneity. The effective porosity
in Figure 13d shows higher values for the larger fractures than the smaller frac-
ture as stress ratio increases up to stress ratio of 3. This indicates that a larger
fraction of the void space remains hydraulically active in the large-fracture net-
works within this stress ratio range. At stress ratio of 4, the BCs 1 to 3 shows a
drop in effective porosity, whereas BC 4 maintains higher values. This suggests
that high stress ratio leads to localized closure of parts of the network and a
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reduction in the volume that participates in through-flow for BCs 1 to 3, while
the BC4 preserves dilated pathways in the larger fractures.

For each stress ratio, the influence of the boundary conditions on flow prop-
erties is generally negligible for networks with smaller fractures (20 m),
whereas a clear effect emerges for the larger-fracture networks (40 m) which
is amplified at high stress ratios. This behavior arises because, for fracture
networks with the same P, and domain volume, the percolation parameter
increases linearly with fracture size (p, « r) (Darcel et al., 2003; de Dreuzy
et al., 2002). Consequently, increasing the fracture radius from 20 m to 40 m
effectively doubles the percolation parameter and markedly increases network
connectivity. The resulting enhancement in percolation allows the larger-frac-
ture networks to be more responsive to boundary conditions and stress-in-
duced deformation. This leads to the development of more continuous flow
pathways and stronger hydraulic communication across the system and faster
solute transport. For the 40 m case, the pure stress condition (BC 1) produces
the highest equivalent permeability due to the greater deformation permitted
under this boundary type. As roller displacement constraints are introduced
(e.g., BC 3), deformation becomes progressively restricted, reducing aperture
heterogeneity particularly at the highest stress ratio (4). This thereby limits the
development of dominant flow pathways. BC 4 yields the lowest values of
flow and transport metrics, representing a fully constrained system where all
model boundaries are constrained by a buffer plate with the same modulus as
the matrix.
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Figure 13. (a) Equivalent permeability, (b) flow channeling indicator, (c) aperture het-
erogeneity, and (d) effective porosity with increasing stress ratio (g, /a,) for the four
boundary condition types. The blue plots correspond to the network with a fracture
radius of 20 m, and the red plots represent the network with a fracture radius of 40 m
(from Figure Paper III).

Figure 14 shows the breakthrough curves (BTC) for a fracture radius of 40 m.
We observe no significant effect of the boundary conditions for stress ratios 1
to 3. However, as the stress ratio is increased to 4, the effect of boundary con-
ditions emerges. BC 1 and BC 2 produce the earliest solute arrivals and the
fastest breakthrough, followed by BC 3 with the triple-roller boundary, and
finally BC 4 with buffer plates. This trend is consistent with the hydraulic
response observed in Figure 13.
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To further examine the combined influence of fracture size and boundary con-
ditions on solute transport, two additional fracture sizes, 30 m and 50 m were
analyzed. Figure 15 shows that larger fracture sizes amplify the effects of me-
chanical boundary conditions. Little to no effect is observed for the smallest
fracture size, whereas the strongest influence appears for the 50 m case. For
larger fractures, BC 1 produces the fastest breakthrough and earliest arrival
time, followed by BC 2, BC 3, and finally BC 4. This boundary condition
effect on transport response becomes progressively weaker as fracture size
decreases. Thus, the larger the fracture size, the more sensitive the transport
response becomes to the choice of mechanical boundary constraints.
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BC 4 uses a buffer plate for its loading configuration. To assess the impact of
the mechanical properties of the buffer plate on flow and transport, further
analysis is performed by exploring different buffer-plate stiffnesses. For this,
the ratio of Young’s modulus of the buffer plate to that of the matrix (E/E)
is varied, having values 0f 0.01,0.1,1,10,100. These values govern the degree
of mechanical compliance or stiffness of the boundary plate. This study was
conducted under stress ratio 4, representative of conditions likely to occur near
tunnel walls for fracture radius of 20 m and 40 m.

Increasing the buffer plate modulus ratio corresponds to increasing dis-
placement constraint. Since the six faces of the domain are bounded by buffer
plate, the deformation in the fracture network is gradually suppressed. This
leads to lower effective permeability keq, weaker flow channelization d, and
slower solute breakthrough as seen in the median travel time tsq, and lower
aperture heterogeneity y as shown in Figure 16. At low modulus ratios, the
buffer plate behaves similarly to a stress boundary condition and allows sub-
stantial deformation. Whereas, at high modulus ratios, it acts as a strong dis-
placement constraint, and flow enhancement diminishes. The transition be-
tween these regimes demonstrates that boundary stiffness is a continuous con-
trol on hydraulic behavior, and therefore cannot be simplified without affect-
ing flow and transport predictions. Networks with larger fractures consistently
showed enhanced flow and transport across all Ep,/E scenarios than smaller

fractures (20 m).
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Figure 16. Effect of loading plate stiffness of the boundary condition type BC 4 on
flow properties: (a) equivalent permeability, (b) flow channeling indicator, and (c)
aperture variation for the networks with fracture size 20m (in blue) and 40m (in red)
under stress ratio of 4 (modified from Figure 14 and 16 in Paper III).

Paper Il investigated how geomechanical boundary constraints and fracture
size jointly control stress-dependent flow and solute transport in three-dimen-
sional discrete fracture networks. By systematically varying boundary condi-
tions, from purely stress-controlled to progressively more displacement-con-
strained configurations and considering networks with different fracture sizes,
we quantified how deformation patterns translate into aperture variations, hy-
draulic connectivity, and transport behavior.

The results show that boundary conditions influence the mechanical and
hydraulic response of fractured rock. Increasing mechanical confinement sup-
presses shear slip and dilation, reduces aperture variability, and ultimately
lowers permeability and transport efficiency. These effects are particularly
pronounced in networks containing larger fractures, which form well-con-
nected percolation backbones and therefore respond more strongly to stress
loading when deformation is allowed. Under restrictive boundaries, however,
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the same networks experience limited dilation and diminished hydraulic en-
hancement. These findings demonstrate that hydraulic behavior in fractured
systems cannot be interpreted solely from fracture geometry or intensity
measures. Instead, mechanical boundary assumptions often selected for com-
putational convenience can significantly alter predicted flow pathways, effec-
tive porosity, and solute migration timing. Neglecting or oversimplifying
boundary constraints may therefore lead to misleading assessments of connec-
tivity and transport risk in subsurface systems.

3.4. Ensemble structure and variability in modeling
flow and transport in 3D fractured porous media
(Paper IV)

Flow and transport in fractured rock are difficult to predict because fracture
networks are highly heterogeneous and they are defined mainly by their den-
sity and statistical distributions of fracture lengths and orientations. A com-
mon approach is to generate many stochastic fracture-network realizations
consistent with available information and analyze them as an ensemble. In
practice, ensemble average is often used to represent and anticipate how a
system would behave. However, it is not obvious whether the average al-
ways reflects how the ensemble is structured. Paper IV examines the ensem-
ble structure and variability by performing flow and transport analysis on a
large set of 3D DFN realizations spanning a wide range of percolation param-
eters, from poorly connected to highly connected systems as shown in Figure
17. The percolation threshold for such 3D DFNs is around 1.5. Each network
is embedded within a permeable rock matrix, allowing both fracture and ma-
trix contributions to flow and transport to be captured. Three matrix permea-
bilities (k, = 107> m?,10717,10~1° m?) with the same porosity of 0.01
were explored.
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Figure 17. Fracture networks generated based on percolation parameters (from Paper
V).

Generated networks are then imported to COMSOL (Comsol, 2017) to per-
form coupled flow and transport simulations. The 3D rock matrix is discre-
tized using tetrahedral finite elements, with an average element size of L/20,
while the fractures are discretized using triangular surface elements with an
average element size of L/40. Single-phase steady state flow is simulated for
groundwater, with fluid density (p) of 1000 kg/m* and viscosity (i) of 0.001
Pa.s, respectively, which flows through the system under an imposed fluid
pressure difference of 1 kPa across the model domain in x-direction. Here,
pressure boundary conditions of P, (1 kPa) is imposed on the inlet face and
Pyt (0 kPa) on the outlet face of the domain, while no-flow boundary condi-
tions are applied on the other faces. Finally, conservative solute transport is
simulated by prescribing a constant concentration Dirichlet boundary repre-
senting continuous solute injection through the inlet face for 107 years. We
then perform flow and transport analysis by analyzing the equivalent permea-
bility (keq), flow channeling indicator (dq), solute breakthrough curves
(BTC), and median travel time (t5qo,).

In Figure 18a, k¢q increases systematically with the percolation parameter,
reflecting improved hydraulic connectivity as the network approaches and ex-
ceeds the percolation threshold (p. = 1.5). Below the percolation threshold
(pr < 1.5), matrix permeability (k,,) strongly influences flow, with higher
ky producing larger keq. Once connectivity is established (p, = 1.5), frac-
ture flow dominates and differences among matrix permeabilities largely dis-
appears.
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Figure 18b shows that the flow channeling indicator (dq) increases with con-
nectivity for all matrix permeabilities, indicating a progressive reduction in
channelized flow. Below the percolation threshold (p, < 1.5), lower permea-
bility matrices (kp = 10717 and 10™° m?) exhibit stronger channeling
(lower dg) than high-permeability matrix, which can partially conduct flow
through the matrix. At p, = 1.5, the high-permeability (k,, = 107> m?)
case exhibits a transition, after which d decreases and flow becomes increas-
ingly concentrated within the connected fracture network.

Figure 19 shows the breakthrough curves for all realizations and matrix
permeabilities across increasing network connectivity. At low connectivity
(pr < 1.5), transport behavior is mainly controlled by matrix permeability,
with limited variability between realizations.

Pr = 0.5 Pr= 1.0
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Figure 19. Solute breakthrough curves of different matrix permeability k,, =
10715 m? (in red), kp, = 10717 m? (in blue), k, = 1071 m? (in green) for percola-
tion parameters 0.5 to 4 (from Paper IV).
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Near the percolation threshold (p, = 1.5, 2.0), BTCs exhibit both early and
late arrivals, indicating strong realization-dependent pathways as connectivity
emerges. This variability diminishes as connectivity increases (p, = 2.5), and
the BTCs for all matrix permeabilities collapse toward similar responses,
showing that transport becomes dominated by the fracture network and largely
independent of matrix permeability. It shows a transition from matrix-con-
trolled to fracture-controlled transport, with the greatest spread occurring near
the percolation threshold.

Figure 20a shows the median arrival time (t5q0,) With respect to network
connectivity for different matrix permeabilities (k). At low connectivity
(pr < 1.5), t500, spans several orders of magnitude due to matrix permeabili-
ties, with the slowest transport occurring for (k,, = 107 m?) matrix and the
fastest in ky, = 10715 m? matrix. A sharp drop in tgge, occurs near the per-
colation threshold (p, = 1.5, 2.0), where arrival times become highly variable
across realizations. We see the fracture dominated transport with median
travel time close to 10° years, and matrix dominated transport with median
travel time ranging from 102 to 10° years for the different matrix permeabil-
ities. At high connectivity (p, = 2.5), transport progressively accelerates and
eventually becomes only weakly dependent on both k,,, and p,, indicating sta-
bilization of transport pathways.
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We then quantify ensemble structure and variability using several statistical
measures, including median absolute deviation ratio (&), coefficient of vari-
ance (y), ensemble representative index (Rex), and KL-divergence (KLeps).
These metrics describe how realizations are distributed around the ensemble
average and allow us to examine how these distributions change with network
connectivity.

Figure 20b evaluates ensemble variability in median travel times using the
median absolute deviation ratio &. This metric exhibits a sharp peak at the
percolation threshold, demonstrating that realization-to-realization differ-
ences are greatest as the network transitions from disconnected to connected
states. This peak reflects a structural split in the ensemble, with some realiza-
tions developing fast, connected pathways while others remain poorly con-
nected. Away from the threshold, & decreases, showing that realizations clus-
ter more tightly around the ensemble average. Below the percolation threshold
(p; < 1.5), high matrix permeability case (k,, = 107> m?) shows higher
variability among realizations, because transport is shared between fractures
and matrix, and small differences in how the transport pathways produce
markedly different transport responses. In contrast, at and above the percola-
tion threshold (p, = 1.5), low matrix permeability cases (ky, =
10717 and 1071° m?) show greater variability, as transport becomes domi-
nated by the fracture network and is highly sensitive to stochastic differences
in fracture connectivity and channelization.

Figure 21 shows the coefficient of variation (¥) of equivalent permeability
as a function of the percolation parameter. Variability is relatively small for
poorly connected networks (p, < 1.5), where most realizations have similarly
low permeabilities. As the system approaches the percolation threshold (p. =
1.5), y rises sharply and reaches a distinct maximum, reflecting the emergence
of strongly contrasting ensemble structures: some realizations develop high-
conductivity pathways while others remain weakly connected. The magnitude
of this peak depends on matrix permeability, with the lowest matrix permea-
bility (kp = 1071 m?) producing the largest variability, followed by
(km = 10717 m?), while the highest matrix permeability (k,, = 107° m?)
shows the smallest spread. When the networks are fully connected (p, = 2.5),

ydeclines and stabilizes and ensemble behavior becomes more uniform.

63



12

10

05 1.0 15 20 25 3.0 35 4.0
Pr

Figure 21. Coefficient of Variance of equivalent permeability for different matrix per-
meabilities (k,, = 107%%,10717,107*°) m? and percolation parameters from 0.5 to
4.0 (from Paper 1IV).

Figure 22 presents the ensemble variability index (Roy) which measure how
similar the BTCs are across realizations with the ensemble average. It ranging
from 0 to 1, with values close to one indicating high probability that ensemble
average is similar to realizations, while values close to zero indicates weak
probability of similarity. R.y remains close to unity for both poorly connected
(pr < 1.5) and well connected (p, > 1.5) networks, suggesting broadly sim-
ilar ensemble structure.

A pronounced minimum occurs near the percolation threshold (p. = 1.5)
for all matrix permeabilities, reflecting increased variability and reduced sim-
ilarity among realizations. The minimum is deepest for the lowest matrix per-
meability, indicating stronger heterogeneity in solute breakthrough and a
greater imbalance in how realizations contribute to the ensemble average with
decreasing matrix permeability.
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Figure 22. Ensemble representative index (Rgy) as a function of percolation parame-
ters and matrix permeability (from Paper IV).

Figure 23a shows the mean KL-divergence (KL.,s) divergence across reali-
zations as a function of the percolation parameter to quantify how strongly
individual breakthrough curves deviate from the ensemble-average BTC.
Higher values indicate high variability and lower values imply low variability.
Across all matrix permeabilities, KLep¢ exhibits a clear maximum at the per-
colation threshold (p. = 1.5), indicating that transport behavior is realization-
specific during the connectivity transition. Away from this threshold, KL
values remain at minimum close to zero, reflecting that in either disconnected
systems or fully connected networks, transport is uniform and ensemble aver-
ages is sufficient to describe realization behavior. Higher matrix permeability
produces lowest peak at p. = 1.5, demonstrating that matrix participation im-
pacts transport variability, whereas low permeability matrix systems amplify
divergence among realizations.

To formalize this behavior, a critical threshold for the mean KL-divergence
is derived to determine the values of KL, beyond which ensemble average
is not sufficient. For each matrix permeability, the KLqp plot is fitted with a
curve anchored at the percolation threshold with characteristic data distance
of 0.5 and tolerance level of 0.99. In Figures 23b, the high matrix permeability
(ky, = 10715 m?) case yields the lowest critical value of about 0.5, followed
by intermediate matrix permeability (k,, = 10717 m?) in Figures 23¢ with
critical threshold of 0.75, and then least matrix permeability (k, =
10719 m?) in Figures 23d with critical threshold of 0.84. The KL divergence
serves as a quantitative criterion for detecting high ensemble variability, be-
yond which ensemble averages are insufficient. Increasing matrix permeabil-
ity reduces variability and improves ensemble reliability.
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The analysis shows that ensemble averages are most uncertain near the perco-
lation threshold, where small structural differences between realizations pro-
duce large contrasts in connectivity, permeability, and breakthrough re-
sponses. This agrees with previous work demonstrating the instability of en-
semble behavior near critical connectivity (Colecchio et al., 2021; de Dreuzy
et al., 2002; Ji et al., 2011; Zinn & Harvey, 2003).

Different statistical metrics including median absolute deviation ratio (&),
coefficient of variance (y), ensemble representative index (Rey), and KL-di-
vergence (KLgps) were introduced to quantify ensemble variability. All met-
rics show a strong deviation near the percolation threshold, demonstrating
how individual realizations diverge most strongly in this regime. Matrix per-
meability controls the magnitude of this divergence: below the threshold, high
matrix permeability amplifies variability by providing alternative pathways,
whereas above the threshold, variability is driven mainly by fracture connec-
tivity and becomes largely independent of matrix permeability. Although en-
semble average converges statistically with increasing realizations especially
away from the percolation threshold, this does not imply reduced variability
near the critical regime.

These findings highlight the need to explicitly identify the connectivity re-
gime when interpreting ensemble simulations of fractured rock systems. Near
the percolation threshold, ensemble-based predictions may underestimate risk,
particularly for fast transport pathways. Recognizing and quantifying this crit-
ical variability zone is therefore essential for improving uncertainty assess-
ment and guiding the number of realizations required in practical modeling.
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4. Summary and Outlook

Flow and solute transport in fractured rock are governed by geometric, me-
chanical, and hydraulic characteristics and properties of fracture networks that
span multiple spatial scales and that may change in response to applied stress.
This thesis addresses four important aspects of conceptual modeling from
three categories of uncertainties shown in Figure 1, by quantitatively evaluat-
ing how alternative choices influence flow and transport behavior in 3D frac-
ture networks. In natural fractured-rock systems, anisotropy and mechanical
boundary conditions cannot always be determined reliably from field obser-
vations. Consequently, it is essential to understand how strongly model pre-
dictions are affected when such factors are either neglected or included in dif-
ferent ways. Similar challenges arise in the treatment of geomechanical be-
havior and ensemble modeling. In practice, geomechanics is often represented
using simplified formulations, and ensemble simulations commonly rely on
the assumption that ensemble averages are representative of individual reali-
zations. Knowing when these assumptions are valid and when they may fail is
critical for improving the reliability and interpretability of numerical simula-
tions of fractured rocks.

Paper I examined the interactions between fracture-scale aperture anisot-
ropy and network-scale structural anisotropy. The investigations show that
fracture-scale aperture anisotropy controls small-scale flow channeling,
whereas network-scale anisotropy determines global connectivity and break-
through behavior. Importantly, combination of their two effects is nonlinear
and the two may interfere or reinforce each other. For networks with similar
equivalent permeability, solute median travel times differed by two to three
orders of magnitude due to the interaction between anisotropy at multiple
scales, demonstrating that anisotropy cannot be treated independently at each
scale.

The impact of geomechanical model simplification on flow and transport
in fractured rock was explored in Paper II. In this study, a comparison be-
tween a full-complexity geomechanics model and a simplified model with re-
duced mechanical formulation was made. Results revealed that both models
yield similar results under moderate stress ratios of 1 to 3. However, the sim-
plified approach diverged at a high stress ratio of 4 due to its shear stress-shear
displacement formulation. The findings show that simplified models are suf-
ficient for predicting flow and transport dynamics in fractured media at low
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stress ratios but may underpredict fractured media’s flow and transport behav-
ior when stress ratio is large.

Paper III investigated the influence of mechanical boundary loading con-
ditions for networks with different fracture radii 20 m and 40 m in a cubic
domain of length 100 m. Four boundary configurations, ranging from pure
stress, single roller (mixed stress-displacement), triple roller (mixed stress-
displacement), to buffer plate constrained (pure displacement) systems, were
applied under multiple stress ratios. The results demonstrated that boundary
conditions have no impact on flow and transport for small fractures (20 m) but
exert significant control over deformation and hydraulic connectivity for large
fractures (40 m). For networks with large fractures, the networks constrained
by pure stress boundaries showed higher deformation, which resulted in en-
hanced flow and faster solute transport, followed by single roller, triple roller
and buffer plate boundary types. This indicates that increasing the displace-
ment constraint (roller) or adding a buffer plate diminishes the mechanical
deformation of the networks and results in delayed flow and solute break-
through, especially for large fractures.

Paper IV examines ensemble structure and variability of flow and
transport behavior in fracture networks with different percolation parameters.
It introduces a set of statistical metrics to quantify differences among realiza-
tions and evaluate how much the ensemble average departs from the behavior
of individual realizations. The results show that variability is highest near the
percolation threshold, where the ensemble splits into distinctly different en-
semble flow and transport structural behaviors; in this regime close to the per-
colation threshold, ensemble averages mask important structural differences
and can lead to misleading predictions. Below the percolation threshold, var-
iability is strongly influenced by matrix permeability because flow is partially
sustained through the matrix, whereas at and above the percolation threshold,
variability is increasingly governed by fracture network connectivity with ma-
trix effects rapidly diminishing. Away from the percolation threshold, ensem-
ble averages tend to more robustly describe individual realizations’ flow and
transport behavior.

This thesis demonstrates that flow and transport predictions in fractured rock
are highly sensitive to conceptual choices under certain conditions. Structural
anisotropy, geomechanical representation, boundary constraints, and ensemble
structure and variability calculations each influence the predicted behavior of
fracture networks. The work provides a quantitative assessment of several dif-
ferent conceptual model assumptions used for flow and transport predictions in
3D fractured media. By identifying when certain simplifications are adequate
and when they fail, the work contributes to the development of more reliable
modeling strategies for a number of engineered subsurface systems such as nu-
clear waste repositories, geothermal reservoirs, and CO, storage.

The simulations presented in this thesis were conducted using synthetic
fracture networks with controlled characteristics, including constant fracture
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size, uniform initial aperture, and the absence of site-specific geological con-
straints. Extending the framework to networks with realistic fracture-size dis-
tributions, spatially variable apertures, and field-based geological information
would allow the mechanisms identified here to be evaluated under more real-
istic conditions. Furthermore, future studies will investigate the combined in-
fluence of multiple conceptual uncertainties acting simultaneously, rather than
assessing each in isolation. Finally, systematic uncertainty evaluation can be
used to identify which additional measurements and datasets are most critical
for constraining numerical models and improving predictive reliability.
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5. Sammanfattning pd Svenska

Fl6de och @mnestransport i sprickigt berg styrs av de geometriska, mekaniska
och hydrauliska egenskaperna hos spricknétverket. Dessa verkar over flera
rumsliga skalor och kan dven fordndras som resultat av bergets spénningstill-
stand. [ denna avhandling undersoks hur olika konceptuella modellantaganden
paverkar modelleringsresultatet, genom att kvantitativt utvardera hur alterna-
tiva modellval paverkar det simulerade flodes- och transportbeteendet i tredi-
mensionella spricknétverk. Sarskild vikt laggs vid hur sddana antaganden pa-
verkar konnektivitet, flodesvdgar och uppehallstider, samt hur sma fordnd-
ringar 1 modellbeskrivningen kan ge upphov till tydligt olika prognoser. Pé sa
sitt ges en samlad bild av hur osdkerheter i den konceptuella modellen fort-
plantas genom hela berdkningskedjan.

I naturliga spricksystem kan anisotropi och mekaniska randvillkor inte all-
tid bestdmmas tillforlitligt fran faltobservationer. Det dr darfor avgdrande att
forsta hur mycket resultatet av modelleringen paverkas nér relaterade faktorer
antingen forsummas eller inkluderas pé olika sitt. Liknande utmaningar upp-
star vid behandling av det geomekaniska beteendet samt stokastiskt ensemble-
modellering. T praktiken representeras vissa geomekaniska beteenden ofta
med forenklade formuleringar. Samma géller stokastiska ensemblesimule-
ringar. Att forstd hur olika antaganden paverkar modellresultatet, dvs. i vilka
fall vissa antaganden ar giltiga och i vilka fall de &r inte, dr avgdrande for
tillforlitlig tolkning av numeriska simuleringar och relaterade prognoser.

Artikel I 1 denna avhandling undersoker samspelet mellan anisotropi i en-
skilda sprickors hydrauliska egenskaper samt strukturell anisotropi pa skala
av sprickndtverk. Resultatet visar att anisotropin i sprickdppningen och rela-
terad anisotropi i sprickans genomsladpplighet styr smaskaliga fordelningen av
de flodeskanaler, medan anisotropin i nitverkskala &r avgorande for den glo-
bala konnektiviteten och &mnestransporten. Viktigt &r att den kombinerade ef-
fekten av dessa tvé &r icke-linjér och att de kan antingen motverka eller for-
stdrka varandra. For nitverk med likvéirdig permeabilitet skilde sig medel-
transporttiderna for dmnestransport 4t med tva till tre storleksordningar pa
grund av interaktionen mellan anisotropi pa olika skalor, vilket visar att ani-
sotropi inte kan behandlas enskilt pa varje skala.

Péaverkan av forenklade geomekaniska modeller pa flode och transport i
sprickigt berg undersoktes i Artikel II. I denna studie jamfordes en fullstdndig
och detaljerad geomekanisk modell med en forenklad modell med reducerad
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mekanisk formulering. Resultaten visade att bdda modellerna gav liknande re-
sultat vid mattliga spanningskvoter mellan 1 och 3. Den férenklade modellen
avvek dock vid en hdg spanningskvot pd 4. Resultaten visar att forenklade
modeller &r tillrdckliga vid ldga spanningskvoter men kan underskatta trans-
porthastigheten av 18sta &mnen nér spanningskvoten ar hog.

Artikel IIT analyserade hur olika mekaniska randvillkor paverkar &mnes-
transport i olika spricknitverk. Natverk med tva olika sprickradier, 20 m och
40 m, i en kubisk domén med langden 100 m undersoktes med fyra olika rand-
villkor samt under flera olika spanningstillstind. Resultaten visade att rand-
villkor inte paverkar flode och transport for sma sprickor (20 m), men har ett
betydande inflytande pa deformation och hydraulisk konnektivitet for stora
sprickor (40 m). For ndtverk med stora sprickor hade nitverk med spénnings-
randvillkor storre deformation, och gav 6kat flode och snabbare dmnestrans-
port i jamforelse med andra typer av randvillkor. Detta indikerar att 6kade
deformationsbegrinsningar eller tilligg av buffertplattor minskar den meka-
niska deformationen och leder till fordrdjt flode och langsammare &mnestrans-
port, sérskilt for stora sprickor.

Artikel IV undersoker ensemble-struktur och variabilitet med hjélp av f16-
des- och transportmetrik for ndtverk med olika grad av konnektivitet definie-
rad av perkolationsteori. Darefter introduceras statistiska matt som kvantifie-
rar skillnader mellan realisationer och bedomer i vilken utstrickning ensem-
blemedelvirdet avviker fran enskilda néitverks beteende. Resultaten visar att
variabiliteten dr som storst nira perkolationstroskeln, ddr ensemblet delar upp
sig i tydligt olika strukturella flodes- och transportbeteenden; i detta lage kan
ensemblemedelvirden dolja viktiga strukturella skillnader och leda till miss-
visande prognoser. Under troskeln paverkas variabiliteten starkt av matriskon-
duktivitet, eftersom flddet delvis upprétthalls i matrisen, medan variabiliteten
vid och over troskeln i allt hdgre grad styrs av sprickkonnektivitet och matri-
seffekter snabbt avtar. Bort fran perkolationstroskeln kan ensemblemedelvér-
den i regel beskriva flodes- och transportbeteendet i enskilda realisationer pa
ett tillfredsstéllande sétt.

Denna avhandling visar att modellprognoser angaende flode och dmnes-
transport i sprickigt berg kan vara mycket kénsliga for olika konceptuella val
och antaganden. Strukturell anisotropi, geomekanisk representation, randvill-
kor och antaganden angéende den underliggande stokastiska ensemblen alla
paverkar hur sprickndtverket beter sig. Arbetet presenterat hér ger en kvanti-
tativ bedomning av hur flera olika konceptuella modellantaganden som ofta
anvands paverkar prognoserna. Genom att identifiera i vilka fall vissa forenk-
lingar &r tillrdckliga och i vilka fall de 4r inte, bidrar arbetet till utvecklingen
av mer tillforlitliga modelleringsstrategier, viktiga for ett antal tekniska sy-
stem, sdsom slutforvar av kiarnavfall, utvinning av geotermisk energi och kol-
dioxidlagring. Ger resultaten en tydligare bild av vilka antaganden som kan
goras utan att forlora viktig information och vilka som riskerar att leda till

72



betydande fel i tolkningen. Detta skapar en mer transparent grund for bade
modellutveckling och praktiska tillimpningar.

De simuleringar som presenteras i denna avhandling utférdes med synte-
tiska spricknétverk med konstant sprickstorlek och enhetlig initial sprickdpp-
ning. Nésta naturliga steg dr att utvidga ramverket till nédtverk med mera kom-
plexa sprickegenskaper och féltbaserad geologisk information. Vidare kan
framtida studier underséka den kombinerade inverkan av flera konceptuella
osdkerheter som verkar samtidigt, i stillet for att bedoma varje faktor separat.
Slutligen kan systematisk osdkerhetsanalys anvéndas for att identifiera vilka
métningar och data som ar mest kritiska for att begrénsa osédkerheter och for-
béttra den prediktiva tillforlitligheten. P& sa sitt kan modelleringen gradvis
nirma sig mer realistiska beskrivningar av verkliga geologiska system. Detta
Oppnar ocksa for starkare koppling mellan numeriska simuleringar, observat-
ioner i falt och framtida beslutsprocesser.
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