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Abstract

The permeability of the subsurface is a crucial parameter for the feasibility of many geoscien-
tific applications, such as shallow and deep geothermal energy, nuclear waste disposal, the
storage of energy carriers (e.g., hydrogen) and CO-, as well as tunnel construction. Most of
these applications occur at depths where the rock matrix exhibits low permeability. Consequent-
ly, subsurface fluid flow predominantly occurs in secondary structures such as karst conduits,
fault zones, or fractures. The latter is particularly relevant in the context of increasingly im-
portant energy policy issues mentioned above. Thus, this thesis focuses on developing novel
approaches, advancing existing methods for characterizing permeability, and investigating the
underlying hydro-mechanical processes in natural single fractures.

The first part of this thesis addresses the further development of methodological approaches to
characterize the permeability of a single fracture. The first study of this cumulative thesis focus-
es on the digital representation of fracture surfaces, which forms the basis for many permeabil-
ity-determining methods. For this purpose, a portable 3D laser scanner, a combined system of a
mounted 3D laser scanner and a robotic arm, as well as the photogrammetric "Structure from
Motion" method, are compared and evaluated for their suitability in determining the permeabil-
ity of single fractures. Flow simulations are conducted using the geometries generated by each
method and calibrated against experimental air permeameter measurements. The study, as well
as the entire thesis, was conducted on a bedding joint in Flechtinger Sandstone, a well-
researched German reservoir rock. The results show that the portable laser scanner cannot
accurately capture the fracture surface, which is attributed to its low resolution and precision,
rendering it unsuitable for permeability determination. The other two methods can adequately
capture the fracture surface but yield higher permeability values compared to the calibration
data. Consequently, the initial contact area of the fractures was increased. At contact areas of 5 -
7 % of the total fracture surface, the simulated permeability aligns with the air permeameter
measurements.

Building on the results of the first study, the second study uses a topological analysis of the
obtained fracture geometry as a basis to characterize permeability. The method of persistent
homology was selected, which has previously been applied to porous media and fracture net-
works, and was validated using air permeameter measurements and numerical simulations.
Persistent homology was applied to three datasets of the same fracture at different resolutions
(200 pm, 100 pm, and 50 pm). The results show, on the one hand, that the estimated permeabil-
ities are within the same order of magnitude as the validation data. On the other hand, it is
shown that the relative error compared to the validation data decreases with increasing resolu-
tion. However, in terms of quality and time requirements, it becomes evident that the improve-



ment in quality from a resolution of 100 um to 50 um is marginal, while the analysis time
increases by 75 %.

The second part of the thesis, consisting of the third study, focuses on changes in permeability
due to shear displacement of the fracture under varying normal stresses. A novel method is
employed that combines a mechanical Discrete Element Method (DEM) model with a hydraulic
Finite Element Method (FEM) model. This enables a realistic representation of the mechanical
behavior of the single fracture during simulations of direct shear tests and allows for the recon-
struction of the sheared fracture surfaces at each stage of the test. The combined shear tests were
simulated under six different normal stress conditions (1.5 MPa — 15.0 MPa). The results reveal
three distinct regimes: (1) At low normal stresses (< 4.0 MPa), the fracture mechanically dilates
on intact asperities, resulting in increased permeability. (2) At normal stresses between 4.0 MPa
and 4.5 MPa, a transition occurs, aperities start to break, and permeability remains constant
during the shear test. Furthermore, a pronounced anisotropy in permeability is observed. (3) By
further increasing normal stresses > 4.5 MPa, the fracture mechanically closes due to mechani-
cal deformation and gouge formation, leading also to hydraulic closure. It is observed that the
transition at 4.0 MPa corresponds precisely to the weakest mechanical property of the rock, the
ultimate tensile strength, which is also 4.0 MPa for Flechtinger Sandstone.



Kurzfassung

Die Permeabilitat des Untergrunds ist eine entscheidende GroRe fur die Machbarkeit vieler
geowissenschaftlicher Anwendungen wie der oberflichennahen und tiefen Geothermie, der
sicheren Endlagerung radioaktiver Abfélle, der Speicherung von Energietragern (z.B. Wasser-
stoff) und CO; oder des Tunnelbaus. Die meisten dieser Anwendungen befinden sich in Tiefen-
bereichen, in denen die Gesteine eine geringe Matrixpermeabilitit aufweisen. Folglich findet
der unterirdische Fluidfluss besonders in sekundéren Strukturen wie Karst, Stérungszonen oder
Kluften statt. Letztere spielen vor allem in den zunehmend an Relevanz gewinnenden, oben
aufgeflihrten, energierpolitischen Fragestellungen eine wichtige Rolle. Diese Arbeit fokussiert
sich deshalb auf die Entwicklung neuartiger Ansatze und die Weiterentwicklung bestehender
Methoden zur Charakterisierung der Permeabilitat und Erforschung der zugrunde liegenden
hydro-mechanischen Prozesse in natlrlichen Einzelkliften.

Der erste Teil dieser Thesis beschéaftigt sich mit der Weiterentwicklung von methodischen
Ansdtzen zur Permeabilitatsbestimmung einer Einzelkluft. Die erste Studie behandelt die digita-
le Abbildung von Kluftflachen, die die Grundlage fiir viele permeabilitatsbestimmende Metho-
den bildet. Hierzu werden ein tragbarer 3D-Laserscanner, ein kombiniertes System aus hochauf-
lIésendem 3D-Laserscanner und robotischem Arm sowie die photogrammetrische ,,Structure
from Motion“-Methode verglichen und fir ihren weiteren Einsatz in der Permeabilitatsbestim-
mung von Einzelkluften evaluiert. Mit der jeweils erzeugten Geometrie werden Durchflusssi-
mulationen durchgefiihrt und mit experimentell ermittelten Luftpermeametermessungen kalib-
riert. Die Studie wie auch die gesamte Arbeit wurden an einer Schichtfuge in Flechtinger
Sandstein, einem bekannten deutschen Reservoirgestein, durchgefuhrt. Die Ergebnisse zeigen,
dass der tragbare Laserscanner die Kluftflache nicht akkurat abbilden kann, was aufgrund seiner
geringen Auflésung und Genaugkeit erklart werden kann und somit flir die Permeabilitatsbe-
stimmung ungeeignet ist. Die beiden anderen Methoden konnen die Kluftflache zwar hinrei-
chend gut abbilden, weisen aber erhdhte Permeabilitatswerte verglichen mit den Kalibrationsda-
ten auf. Folglich wurde die initiale Kontaktfliche der Klifte erhoht. Bei relativen
Kontaktflachen von 5 — 7 % der Gesamtkluftflache weist die Kluft eine (bereinstimmende
Permeabilitit zu den Luftpermeametermessungen auf.

Aufbauend auf den Ergebnissen der ersten Studie wurde in der zweiten Studie die Kluftgeomet-
rie als Grundlage dafir verwendet, eine topologische Methode zu entwickeln, die die Permeabi-
litdt ohne den Einsatz einer experimentellen Messung oder eines numerischen Modells abschat-
zen kann. Dafur wurde die Methode der persistenten Homologie ausgewdhlt, die zuvor schon
fir porése Medien und Kluftnetzwerke eingesetzt worden war und mit Luftpermeametermes-
sungen sowie numerischen Simulationen validiert wurde. Die persistente Homologie wurde an
drei Datensétzen derselben Kluft mit unterschiedlicher Aufldsung angewendet (200 pm, 100 pm



und 50 um). Die Ergebnisse zeigen zum einen, dass die ermittelten Permeabilititen in der
GroRenordnung der Validierungsdaten liegen. Zum anderen kann gezeigt werden, dass mit
zunehmender Auflésung der relative Fehler zu den Validierungsdaten abnimmt. Bei Betrach-
tung der Qualitat und der Zeitbeanspruchung zeigt sich jedoch, dass die Qualitatsteigerung bei
einer Erhéhung der Auflésung von 100 um zu 50 um marginal ist, wohingegen sich die aufzu-
bringende Analysezeit um 75 % verlangert.

Der zweite Teil der Thesis, der die dritte Studie umfasst, konzentriert sich auf die Anderung der
Permeabilitt durch Scherung der Kluft unter verschiedenen Normalspannungen. Hierzu wird
eine neuartige Methode entwickelt, bei der ein mechanisches Diskrete-Elemente-Methoden
(DEM)-Modell mit einem hydraulischen Finite-Elemente-Methoden (FEM)-Modell kombiniert
wird. Dies ermdglicht eine realistische Abbildung des mechanischen Verhaltens der Einzelkluft
in Simulationen von Scherversuchen sowie die Rekonstruktion der abgescherten Kluftflachen
zu jedem Zeitpunkt des Scherversuchs. Die kombinierten Scherversuche wurden unter sechs
Normalspannungsbedingungen simuliert (1,5 MPa — 15,0 MPa). Die Ergebnisse zeigen, dass
drei hydraulische Regime unterschieden werden kénnen: (1) Bei geringen Normalspannungen
(< 4,0 MPa) 6ffnet sich die Kluft durch die Scherung mechanisch und die Permeabilitit nimmt
zu. (2) Bei Normalspannungen zwischen 4,0 MPa und 4,5 MPa kommt es zu einem Wechsel der
Permeabilitatsentwicklung und die Permeabilitdt nimmt durch die Scherung nicht mehr zu,
sondern bleibt Uber den Verlauf des Scherversuchs konstant. Zudem ist eine ausgepragte Aniso-
tropie der Permeabilitat zu beobachten. (3) Bei Normalspannungen > 4,5 MPa schlief3t sich die
Kluft durch die Scherung hydraulisch, was vor allem mit der mechanischen Deformation der
Kluft sowie der Bildung von Abriebmaterial erklart werden kann. Es wird beobachtet, dass der
Wechsel bei etwa 4,0 MPa genau der schwachsten mechanischen Gesteinseigenschaft, der
maximalen Zugfestigkeit, die ebenfalls 4,0 MPa fir Flechtinger Sandstein betrdgt, eintritt.
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1 Introduction

1.1 Motivation

The permeability of a geological material is the parameter that describes the material’s ability to
conduct fluids through itself. Historically, the concept of permeability is directly connected to
porosity (Bear, 1972). Analogous to primary and secondary porosity, two types of permeability
can be distinguished: (1) primary permeability and (2) secondary permeability (Gerhart, 1984;
Nelson & Handin, 1977; Westerman, 1981). Primary permeability is directly related to primary
porosity and the formation of the rock by sedimentation, compaction, crystal growth, or diage-
netic processes. It is mainly formed by interconnected pores in the rock and is therefore closely
related to the effective porosity. In contrast, secondary permeability is created by processes that
occur after the formation of the rock (Nelson & Handin, 1977). Such processes include weather-
ing of superficial rocks, dissolution of minerals (e.g., karstification), or faulting and fracturing.
These processes can change the flow conditions in the rock drastically and increase the permea-
bility by several orders of magnitude (Figure 1.1).

Consequently, secondary permeability structures govern the fluid flow in most of the consoli-
dated rocks (Westerman, 1981). Due to the particular prerequisites for karstification (i.e., pres-
ence of water-soluble minerals) or weathering (i.e., shallowness of the geological formation),
fractures and faults are prevalently the major pathways in most parts of the deep geological
subsurface. Thus, many geoscientific applications rely on the knowledge and control of flow
processes in fractured rocks (Viswanathan et al., 2022). For instance, applications, such as
geothermal energy production (e.g., Zhang & Zhao, 2020) or hydrocarbon extraction (e.g.,
Aydin, 2000), are based on well-connected fracture networks in the respective reservoir for-
mation and on the high permeability of each individual fracture to establish profitable fluid flow
rates. In contrast, applications, such as nuclear waste disposal (e.g., Bossart et al., 2017) and
carbon capture and storage (CCS) (e.g., Bond et al., 2017), depend on the absence or low per-
meability of fractures to prevent fluid migration. Regardless of the actual geoscientific applica-
tion, a profound understanding of the governing processes affecting fracture permeability on
multiple scales is indispensable for the application’s success.

Due to the ongoing global climate change and the resulting energy transition, the expansion and
further development of some of the previously mentioned applications have become increasing-
ly relevant in recent years. In Germany, for instance, the 8" Energy Research Program of the
German government particularly highlights the safe storage of hydrogen and the further devel-
opment of geothermal energy as future priorities (BMWK, 2023). The latter includes both the
general expansion of shallow and deep hydrothermal and closed-loop systems, as well as the
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development of unconventional systems, such as enhanced geothermal systems (EGS), in which
artificially created fractures (“hydraulic fracturing”) or existing fractures in fault zones are
exploited as major pathways for fluid migration. However, in the last decades, several EGS
projects failed in Germany and its surrounding states due to a lack of permeability in the subsur-
face (Gaucher et al., 2015). The latter can lead to an increase in hydraulic pressure, a reduction
in effective stress, and an induction of shearing reactivation on fault zones and fractures, mani-
festing as induced seismic events, as demonstrated by projects in Landau in 2009 (Griinthal,
2014), Basel in 2006 (Deichmann & Giardini, 2009), or Strasbourg in 2019/2020 (Schmittbuhl
et al., 2022). It thus becomes apparent that a hydraulic investigation of fracture permeability in
such systems is indispensable, but also not sufficient, since a mechanical consideration of nor-
mal loading and shear processes is additionally required.
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Figure 1.1: Representative permeability ranges for different rocks with primary permeability (bottom) and
with typical secondary permeability structures (top). The permeability ranges are taken from
Freeze & Cherry (1979) and Ingebritsen & Manning (2011).

Thus, this thesis depicts both novel methods for hydraulic permeability estimation of single
fractures and investigations on the influence of normal and shear stress on the fracture permea-
bility. The individual objectives of this thesis are highlighted in Chapter 1.3, with the structure
of this thesis being provided in Chapter 1.4. However, first, an introduction is given to the
general procedure of hydro-mechanical (HM) permeability characterization of single fractures
(Chapter 1.2).



1.2 Permeability characterization of single fractures

1.2 Permeability characterization of single fractures

The characterization of permeability in single fractures is a multi-step process. The fundamental
principles underlying this process will be addressed in the following chapter. First, the various
parameters used to describe permeability or hydraulic conductivity in a single fracture will be
classified (Chapter 1.2.1). Subsequently, the workflow for determining permeability will be
outlined.

1.2.1 Parameters of permeability measurement

Historically, the flow of fluids through geological media has been described using Darcy’s law,
which represents a specific solution of the Navier-Stokes equations (Bear, 1972).

Q:K-A-ATh (1.2)

In Darcy’s law, Q is the volumetric flow rate [m?/s], K is the hydraulic conductivity [m/s], A is
the cross-sectional area of the flow domain [m?], Ah is the difference of hydraulic heads be-
tween the inlet and outlet [m], and L is the length of the flow domain [m].

In porous media, this is a useful concept, since the flow rate, the cross-sectional area of the flow
domain, and the hydraulic gradient can be well determined experimentally. Consequently,
hydraulic conductivity can be used as a measure of the material's ability to be permeated by
water at room temperature. However, the hydraulic conductivity depends on the density and
viscosity of the fluid as well as the acceleration of gravity. Thus, hydraulic conductivity is not a
material property of the permeated medium, but exhibits significant variation in response to
changes in fluid properties and spatial location. Especially in applications involving deep sub-
surface environments (e.g., geothermal brines) or fluids other than water (e.g., oil, gas, NAPL),
this concept becomes inadequate. Thus, the concept of permeability was introduced as an intrin-
sic material property that is independent of the fluid properties and the location (Bear, 1972):

U
k=—K 1.2
Py 1.2

Here, the permeability is described by k [m?], whereas K is the hydraulic conductivity [m/s]. u
is the dynamic viscosity of the fluid [Pa-s], p the fluid density [kg/m?], and g is the acceleration
of gravity [m/s?].

Although the concepts of hydraulic conductivity and permeability are primarily applicable to
porous media, they have also been applied to fractures (Lomize, 1951; Louis, 1969). However,
in the presence of rock fractures, the characterization of fluid flow becomes significantly more
complex and cannot be described as straightforwardly as in porous media (Louis, 1969). In fact,
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the permeability of individual fractures must first be characterized in order to subsequently
estimate the overall permeability of the fractured rock. To achieve this, it is essential to under-
stand the hydraulic processes occurring within a single fracture. Since a fracture consists of two
morphologically complex surfaces and therefore cannot be compared to a porous medium, the
following challenges arise:

- Fracture aperture: The variable aperture between the two fracture surfaces, caused by
asperities, makes accurate determination of the effective flow cross-section highly chal-
lenging.

- Turbulent flow: Due to the significantly higher porosity, substantially higher flow ve-
locities can occur, potentially leading to turbulent flow effects within the fracture. Since
the application of Darcy’s law assumes laminar flow conditions, the flow velocity must
be analyzed accordingly using the Reynolds number.

Thus, the principle of describing fluid flow through fractured rocks was only established in the
1950s - 1970s (Lomize, 1951; Louis, 1969; Witherspoon et al., 1980). In this context, the frac-
tures were also regarded as a porous medium, and Darcy’s law was applied. Based on experi-
mental investigations and theoretical considerations, a model was developed that generalized
Darcy’s law to account for fluid flow through a single fracture as a function of its aperture:

Q_Wpg ,
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Here, Q is the flow rate [m3/s], Ah is the difference of hydraulic heads between the inlet and the
outlet of the fracture [m], W and L are the width and the length of the fracture, respectively. p is
the density of the fluid [kg/m?3] and p is its dynamic viscosity [Pa's], g is the acceleration of
gravity [m/s?], and a is the aperture of the fracture.

Equation 1.3 is widely referred to as the “cubic law” for flow in fractures, as the flow rate is
proportional to the cube of the fracture aperture. Consequently, the hydraulic conductivity can
be expressed as a function of the aperture (Witherspoon et al., 1980):

2
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K = 1.4
23 (1.4)

While the first studies proposing the cubic law mainly used K as the parameter to describe the
fracture’s conductivity (Lomize, 1951; Louis, 1969), the predominant application of the cubic
law in the field of oil and gas extraction led to the use of the permeability as the standard pa-
rameter describing the conductivity of a fracture:

k=L (1.5)
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To determine the fracture aperture, it was assumed that the fracture consists of two parallel
plates. The parameter a serves as the equivalent aperture representing the perpendicular distance
between these two hypothetical plates.

To better distinguish between different types of apertures, a distinction was first introduced in
the 1980s (Barton, 1982). The mechanical aperture a,, refers to the directly measurable distance
between two fracture surfaces. It is typically measured perpendicular to a reference plane that
averages the geometry of each fracture surface (Hakami & Larsson, 1996; Vogler et al., 2018).

Due to the morphological characteristics of the fracture (e.g., contact area, constrictions imped-
ing fluid flow), the flow does not strictly follow the geometry of the fracture. Therefore, a
purely mechanical description of the fracture aperture is insufficient. To address this, the hypo-
thetical hydraulic aperture a;, was introduced for the equivalent aperture in the parallel plate
model discussed above (Barton, 1982; VVogler et al., 2018). In its original sense, a,;, represents a
global parameter that is valid for the entire fracture domain (Figure 1.2).

Consequently, it is not possible to characterize zones of high or low permeability within the
fracture using the cubic law (Oron & Berkowitz, 1998). Thus, numerous studies have aimed to
further develop the cubic law (e.g., Brown, 1987; Iwai, 1976; Moreno et al., 1988). The local
cubic law (LCL) accounts for heterogeneities in aperture and permeability within a fracture
(Oron & Berkowitz, 1998). The assumption of a parallel plate model is not applied to the entire
fracture, but rather to a small representative segment. In this way, the hypothetical hydraulic
aperture can be related to the actual mechanical aperture. Additionally, the pressure gradient can
be reduced from a global to a local scale. If the segment is chosen sufficiently small, the rough-
ness of the fracture surfaces can be realistically represented using the LCL.

In current practice, two parameters are commonly used to describe flow through a fracture: on
one hand, the hydraulic aperture, and on the other, the permeability of the fracture. Both param-
eters can be applied either globally (using the cubic law) or locally (using the LCL). It should be
noted that in this study, both parameters are used to determine hydraulic conductivity. These
three parameters can be converted into one another using Equations 1.4 and 1.5.
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Figure 1.2: Mechanical aperture an (colored in red) and hydraulic aperture an (colored in blue) for the
parallel plate model, the cubic law applied on a rough fracture, and the local cubic law of a
rough fracture (modified after Hale, 2022).

1.2.2 Permeability characterization methods

Characterizing the permeability of subsurface fractures is one of the most critical challenges that
remains a non-trivial and diverse task (Viswanathan et al., 2022). Thus, a wide range of meth-
odological approaches can be employed. These approaches can be broadly categorized into four
groups: (1) experimental investigations, which involve direct or indirect measurements of the
permeability under controlled laboratory or field conditions; (2) numerical simulations, which
compute fluid flow within fractured media representing the fracture digitally; (3) empirical
models, which estimate permeability based on observed correlations and statistical relation-
ships; and (4) geometric analyses, which infer permeability characteristics from the structural
and morphological attributes of the fracture.

Historically, the standard method for determining fracture permeability has been experimental
measurements (Bear, 1972). For this purpose, the fracture is mounted within a permeameter test,
which is a specialized configuration of a flow-through experiment. During the experiment, the
sample is subjected to water flow under steady-state conditions. Under a fixed difference of
hydraulic heads, the volumetric fluid flow rate is measured, and the permeability can be subse-
quently calculated using Darcy’s law. A similar method is the use of gas-driven permeameters,
such as the Hassler cell (Thomas & Ward, 1972). In these systems, the fracture is not permeated
by water but by gas (i.e., air) under steady-state conditions (Filomena et al., 2014). Depending
on the application, both water-driven and gas-driven permeameters have their respective ad-
vantages:

- Water-driven permeameters: Water interacts with minerals present in the sample.
This can result in the dissolution or precipitation of minerals (e.g., calcite, dolomite),
the swelling of minerals (e.g., clay minerals, anhydrite), or the adsorption of water mol-
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ecules onto clay mineral surfaces (Filomena et al., 2014). All of these processes alter
the effective flow volume of the fracture and, consequently, its permeability (Hale et al.,
2022; Kling et al., 2017). However, for applications in the field of groundwater (e.g.,
geothermal energy, tunnel construction), water more accurately represents real-world
conditions than gas.

- Gas-driven permeameters: Gas generally does not affect or contaminate the sample
and therefore does not affect permeability (Filomena et al., 2014). As a result, gas is
particularly well-suited for representing conditions relevant to applications in the oil
and gas industry.

An advantage of gas permeameters is that, in the last decades, portable gas permeameters, also
known as minipermeameters or probe permeameters, have been developed (Davis et al., 1994;
Eijpe & Weber, 1971; Hurst & Goggin, 1995). These systems inject or abstract gas (i.e., air,
nitrogen) from the sample and measure the corresponding pressure response under steady-state
or transient conditions (Brown & Smith, 2013; Chandler et al., 1989; Davis et al., 1994). Due to
their mobility and low costs, these devices enable rapid and efficient measurements both in the
laboratory and in the field (Filomena et al., 2014).

Minipermeameters have become the standard method for field measurements, as other meas-
urement techniques are often complex and expensive to implement (Hale et al., 2021). While
transmissivity measurements of fractured zones in boreholes are conducted within rock labora-
tories such as Mont Terri (e.g., Bossart et al., 2004) or BedrettoLab (e.g., Broker et al., 2024),
these only allow for an estimation of single-fracture permeability. Real in situ experiments
aimed at determining the permeability of individual single fractures remain rare (Novakowski &
Lapcevic, 1994; Rutgvist, 2015; Sidle et al., 1998).

A recurring insight from experimental studies is the high cost and effort involved in conducting
them. Due to increasing computational capacity, the determination of single-fracture permeabil-
ity through numerical modeling has become increasingly popular.

In numerical simulations, the fracture is either represented as a two-dimensional plane, with
each mesh element assigned a permeability value derived from the mechanical aperture, allow-
ing the application of LCL and Darcy’s law (e.g., Javanmard et al., 2021; Stoll et al., 2019).
This approach allows a fast estimation of the fracture’s hydraulic aperture. However, it ignores
the correct representation of the three-dimensional geometry as well as turbulent flow effects.
Considering these effects, the fracture can be modeled in three dimensions, and the Navier—
Stokes equations are numerically approximated (e.g., Blocher et al., 2019; Egert et al., 2021).
This approach provides more accurate results but requires significantly more computational
power and time (Egert et al., 2021). Previous studies have shown that for low Reynolds num-
bers, permeability can still be adequately estimated using Darcy’s law (Egert et al., 2021).
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However, it is generally accepted that Darcy’s law tends to overestimate permeability by up to
19 % compared to solutions based on the Navier-Stokes equations (Egert et al., 2021).

The major advantage of numerical modeling lies in its flexibility. It allows the versatile cou-
pling of hydraulic, thermal, mechanical, and chemical processes (Tsang, 1991, 2024; Viswana-
than et al., 2022). More importantly, unlike most experimental investigations, numerical model-
ing is always non-destructive, enabling the repetition of simulations under varying conditions.
However, to obtain meaningful results, natural fracture surfaces must first be imaged and subse-
quently digitally reassembled. Since this process is non-trivial, yet particularly relevant to this
thesis, it is described in detail in Section 1.2.3.

In general, numerical simulations and experimental investigations show that permeability de-
pends mainly on the geometrical characteristics of a fracture, particularly on the roughness of
the fracture surfaces. Based on this insight, many authors have attempted to develop empirical
or statistical models to describe fracture permeability. These are often based on extending the
Cubic Law by incorporating geometric and mechanical properties of a fracture (Hale et al.,
2020; Kling et al., 2017). Consequently, it is possible to determine permeability without hydrau-
lic measurements or simulations. Widely used parameters include the mechanical aperture (e.g.,
Louis, 1969; Witherspoon et al., 1980), the relative roughness of the fracture (i.e., standard
deviation of the mechanical aperture distribution) (e.g., Barton & De Quadros, 1997; Brown,
1987; Kling et al., 2017), the Joint Roughness Coefficient (JRC) of the fracture surfaces (e.g.,
Barton, 1982; Olsson & Barton, 2001), the fractal dimension (e.g., Brown, 1987; Patir & Cheng,
1978), as well as the contact area (e.g., Zimmerman & Bodvarsson, 1996). A comprehensive
overview of the various empirical models is provided in Kling et al. (2017) and Cardona et al.
(2021).

Although these models enable the estimation of the hydraulic aperture of a fracture based on
mechanical properties, they are often calibrated only for a limited range of roughness, apertures,
or lithologies (Kling et al., 2017). As a result, they do not yield reliable predictions outside of
these specific conditions. Moreover, the application of different equations or models can lead to
significantly divergent permeability values (Hale et al., 2020). Thus, for an accurate scientific
determination of permeability, an investigation using alternative methods (e.g., experiments,
numerical simulation) is indispensable.

Recognizing the dependence of fracture permeability on geometric properties enables the use of
a fourth category of approaches, the geometric approaches. These methods derive permeability
through mathematical analysis of topological and morphological information. An early example
is the Kozeny-Carman equation, which allows for the estimation of permeability based on the
pore geometry of a porous medium (Carman, 1937; Kozeny, 1927). In recent decades, numer-
ous studies have focused on determining permeability from pore structure in fracture images
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(Costa, 2006; Oliveira et al., 2020; Torskaya et al., 2014), particularly in recent years with the
support of artificial intelligence (e.g., Da Wang et al., 2021; Sudakov et al., 2019).

A specific yet promising method in this context is topological data analysis (TDA). TDA exam-
ines the topology of complex data and can extract information about their connectivity (Carls-
son, 2009; Thiele et al., 2016). In geosciences, the method of persistent homology (PH) is
particularly employed, as it enables the detection of changes and continuity in topological
features (Edelsbrunner et al., 2000; Zomorodian & Carlsson, 2005). For permeability estima-
tion, it is especially relevant that PH can link topological information to actual geometric char-
acteristics of a fracture. In recent years, PH has been increasingly applied to porous media
(Bizhani & Haeri Ardakani, 2021; Delgado-Friedrichs et al., 2014; Robins et al., 2016) and
fracture networks (Suzuki et al., 2020, 2021). Since it shows comparable results to experimental
or numerical approaches in these previous studies, PH is also applied to rough single fractures
in this thesis.

1.2.3 Fracture imaging methods

As described in the previous chapter, various approaches for determining the permeability of
single fractures require high-resolution imaging of the fracture geometry. Alongside numerical
and geometric approaches that directly rely on a digital model of the fracture (Javanmard et al.,
2021; Vogler et al., 2018), they are also relevant for related processes, such as the accurate
characterization of the fracture surface roughness (Tatone & Grasselli, 2012). A particular
relevance arises in applications involving coupled thermal, hydraulic, mechanical, and chemical
(THMC) processes in fractures, as fracture imaging allows capturing system changes such as
mineral dissolution or precipitation, and mechanical deformation of asperities (Viswanathan et
al., 2022).

Since THMC processes in fractures span a wide range of scales, the requirements for fracture
imaging methods are diverse. While processes at the millimeter scale may be negligible in large
fault zones, many laboratory experiments require resolutions at the micrometer scale (Candela
et al., 2012). Consequently, the quality of a scan is always a trade-off between the size of the
system and the desired resolution and accuracy (Tatone & Grasselli, 2012). This makes the
application of quality metrics indispensable. A common metric is the Accuracy-Resolution
Ratio (ARR), which is defined as follows (Tatone & Grasselli, 2012):

Accurac
ARR = 5HTAEY (1.6)
Resolution

The involved parameters are defined as follows:

- Accuracy: The average spatial deviation between a measured point and the correspond-
ing actual location of this point. The accuracy reflects the measurement error.
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- Resolution: The distinguishable distance between two points. The resolution reflects
the level of detail captured in a scan.

The ARR threshold is proposed to be <5 % to receive an accurate representation of fracture and
fracture surfaces, respectively (Tatone & Grasselli, 2012). Thus, three categories of imaging
methods have emerged in geoscientific research meeting both the required ARR criteria as well
as the necessary flexibility: (1) laser scanning, (2) photogrammetry, and (3) computed tomogra-
phy (CT) scanning.

Laser scanning is one of the most commonly used methods. Its origins date back to the 1990s,
when surfaces were imaged using closely spaced 2D laser profiles (Brown, 1995; Huang et al.,
1992; Kulatilake et al., 1995). In the early 2000s, 3D laser scanners replaced 2D laser pro-
filometers (Chae et al., 2004; Fardin, 2008; Lanaro, 2000). Nowadays, two types of laser scan-
ners have to be distinguished. For large-scale applications, terrestrial laser scanners are used,
where a laser beam is directed at a target and a sensor measures the reflection (e.g., time-of-
flight systems, phase-shift systems). However, for the high precision needed to scan single
fracture surfaces, these systems lack sufficient resolution and accuracy. For high-precision
measurements, triangulation laser scanning is therefore employed. In this method, a laser pro-
jects a pattern (i.e., points, lines) onto the fracture surface. The pattern is then captured by a
separate camera, and the 3D coordinates of the laser pattern are triangulated (similar to the
principle used in photogrammetry).

Laser scanners can offer high resolution (< 100 um) and accuracy (< 10 pum). Additionally,
modern laser scanners are capable of performing further processing steps, such as meshing,
directly from the scanned point cloud, making them a time-efficient tool for most applications.
However, their main disadvantage lies in the high cost associated with the equipment.

The principle of most photogrammetric methods works similarly to the principle applied in laser
triangulation. In the widely used photogrammetric method of structured light scanning, visible
light patterns are projected on a fracture surface instead of laser patterns, which are then cap-
tured by separate cameras (Grasselli et al., 2002; Kling et al., 2017; Tatone & Grasselli, 2012;
Vogler et al., 2018). Subsequently, a point cloud of the fracture surface is triangulated using the
overlapping patterns observed in multiple images (Grasselli et al., 2002). The accuracy of this
approach is comparable to laser triangulation, reaching values < 50 um, and under optimal
conditions, even < 10 um. (Grasselli et al., 2002; Vogler et al., 2016). Furthermore, portable
devices are used for structured light scanning, enabling the use in the field, although similar to
laser triangulation, optimal conditions can only be reached in a laboratory environment (Tatone
& Grasselli, 2012).

Thus, for a more flexible handling, the photogrammetric Structure from Motion (SfM) method
has emerged (Marsch et al., 2020; Zambrano et al., 2019). SfM operates entirely without the
projection of light patterns. The generation of a point cloud is achieved solely through the
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reconstruction of overlapping images of the fracture surface taken from different angles. This
enables the creation of high-resolution point clouds using only a digital camera, which signifi-
cantly facilitates field applications. The accuracy strongly depends on the specific conditions of
the setting, such as lighting, number of images, and viewing angles, but can reach down to
35 um under optimal conditions (Marsch et al., 2020).

Although both laser scanning and photogrammetry are widely used to image fracture surfaces,
they share a fundamental conceptual limitation: to obtain a 3D point cloud of a fracture, both
surfaces must be scanned separately and then digitally re-matched (Grasselli et al., 2002; Vogler
et al., 2018). This inevitably introduces matching errors when the surfaces are merged to recon-
struct the fracture.

An alternative to avoid matching errors is the use of high-resolution CT scanning, such as u-CT
scanning, synchrotron-based CT scanning, or medical CT scanning (Crandall et al., 2010;
Karpyn et al., 2007; Kling et al., 2016; Ruf & Steeb, 2020). In contrast to other methods, CT
scanning relies on differences in material properties (i.e., air-rock or water-rock), enabling the
in situ fracture imaging of a non-seperated sample (Kling et al., 2016). Furthermore, geomet-
rical changes of fractures during THMC experiments can directly be imaged by CT scanners
(Renard et al., 2009, 2020). The resolution of < 50 um and the accuracy of < 10 um under
optimal conditions are comparable to other approaches (Lee et al., 2022). However, in order to
achieve such high resolutions and accuracy, the sample size must be correspondingly small (less
than a few centimeters), which makes it ideal for detailed observation of THMC processes in
(micro-)fractures, but limits its applicability in scenarios requiring larger-scale representativity
(Lee et al., 2022; Renard et al., 2020; Ruf & Steeb, 2020).

1.2.4 Coupling with mechanical processes

THMC processes are widely known to affect the permeability of single fractures (Viswanathan
et al., 2022). Although all THMC processes can influence fracture permeability, mechanical
processes are the most common and often have a massive impact. In general, mechanical pro-
cesses can be divided by the direction they affect the fracture surface (Cardona et al., 2021):

- Normal loading: Normal loading acts perpendicular to the fracture surface, resulting in
the closure of the mechanical aperture (Cardona et al., 2021). Consequently, normal
closure of a fracture increases the contact area and the stiffness of the fracture, which
counteracts the normal stress (Nemoto et al., 2009). To predict fracture closure, various
contact models can be applied to compute deformation of the fracture using different
approaches, such as the Hertzian/Greenwood-Williamson contact model (Greenwood &
Williamson, 1966), the Hopkins method (Hopkins et al., 1987), interpenetration ap-
proaches (Watanabe et al., 2008), or fast Fourier transform-based convolution methods
(e.g., Kling et al., 2018).
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- Shear displacement: Shear displacement results from a complex deformation that can
be decomposed into a normal stress component perpendicular to the fracture surface and
a shear component parallel to it (Cardona et al., 2021; Fang & Wu, 2022). The resulting
shear behavior is always a compromise between dilation at asperities, potential overrid-
ing of asperities, stress buildup at asperities, and their subsequent failure (Gutierrez et
al., 2000). Consequently, multiple interrelated factors influence the evolution of a frac-
ture during shearing (Cardona et al., 2021). Thus, shear displacement includes the fol-
lowing sub-processes:

12

» Contact area evolution: The contact area evolution is crucial during the shear-

ing of fractures. Shear and normal stresses inevitably generate contact areas at
the asperities of the fracture surfaces. Depending on the magnitude of the stress,
this results in dilation at the asperities, or their failure or deformation. The de-
velopment of the contact area is primarily dependent on the initial state of the
fracture. In perfectly mated fractures (e.g., induced fractures), shearing reduces
the contact area, whereas in unmated fractures (e.g., natural fractures), it leads
to an increase (Cardona et al., 2021). Hydraulically, contact area closes poten-
tial flow paths and can therefore reduce the fracture’s permeability.

Dilaton: Dilation refers to the sliding of one fracture surface over the asperities
of the opposing surface (Esaki et al., 1999; Wenning et al., 2019). Thus, it leads
to an increase in the mechanical aperture and an enlargement of potential flow
paths (Ishibashi et al., 2018). Significant dilation typically occurs under low
stress conditions or in rocks with high stiffness (Fang & Wu, 2022).

Asperity degradation: Asperity degradation occurs particularly under high
shear rates and high normal stress conditions, when stress accumulates at con-
tact points (Liu et al., 2016). Thus, microcracks form within the asperities, lead-
ing to asperity deformation (Liu et al., 2016). Continued asperity degradation
results in asperity failure, the mechanical closing of a fracture, and the for-
mation of gouge material (Asadi et al., 2012).

Gouge formation: Gouge material is generated either through asperity degra-
dation or by the "carving" of one fracture surface by the asperities of the oppos-
ing surface (Asadi et al., 2012). This is primarily caused by high pressures or
low-strength material (Fang & Wu, 2022; Li et al., 2023; Liu et al., 2016). Con-
sequently, the released gouge can close the fracture and clog potential flow
paths, resulting in a reduction of the fracture’s permeability (Welch et al.,
2022).
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1.3 Objectives

The objective of this thesis is to improve the understanding of hydro-mechanical (HM) process-
es in a natural single fracture of Flechtinger sandstone, a former oil and gas reservoir rock
considered now for deep geothermal energy applications. The focus is in particular on the
development of novel methods to accelerate the permeability estimation in natural single frac-
tures and on the implementation of novel numerical approaches enabling the detailed investiga-
tion of HM processes in humerical models.

In this context, this thesis aims to:

- compare and evaluate various fracture surface imaging approaches as an essential but
often underexposed part of the process of characterizing the permeability of fractures.
To evaluate different imaging methods, three modern imaging methods were applied to
a bedding joint in a sandstone block, and the resulting three-dimensional point clouds
were used as a basis for numerical flow simulations.

- transfer the topological persistent homology method from fracture networks and porous
media to single fractures and evaluate its applicability for permeability estimation com-
pared to conventional experimental and numerical methods.

- investigate the impact of increasing normal stress and shear displacement on the perme-
ability evolution and gouge formation of a single fracture.
A novel combination of a three-dimensional discrete element method (DEM) model
used to represent the mechanical deformation of the fracture and a finite element meth-
od (FEM) model to simulate the hydraulic flow through the single fracture is used. Par-
ticular focus was also placed on the formation and influence of gouge material and con-
tact area.

This thesis addresses the entire workflow of determining the permeability of single fractures.
The same bedding joint sample in a sandstone block of Flechtinger sandstone originating from a
quarry in Bebertal, Germany, is used for all studies. For better understanding, Figure 1.3 shows
a graphical overview of the process of permeability determination and contextualizes studies
compiled in this thesis.

13
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Figure 1.3: Graphical overview of the studies of this thesis and the applied methodology. The entire
process of sample preparation (Study 1), permeability determination analysis (Study 2), and
the evolution of permeability under shearing conditions (Study 3) is addressed by this thesis
within the context of fracture permeability characterization.

1.4 Structure of the thesis

This cumulative thesis presents three individual studies, which are enclosed in Chapters 2 — 4.
All studies were submitted to peer-reviewed international journals. Studies 1 and 2, presented in
Chapters 2 and 3, are already published, while Study 3 in Chapter 4 is currently under review.
The thesis is structured according to the objectives outlined above:

e Chapter 2: “Evaluating fracture surface imaging methods using flow simulations and
air permeameter measurements”, published in Rock Mechanics and Rock Engineering
This chapter aims to evaluate fracture surface imaging methods for their use in numeri-
cal flow simulations. Thus, a handheld laser scanner, a combined system of a mounted
laser scanner and a robotic arm, and the photogrammetric Structure from Motion meth-
od are applied to scan the surfaces of a natural single fracture in a reservoir rock
(Flechtinger sandstone). Furthermore, an algorithm is developed to match the two
scanned fracture surfaces to subsequently use them in two-dimensional fluid flow simu-
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lations. The resulting permeabilities as well as flow distributions are discussed and vali-
dated using experimental air permeameter measurements of the fracture.

Chapter 3: “Investigating rough single-fracture permeabilities with persistent homolo-
gv”, published in Solid Earth

In this chapter, the topological persistent homology (PH) method is applied to fracture
scans generated by the mounted laser scanner system described in Study 1 (Chapter 2).
PH has already been used to characterize the permeability of small-scale fracture net-
works and porous media. Here, it is transferred to natural single fractures. Thus, three
distinct datasets of the same fracture, each with a different resolution, are created to in-
vestigate the dependency of resolution on the permeability estimation using PH. The
findings are then validated using air permeameter measurements and numerical flow
simulations. In addition, an evaluation of the PH method was conducted with respect to
the expenditure of time, in comparison to the other conventional approaches.

Chapter 4: “Permeability evolution and gouge formation during fracture shearing ”,
published in Geophysical Research Letters

This chapter investigates the evolution of the previously used natural single fracture
during shearing with respect to changes in normal stress. As part of the study, a novel
approach was developed that combines mechanical direct shear test simulations using
the discrete element method (DEM) with subsequent hydraulic flow simulation using
the finite element method (FEM). Consequently, multiple coupled simulations were
conducted under six different normal stress scenarios to identify changes in permeabil-
ity and determine influencing factors. Particular focus was placed on dilation at asperi-
ties, the development of contact area, and the formation of gouge material. In conclu-
sion, the conditions for fracture opening or closure are discussed, and generalized
threshold values are identified, enabling the transferability of the results to other frac-
tures.

Chapter 5: Synthesis

In this chapter, the findings of Studies 1 — 3 (Chapters 2 — 4) are summarized, and con-
clusions about their improvement for permeability characterization of natural single
fractures are derived. Finally, an outlook on pending research questions is provided.
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2 Evaluating fracture surface
imaging methods using flow
simulations and air
permeameter measurements

Reproduced from: Fuchs, M., Hale, S., Blesch, L., Rau, G. C., Menberg, K., Blum, P. (2024):
Evaluating Fracture Surface Imaging Methods Using Flow Simulations and Air Permeameter
Measurements.  Rock  Mechanics and  Rock  Engineering 57,  1849-1860,
https://doi.org/10.1007/s00603-023-03615-6

Abstract

Knowledge of fracture properties and associated flow processes is important for geoscience
applications such as nuclear waste disposal, geothermal energy and hydrocarbons. An important
tool established in recent years are hydro-mechanical models which provide a useful alternative
to experimental methods determining single fracture parameters such as hydraulic aperture. A
crucial issue for meaningful numerical modeling is precise imaging of the fracture surfaces to
capture geometrical information. Hence, we apply and compare three distinct fracture surface
imaging methods: (1) handheld laser scanner (HLS), (2) mounted laser scanner (MLS) and (3)
Structure from Motion (SfM) to a bedding plane fracture of sandstone. The imaging reveals that
the resolution of the fracture surface obtained from handheld laser scanner (HLS) is insufficient
for any numerical simulations, which was therefore rejected. The remaining surfaces are
subsequently matched and the resulting fracture dataset is used for detailed fracture flow
simulations. The resulting hydraulic aperture is calibrated with laboratory measurements using a
handheld air permeameter. The air permeameter data provide a hydraulic aperture of 81 + 1 um.
For calibration, mechanical aperture fields are calculated using stepwise increasing contact areas
up to 15 %. At 5 % contact area, the average hydraulic aperture obtained by MLS (85 pm) is
close to the measurement. For SfM, the measurements are fitted at 7 % contact area (83 pum).
The flow simulations reveal preferential flow through major channels that are structurally and
geometrically predefined. Thus, this study illustrates that resolution and accuracy of the imaging
device strongly affect the quality of fluid flow simulations and that SfM provides a promising
low-cost method for fracture imaging on cores or even outcrops.
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Determining fluid flow through natural fractures is an important task in many geoscientific
fields such as geothermal energy, nuclear waste disposal, resource mining, or building tunnels
(Berkowitz, 2002; Zimmerman & Bodvarsson, 1996). The hydro-mechanical properties of
fractured rocks are controlled by the characteristics of fractures rather than by the matrix of the
intact rock (Tatone & Grasselli, 2012). This necessitates detailed characterization of the hydrau-
lic and mechanical fracture properties (Kling et al., 2018; Renshaw, 1995).

The aperture of a fracture is used as a representative parameter for its hydro-mechanical proper-
ties, mainly the mechanical (am) and hydraulic (an) aperture. The mechanical aperture is defined
as the distance between the two fracture surfaces measured perpendicular to a reference plane
averaging both surfaces (Hakami & Larsson, 1996; Vogler et al., 2018). In contrast, the hydrau-
lic aperture considers fluid flow and a pressure gradient across the fracture and is directly relat-
ed to the permeability of the fracture (Javanmard et al., 2021; Vogler et al., 2018). The determi-
nation is often based on the cubic Law which approximates hydraulic fractures by considering
the space between two parallel and smooth planes (Louis, 1967; Witherspoon et al., 1980).

Various methods have been established to estimate both mechanical and hydraulic fracture
apertures (Renshaw, 1995). Mechanical fractures are mainly determined by distance measure-
ments between two spatially referenced and matched scans of the fracture surfaces (Hakami &
Larsson, 1996; Olsson & Barton, 2001; Vogler et al., 2018). Multiple methods for the determi-
nation of hydraulic apertures exist: (1) experimental methods such as flow experiments or air
permeameter measurements (Cheng et al., 2020; Hale et al., 2020, 2021; Novakowski &
Lapcevic, 1994; Riegel et al., 2019; Thorn et al., 2015; Thorn & Fransson, 2015; Weede &
Hotzl, 2005), (2) hydraulic numerical simulations (Cardenas et al., 2007; Crandall et al., 2010;
Xiong et al., 2011; Zambrano et al., 2019) and (3) derivation by empirical equations based on
parameters such as mechanical apertures or roughness (Barton & De Quadros, 1997; Javanmard
etal., 2021; Kling et al., 2017; Renshaw, 1995).

Various imaging methods for 3D surface representations have been developed which can be
categorized into three major groups based on measurement technique and required equipment:
(1) laser scanning (Tatone & Grasselli, 2013), (2) computed tomography (CT) scans (Johns et
al., 1993) and (3) photogrammetry (Grasselli et al., 2002). Laser scanning is one of the most
popular imaging techniques. Its use started in the 1990°s, when the 3D fracture surface was
represented by multiple close-spaced 2D profiles obtained by a laser profilometer (Brown,
1995; Huang et al., 1992; Kulatilake et al., 1995). Despite the advantage of constructing a rough
surface, there were several disadvantages such as slow data generation or inaccurate mapping of
the surface (Tatone & Grasselli, 2013). In the following decades, laser scanners were developed
that could scan surfaces with high resolution and accuracy and were applied for fracture surface
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2 Evaluating fracture surface imaging methods using flow simulations and air permeameter measurements

scanning (e.g., Candela et al., 2012; Li et al., 2014; Renard et al., 2006; Tatone & Grasselli,
2012, 2013).

In contrast to other methods, laser scanners provide a high resolution and accuracy, but most
tools have limited mobility and little flexibility. Since the fracture surfaces are separated for
scanning, the scans have to be re-matched afterwards using marker points or computer algo-
rithms, which compromises accuracy. In order to avoid matching errors, high-resolution CT
scans such as u-CT, synchrotron-based CT or medical CT scans, can be used to image fractures
(Crandall et al., 2010; Karpyn et al., 2007; Kling et al., 2016, 2018; Ruf & Steeb, 2020). In
contrast to laser scanning, the two fracture surfaces are not separated from each other, but a
fractured block or core sample is scanned as a whole. In addition, the fracture surface itself is
not scanned, but the rock is imaged slice by slice. Due to different material properties of the
solid and void phase, these can be segmented in the scan data (Kling et al., 2016). u-CT scan-
ning was first used for aperture determination by Johns et al. (1993) and has gained popularity
especially in the last two decades with respect to its application in fracture flow simulations
(e.g., Bertels et al., 2001; Crandall et al., 2010; Karpyn et al., 2007; Kling et al., 2016; Stoll et
al., 2019; Zambrano et al., 2018). This is mainly due to the improvement in resolution of the
devices, which is now < 50 um and can compete with other methods such as laser scanning or
structured light scanning (Crandall et al., 2010; Karpyn et al., 2007; Ruf & Steeb, 2020). How-
ever, the disadvantages of this technique are the time-consuming scanning to obtain a good
resolution and the low mobility, as this method that can only be performed stationary (Kling et
al., 2016).

The third group of methods is based on digital images. Photogrammetry uses patterns in over-
lapping images and the principle of triangulation to generate a three-dimensional model of an
object. There are proven techniques in the field of fracture surface imaging such as structured
light scanners which cast a light pattern onto the surface and use two cameras to record these
(Bitenc et al., 2019; Grasselli et al., 2002; Kling et al., 2017; Lianheng et al., 2020; Vogler et
al., 2018). Like laser scanners and CT, structured light scanners have to be used in a stationary
or mounted state to produce maximum resolution. In order to tackle this issue, the mobile and
flexible Structure from Motion (SfM) method was developed and successfully applied for
imaging fracture surfaces (Lianheng et al., 2020; Marsch et al., 2020; Zambrano et al., 2019).
However, this method has not been compared to other approaches such as laser scanning yet.

Estimating the hydraulic from the mechanical aperture necessitates consideration of flow pro-
cesses. Numerical simulations have become popular in the last decades due to their cost- and
time-effectiveness as well as their wide range of applicability compared to experimental meth-
ods (Berre et al., 2019; Bobet et al., 2009; Viswanathan et al., 2022). However, same as with the
determination of the mechanical aperture, numerical simulations require an exact representation
of the fracture surface geometry as an input (Tatone & Grasselli, 2012).
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The aims of this study are therefore to (1) compare the data quality obtained from Structure
from Motion fracture surface imaging with two different laser scanners and (2) reconcile the
hydraulic aperture from detailed flow simulations with direct measurements from an air perme-
ameter. Our proposed workflow simplifies the fracture imaging procedure, reduces the cost of
application, and provides guidance for fracture imaging on cores and outcrops.

2.2 Materials and methods

2.2.1 Rock sample

A block of Flechtinger sandstone from Bebertal, Germany, was investigated in this study (e.g.,
Hale & Blum, 2022; Heidsiek et al., 2020). The block contains one bedding joint with about
450 mm in length (x-axis) and 120 mm in width (y-axis). The porosity of the Flechtinger Sand-
stone is around 9 — 11 % and the rock shows a low matrix permeability of 0.1 — 10 mD, which
was determined in previous studies (Cheng et al., 2020; Frank et al., 2020; Hassanzadegan et al.,
2012; Heidsiek et al., 2020). Other known characteristics are mineralogical and chemical com-
positions, Young’s and bulk modulus and thermal dependencies of stress and strain behavior
(Fischer et al., 2012; Hassanzadegan et al., 2012). Furthermore, fractures in the Flechtinger
Sandstone have been previously investigated and values for hydraulic properties such as perme-
ability or transport parameters also exist in the literature (Blocher et al., 2019; Frank et al.,
2020; Hale et al., 2020). Of particular interest are the findings from Hale et al. (2020) and Hale
& Blum (2022), who experimentally investigated the hydraulic aperture on the same fracture
sample.

2.2.2 Fracture surface imaging and matching methods

We apply and compare three fracture surface imaging methods (Figure 2.1): (1) laser scanning
using a handheld device (HLS), (2) laser scanning using a mounted laser scanner (MLS), and
(3) Structure from Motion (SfM). A HLS with a specified resolution of 200 um and a 3D point
accuracy of <500 um was used (Freestyle3D Objects manufactured by Faro Technologies Inc,
2016). For MLS, a combined system of the handheld scanner Nikon ModelMaker MMDx 100
and an articulated arm on which the scanner is mounted (MCA Il, Nikon Metrology, NV) was
used. The latter features a specified resolution of 100 um with an accuracy of 10 um (Nikon
Metrology NV, 2018). The articulated arm provides a single-point accuracy of 28 um (Nikon
Metrology NV, 2010). Both laser scanners use the triangulation method for determining
3D point coordinates of a fracture surface. Importantly, the MLS scans the fracture geometry
stripe-by-stripe, whereas the HLS scans an area. All scans result in 3D point clouds with a
practical resolution of about 250 pum for the MLS and about 800 pum for the HLS.
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2 Evaluating fracture surface imaging methods using flow simulations and air permeameter measurements

The SfM approach is photogrammetric. A 3D model of an object was calculated from overlap-
ping pictures taken by a digital camera using a computer algorithm (James & Robson, 2012).
We used the Dense Image Matching (DIM) approach to generate 3D point clouds of the fracture
surfaces (Marsch et al., 2020). To spatially reference and correctly scale the constructed point
clouds, a portable norm containing eight spheres fixed on a carbon frame was recorded in addi-
tion to the fracture surface as spatial reference points (Figure 2.1). This approach is based on the
same construction principle and materials as previously discussed by Marsch et al. (2020). The
pictures of the fracture and the norm were captured by a single-lens reflex camera (Sony a58,
SLTA58) with a 20.1 megapixel Exmor® APS-C CMOS sensor (manufactured by Sony). In
addition, the camera was equipped with a lens hood (DORR DR-SH-108). All pictures were
taken at artificial lighting conditions by spotlights without flash.

a) Handheld laser scanner (HLS)| b) Mounted laser scanner (MLS) | c) Structure from Motion (SfM)
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Figure 2.1: Overview of the three imaging methods used in this study to quantify fracture surfaces: a)
Handheld laser scanner (HLS), b) mounted laser scanner (MLS), c) Structure from Motion
(SfM). For each method, an overview of the methodology, an assessment of the resolution
and single-point accuracy are also provided. The image of HLS is modified after Faro (2017).

To generate the 3D point cloud the open-source and free software VisualSFM was used (Wu,
2013; Wu et al., 2011). This applies the SiftGPU algorithm which uses the graphical processing
unit (GPU) for 3D image processing (Wu, 2007). The software extracts key points with distinc-
tive pixel patterns from different intersecting pictures estimated that the ideal number of pic-
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tures is between 10 and 1000 depending on the size and complexity of the object (James &
Robson, 2012). We used 97 pictures to capture each fracture surface. VisualSFM reconstructs
the camera position and orientation for each picture to produce a 3D model of the imaged object
(Marsch et al., 2020; Wu, 2013). The resulting point cloud is sparse and consists of a few thou-
sands key points (James & Robson, 2012). VisualSFM contains the software CMVS which
infers a dense point cloud from the sparse results (Furukawa et al., 2010). Based on a multi-
view stereo algorithm (MVS), a large number of points was produced. The final point cloud has
an average resolution of about 330 pum, although this varies between 280 and 400 pum across the
dataset. The single-point accuracy was not derived in this study, but using a similar experi-
mental setup, Marsch et al. (2020) determined a single-point accuracy of about 35 um. In addi-
tion, the Python code “FracMatch” was developed to convert the 3D fracture surfaces into
2D aperture fields and to create a mesh for the simulation (Figure 2.2). The code allows fracture
matching, a process that involves stepwise rotation and translation of the two individual fracture
surfaces within specified limits in order to find the best fit that minimizes the average mechani-
cal aperture. This approach is required because each fracture surface can only be imaged sepa-
rately. After the matching process, a regular 2D grid with a resolution of 400 um was generated.
This resolution represents the realistic resolution of the imaging devices (Kling et al., 2016).
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Figure 2.2: a) Workflow and b) conceptual model of the study (not to scale)

2.2.3 Measurement of the fracture permeability

The transient-flow syringe air permeameter TinyPerm 3 (manufactured by New England Re-
search Inc.) was used to measure the permeability of the fracture. This is a portable handheld
device, which is able to directly measure rock permeability and hydraulic fracture apertures on
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outcrops in the field and on cores in the laboratory (e.g., Cheng et al., 2020; Hale et al., 2020,
2021). The device was validated for the determination of hydraulic apertures down to 5 pum by
Cheng et al. (2020). The air permeameter can be placed on a fracture, from which it withdraws a
defined air volume while monitoring the transient air pressure at the sample outlet and the
changing air volume within the syringe (Brown & Smith, 2013). An implemented microcontrol-
ler unit then computes a response function. By means of empirical calibration of the air perme-
ameter, the response function is directly related to the permeability of the sample. Further
information about the working principle of TinyPerm 3 are given in Brown & Smith (2013) and
Hale et al. (2020).

We used measurements from previous work reported in Hale et al. (2020) and Hale & Blum
(2022). Before measuring the fracture properties, the sandstone sample had to be reassembled,
because it had previously been separated by the fracture. To ensure that the measurements were
performed without any artificially induced displacement of the two fracture surfaces, the two
separate blocks were fixed by two screw clamps applying pressure to the fracture. The clamping
stress is approximately 0.04 MPa (Hale et al., 2020). Since the clamps and the weight of the
sample made physical rotation no longer possible, all permeameter measurements were carried
out on one accessible edge of the fracture. To obtain a uniform measurement of the entire frac-
ture, the edge was divided into 21 intervals each 17 mm wide corresponding to the air perme-
ameter outlet diameter. The hydraulic aperture of each interval was measured 10 times and the
geometric mean was determined as 81 + 1 um (Hale et al., 2020).

2.2.4 Fluid flow simulation

Fluid flow through the fracture was simulated to determine the governing hydraulic aperture
from the mechanical aperture of the fracture. The numerical simulations were performed using
the Multiphysics Object Oriented Simulation Environment (MOOSE) framework, an open-
source, parallel finite element software for fully-coupled multi-physics simulations (Permann et
al., 2020). To simulate flow and transport through fractures the SaintBernard application devel-
oped within MOOSE was applied (Schadle, 2020). It uses the inbuilt PorousFlow module to
solve the governing equations for fluid flow (Wilkins et al., 2020, 2021).

SaintBernard is specialized in flow simulations through lower dimensional fractures, which
means that the original three-dimensional surfaces are projected on a two-dimensional plane
embedded in a three-dimensional environment. This plane is the mechanical aperture field,
which has the same spatial extent in x- and y-direction as the original surface and includes the
mechanical aperture as z-value. Due to the low matrix permeability of the sample, matrix flow
was neglected and it was assumed that all fluid flow occurs through the single fracture.

Before simulation the 2D grid obtained from fracture matching is directly converted into a
quadrilateral 2D mesh with the same resolution. The cubic Law is used to estimate permeability
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from the mechanical aperture. This implies assumptions to simplify the Navier-Stokes equa-
tions, i.e. the parallel-plate model (Witherspoon et al., 1980; Zimmerman & Bodvarsson, 1996)
and laminar flow through the fracture. The fracture permeability k is expressed as:

k= a?/12 (2.1)
based on the hydraulic aperture an (Cheng et al., 2020; Zimmerman & Bodvarsson, 1996).

The SaintBernard application solves the continuity equation which describes mass conservation
for fluid flow (Wilkins et al., 2020). Since this work deals only with the flow of one fluid phase
without solutes or change in temperature, we do not require dispersive or diffusive flow, heat
flux or chemical transport in the mass conservation equation. In addition, only the flow through
a single fracture is considered in this simulation, thus neglecting terms describing mechanical
processes or porous rock interaction. This leaves advective fluid flux F governed by Darcy’s
Law with Darcy velocity v. Furthermore, p is the density of the fluid, k; is the relative permea-
bility and a function of saturation, k is the absolute permeability tensor, p is the pressure and g is
the gravitational constant:

Fadvective — y, — 5k k) /u(Vp — pg) (2.2)
The simulation outputs a Darcy velocity for each mesh cell. The hydraulic aperture ay is deter-
mined using this Darcy velocity by combining Darcy’s Law and cubic Law as follows:

a, = 3/12vuL/Ap (2.3)
Here, v is the Darcy velocity, u is the dynamic viscosity of the fluid, L is the sample length and

Ap is the pressure difference between the inflow and outflow according to Dirichlet boundary
conditions (Cheng et al., 2020).

Flow through the fracture was set from bottom to top with the inlet and outlet placed on a long
side of the fracture each (Figure 2.2). Dirichlet boundary conditions were applied at the inlet
and outlet. Since Darcy flow was assumed for the simulation, the pressure was set to 1 Pa at the
inlet and O Pa at the outlet. This resulted in a pressure gradient of about 0.09 Pa/cm along the y-
axis and avoided turbulent flow effects in the fracture. No flow boundary conditions were
assumed at both shorter sides of the fracture.

The flow velocity was then simulated in each cell of the mesh and hydraulic aperture fields of
the fracture were calculated. The hydraulic apertures were subsequently determined using Eq. 3,
and average values, arithmetic mean and median, were calculated from individual values across
the fracture surface.

In order to align the simulated hydraulic aperture with the air permeameter measurements (Hale
et al., 2020), a calibration of the hydraulic aperture using the air permeameter measurements
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was performed (Figure 2.2a). Since the geometry of the fracture surfaces is clearly defined, the
displacement of the two fracture surfaces in z-direction (vertical) results in different levels of
contact area, and was consequently used as a calibration parameter. The range of contact area
was set from 1 % up to 15 %. The contact area of 1 % was enforced as a minimum value for the
mechanical aperture field to approximate the experimental setup of the air permeameter meas-
urements. This represents the clamping stress that is applied to the fracture surfaces during the
air permeameter measurements. The upper limitation of 15 % contact area was estimated from
previous studies showing contact areas in the percentage range without mechanical stress
(Crandall et al., 2010; Hakami & Larsson, 1996).

2.3 Results and discussion

2.3.1 Comparison of the fracture surface imaging methods

Figure 2.3 shows the mechanical aperture fields after matching of the two fracture surfaces with
1 % contact area according to the lower limit of the uncertainty range for the three different
imaging devices with an values between 0 and 700 um. Although all three aperture fields visu-
ally differ from each other, the results from HLS (top) clearly and significantly exceed the
values of the other two aperture fields. Whereas the aperture fields obtained from MLS (middle)
and SfM (bottom) show mainly reddish to yellowish colors corresponding to mechanical aper-
tures up to 500 um, large areas of the HLS derived aperture field show higher apertures (blue
colors). However, there are also differences between the MLS and SfM aperture fields. For
example, the general spatial distribution of the MLS aperture field is the same over the entire
fracture area, whereas the SfM aperture field contains slightly increased apertures in the left and
right boundary area of the fracture.

A qualitative metric for the resolution and the single point accuracy according to the manufac-
turer’s specifications is shown in Figure 2.1. It is noticeable that the MLS and SfM have an
accuracy of <50 um and an accuracy-resolution ratio of about 4 % and 11 %, respectively,
using the actual resolution of the point clouds. To generate point clouds with adequate quality,
the optimal accuracy of an imaging device should be less than 5 % of the resolution (Tatone &
Grasselli, 2012). In contrast, the accuracy for the HLS (< 500 pum) is about one order of magni-
tude higher compared to the other devices and, in addition, the accuracy-resolution ratio is
63 %. Consequently, the cloud points measured by HLS are likely to overlap and therefore do
not reflect the actual geometry of the fracture surfaces. With respect to the accuracy-resolution
ratio proposed by Tatone & Grasselli (2012), the MLS is the only approach that meets this
criterion, whereas the HLS far exceeds this limitation. If the absolute mechanical apertures of
the fracture (> 500 um in the largest part of the fracture) are also considered, it is evident that
the aperture field of the HLS is unsuitable as input for flow simulations.
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Thus, the HLS derived aperture field is excluded from further hydraulic simulations. SfM also
does not strictly fulfill the accuracy-resolution ratio criteria. However, since SfM provides a
significantly smaller deviation (6 %) from the proposed limitation compared to HLS (58 %),
SfM is also used for the flow simulations.
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Figure 2.3: Comparison of the mechanical aperture fields of HLS, MLS, and SfM. The displayed aperture
fields are initial results generated with 1 % contact area (lower limit of the calibration range)
and are only used to evaluate the quality of the three imaging methods, but not for flow simu-
lation. In all images, the barite vein crossing the fracture surfaces is marked in the top-right
part.

2.3.2 Calibration of the hydraulic aperture

The mechanical aperture fields derived from MLS and SfM were used for fracture flow simula-
tions. The calibration of the hydraulic apertures was performed by simulating several mechani-
cal aperture fields with contact areas increasing in 1 % steps from 1 to 15 %. Figure 2.4 shows
the difference between the average simulated hydraulic aperture and the average hydraulic
aperture of the air permeameter measurements (81 + 1 um). It is shown that as contact area
increases, the average hydraulic aperture decreases exponentially (Figure 2.4). The best match
of simulation results and calibration data is achieved at 5 % contact area for the aperture field
obtained by MLS and slightly higher at 7 % for SfM.
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Figure 2.4: Probability distribution of the calibrated hydraulic aperture values and geometric mean for
5% (MLS) and 7 % (SfM) contact area in solid lines and the initial hydraulic aperture values
for 1 % contact area in dashed lines. The grey area shows the interval of standard deviation
for air permeameter measurements. x is the mean, ¢ is the standard deviation of the valida-
tion data.

In Figure 2.5, the distribution of the apertures as well as the geometric mean hydraulic apertures
for MLS and SfM are shown as 85+ 2 um and 83 + 3 um, respectively (Table 2.1). These
results are consistent with other studies, which also have shown that even at low or non-existent
external influences (e.g., mechanical pressure, sealing of the fracture), higher contact areas can
be assumed in sandstones or granites (Blocher et al., 2019; Crandall et al., 2010; Hakami &
Larsson, 1996). Similar to this study, Blocher et al. (2019) investigated a sample of Flechtinger
sandstone and assumed a contact area of 20.1 % for their numerical simulation without external
stress. Crandall et al. (2010) also obtained different contact areas when meshing identical u-CT
scans of the same fracture, depending on the meshing method. The contact areas for their sand-
stone sample range between 0 % and 12.5 %. In the study by Hakami & Larsson (1996), the
contact area was determined experimentally using several cross-sections of multiple subareas of
their fracture sample. They were able to show that all subareas provided contact area of above
0.5 % with some subareas showing contact areas of up to 7.0 %. It is therefore reasonable that
the fracture has a contact area of 5 % or 7 % without external influences, respectively.
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Figure 2.5: Mean absolute error of the average hydraulic aperture derived from (1) MLS and (2) SfM
compared to the air permeameter measurements at contact areas of 1 % up to 15 %.

Table 2.1: Geometric means and geometric standard deviations of the aperture distributions for initial and
calibrated MLS and SfM geometries.

Method Geometric mean Geometric standard
[um] deviation [um]

MLS, calibrated 85 2.4

SfM, calibrated 83 3.0

MLS, initial 163 1.8

SfM, initial 207 1.8

However, there are some factors that could affect the flow simulation results and the air perme-
ameter measurement leading to uncertainties in the calibration process and the determined
values for the contact areas.

Firstly, the simulations are based on simplified governing equations such as Darcy’s Law and
the cubic Law. Previous research found that such simulations tend to overrate the flow through
fractures (e.g., Brush & Thomson, 2003; Egert et al., 2021; Marchand et al., 2020). The overes-
timation amounts up to 19 % for linear flow, but can increase significantly for turbulent flow
with Reynold’s numbers (Re) > 100 (Egert et al., 2021). However, in this study all cells ob-
tained by MLS at 5 % contact area and SfM at 7 % contact area show Re < 100 with maximum
values of Re = 16 for MLS and Re = 51 for SfM, respectively. In addition, > 99 % (MLS) and
99 % (SfM) of the cells yield Re < 10. The simulation is therefore not significantly affected by
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non-linear flow (Egert et al., 2021). Re > 10 occur mainly in and around the barite vein and are
thus spatially restricted, so that the general flow regime of the fracture does fulfill the assump-
tions made using Darcy’s Law and cubic Law and do not provide turbulent flow effects. Hence,
the real flow velocity should be less affected than the literature value of 19 % compared to the
simulation results. Since a decrease in flow velocities does not propagate linearly to a reduction
in simulated hydraulic apertures, this could only have minor influence on the results of the flow
simulation.

Furthermore, the air permeameter measurements could be influenced by uncertainties resulting
from the experimental setup and manually matching the fracture surfaces of the sample. The
pressure exerted by the clamps on the sample could cause small-scale shearing of the two frac-
ture surfaces against each other which would affect the contact area in a range of up to multiple
percentages (Giwelli et al., 2014; Nemoto et al., 2009). In general, increasing shear displace-
ment results in the reduction of contact area and the increase of apertures, but also in the broad-
ening of the aperture distribution enabling a local increase of contact area (Giwelli et al., 2014).
In addition, due to the two-dimensional representation of the fracture, only the contact area in
the vertical (z) direction (caused by vertical displacement of one fracture surface) is considered
in the simulation, but not the contact area along the flanks of the asperities (horizontal contact
area). In the real fracture, it is possible that the vertical contact area is less and additional hori-
zontal contact area exists.

2.3.3 Hydraulic aperture field analysis

Calibration of the model has shown that although the different imaging methods result in similar
values for contact area, there are still differences in the spatial distribution of hydraulic aperture.
A more detailed analysis reveals significant local differences between the mechanical and
hydraulic aperture fields as well as between the MLS and SfM (Figure 2.6a). For example, in all
aperture fields, the hydraulic apertures along the edges are higher compared to the center. This
originates primarily from higher mechanical apertures consisting of more widely open and
smoother relief of the fracture surfaces, such as the barite vein that was visually identified in the
upper right part of the fracture. This causes channeling of fluid flow in continuous areas of
enlarged aperture values (Figure 2.6b). Assessing flow channeling is crucial for single fracture
flow simulations, because turbulent flow due to high flow velocities can potentially occur
rendering the assumptions behind Darcy’s Law and the cubic Law invalid (Hakami, 1995;
Zimmerman & Bodvarsson, 1996). However, a quantitative assessment of hydraulic apertures
for high flow velocities is difficult, because the cubic Law overestimates actual flow velocities,
and as a consequence, hydraulic apertures can exceed mechanical apertures (Egert et al., 2021,
Neuville et al., 2010). As indicated before, this is negligible in this study, due to locally limited
possible flow effects and over 99 % of the fracture showing linear flow.
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Figure 2.6: a) Mechanical and hydraulic aperture fields and b) 2D flux fields of the results derived from
the MLS (left) and the SfM (right) method. The aperture fields are provided after calibration
for 5 % (MLS) and 7 % (SfM) contact area, respectively.

Increased occurrence of channeling can be seen in the SfM compared to the MLS aperture field,
especially in the center of the fracture. This is caused by the lower single point accuracy of SfM
(~ 35 um) compared to MLS (10 um) and the concomitant increase of roughness due to poorer
accuracy (Tatone & Grasselli, 2012). Consequently, the fluid flow through the fracture is more
split due to the higher asperities of the aperture field and more preferential flow paths are
formed. This in turn results in increased channeling. In addition, calculations presented in
Tatone & Grasselli (2012) showed that a difference of 20 um in 3D single point accuracy and a
fracture mechanical aperture of 81 um, as it is the case in this study, can result in an increase of
up to 12 % in the mechanical aperture, assuming that the error in accuracy is equally distributed
over all three spatial directions. This can subsequently also be reflected in the hydraulic aper-
ture, since higher hydraulic apertures mainly follow higher mechanical apertures. Thus, the
higher contact area corresponding to the higher closure of the SfM aperture field, which is
required to fit the average hydraulic aperture of the MLS aperture field, can also be explained.
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However, not all areas with high mechanical apertures correspond to high hydraulic apertures.
In Figure 3.6, there are areas with high mechanical apertures that are not connected to major
flow channels, but surrounded by lower permeability areas restricting fluid flow and resulting in
small hydraulic apertures.

Nevertheless, the flow behavior in fractures with higher roughness seems to be consistent with
other studies in which fractures are closed mechanically in a stress field. Javanmard et al.
(2021), for example, simulated fluid flow through different synthetic fracture samples using a
contact model with stress levels from 0 to 50 MPa. They displayed that flow is compressed in
few main flow channels with significantly increased flow rates compared to the surrounding
fracture parts. Similar work was done by Deng et al. (2021), who could show that with increas-
ing contact area the number of flow channels decreases for an artificially generated, self-affine
fracture. Hence, at high contact areas of around 50 %, nearly the entire flow occurs in one flow
channel in their study. However, a correlation between contact area and channeling was already
investigated previously using experimental as well as numerical methods (e.g., Méheust &
Schmittbuhl, 2003; Nolte et al., 1989; Unger & Mase, 1993). As it is shown in these studies, it
is also probable that there is a correlation between channeling and the measurement accuracy of
the imaging method.

2.4 Conclusions

We evaluated three different fracture imaging methods: (1) a handheld laser scanner (HLS), (2)
a mounted laser scanner (MLS), and (3) a single lens reflex camera used for Structure from
Motion (SfM). The focus was set on the usefulness of their results for numerical simulations of
flow through a single fracture and the calibration of these with hydraulic apertures directly
measured using an air permeameter. Numerical simulations of the fluid flow based on the cubic
Law and Darcy’s Law were performed using a two-dimensional representation of the fracture.

It was demonstrated that single fracture flow simulations require sufficient resolution and accu-
racy of the imaged fracture surfaces to achieve meaningful results. The resolution should be
high enough to cover all important structures of a fracture surface. Although Tatone & Grasselli
(2012) proposed that the accuracy should not be higher than 5 % of the resolution, our study
showed that an accuracy-resolution ratio of 11 % also provides acceptable results. The applied
handheld laser scanner failed these requirements and is therefore not suitable for the application
in single fracture flow simulations.

The calibration of the hydraulic apertures revealed a good fit to the air permeameter measure-
ments for 5 % (MLS) and 7 % (SfM) contact area, respectively. Fluid flow simulations illustrat-
ed that the main flow occurs in predefined structural flow channels, where the mechanical
aperture is locally increased. The development of flow channels is influenced by the resolution
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and accuracy of the imaging method as well as the matching of the imaged fracture surfaces.
The SfM aperture field shows more channeling compared to MLS due to slightly poorer single
point accuracy.

Overall, it is illustrated that the STM method delivers results that are comparable to those from
the significantly more expensive and less mobile MLS. Further research is required to confirm
our findings for more challenging applications such as larger field applications. To address
uncertainties which arose during this study, Navier-Stokes equations could be solved in the
simulation process instead of assuming Darcy Flow. This could prevent the overestimation of
flow through the fracture due to possible turbulent flow effects in areas with high mechanical
apertures. To apply the Navier-Stokes equations, a three-dimensional representation of the
fracture is required, which, however, would also result in the additional consideration of hori-
zontal contact area on the flanks of the asperities. Nevertheless, one of the major uncertainties
that has to be considered in future work is the matching of the fracture surfaces, since even
small displacements or rotations can result in large different mechanical apertures. An optimal
approach would be to place georeferenced points in and around the fracture, so that they can be
scanned and merged in an appropriate way. However, this method still has to be tested, as it
currently has too high measurement inaccuracies. After eliminating these uncertainties, future
research should also focus on confirming the applicability of SfM in other applications such as
several different fractures, fracture sizes, lithologies and dimensions. Due to its more mobile
application and better cost efficiency, the SfM method seems to be especially promising for
studies on drilling cores or larger outcrops in the field.
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https://doi.org/10.5194/se-15-353-2024

Abstract

The permeability of rock fractures is a crucial parameter for flow processes in the subsurface. In
the last few decades, different methods were developed to investigate on permeability in frac-
tures, such as flow-through experiments, numerical flow simulations, or empirical equations. In
recent years, the topological method of persistent homology was also used to estimate the per-
meability of fracture networks and porous rocks, but not for rough single fractures yet. Hence,
we apply persistent homology analysis on a decimetre-scale, rough sandstone bedding joint. To
investigate the influence of roughness, three different data sets are created to perform the analy-
sis: (1) 200 um, (2) 100 pum, and (3) 50 um resolutions. All estimated permeabilities were then
compared to values derived by experimental air permeameter measurements and numerical flow
simulation. The results reveal that persistent homology analysis is able to estimate the permea-
bility of a single fracture, even if it tends to slightly overestimate permeabilities compared to
conventional methods. Previous studies using porous media showed the same overestimation
trend. Furthermore, the expenditure of time for persistent homology analysis, as well as air
permeameter measurements and numerical flow simulation, was compared, which showed that
persistent homology analysis can be also an acceptable alternative method.
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3.1 Introduction

The permeability of rocks is a crucial parameter for fluid flow processes in the subsurface.
While the prevailing flow processes in porous media are well understood, a different picture
emerges when the flow is dominated by fractures (Suzuki et al., 2019). Although flow in geo-
logical settings controlled by fractures is occurring in both shallow aquifers (e.g., for drinking
water supply) and deep reservoirs (e.g., geothermal energy production and oil and gas abstrac-
tion), fractures are often simplified as two parallel plates. In addition, due to complexity rea-
sons, a single parameter, the hydraulic aperture, is often used to represent the permeability of a
single fracture or even entire discrete fracture networks (Blum et al., 2009; Min et al., 2004; C.
Mdller et al., 2010). However, due to roughness of fracture surfaces, a single value is not suffi-
cient to capture the flow channelling and critical flow paths (Tsang & Neretnieks, 1998; Tsang,
1992). Hence, investigations of the fracture roughness are essential, although this is more ex-
pensive in terms of the costs and time (Tatone & Grasselli, 2012, 2013).

Nowadays, various methods are available to study how fluid flow is influenced by fracture
roughness through single fractures. These can be divided into four major categories: (1) empiri-
cal, (2) experimental, (3) numerical, and (4) geometric methods.

Empirical methods are simple and also fast, cheap, and often sufficient to provide a first over-
view over the flow behaviour of a fracture. There are different empirical models derived from
flow experiments, numerical simulations, or statistical models of different fracture types (Barton
& De Quadros, 1997; Kling et al., 2017; Louis, 1972; Suzuki et al., 2017; Xiong et al., 2011).
Often, solely mechanical apertures and relative roughness, depending on the standard deviation,
are required to not only calculate hydraulic apertures but also the fractal dimension or the
Peklenik number, which is defined as the ratio of the correlation length in the x- and y-
directions (Brown, 1987; Patir & Cheng, 1978).

Experimental methods provide more detailed results than empirical methods which use more
simplified relations for fast practical application. The standard methodology is flowthrough
experiments at laboratory scale to observe flow patterns in single fractures (Brown et al., 1998;
Ferer et al., 2011; Watanabe et al., 2008). In recent years, hydromechanical coupling (Vogler et
al., 2018; Wang et al., 2021) or reactive transport have additionally been performed for the
exclusive investigation of flow patterns in flow-through experiments (Durham et al., 2001,
Huerta et al., 2013). In addition to typical flow tests at laboratory scale, it is also possible to
perform flow experiments on larger scales in the laboratory or in the field (Novakowski &
Lapcevic, 1994; Thorn & Fransson, 2015; Weede & Hotzl, 2005). Flow-through experiments
allow us to investigate direct fluid flow through fractures. The flow distribution and preferred
flow paths can be predicted by replicating the fracture geometry in transparent materials. Beside
flow-through experiments, air permeameters can be used to determine the permeability of
fractures (Cheng et al., 2020; Hale et al., 2020; Hale & Blum, 2022). Air permeameters allow us
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to measure the permeability of fractures directly on an outcrop or drilling core (Brown & Smith,
2013). In addition, it is also possible to obtain a zonal observation of the permeability, since
several measurements have to be conducted along a fracture outcrop due to the measurement
method (Hale et al., 2020).

Another way to investigate flow in fractures is the representation of the fracture in numerical
models. For this purpose, the geometry of a fracture is either projected onto a two-dimensional
surface (Javanmard et al., 2021; Pyrak-Nolte & Morris, 2000) or represented in three dimen-
sions (Chen et al., 2021; Javadi et al., 2010; Wang et al., 2016; Xiong et al., 2011). The latter
increases the computational effort considerably and also allows a more accurate investigation of
flow processes. Another major advantage is that it is possible to simulate various scenarios
under different conditions, such as high confining pressures or high flow rates, which would
exceed technically possible conditions in laboratory experiments. In addition, numerical models
are able to consider flow effects, region by region, in the fracture and therefore characterize the
main flow paths (Javanmard et al., 2021; Marchand et al., 2020). However, the geometry of the
fracture and the prevailing boundary conditions for simulations have to be precisely known in
order to obtain meaningful results (Barton et al., 1985; Tatone & Grasselli, 2012).

If the focus is set on the investigation of the flow behaviour and permeability distribution within
the fracture, then geometric methods can also be used. The Kozeny—Carman equation is well
known as a representative method for estimating flow properties from pore structures (Carman,
1937; Kozeny, 1927), and attempts have long been made to estimate permeability by extracting
porosity from images without experiments or numerical simulations (Costa, 2006; Oliveira et
al., 2020; Torskaya et al., 2014). More recently, attempts have been made to use machine learn-
ing or deep learning on images (Algahtani et al., 2021; Anderson et al., 2020; Araya-Polo et al.,
2020; Da Wang et al., 2021; Hong & Liu, 2020; Sudakov et al., 2019). Of course, deep learning
is a powerful method, but adequate use of machine learning requires deep technical understand-
ing, rigorous testing, and sufficient amounts of training data.

Topological data analysis (TDA) is another way to extract the information of shapes and struc-
tures from big data (Carlsson, 2009; Thiele et al., 2016). TDA is an analysis method that focus-
es on the structure of data within the field of algebraic topology, demonstrating particular
strengths in handling data types such as images, complex structures, and networks. TDA can
capture the structure of the data in a rough sense and characterize the features of connectivity
and holes, therefore ignoring noises in data and extracting important information, such as the
independent of coordinate system and number of dimensions. Persistent homology (PH), one of
the most used TDA methods, can capture changes and continuity of topological features by
tracking algebraic descriptions called homology. This method was developed in the early 2000s
(Edelsbrunner et al., 2000; Zomorodian & Carlsson, 2005) and is applied in various research
fields such as materials science (Hiraoka et al., 2016), computer science (Choudhury et al.,
2012), and biology (Chan et al., 2013). In geosciences, this approach has only been applied in
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the past decade to characterize porous rocks and to determine their permeability (Bizhani &
Haeri Ardakani, 2021; Delgado-Friedrichs et al., 2014; Robins et al., 2016). Furthermore, the
determination of hydroelastic properties of porous media is possible with this method (Jiang et
al., 2018). In the field of fractured rocks, persistent homology was recently also applied to study
small-scale fracture networks (Suzuki et al., 2020, 2021). Based on these studies, the general
application of PH for permeability estimation of fracture networks could be demonstrated. In
these small-scale (millimetre to centimetre scale) studies, the effect of fracture roughness was
not particularly investigated (Suzuki et al., 2020, 2021). Further research is therefore needed to
investigate larger-scale fractured rocks, in which surface roughness has a significant effect on
flow behaviour.

The objective of this study is therefore the application of the persistent homology analysis on a
natural, mesoscale (decimetre scale) single fracture to estimate the permeability. The focus is on
the anisotropy of permeability in different flow directions, as well as the influence of resolution
on permeability. Thus, three data set of the same fracture are prepared, which have different
resolutions (50, 100, and 200 um). Finally, these results are compared with results from experi-
mental air permeameter measurements, as well as numerical flow simulations.

3.2 Methods

3.2.1 Fracture sample

The fracture sample is a natural bedding joint in a sandstone block taken from a quarry in Be-
bertal, Germany (Figure 3.1; Hale & Blum, 2022; Heidsiek et al., 2020). The sandstone is
Flechtinger sandstone, an oil and gas reservoir rock in the North German Basin. The block
contains one bedding joint, with a length of 120 mm in the x-direction and 450 mm in the y-
direction (Figure 3.1). Previous studies have already characterized the relevant hydromechanical
properties of Flechtinger sandstone such as porosity (9 %-11 %), matrix and fracture permeabil-
ity, Young’s modulus and bulk modulus, thermal dependencies of stress and strain behaviour,
and the mineralogical composition (Blocher et al., 2019; Cheng et al., 2020; Fischer et al., 2012;
Frank et al., 2020; Hale et al., 2020; Hale & Blum, 2022; Hassanzadegan et al., 2012; Heidsiek
et al., 2020). Of particular interest for this study is the low-matrix permeability of 0.1-1 mD
(Cheng et al., 2020; Hassanzadegan et al., 2012). Furthermore, the findings of Gutjahr et al.
(2022), Hale et al. (2020), and Hale and Blum (2022) are crucial, since they performed investi-
gations on fracture permeability on exactly the same fracture. Gutjahr et al. (2022) investigated
on the roughness of the fracture and calculated the Hurst exponent for different angles. The
medians of all Hurst exponents in the x-direction and in the y-direction are 0.48 and 0.42, re-
spectively. Hale et al. (2020) and Hale & Blum (2022) determined the average fracture permea-
bility to be 5.6 - 101° m2. In addition, they found that the centre of the fracture is less permeable
than the left and right side of the fracture (according to the front view of the sandstone block
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shown in Figure 3.1). On the right-hand side of the fracture, this can be explained by a barite
vein intersecting the fracture, which was formed before the fracture opening. In the closer
vicinity of the vein, the mechanical aperture is increased compared to central parts of the frac-
ture. Comparing fracture and matrix permeabilities shows that the fracture permeability exceeds
the matrix permeability by more than 8 orders of magnitude. Thus, the matrix permeability is
considered negligible in this study.

“

bedding joint

Figure 3.1: a) Photo of the studied sandstone block showing also the investigated bedding joint. The front
surface of the real block corresponds to the y-z plane in the digital model on the right-hand
side. b) 3D model of the bedding joint and the surrounding sandstone block.

3.2.2 Data preparation and matching

For data preparation, a self-developed Python code called FracMatchPy was used. This code is
able to (1) match two separated and spatially uncorrelated fracture surfaces and (2) create binary
cross sections of the fracture as input for the PH analysis.

In the matching process, meshed laser scans of the bedding joint surfaces were used as input
data for the Python code (Figure 3.2). The surfaces were scanned by a combined system of the
high-resolution laser scanner Nikon ModelMaker MMDx 100 and the articulated arm MCA 1l
on which the scanner was mounted (Nikon Metrology NV, 2010, 2018). The scanner provides a
resolution of 100 um and a single-point accuracy of 10 um (Nikon Metrology NV, 2018).

The scanned point cloud was then meshed using MeshLab (Cignoni et al., 2008). Since the
meshes were not spatially related, the two surfaces were roughly matched by hand to shorten the
runtime of the Python code for data preparation. The exact matching was then performed step-
wise by several rotation and translation steps within specified limits using the Python code. The
translation limit was 3 mm total distance in each direction so that one surface was displaced in
100 pm steps, starting from the geometric center of the surface. In addition, there was a rotation
range of -0.3 to 0.3 ° in which the rotation was performed in 0.01 ° steps. The best fit was then
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determined by applying a minimization function of the average mechanical aperture using the
arithmetic mean between the fracture surfaces.

3.2.3 Binary image generation and permeability estimation
using persistent homology

We apply the permeability estimation method proposed by Suzuki et al. (2021), which uses
persistent homology (PH) to extract information about the flow channels from image data. The
first step is to convert the fracture information prepared in Section 3.2.2 into 3D binarized
image data sets.

Three-dimensional image construction of the bedding joint and the surrounding sandstone block
was generated. The image construction is a series of binary cross-sectional images of the x-z
planes along the y axis. The size of the image area is 115 mm x 8.4 mm x 392.2 mm. Three data
sets with different resolutions were generated to investigate the effect of varying resolution on
permeability estimation. The first data set was created with a low resolution of 200 um in all
spatial directions. The data set contains 578 x 1962 x 42 voxels. The second data set was gener-
ated with a medium resolution of 100 um in each spatial direction. The data set contains
1154 x 3922 x 84 voxels. In the third data set, the resolution was again reduced by half to
50 um in all spatial directions. The data set contains 2308 x 7844 x 169 voxels. The fracture
was considered to be fully permeable, with no low-permeable filling or sealing. Since the matrix
permeability is 8 orders of magnitude lower than the fracture permeability, the matrix was
considered to be fully impermeable (Cheng et al., 2020; Hassanzadegan et al., 2012). Thus, each
image contains the permeable fracture in white colors (binary value = 1) and the impermeable
matrix in black colors (binary value = 0).
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PH analysis was then performed using HomCloud (Obayashi et al., 2022). Since HomCloud can
only handle a maximum data volume of 1021 x 1021 x 1021 voxels in a single-analysis run, the
data sets were divided into several subpackages which were processed separately (Figure 3.2).
The data set with low resolution (200 um/pixel) has 578 x 1962 x 42 voxels and was split into
two divisions in the y-direction. Thus, two subpackages were created for the data set with low
resolution, each of which contained 578 x 981 x 42 voxels. Dividing the x-direction and z-
direction for the data was not necessary because the length of one side of the image was
< 1021 pixels. The data set with middle resolution (100 um/pixel) has 1154 x 3922 x 84 voxels
and was split into two divisions in the x-direction and four divisions in the y-direction. The data
set was divided into eight subpackages, with an average of 577 x 981 x 84 voxels each. The
data set with high resolution (50 um/pixel) has 1154 x 3922 x 84 voxels and was split into three
divisions in the x-direction and eight divisions in the y-direction. The data set was divided into
24 subpackages, with an average of 769 x 981 x 169 voxels each.

PH analysis was then performed for each subpackage. HomCloud enables the extraction of
topological features; a 3D object can consist of three different topological features. First,
0-dimensional topological features characterize connected components such as impermeable,
solid matrices without voids. Structures such as fractures or connected pores are recognized as
1-dimensional (1D) topological features. Finally, 2-dimensional (2D) topological features are
represented by enclosed pores not connecting to other flow channels. Since only fractures
connected between an inlet and an outlet of the domain can serve as potential flow channels,
this study focuses on the analysis of 1D topological features.

In HomCloud, a process called filtration is performed to detect 1D topological features from
image data. For simplicity, an example of a two-dimensional image is shown in Figure 3.3. In
the binary image, the black areas are the rock matrix (binary value = 0), while the white areas
are the void space (binary value = 1). During the filtration, the black pixels are thinned or thick-
ened by 1 pixel from the boundary between the white and black pixels. The process is consid-
ered to be time variation, and the initial image is assumed to be time 0 (t = 0). The time change
in the negative direction is to make the black pixels thin, and the time change in the positive
direction is to make the black pixels thick. The images are stored at each time. Continuing this
operation, if the pixels continue to be thinned (time change in the negative direction), then the
image becomes all white. If time is advanced in the positive direction from the all-white state,
then a channel (i.e., 1D topological feature) appears at certain times, and if time is continuously
advanced in the positive direction, then the channel disappears further. Note that the channel
(1D topological feature) here is the connected shape from left to right, surrounded by black
pixels. These times are called birth (b) and death (d), respectively. This method is named “per-
sistent homology” because it attempts to see how persistent topological features are. While
other topological data analysis extracts only topological features, the advantage of PH is that by
utilising birth-death information, one can obtain not only topological features but also the geo-
metric information on length.
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Figure 3.3: Schematic illustration of the filtration process during persistent homology analysis. The
permeable area of the binary image (fracture) is thickened (cyan) and thinned (pink).

In HomCloud, the output is a persistence diagram representing a frequency distribution of the
number of birth and death pairs, as shown in step Il in Figure 3.2. From the definitions of birth
and death, the presence of a flow channel (1D topological feature) in an image means that birth
time is negative and death time is positive. Thus, the number of such pairs (b <0 < d) can be
considered to be the number of flow channels in the image. In addition, in the case of the pro-
cess of the thickening of the black area, as shown in Figure 3.3, the fracture is closed from both
sides (see the image labeled “t = d”). Therefore, the doubling of death and multiplying by the
resolution of the image can be taken as the smallest aperture of the channel. Thus, from
HomCloud, the frequency distribution of the number of channels present in the image and their
minimum aperture widths can be obtained. It is important to note that the 1D topological fea-
tures evaluated in PH include the aforementioned left-to-right connected shapes surrounded by
black pixels, as well as the void ring structures that are not connected to the outside. How to
remove such structures is described in Suzuki et al. (2021). It should also be noted that if the
channels are connected like a ladder, then PH may detect a large number of channels. Suzuki et
al. (2021) assumed that the channels have parallel-plate geometries and that they are parallel to
each other. The permeability is estimated based on the power law as follows:
5 wal

k= 2 SN 3.1)
A is the surface area of the cross-section of the medium, and N is the number of flow channels.
w; is the depth of flow channel 7 and a; is the aperture of the flow channel 7 As mentioned
above, the number of flow channels & was estimated from the number of birth-death pairs, and
the aperture a; was estimated as 2dr in PH analysis, where d; is the death of the flow channel j,

and r is the resolution of the images. The average of the depth of the flow channel w is deter-
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mined by the cross-sectional area of the image (Suzuki et al., 2021). Thus, the above equation
can be converted to the parameters from PH and image analysis.

3.2.4 Experimental measurement of the fracture permeability

An air permeameter was used to experimentally measure the fracture permeability. The transient
air permeameter TinyPerm 3 (manufactured by New England Research, Inc.) is a portable
device, which is able to directly measure matrix permeabilities or hydraulic fracture apertures
on outcrops or cores (Cheng et al., 2020; Filomena et al., 2014; Hale & Blum, 2022). For this
purpose, the device is filled with air by lifting the piston, and the rubber nozzle of the instru-
ment is pressed against the fracture outlet. The measurement is started by depressing the piston
in direction of the sample, creating a vacuum between the fracture and the device. A microcon-
troller unit in the air permeameter simultaneously records the transient change in air pressure at
the fracture outlet and the volume change in the device. Once the total volume of the device is
compressed, the permeability is automatically determined from the recorded curve (Brown &
Smith, 2013). The range of measurable permeabilities is from 1 mD to 10 D for porous rocks
and hydraulic apertures of approximately 10 um to 2 mm for fractures (New England Research
Inc., 2016). The latter corresponds to permeabilities in orders of magnitude from 10°** m? to
107 m2.

This study uses both existing air permeameter measurements from Hale et al. (2020) and meas-
urements conducted in this study. In the study of Hale et al. (2020), experiments along the long
edge (y-direction) of the fractured block were performed, and the permeability in the x-direction
was measured. In addition, complementary measurements along the x-axis with permeabilities
measured in the y-direction were performed in the frame of this study. In total, the y-axis was
divided into 21 sections and the x-axis into 4 sections. The corner areas were not included in the
measurement due to breakouts from the block. Each section was measured 10 times to obtain
average values. The hydraulic aperture along the y edge in the x-direction was determined to be
81 + 1 um (Hale & Blum, 2022) and that along the x edge in the y-direction to be 57 + 1 um.

3.2.5 Numerical flow simulation

Apart from experimental air permeameter measurements, hydraulic apertures of the fracture
were also determined by numerical flow simulations, using the Multiphysics Object-Oriented
Simulation Environment (MOOSE) framework (Permann et al., 2020). Within this framework,
the fluid flow through the fracture was simulated with the SaintBernard application (Schédle,
2020), which is based on the inbuilt PorousFlow module (Wilkins et al., 2020, 2021). In this
application, a 3D fracture is projected on a 2D surface embedded in a 3D environment. The
aperture of the fracture is assigned as a permeability parameter to each cell of the 2D mesh. The
fluid flow velocity is then simulated in the lower dimension, and the hydraulic aperture is calcu-
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lated, considering Darcy flow and the cubic law with the following equation for each cell of the
mesh:

a, = (3.2

In Equation 3.2, a;, is the hydraulic aperture of the fracture, v is the fluid flow velocity, u is the
dynamic viscosity, L is the length of the fracture (in flow direction), and Ap is the hydraulic
pressure gradient. Further information about the numerical simulation and SaintBernard can be
found in Javanmard et al. (2021).

Similar to the air permeameter measurements, numerical flow simulations were performed with
fluid flow in both the x- and y-direction to determine the permeability in each of these.

3.3 Results and discussion

3.3.1 Permeability estimation from persistent homology analysis

The prepared binary data sets were used to calculate the permeability of the fracture. The per-
meability was calculated in two different flow directions for flow parallel to the x-axis and
parallel to the y-axis (Figure 3.4). The calculated permeabilities for the 200 um resolution data
set are 6.4 - 10"2° m2 in the x-direction and 6.2 - 10" m2 in the y-direction. Using the cubic law,
the calculated hydraulic apertures are 88 um and 86 um, respectively. For the data set with
100 um resolution, the permeabilities are 4.4 - 10°° m2 in the x-direction and 4.0 - 10 m2 in the
y-direction. This corresponds to hydraulic apertures of 73 um in the x-direction and 69 pum in
the y-direction. For the 50 um resolution data set, the permeability in the x-direction is 7.0 - 10°
1m2 and 3.2 - 10'1° m2 in the y-direction, which equals hydraulic apertures of 92 pm and 62 pum,
respectively. Comparing the three different data set shows that PH analysis for all data sets
results in higher permeability in the x-direction than in the y-direction (k,/k,, > 1.0).

The k, /k, ratio of the data sets with 200 um and 100 um resolution is nearly identical, 1.0 and
1.1, respectively, whereas the ratio of the 50 um data set shows a higher ratio of 2.2.

Detailed examination of the individual fracture surfaces and the matched fracture shows that the
highest mechanical apertures of >1 mm occur mainly along the barite vein that crosses the
fracture parallel to the x-direction (Figure 3.4). From previous studies on the fracture, it appears
that this barite vein dominates the flow behavior and, thus, forms the main flow path along the
fracture due to its increased mechanical aperture and lower roughness compared to other regions
of the fracture (Hale et al., 2020). Hence, it serves as a preferential flow path in the x-direction,
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whereas it acts more as a barrier or redirection for flow in the y-direction. The study of Gutjahr
et al. (2022) shows that, in addition to the anisotropy of the permeabilities, a slight anisotropy of
the roughness can be observed. Analogous to the permeability, the Hurst exponent in the x-
direction is higher (H,, = 0.48) than in the y-direction (H,, = 0.42). It is noteworthy that the ratio
of the Hurst exponents (H,/H,) is 1.1 and thus corresponds well with the determined ratios for

permeabilities. This is reasonable, as increased roughness tends to result in more distinct flow
channels with larger mechanical apertures. Consequently, this leads to increased permeabilities.
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Figure 3.4: Permeability determined by air permeameter measurements, numerical flow simulations, and
persistent homology using data sets with resolutions of 200 um, 100 pum, and 50 pm.

3.3.2 Comparison to air permeameter measurements and
numerical simulation

In addition to the estimation of the fracture permeability by PH, the results were also compared
to permeabilities derived from alternative methods. Thus, a comparison was performed using
experimental air permeameter measurements and numerical flow simulations to show the validi-
ty of the PH analysis. In Figure 3.4, the values for the permeability in the x- and y-directions, as
well as the ratio of the two permeability values of air permeameter measurements and numerical
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3 Investigating rough single-fracture permeabilities with persistent homology

simulation, are also shown. All x permeabilities differ by < 1.5 - 10 m2 from the experimental
or numerical results. However, the permeabilities in the y-direction scatter slightly more.

Overall, there is a good fit between PH analysis and alternative methods, which is reflected by a
root mean squared error (RMSE) of 1.5 - 101 m2. Normalization with the difference between
maximum and minimum of all observed permeabilities leads to a normalized root mean squared
error (NRMSE) of 0.34. However, there is also the trend that the values agree increasingly
better with the comparative values as the resolution of the data set increases. For example, the
RMSE of the x and y permeability between air permeameter or numerical simulation and the
200 um resolved data set is 2.0 - 10°m2. For the 100 um data set, it reduces to 1.2 - 101 mz,
and for the 50 um data set, it is 1.1 10m2. The NRMSEs are 0.54 (200 um), 0.38 (100 um),
and 0.25 (50 um), respectively.

This trend was also shown in studies using persistent homology in porous media or fracture
networks before (Moon et al., 2019; Suzuki et al., 2021). The study of Moon et al. (2019), in
which fluid flow through the pore spaces of different digital sandstone and chalk samples was
examined, could show particularly that the number of excessively high outlier permeabilities
can be prevented with higher resolution. Similar findings are shown in Suzuki et al. (2021), in
which permeabilities that are significantly higher than the comparison simulation could also be
reduced by improving the resolution. Conclusively, it can be stated that apart from the permea-
bility estimation of the 50 um data set in the x-direction, the results of the PH analysis improve
with increasing resolution.

3.3.3 Evaluation of persistent homology analysis

Since the results of three different methods for permeability determination are in good agree-
ment (NRMSE = 0.34), a classification of the results in the context of other PH analyses was
carried out. The study of Suzuki et al. (2021) applied PH on different data sets of porous and
fractured rocks of previous studies (Andrew et al., 2014; Mehmani & Tchelepi, 2017; Muljadi et
al., 2016). The 16 data sets of porous media and 15 data sets of fracture networks were ana-
lyzed, each with PH and numerical flow simulation. In Figure 3.5, the results of this study, as
well as the results by Suzuki et al. (2021), are shown. The method of PH for permeability esti-
mation in both studies provides comparable results to the respective reference method. The
results of this study are closely scattered around the 1:1 line and thus match well with the results
based on fracture networks (dark grey diamonds). It appears that the results of this study can be
estimated even better than most of the data points of previous data sets, especially those gener-
ated from porous media (light grey crosses). In the latter, PH tends to overestimate the permea-
bility, which cannot be confirmed for the data in this study. However, this study indicates that
the quality of the permeability estimation is not only attributable to the type of cavity (pores,
single fractures, or fracture networks). Based on the results, the quality of the permeability
estimation by PH is also dependent on the resolution and anisotropy of the respective data set.
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3.3 Results and discussion

Nevertheless, a larger number of data sets should be examined for a more precise assessment of
the various influences on the quality of the permeability estimation.
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Figure 3.5: Comparison of the estimated permeabilities of this study with the estimated permeabilities for
porous media (light grey crosses) and fracture networks (dark grey diamonds) of previous
studies by Suzuki et al. (2021), using data of Andrew et al. (2014), Muljadi et al. (2016) and
Mehmani and Tchelepi (2017).

In previous sections, it is shown that PH provides comparable results for permeability estima-
tion of rough single fractures compared to other more conventional methods. However, for it to
be an alternative, the effort and computational time also has to be considered. In Table 3.1, an
estimation of different working steps is presented for the permeability estimation of single
fractures. For PH analysis, the dependency of the time needed on the resolution is also consid-
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3 Investigating rough single-fracture permeabilities with persistent homology

ered. The table is divided into three working steps. The step of preparation and preprocessing
contains every working step after the collection of a sample, including imaging and matching of
fracture surfaces, generating binary images, setting up a humerical model, or initialising the air
permeameter. In the second working step, the effort for the actual measurement, numerical
simulation or PH analysis is considered for one sample. In postprocessing, all working steps
recalculating the fracture permeability from the measured, simulated, or analysed results is
considered. Comparing the expenditure of time for all methods and resolutions, all methods
apart from PH analysis for 50 um data are ranging in the same order of magnitude. An increase
to 50 pum resolution demands an enormous increase in time expenditure, mainly due to the
extremely high analysis time. Considering the quality of the results, the data set with 100 pm
therefore seems to be an adequate alternative to conventional methods, as it can provide high-
quality results with similar efforts.

Table 3.1: Estimation of expenditure of time in hours for air permeameter measurements, numerical flow
simulation, and persistent homology for three different resolution steps (200, 100, and

50 um).
Preparation and Measurements/
Method P . simulation/ Postprocessing  Total
processing )
analysis
Air permeameter measurements 1.0 4.8 0.2 6.0
Numerical flow simulation 7.0 <0.1 0.1 7.1
_ 200 pm 55 0.1 <0.1 5.6
Persistent homology 44\, 6.5 0.8 <01 73
analysis
50 um 8.0 4.6 0.2 12.8

3.4 Conclusions

This study shows that persistent homology (PH) provides acceptable results for the permeability
estimation of a natural bedding plane joint of a sandstone. Compared to other methods such as
experimental air permeameter measurements and numerical flow simulation, it tends to slightly
overestimate lower permeabilities. The overestimation of permeabilities is also traceable in
previous studies using PH analysis on porous media, as well as small-scale fracture networks.
For single-fracture application, a reason could be the application of the cubic law, which tends
to overestimate the permeability in fracture networks or rough fractures.

In comparison to other methods, PH is a cheap and time-effective method. Once the geometry
of a fracture is imaged (e.g., laser scanning, computed tomography, and structure from motion),
all the tools to determine permeability are accessible and open-source. In contrast to most exper-
imental methods, no laboratory is required to estimate the permeability. An exception to this is
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the air permeameter used here, which is even applicable in field experiments due to its portabil-
ity. The advantages of PH compared to numerical modeling are, first, the lower required compu-
ting capacity and computing time. Furthermore, the number of parameters required to success-
fully perform a simulation is significantly reduced, since only the geometry is sufficient as an
input parameter.

Suzuki et al. (2020) showed that small-scale (millimeter to centimeter scale) discrete fracture
networks (DFNs) can be precisely studied by PH analysis. Our study demonstrates the applica-
bility of the methods to a mesoscale (decimetre scale), rough bedding joint of Flechtinger sand-
stone. In order to verify these results, future work should focus on other types of fractures, such
as open-mode or shear-mode fractures, as well as different lithologies, such as fractures in
granites or clay. Furthermore, the influence of roughness on the flow behavior and the permea-
bility distribution across the fracture should be investigated. In addition, a more detailed inves-
tigation of the permeabilities of different areas of this fracture could be performed on the basis
of the high-resolution scans used here. This could also allow a potential scaling effect of the
permeabilities to be analyzed in more detail. By combining the approach of fracture networks
and rough single fractures, a long-term objective could also investigate the influence of fracture
surface roughness on fracture networks at larger scales. In particular, the well-functioning
subdivision of the total data set into smaller, high-resolution subpackages should allow analysis
of larger DFNs without compromising the resolution. Other potential future work could be
found in the comparison of such PH analysis with numerical DFN models. In addition, since
numerical models for the accurate representation of fracture networks are computationally
expensive, it is expected that PH is able to save time and costs.

Acknowledgements

The authors would like to thank Ruben Stemmle, Anna Albers, and Hagen Steger, for their
support in conducting the air permeameter experiments, and Keiichiro Goto, for his support in
performing the persistent homology analysis.

This research has been supported by the Japan Society for the Promotion of Science (KA-
KENHI, grant no. JP22H05108) and the Japan Science and Technology Agency, ACT-X (grant
no. JPMJAX190H).

47



4 Permeability evolution and gouge formation during fracture shearing

4 Permeability evolution and
gouge formation during
fracture shearing

Reproduced from: Fuchs, M., Blum, P., Blécher, G., Scholtés, L. (2025): Permeability evolution
and gouge formation during fracture shearing. Geophysical Research Letters 52,
€2025GL 117217, https://doi.org/10.1029/2025GL 117217

Abstract

Hydro-mechanical processes are crucial in shear-controlled geoscientific applications such as
enhanced geothermal systems and often result in stress-dependent permeability changes. The
present study aims to investigate shear-induced permeability evolution of a natural sandstone
fracture using a novel modeling approach. Combining a mechanical discrete element model and
a hydraulic finite element model, three normal stress-related hydro-mechanical regimes can be
identified. Under low normal stress conditions (< 4.0 MPa), permeability is enhanced during
shearing due to dilation on intact asperities. With increasing normal stress, asperities break and
gouge is formed, leading to a normal stress-related transition where permeability tends to de-
crease during shearing. In our study, this transition occurs when normal stress equals the rock's
ultimate tensile strength (4.0 MPa). For normal stresses > 4.0 MPa, permeability decreases
during shearing due to intense fracture surface damage.

Plain Language Summary

Being able to characterize fracture flow in the subsurface is essential to sustainably manage
geothermal reservoirs. Previous studies have shown that fracture permeability can either in-
crease or decrease when fractures are sheared. Using computer simulations, we studied how the
normal stress influences permeability changes of a single sandstone fracture subjected to shear-
ing. Our results highlight three different regimes depending on the normal stress applied to the
fracture. At low normal stress, the fracture asperities remain intact during shearing and favor
fracture opening, which induces an overall increase in the permeability. At high normal stresses,
the asperities break during shearing and favor fracture closing, which produces a decrease in the
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4.1 Introduction

permeability. For intermediate normal stresses, a transitional regime is observed, in which
permeability remains constant during shearing.

4.1 Introduction

Understanding the hydro-mechanical (HM) behavior of fractures is essential for subsurface
systems such as enhanced geothermal systems (EGS), where hydraulic stimulation plays a
crucial role (Amann et al., 2018). Hydraulic stimulation increases fluid pressures that reduce the
effective stress and potentially enable shear slips of existing fractures (e.g., Ellsworth, 2013;
Nguyen et al., 2021), which, in turn, induce permeability changes that can have drastic effects at
the reservoir scale.

Empirical models can be used to correlate permeability and geometrical properties of single
fractures. One fundamental model is the cubic law that relates permeability and mechanical
aperture (Louis, 1969; Witherspoon et al., 1980). Since the cubic law was developed for two
parallel plates, other studies tried to enhance its capability by including additional parameters in
its formulation such as relative roughness (e.g., Barton & De Quadros, 1997; Renshaw, 1995),
joint roughness coefficient (e.g., Barton, 1982; Olsson & Barton, 2001), or contact area (Walsh,
1981; Zimmerman & Bodvarsson, 1996). However, most of these existing models do not con-
sider shear-related processes, such as dilation on asperities, or gouge and contact area formation
(Cardona et al., 2021).

HM coupled direct shear tests (DST) are commonly used to investigate fracture permeability
evolution during shearing (e.g., Frash et al., 2016; Li et al., 2023). Based on such tests, two
shear-induced hydraulic regimes have been identified: (1) an opening regime associated with a
permeability increase, and (2) a closing regime associated with a permeability decrease. These
regimes are dependent on multiple factors, such as normal stress, surface roughness, and materi-
al properties (Fang & Wu, 2022). High-strength materials, low normal stresses, and pronounced
surface roughness promote fracture opening (Fang & Wu, 2022). Thus, permeabilities of frac-
tures in granites or marbles tend to increase during shearing (Esaki et al., 1999; Wenning et al.,
2019), whereas they tend to decrease in shales (Carey et al., 2015; Fang et al., 2017), although
exceptions exist (Frash et al., 2016; Li et al., 2023).

Since DST are destructive for the tested fractures, systematic studies on natural fractures are
challenging. Thus, many studies have used artificial fractures (e.g., saw-cut fractures, 3D print-
ed fractures), which, however, have only limited significance due to their specific morphology
and material properties (Fang & Wu, 2022; Tatone & Grasselli, 2015). Alternatively, numerical
approaches provide a relevant alternative to study such HM-coupled and progressive processes
due to their flexibility and evolving capabilities. However, studies providing 3D HM coupled
models to investigate permeability changes during shearing remain scarce. Most numerical
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4 Permeability evolution and gouge formation during fracture shearing

studies focus either on hydraulic flow and permeability changes during shearing or on mechani-
cal processes, such as gouge or contact area formation (e.g., Chen et al., 2021; Wang et al.,
2020). Hydraulic studies have been mostly performed using continuum approaches such as the
finite element method (FEM) (e.g., Auradou, 2009; Matsuki et al., 1999) and thus tend to sim-
plify or neglect mechanical processes such as gouge formation or fracture surface evolution,
since they are not able to reflect breakages of asperities.

For an advanced representation of the mechanical behavior of fractures, discontinuum ap-
proaches, such as the discrete element method (DEM), have been increasingly used due to their
capacity to describe explicitly progressive failure processes. DEM models can actually simulate
the evolution of fracture contact area (Lambert & Coll, 2014) or the formation of gouge material
(Asadi et al., 2012; Liu et al., 2016; Wang et al., 2019, 2020). However, due to the complex
representation of fluid flow in DEM models, hydraulic processes are often neglected, and per-
meability changes are generally determined empirically (Wang et al., 2020).

In recent years, several studies focused on detailed investigations of permeability changes
related to HM processes (Chen et al., 2021; Deng et al., 2024). For instance, Li et al. (2024)
developed an approach that allows a mechanical DEM model to be coupled to a hydraulic FEM
simulator in order to compute permeability changes during a DST simulation. Nonetheless,
although technically possible, none of these studies focused on the effect of the normal stress on
shear-induced permeability changes.

Hence, the objective of this study is to investigate permeability changes of a natural sandstone
fracture during shearing, considering specifically the influence of the normal stress on its evolu-
tion, using numerical experiments combining a mechanical DEM model and a hydraulic FEM
model.

4.2 Materials and methods

4.2.1 Fracture sample

This study is built upon a natural bedding joint in a block of Flechtinger sandstone taken from a
quarry in Bebertal, Germany (Fischer et al., 2012). Flechtinger sandstone is an oil and gas
reservoir rock in the North German Basin considered for the development of EGS systems in
recent years (Zimmermann et al., 2010). Thus, many previous studies investigated important
HM parameters of the rock and its fractures, such as porosity, fracture and matrix permeability,
fracture roughness, and grain size distribution (Blocher et al., 2019; Cheng et al., 2020; Gutjahr
et al., 2022; Hale et al., 2020; Hale & Blum, 2022; Hassanzadegan et al., 2012; Heidsiek et al.,
2020; Heiland, 2003; Kluge et al., 2021). Due to the tectonic and diagenetic processes (Heidsiek
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et al., 2020) and superficial weathering, the fracture exhibits a low initial contact area (c.f.,
Appendix Al, Chapter C3).

In this study, two representative, self-affine 3D point clouds of high-resolution surface scans of
the bedding joint were used (Fuchs et al., 2024a; Gutjahr et al., 2022). The extent of the bedding
joint as well as the extent of the scans is 450 mm in x-direction and 120 mm in y-direction. The
average resolution of these scans is 250 um (Fuchs et al., 2024a). Due to computational con-
straints, the scans were cropped to a section of 50 mm x 50 mm taken from the center of the
point cloud (Figure 4.1). To facilitate its numerical handling, the irregular point clouds were
assigned to a regular grid and matched spatially (Fuchs et al., 2024a,b).

4.2.2 Mechanical simulation of direct shear tests

To simulate DST on the Flechtinger sandstone, we utilized the bonded particle model (BPM)
proposed by Scholtés & Donzé (2013), implemented in the YADE software (Smilauer et al.,
2021). First, the calibration of the BPM was required so that its mechanical properties match
those of the Flechtinger sandstone. For this purpose, three standard rock experiments were
conducted: (1) tensile, (2) uniaxial compression, and (3) triaxial compression tests. Subsequent-
ly, following the procedure proposed by Scholtes & Donzé (2013), the rock tests were simulated
on cylindrical samples, and the interparticle parameters of the BPM were adjusted to match the
experimental behavior of the Flechtinger sandstone (Appendix Al, Table S2).

After the calibration, two blocks packed with spherical particles were generated using the two
fracture surface scans. To limit the computational cost, each block was packed with two layers
of particles (Figure 4.1). The particles of the inner layer have an average diameter of 400 um,
reproducing the actual grain size of the sandstone (100-500 um) to represent the fracture surface
roughness. The particles of the outer layers have an average diameter of 800 um. The ratio of
the maximum to minimum particle diameters in each layer is equal to 3.

After creating the packings, the DST simulations were performed. Each test consists of two
phases: 1) the normal loading phase, in which an increasing load is applied perpendicularly onto
the fracture plane until the predefined normal stress is reached, and 2) the shearing phase, in
which the upper fracture block is displaced at a constant velocity parallel to the fracture plane
while keeping the normal stress constant and the lower block fixed. To investigate the influence
of normal stress on permeability, DST simulations were conducted at six different normal
stresses: 1.5 MPa, 3.0 MPa, 4.0 MPa, 4.5 MPa, 7.5 MPa, and 15.0 MPa. For all simulations, the
loading rates were chosen to ensure a quasi-static response of the model (i.e., the simulated
behaviors are rate-independent).

51



4 Permeability evolution and gouge formation during fracture shearing

3D high resolution
fracture surface scans

Mechanical simulation
of direct shear test

YADE

g v S

Mechanical properties Export surface spheres Export contacts

5

~O

1cm

? Hydraulic simulation
of fluid flow

i MOOSE PorousFlow

. ~

Hydraulic properties Flow field

ag
5

Figure 4.1: Workflow of the study with I) the sample preparation from 3D fracture surface scans, 1)
mechanical simulation of direct shear tests with a discrete element model, and I11) hydraulic
simulation of fluid flow with a finite element model.
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4.2.3 Hydraulic simulation

An extension of the YADE code was developed to combine the mechanical DST simulations
with hydraulic flow simulations performed with the MOOSE framework (Giudicelli et al.,
2024), and the built-in PorousFlow module, which allows finite element method (FEM) simula-
tions of flow in porous and fractured media (Wilkins et al., 2020, 2021). Since the flow simula-
tions require a finite element mesh, the fracture surface geometry was reconstructed from the
BPM. In particular, the particles forming the fracture surfaces were traced throughout the simu-
lations so that the evolving fracture surfaces could be rebuilt at any time of the DST (every
70 um of shear displacement here). An automatized triangulation algorithm was used to interpo-
late the surfaces from the particles. Then, these surfaces were used to produce a hexahedral
mesh representing the fracture flow domain (Figure 4.1). It should be noted that while the
detached particles (gouge) are considered in the mechanical DEM model, they were assumed to
be flushed out of the fracture in the hydraulic FEM model due to the numerical representation.
Thus, the permeability values computed in the presence of gouge material should be regarded as
an upper limit since only the particles forming the fracture walls were considered when building
the FEM mesh for flow simulations.

The mesh consists of elements with an average size of 400 um x 400 um, similar to the average
particle size. The flow in the rock matrix was neglected, given its low permeability of 0.1-1 mD
(Cheng et al., 2020; Hassanzadegan et al., 2012).

To simulate fracture flow within MOOSE, a constant hydraulic pressure gradient was applied
along the fracture length. To ensure laminar flow conditions required for the application of
Darcy’s law, a pressure difference of 0.1 Pa was applied between the inlet and the outlet of the
fracture (Zimmerman & Bodvarsson, 1996). Since the influence of flow direction was also
examined in this study, flow was either applied parallel or perpendicular to the shear direction.

Once steady-state conditions were reached, the permeability was calculated using Darcy’s law
(Cheng et al., 2020; Zimmerman & Bodvarsson, 1996):

_ uvlL
= 4.1)

where k is the permeability of the fracture [m?], u is the dynamic viscosity of the fluid [Pa - s], v
is the geometric mean of the flow velocity in the fracture [m/s], L is the length of the fracture

domain [m] and 4p is the fluid pressure difference between inlet and outlet of the fracture [Pa].
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4.3 Results and discussion

Based on the DST simulations results (c.f., Appendix Al, Chapter C3-4), three shear induced
hydraulic regimes can be identified depending on the normal stress applied: (1) an opening
regime, in which the fracture permeability is enhanced during shearing, (2) a transitional re-
gime, in which permeability shifts from a regime of increase to one of reduction, and (3) a
closing regime, in which permeability is reduced during shearing (Figure 4.2). In the following
sections, each regime is discussed.

4.3.1 Opening regime

The opening regime is observed for DST performed at low normal stresses (1.5 and 3.0 MPa).
Mechanically, this regime is characterized by two main characteristics: (1) after the first peak
shear stress is reached, strain softening is limited and the shear stress oscillates and reaches the
peak shear stress several times (Figure 4.2a), and (2) the dilation rate is maximal compared to
the higher normal stress cases (Figure 4.2b). The pronounced dilation and the oscillating shear
stress around the peak value result from sliding over the fracture surface asperities that do not
break during the shearing process as confirmed by the small amount of gouge formed (Fig-
ure 4.3).

As a result of ongoing dilation, the mode of the mechanical aperture distribution increases from
100-200 um at the start to > 400 um at the end of the DST, as the distribution changes gradually
from a log-normal to a Gaussian distribution. Additionally, an increase in mechanical apertures
< 100 um as well as in contact area is observed with ongoing shear displacement. This shift in
mechanical apertures has also been observed in u-CT images of shear-induced fractures in shale
(Welch et al., 2022). Since the investigated natural fracture has a small initial contact area
(<2 %), the displacement of the fracture results in an increase of contact area on the shear-
facing sides of the asperities. Consequently, this leads to an enlargement of mechanical aper-
tures on the shear-opposing side of asperities, increasing the overall mechanical aperture and
creating potential flow channels (Figure 4.4a).

The hydraulic response reflects this mechanical behavior since the overall permeability of the
fracture increases during the DST (Figure 4.2¢). Additionally, flow channeling becomes increas-
ingly pronounced with increasing shear displacement (Figures 4.4c-f), which was also observed
for flow through shear fractures in shales (Li et al., 2024; Welch et al., 2022).
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Figure 4.2: Shear displacement - a) shear stress evolution, b) dilation, and c) permeability evolution
during the direct shear test for six normal stress scenarios: 1.5 MPa, 3.0 MPa, 4.0 MPa, 4.5
MPa, 7.5 MPa, and 15.0 MPa. If the normal stress exceeds the UTS (4.0 MPa), dilation and

permeability are significantly decreased.

Based on these observations, the following conclusions can be drawn: the fracture opens mainly
due to mechanical dilation on intact asperities. Interestingly, the associated increase in contact
area does not result in a reduction of permeability (Figure 4.3). This result is in contrast to
previous findings showing that permeability tends to increase when contact area decreases
during shearing (Barton et al., 1985; Chen et al., 2000).
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Figure 4.3: Permeability evolution (parallel to flow direction) and contact area during shearing with
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the fracture before (grey) and after shearing (navy). ¢)-j) 2D flow fields with major stream-
lines (black arrows), contact area (white), and gouge (red) of the flow parallel to the shear di-
rection before (c,g) and after shearing (d,h), as well as perpendicular to the shear direction
before (e,i) and after shearing (f,j). The enlargement of major flow paths can be seen in d)
and f). The hydraulic closing due to increasing contact areas and gouge is illustrated in h) and

J)-

4.3.2 Transitional regime

At normal stresses > 4.0 MPa, a transition from the above-described opening regime to a closing
regime occurs (Figure 4.2c). The amount of gouge material and contact area increases signifi-
cantly during shearing (Figure 4.3), leading to the closing of the main flow paths and to perme-
ability reduction. Gouge material is formed from broken surface asperities (Gill et al., 2021). To
characterize gouge formation, we analyzed the breaking modes of the bonds forming the BPM
(Appendix Al, Chapter C2) and observed that more than 99 % of all cracks are tensile cracks
(mode 1) and only less than 1 % of all cracks are shear cracks (mode II). This indicates that the
breaking of fracture asperities is governed by shear-induced local tensile stresses. Remarkably,
it is observed that the normal stress at which the permeability transitions from an increasing to a
decreasing regime corresponds to the ultimate tensile strength (UTS) of the rock ma-

57



4 Permeability evolution and gouge formation during fracture shearing

trix (4.0 MPa). Previous studies have shown relationships between mechanical parameters and
permeability (Deng et al., 2024; Gutierrez et al., 2000; Makurat et al., 1997; Milsch et al.,
2016). Of particular interest are the studies by Makurat et al. (1997) and Gutierrez et al. (2000),
which pointed out that the hydraulic transition occurs when the effective normal stress exceeds
the UCS of the rock matrix they tested (a shale). However, while their results clearly highlight
the fact that fracture permeability drastically decreased during shearing for normal stresses
higher than the UCS value, the transition from an opening to a closing hydraulic regime seemed
to be reached at lower normal stresses when reanalysing their data (approximately 2 MPa).
Unfortunately, the authors did not report the UTS of the rock they tested, and, at this point, we
can only acknowledge that further investigations are required to state a representative threshold
value for the transitional regime.

The increase in contact area related to fracture surface damage lead to additional changes in
hydraulic properties, specifically in terms of flow anisotropy. This occurs in the DST at
3.0 MPa normal stress, as well as for the DST at 4.5 and 7.5 MPa normal stresses (Figure 4.2c).
Due to transpression in shear direction, the permeability anisotropy (PA) ki/ky is > 1.2 with a

peak anisotropy of ki/ky = 1.6. Similar observations on PA during shearing were observed in
previous experimental studies (Auradou et al., 2005; Yeo et al., 1998), performed on digital
synthetic fracture models (Matsuki et al., 1999) or numerically (Auradou et al., 2005; Li et al.,
2024). Besides, gouge material also has a decisive influence on permeability, since it reduces
dilation or clogs major flow paths, and, therefore, reduces mechanical apertures in the fracture
(Gill et al., 2021; Li et al., 2023). However, many studies, especially numerical studies, do not
consider gouge formation (e.g., Egert et al., 2023; Welch et al., 2022).

4.3.3 Closing regime

For normal stresses exceeding the transition threshold of 4.0-4.5 MPa, the fracture is governed
hydraulically by a closing regime during shearing (Figure 4.2c). Mechanically, this regime is
characterized by a distinct peak shear stress and strain softening toward a residual state (Fig-
ure 4.2a). This behavior can be explained by the formation of a large amount of gouge associat-
ed to an increase of contact area (Figure 4.4b). Up to 50 % of the fracture is closed by gouge
particles or contacts (Figure 4.3). This is also reflected in the mechanical aperture distribution.
The initial log-normal distribution is shifted to a logarithmic distribution with the mode
<100 pum (Figure 4.3). The fracture is not just closed on the shear-facing sides of asperities, but
also, in contrast to the opening regime, on the shear-opposing side (Figure 4.4b). Due to high
normal and shear stresses, tensile cracks form in and around these asperities, promoting damage
in the surrounding rock matrix and therefore producing even more gouge particles (Liu et al.,
2016).
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Hydraulically, the breakage of asperities and the associated increase of contact area lead to a
total mechanical closure of all major flow paths during the DST, leaving only secondary flow
paths open (Figure 4.4g-j), and limiting flow anisotropy (Figure 4.2c). This hydraulic closure of
the fracture is, therefore, mainly due to fracture surface damage instead of the pure vertical
compaction of two fracture surfaces, as previously observed by Li et al. (2024).

A crucial assumption of our BPM approach is that gouge material results from the detachment
of the particles (either isolated or clustered in aggregates) forming the fracture walls, and that
these particles are unbreakable. Since the sample mainly consists of quartz grains, such an
assumption is acceptable at normal stresses up to 15 MPa. Nonetheless, it should be noted that,
depending on material properties or alteration processes, actual gouge particles may break under
high-stress conditions or large shear displacements (Fang & Wu, 2022; Li et al., 2023), and may
have a significant effect on fracture closure (Zhao, 2013).

4.4 Conclusions

In this study, the hydro-mechanical behavior of a single sandstone fracture subjected to direct
shear tests was investigated for normal stresses ranging from 1.5 to 15.0 MPa. A combined
numerical approach (DEM and FEM) was designed to characterize fracture permeability chang-
es during shearing. Our results indicate that three normal stress-related hydraulic regimes can be
distinguished: (1) an opening regime at normal stresses between 1.5 MPa and 3.0 MPa, (2) a
transitional regime at around 4.0 — 4.5 MPa, and (3) a closing regime for normal stresses > 4.5
MPa. These regimes can be characterized as follows:

(1) In the opening regime, dilation on intact asperities governs the fracture behavior, and gouge
and contact area formation are negligible. In this regime, permeability increases with increasing
shear displacement since existing flow paths are enlarged.

(2) In the transitional regime, increasing gouge formation and contact area start to affect the
flow behavior of the fracture. This leads to high flow anisotropy, since gouge particles aggre-
gate parallel to the shear direction and clog the flow in this direction, whereas perpendicular
flow paths are kept open.

(3) In the closing regime, significant asperity breakages form large amounts of gouge and con-
tacts between the fracture surfaces. This results in less but still significant dilation on gouge
particles. Hydraulically, existing flow paths close, and permeability is reduced.

Conclusively, all three regimes can occur in deep reservoirs depending on the rock material
properties and in situ stress levels. For instance, according to our study, the transition to a clos-
ing regime would correspond to a depth of around 300 m for Flechtinger sandstone. Assuming
long-term permeability enhancement after hydraulic stimulation should therefore be scrutinized
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in the context of geothermal projects realized in greater depths and stresses, since the lack of
permeability can lead to shear-slip events and induced seismicity (Gaucher et al., 2015), as
observed in Strasbourg in 2019/2020 (Schmittbuhl et al., 2022) and in Pohang in 2017 (Li et al.,
2024). Nonetheless, it should be noted that these findings are based on a small-scale fracture
and numerical simulations. To address this important limitation, future studies should aim for
experimental validation of the present findings. Extrapolations to geothermal systems should
also consider scale effects and fracture network connectivity and orientation. Furthermore, more
sophisticated numerical models and larger-scale experiments are necessary on reservoir scale.
Thus, further studies should focus on two key aspects: First, detailed small-scale hydro-
mechanical models should be established to enable an exact representation of governing pro-
cesses, especially gouge formation, on the HM behavior during shearing. Second, methods
should be developed to upscale small-scale results to reservoir scale. This includes the valida-
tion of such methods using laboratory and large in-situ experiments in underground research
laboratories.
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5 Synthesis

5.1 Conclusions

The permeability of natural single fractures, although governed by sub-millimeter processes, is
a crucial parameter for the feasibility of many larger-scale applications, such as geothermal
energy production or nuclear waste disposal. Thus, this thesis presents various methods aimed at
improving the characterization of natural single-fracture permeability. It explicitly addresses
different stages of this process, starting with preparatory steps (i.e., imaging and spatial match-
ing of fracture surfaces), followed by methods for determining permeability, and concluding
with the evolution of fracture permeability under changing mechanical conditions. Consequent-
ly, the main findings of the thesis presented in Chapters 2 — 4 are summarized in the following
sections.

i) Preparation — Surface imaging

A wide range of methods and devices is available for imaging of fracture surfaces. In Study 1
(Chapter 2), three of them were applied to a natural single fracture in a Flechtinger sandstone
block to evaluate suitable approaches to generate the geometrical basis of numerical flow simu-
lations. The study shows that resolution and accuracy of each method are the governing parame-
ters that decisively impact not only the fracture surface scan quality, but subsequently also the
permeability estimation and flow distribution.

Approaches exhibiting low resolution and accuracy, represented by a handheld laser scanner
(HLS) in Study 1 (Chapter 2), are unable to image the fracture surfaces adequately. In contrast
to more accurate methods, such as the mounted laser scanner (MLS) and Structure from Motion
(SfM), the asperities were imprecisely reproduced, and key structures (e.g., barite vein) were not
represented in the scan. Consequently, this was also underlined by the accuracy-resolution ratio
(ARR), for which the HLS shows a respective value of approximately 63 %, far exceeding the
benchmark of 5 % proposed by Tatone & Grasselli (2012).

In contrast, approaches exhibiting higher resolution and accuracy, such as MLS and SfM, can
image the fracture surface in high quality and, therefore, provide a solid basis for numerical
flow domain geometry. However, the two methods exhibit differences attributable to their
respective accuracies. The lower single point accuracy (35 um) of SfM compared to MLS
(10 pm) results in slightly less accurate spatial location of scanned points. Subsequently, this
leads to increased surface roughness and increased mechanical apertures. Study 1 (Chapter 2)
shows that this directly impacts the flow distribution in fractures, leading to higher determined
permeabilities and more pronounced preferential flow paths.
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Further results of the study show that the hydraulic apertures of the performed numerical flow
simulation (MLS: 163 um, SfM: 207 pm) do not fit the average hydraulic aperture determined
by the experimental air permeameter measurements (81 pum). However, assuming an initial
contact area of the fracture, it is found that the hydraulic aperture is reduced (MLS: 85 um,
SfM: 83 um), and the air permeameter value can be matched at 5 % (MLS) and 7 % (SfM)
contact area, respectively. Although these results demonstrate the influence of the contact area,
they also highlight the limitations of two-dimensional numerical flow simulations.

Despite the lower resolution and accuracy of SfM compared to MLS, and the resulting limita-
tions in flow simulations, it becomes evident that SfM can still play a significant role consider-
ing acquisition costs, adaptability to varying scales or conditions, and mobility. Particularly in
field applications or for fracture imaging across multiple scales, SfM may serve as a valuable
alternative to MLS and other stationary, high-resolution systems.

ii) Analysis - Persistent Homology

However, since the geometry of the fracture was best imaged by MLS in Study 1 (Chapter 2),
this geometry was selected for the application of the topological persistent homology (PH)
analysis to estimate the single fracture permeability. This method was already successfully
implemented to predict the permeability of small-scale discrete fracture networks (DFN) as well
as porous media. However, characterizing individual fractures while accounting for surface
roughness presents a particular challenge, as the scale of many fractures (decimeter scale)
differs significantly from that of asperities (micrometer scale). Thus, in Study 2 (Chapter 3), PH
was applied to the natural single fracture and evaluated against conventional methods, including
air permeameter measurements and numerical flow simulations.

The results in Study 2 (Chapter 3) indicate that permeability can be predicted using PH analysis
with a level of accuracy comparable to that of established validation methods. The hydraulic
apertures estimated with PH range between 73 um and 92 pm, similar to the air permeameter
measurements (81 pm) and the calibrated numerical flow simulation (85 pum).

Besides the general estimation of fracture permeability with PH, the study examined the influ-
ence of different data set resolutions (200 pm, 100 um, and 50 pm) on fracture permeability.
The study shows that all resolution scenarios result in comparable values without significant
outliers. Despite this, analysis of the normalized root mean squared error (NRMSE) of the
results reveals that increased resolution is associated with reduced error, suggesting a clear
dependency of PH analysis accuracy on spatial resolution.

Nonetheless, increasing spatial resolution is accompanied by an exponential increase in compu-
tational time. A comparison of datasets with varying resolutions and the applied validation
methods reveals that PH analysis remains comparable to air permeameter measurements and
numerical flow simulation at resolutions of 200 pm and 100 pm. However, enhancing the reso-
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lution from 100 um to 50 um increases the total expenditure of time by 75 %. Thus, considering
both error and computational effort, the dataset with a resolution of 100 um emerges as a prom-
ising alternative to conventional methods.

iii) Shearing - Permeability evolution under normal and shear stress

Study 3 (Chapter 4) illustrates how permeability can evolve under varying confining and shear
stress conditions. To quantify this behavior, simulations of direct shear tests (DST) were con-
ducted under normal stresses ranging from 1.5 MPa to 15.0 MPa, using a novel approach com-
bining a mechanical DEM model and a hydraulic FEM model. This approach enables the inves-
tigation of mechanical processes such as gouge formation or dilation, without neglecting the
impact on hydraulic processes.

The generated data show that the evolution of fracture permeability is primarily governed by the
normal stress controlling the main mechanical processes during shearing. Based on this finding,
three normal stress-related regimes are divided in Study 3 (Chapter 4):

- Opening regime: The fracture opens mechanically with increasing shear displacement
due to dilation of the upper fracture surface under low normal stress conditions. Subse-
quently, this process leads to widening of existing flow paths and the enhancement of
permeability.

- Transitional regime: Asperities on the fracture surfaces start to break under increasing
normal stress, resulting in a constant permeability during the entire DST.

- Closing regime: The fracture hydraulically closes as asperities break and the main flow
paths become obstructed by gouge material generated during shearing under high nor-
mal stress conditions. Mechanically, dilation is still ongoing, increasing the distance be-
tween the fracture surfaces, but not the mechanical aperture.

Particularly interesting is the threshold value at which the regime changes from an opening to a
transitional regime, since this marks the normal stress after which permeability no longer in-
creases due to shear displacement along the fracture. For the investigated Flechtinger Sandstone,
this threshold was observed to be 4.0 MPa, corresponding to the ultimate tensile strength (UTS).
However, further research is required to establish a connection between the UTS and the transi-
tional regime.

Reflecting on the overarching goal of this thesis — the advancement and refinement of methodo-
logical approaches for characterizing the permeability and fluid flow behavior through single
fractures — it was possible to develop a cost-effective open-source workflow. This workflow
enables rapid yet detailed investigation of single-fracture permeability.
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5.2 Perspectives and outlook

This thesis confirms the applicability and validity of novel methods and approaches in the scope
of permeability characterization of natural single fractures. Although a broad range of topics is
covered, there is still potential for further research and optimization. Based on the findings of
this thesis, this chapter is divided into two parts. The first part focuses on detailed investigations
of the underlying hydro-mechanical processes at the same or a smaller scale. The second part of
the chapter addresses approaches enabling the upscaling of the presented results to a larger
scale.

5.2.1 Detailed analysis
i) Transfer to other lithologies and scales

A significant limitation of the studies included in this thesis is their dependence on a single
fracture sample taken from a sandstone block at the laboratory scale. While this enables a de-
tailed and sequential investigation of HM processes, it simultaneously limits the transferability
of the results to other lithologies or scales. Although the sandstone used in this study represents
a rock with typical mechanical properties, future research should focus on weaker rocks (e.g.,
shale) and stronger rocks (e.g., granite) to allow for validation of the HM results obtained in this
thesis.

Furthermore, the investigation of single fractures across different scales remains a well-known
yet unresolved research question (Viswanathan et al., 2022). While partial studies exist, e.g., on
fracture roughness across multiple orders of magnitude (Candela et al., 2012), a holistic under-
standing of HM processes from the sub-micrometer scale to the kilometer scale within a single
fracture or fault is still lacking. However, the rapid development of computational power is
expected to enable significant progress in this field of research in the coming years.

i) Mechanical contact model

Transferring the methods presented in this thesis to other lithologies would require a critical
examination of contact mechanics. For all mechanical results shown in this thesis, fully elastic
conditions were assumed. In Study 3 (Chapter 4), a fully elastic interpenetration model integrat-
ed into the YADE DEM code is used, which allows two spheres to overlap, with the stiffness
being adjusted accordingly (Smilauer et al., 2021). In contrast, Study 1 (Chapter 2) generates
contacts between the two fracture surfaces only by vertically compressing the surfaces, setting
overlapping regions to zero. While this latter method enables precise control over the relative
contact area, it neglects the actual contact mechanics. Thus, a comparison with other contact
mechanical approaches, such as the Hertzian/Greenwood-Williamson method (Greenwood &
Williamson, 1966) or the Fast Fourier Transform approach (Kling et al., 2018), is essential for

64



5.2 Perspectives and outlook

future studies. This is particularly relevant for mineral compositions, where plastic deformations
must also be considered (i.e., shale).

iii) Implementation of three-dimensional Navier-Stokes flow simulations

The results of Studies 1 and 2 (Chapters 2 and 3) demonstrate that flow simulations can be
conducted using 2D models, yielding plausible outcomes. However, it should be noted that this
approach involves certain simplifications and assumptions, such as projecting the geometry onto
a two-dimensional plane and employing Darcy’s law to solve the partial differential equation.
Previous studies have shown that the accuracy of permeability estimation of such simulations is
highly influenced by the Reynolds number (Egert et al., 2021). At high Reynolds numbers (i.e.,
high flow rates), the simulated flow velocities tend to be elevated compared to validation meth-
ods. Consequently, the implementation of Navier-Stokes solvers and the use of 3D geometries
are particularly beneficial in cases of high surface roughness or elevated flow velocities.

Although many studies already employ 3D simulations to model fluid flow through fractures
(Egert et al., 2021; Marchand et al., 2020; Stoll et al., 2019), it must be noted that this approach
involves significantly higher computational effort. In particular, simulating multiple scenarios,
as presented in Study 3 (Chapter 4), would increase computational time by several orders of
magnitude compared to 2D simulations.

iv) Experimental validation of direct shear test simulations

The results of Study 3 (Chapter 4) enable significant progress in characterizing the hydraulic
behavior of individual fractures under normal and shear stress. However, these findings are
entirely based on numerical simulations of a DEM and FEM model. Although this enables a
powerful approach to investigate HM processes in a single fracture, it lacks experimental valida-
tion. Multiple studies have already presented experimental setups, which are able to effectively
couple mechanical DST with hydraulic fluid flow through the sample (e.g., Kluge et al., 2021;
Li et al., 2023). Although processes such as gouge formation have already been studied in this
context (Li et al., 2023), the experimental validation of a transition from an opening to a closing
regime remains unresolved. A critical next step should therefore be the transfer of the simula-
tions described in this thesis to experimental investigations, in order to validate the conclusions
drawn in Study 3 (Chapter 4).

iv) Coupling of hydro-mechanical simulation

Various studies show the importance of coupling THMC processes in fractures for an adequate
and realistic representation of a single fracture (Viswanathan et al., 2022). In this thesis, HM
processes during normal loading and shearing are considered. As mentioned in the last section,
these processes can already be investigated fully coupled under experimental conditions (Vogler
et al., 2016; Welch et al., 2022). However, numerical investigations are not able to represent
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mechanical processes (i.e., gouge formation, dilation, contact area) and hydraulic processes in a
coupled HM workflow yet. The results of Study 3 (Chapter 4) represent a significant advance-
ment toward enabling fully coupled hydro-mechanical (HM) modeling for shear tests, achieved
through the combined approach of a mechanical DEM model and a hydraulic FEM model of the
fracture. Nevertheless, as in the approach presented by Li et al. (2024), only a one-way coupling
of mechanical changes to hydraulic flow is possible in this study. A fully bidirectional coupling
is not yet achievable.

Thus, future research should focus on two main directions: first, exploring possibilities for
bidirectional coupling between DEM and FEM, allowing hydraulic changes to directly influ-
ence mechanical behavior. Second, the implementation of a fluid phase within a purely DEM-
based model could also be considered. However, to realize such a highly detailed modeling
approach, a substantial increase in computational power would be required.

5.2.2 Upscaling

The results presented in this thesis focus on a small-scale single fracture (centimeter to decime-
ter scale). However, all commercial applications are either working on full reservoir size or at
least on fracture network scale (meters to kilometers). This necessitates an upscaling of the
detailed results obtained at the centimeter scale. A particularly relevant factor in this context is
the consideration of fracture roughness, which has a significant impact on both mechanical (i.e.,
gouge formation, dilation) and hydraulic behavior (i.e., preferential flow paths, clogged flow
paths), but is not considered in most large-scale studies. In previous studies, fractures at larger
scales have been represented mainly as planar surfaces or modeled using a porous equivalent for
the combined matrix and fracture permeability. Thus, future research should focus on integrat-
ing roughness-dependent hydro-mechanical information into larger-scale investigations.

Study 2 (Chapter 3) has demonstrated that, using topological methods, it is indeed possible to
upscale detailed small-scale analyses to larger scales. The effective partitioning of the domain
into smaller subdivisions and the determination of permeability for each of these smaller units
did not result in degradation of the estimated permeability compared to validation methods.
Consequently, this approach represents a promising method for incorporating small-scale effects
into larger-scale geometries.

Since permeability estimations of fracture networks with planar fractures are already available
(Suzuki et al., 2021), the results obtained in Chapter 3 could serve as a basis for combining the
two approaches and determining the permeability of fracture networks with PH while account-
ing for surface roughness.

Another critical aspect in upscaling results from individual fractures to fracture networks is the
hydro-mechanical behavior at the intersections of two fractures. The exact geometry can have a
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significant impact on the overall permeability of a fractured system (Pyrak-Nolte et al., 2023;
Viswanathan et al., 2022). Thus, future research should aim to incorporate the geometry of these
junctions and assess their influence on flow patterns.
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A1 Supporting Information Study 3

This appendix refers to Study 3 (Chapter 4). The content is published in the journal Geophysical
Research Letters (GRL) as supporting information.

Introduction

The supporting information contains three chapters C1 — C3 providing additional information to
the three sections of the “Material and methods” chapter in the main manuscript. Furthermore,
the chapter C4 provides definitions about mechanical and hydraulic parameters to describe
fracture aperture. In addition, the Figures S1-S3, as well as the Tables S1-S3 supporting chap-
ters C1 — C3 are shown in this file.

C1 Additional Information to the Fracture Sample

The sandstone sample in this study is Flechtinger sandstone. The sample was taken from a
quarry in Bebertal, Saxony-Anhalt, Germany, and is part of the Northern Germany Basin
(Fischer et al., 2012). Flechtinger sandstone was already part of multiple previous studies,
whereas many mineralogical, chemical, hydraulic, and thermal characteristics of the rock, as
well as the fractures within, are well known (Cheng et al., 2020; Fischer et al., 2012; Hassanza-
degan et al., 2012, 2014; Heidsiek et al., 2020). Of particular interest are the studies of Hale et
al. (2020), Hale & Blum (2022), Fuchs et al. (2024a), Fuchs et al. (2024b), and Gutjahr et al.
(2022), in which the exact same fracture sample is studied. Gutjahr et al. (2022) proved self-
affinity of the fracture and determined the Hurst exponents to examine the roughness of the
fracture surfaces. The median of all calculated Hurst exponents in x-direction is 0.48. The Hurst
exponents in y-direction are slightly lower (0.42). The studies of Hale et al. (2020), Hale &
Blum (2022), Fuchs et al. (2024a), and Fuchs et al. (2024b) all determined the permeability of
the fracture with different methods and in different directions. The derived permeabilities are
displayed in Table S3.

C2 Simulation of Direct Shear Tests

The open-source code YADE was used to simulate direct shear tests. YADE is based on the
discrete element method (DEM). Thus, the rock is represented as a packing of bonded spherical
particles (or discrete elements, DE). YADE works similarly to DEM algorithms in two steps:
1) the interaction forces are calculated between the DE based on their relative position and the
predefined contact law, and 2) the acceleration of each DE is calculated based on Newton's
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second law of motion. The acceleration is then time-integrated to determine the new position of
each DE. The entire process is repeated iteratively until the end of the simulation.

In the present study, we used an elastic-brittle contact law that has proven to be effective for
simulating rock-like materials (Scholtes & Donzé, 2013). The interaction force Fi represents
the interaction between DE a and DE b and consists of a normal component F, and a shear
component Fs. These components are related to the relative normal and incremental shear dis-
placements through the normal and shear stiffnesses K, and Ks, respectively. F, is calculated by
the local constitutive law presented in Figure S1. Under compressive loading, F, is computed as

F, = KyADF, (C2.1)

where, 4D is the relative displacement between interacting DE, and K, is defined by

RaRb

Ky,=Epg-————<
" TC(Ra+ Rp)

(C2.2)
in which Eeq is a bulk modulus equivalent, R, is the radius of DE a, and Ry, is the radius of DE b.

Under tensile loading, F, is computed as in equation (1) up until the maximum tensile force,
Fnmax IS reached:

Fn,max = —tAint (02-3)

where t is the tensile strength, and Aix is the interacting surface between DE a and DE b ex-
pressed by

Ajne = 7 * (min(Rg, Rp))? (C2.4)
When F, exceeds Fnmax, @ tensile rupture occurs (mode 1) and the interaction force is set to 0.

Fs is computed in an incremental manner by updating its orientation and intensity depending on
the increment of shear force AFs = Ksdus, which develops at the interaction point (as proposed
by Hart et al., 1988):

K= {Fs}updated + K Aug (C25)
with K proportional to Kn, and Aus the relative incremental tangential displacement.
As illustrated in Figure S2, the maximum shear force Fsmax is expressed as

Fs,max = Fytan @y, + cAipe (C2-6)

where ¢y is the friction angle for bonded contacts, and c the cohesion. When Fs exceeds Fsmax, a
shear rupture occurs (mode I1), and the initially bonded interaction becomes purely frictional.
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Similarly, if new contacts between two DE are detected during the simulation, they are also
treated as purely frictional with a maximum shear force Fsmax calculated as:

Fsmax = Fy tan @, (C2.7)

with ¢y is the residual friction angle.

In addition, the DEM formulation being fully dynamic, a local non-viscous type damping is
used to dissipate kinetic energy and favor the quasi-static response of the model (please see
details in Duriez et al., 2016). All simulations in this study were performed with a damping
coefficient of 0.5.

Finally, a specificity of the BPM used in this study relies on the possibility for near neighbor
interactions between DE. As discussed by Scholtés & Donzé (2013), this feature provides a
simple yet effective approach to better reproduce the brittleness of rock like materials (i.e., high
UCS/UTS ratios and nonlinear failure envelopes). In the present study, we defined an interac-
tion range coefficient yinx = 1.14 that allows to properly reproduce the behavior of the Flecht-
inger sandstone as shown in Table S1 (bonds are created between DE if their center to center
distance is inferior to yin(RatRbp)).

C3 Hydraulic Simulation

The open-source, parallel finite element Multiphysics Object Oriented Simulation Environment
(MOOSE) framework was used to perform fluid flow simulations in the fracture (Giudicelli et
al., 2024). The MOOSE framework includes different physics modules and applications. In this
study, the Porous Flow module was used (Wilkins et al., 2020, 2021). Porous Flow is able to
solve fluid and heat flow problems with an arbitrary number of phases and fluid components.
Here, it is used to simulate single phase fluid flow under saturated conditions. In general, Po-

rous Flow solves the continuity equation of mass conservation for « fluid species:

SM*

ot
M is the mass of fluid per bulk volume, vs is the velocity of the porous solid skeleton, F is the
fluid flux, 4 is a radioactive decay rate, ¢lchem is the chemical precipitation or dissolution and q

0=

+ M5V - vg + V- FX 4+ AM* — @l opem — q° (C2.8)

is a source or sink term of fluid. In this study, no chemical reactions, radioactive decay, nor a
fluid source or sink are present. In addition, there is no consideration of solid mechanics within
the fluid flow simulation and, therefore, no change in fluid mass per bulk volume nor movement
of the porous solid skeleton. Consequently, Equation 9 can be reduced to the term of fluid flux,
which can be represented as
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FkK = Z XEF[?dvective + FKdiff‘l'diSP (C2.9)
B

with the mass fraction y of component « in phase g. F*"*" is the advective flux component of
phase £ and Fa™d js the diffusive-and-dispersive flux component of each fluid component .
Since only one component and one phase are considered in this study, this reduces to the advec-
tive flux term, which is expressed by Darcy’s law:

k
Fo = py = —p (VP = pg) (C2.10)

p is the density of the fluid phase, v is the Darcy velocity, k is the permeability, p is the viscosi-
ty, p is the pore pressure and g is the gravitational constant. It should be mentioned that since
Darcy flux is used in this study, the assumption of laminar flow has to be made. To ensure
laminar flow, a small pore pressure gradient of 2 Pa/m was chosen as boundary condition in all
of the performed simulations. Furthermore, an initial permeability value had to be assigned to
the flow domain to simulate Darcy flux. Thus, a permeability value based on the local mechani-
cal aperture was assigned to each mesh element in the flow domain using the local cubic law.

The FEM flow domain of the hydraulic model also allows a detailed calculation of contact area.
The FEM mesh is generated in the interstitial space between the two fracture surfaces exported
from the DEM model, which were subsequently interpolated onto a regular grid. The relative
contact area Ac, is then calculated based on the mesh elements N¢ with a mechanical aperture of
am = 0 and the total number of mesh elements N (Deng et al., 2024):

N,
o= (c211)

C4 Definition of mechanical and hydraulic parameters

Dilation is defined as the change of the mechanical distance between the averaging planes of the
two fracture surfaces (Fang et al., 2017). Accordingly, the mechanical aperture is the measura-
ble distance between the two fracture surfaces perpendicular to the averaging plane of each
fracture surface (\Vogler et al., 2018). In contrast, the hydraulic aperture, which is directly relat-
ed to the permeability using the Cubic Law (Witherspoon et al., 1980), is the hypothetical
aperture used for fluid flow through the fracture assuming a parallel plate model.

Following this definition, dilation is a global value representing the entire fracture domain,
whereas mechanical aperture is a local parameter. Due to the formation of gouge or contact
area, these two mechanical parameters are not necessarily coupled to the hydraulic aper-
ture/permeability (Fang et al., 2017; Li et al., 2023).
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Figure S2: Rupture criterion used in the DEM model.
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a) c,=1.5MPa d)

0.0 0.2 0.4 0.6 0.8 1.0

Damage [-]

Figure S3: Results of the direct shear tests in 3D (a-c) and 2D (d-f). The state of the BPM model after the
end of shearing is shown for three scenarios: 1.5 MPa (a, d), 4.5 MPa (b, ), and 15.0 MPa (c,
f) normal stress. The displayed damage value ranges between 0 and 1 and reflects the relative

proportion of broken interactions of each discrete element (DE). At a damage value of 1, the
DE is referred to as gouge.
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Table S1: Macroscopic rock parameters taken from literature and own measurements

Macroscopic rock parameter Value Reference

Porosity 9-11% Cheng et al. (2020);
Hassanzadegan et al. (2012)

Density 2380 kg/m® Hassanzadegan et al. (2012)

Matrix permeability 0.17-0.36 mD Hassanzadegan et al. (2012)

Tensile strength 4.0 MPa  This study

Uniaxial compression strength 56.5 MPa This study

Young’s modulus 18.1 GPa This study

Poisson ratio 0.3 This study

Friction angle 28 °  This study

Table S2: Calibrated interparticle parameters in the YADE model

Calibrated interparticle parameter in YADE Value
Density 2380 kg/ms3
Tensile strength 4.5 MPa
Cohesion 34 MPa
Young’s modulus equivalent 16.6 GPa
Poisson’s ratio 0.41
Friction angle 30°
Coordination number 10.1
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Table S3: Permeability values of the exact single fracture derived from different methods in literature

Hydraulic

Permeability

Methodology Direction Reference
aperture [um] [m?]
. . N 3.0- 1010 -
Empirical equations  x-direction 60 — 285 68109 Hale et al. (2020)
(based on mechani- ‘
cal aperture) y-direction i} L
x-direction 81 561071 Hale et al. (2020),
Air permeameter ' Hale & Blum (2022)
measurements
y-direction 57 2.7-10%°  Fuchs et al. (2024b)
Numerical x-direction 85 6.0 - 10 Fuchs et al. (2024a)
hydraulic
simulation y-direction 73 4.4-10%  Fuchs et al. (2024b)
. 4.4-10%0 -
x-direction 73-92 Fuchs et al. (2024b)
Persistent 7.0-10%
Homology 32100 _
y-direction 62 — 86 6.2 1010 Fuchs et al. (2024b)
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