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Abstract

Understanding the fluid transport properties of subsurface rocks is essential for a large number of
geotechnical applications, such as hydrocarbon (oil/gas) exploitation, geological storage
(COy/fluids), and geothermal reservoir utilization. To date, the hydromechanically-dependent fluid
flow patterns in porous media and single macroscopic rock fractures have received numerous
investigations and are relatively well understood. In contrast, fluid-rock interactions, which may
permanently affect rock permeability by reshaping the structure and changing connectivity of pore
throats or fracture apertures, need to be further elaborated. This is of significant importance for
improving the knowledge of the long-term evolution of rock transport properties and evaluating a
reservoir’ sustainability. The thesis focuses on geothermal energy utilization, e.g., seasonal heat
storage in aquifers and enhanced geothermal systems, where single fluid flow in porous rocks and

rock fracture networks under various pressure and temperature conditions dominates.

In this experimental study, outcrop samples (i.e., Flechtinger sandstone, an illite-bearing
Lower Permian rock, and Fontainebleau sandstone, consisting of pure quartz) were used for flow-
through experiments under simulated hydrothermal conditions. The themes of the thesis are (1) the
investigation of clay particle migration in intact Flechtinger sandstone and the coincident
permeability damage upon cyclic temperature and fluid salinity variations; (2) the determination
of hydro-mechanical properties of self-propping fractures in Flechtinger and Fontainebleau
sandstones with different fracture features and contrasting mechanical properties; and (3) the
investigation of the time-dependent fracture aperture evolution of Fontainebleau sandstone induced
by fluid-rock interactions (i.e., predominantly pressure solution). Overall, the thesis aims to unravel
the mechanisms of the instantaneous reduction (i.e., direct responses to thermo-hydro-mechanical-
chemical (THMC) conditions) and progressively-cumulative changes (i.e., time-dependence) of

rock transport properties.

Permeability of intact Flechtinger sandstone samples was measured under each constant
condition, where temperature (room temperature up to 145 °C) and fluid salinity (NaCl: 0 ~ 2 mol/l)
were stepwise changed. Mercury intrusion porosimetry (MIP), electron microprobe analysis
(EMPA), and scanning electron microscopy (SEM) were performed to investigate the changes of

local porosity, microstructures, and clay element contents before and after the experiments. The
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results indicate that the permeability of illite-bearing Flechtinger sandstones will be impaired by
heating and exposure to low salinity pore fluids. The chemically induced permeability variations
prove to be path-dependent concerning the applied succession of fluid salinity changes. The
permeability decay induced by a temperature increase and a fluid salinity reduction operates by

relatively independent mechanisms, i.e., thermo-mechanical and thermo-chemical effects.

Further, the hydro-mechanical investigations of single macroscopic fractures (aligned,
mismatched tensile fractures, and smooth saw-cut fractures) illustrate that a relative fracture wall
offset could significantly increase fracture aperture and permeability, but the degree of increase
depends on fracture surface roughness. X-ray computed tomography (CT) demonstrates that the
contact area ratio after the pressure cycles is inversely correlated to the fracture offset. Moreover,
rock mechanical properties, determining the strength of contact asperities, are crucial so that
relatively harder rock (i.e., Fontainebleau sandstone) would have a higher self-propping potential
for sustainable permeability during pressurization. This implies that self-propping rough fractures
with a sufficient displacement are efficient pathways for fluid flow if the rock matrix is

mechanically strong.

Finally, two long-term flow-through experiments with Fontainebleau sandstone samples
containing single fractures were conducted with an intermittent flow (~140 days) and continuous
flow (~120 days), respectively. Permeability and fluid element concentrations were measured
throughout the experiments. Permeability reduction occurred at the beginning stage when the stress
was applied, while it converged at later stages, even under stressed conditions. Fluid chemistry and
microstructure observations demonstrate that pressure solution governs the long-term fracture
aperture deformation, with remarkable effects of the pore fluid (Si) concentration and the structure
of contact grain boundaries. The retardation and the cessation of rock fracture deformation are
mainly induced by the contact stress decrease due to contact area enlargement and a dissolved mass
accumulation within the contact boundaries. This work implies that fracture closure under constant
(pressure/stress and temperature) conditions is likely a spontaneous process, especially at the
beginning stage after pressurization when the contact area is relatively small. In contrast, a contact
area growth yields changes of fracture closure behavior due to the evolution of contact boundaries
and concurrent changes in their diffusive properties. Fracture aperture and thus permeability will
likely be sustainable in the long term if no other processes (e.g., mineral precipitations in the open

void space) occur.
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Zusammenfassung

Die Kenntnis von Gesteinstransporteigenschaften und das Verstdndnis ihrer zeitlichen
Verdnderungen sind fiir eine Vielzahl von geotechnischen Anwendungen von herausragender
Bedeutung. Als Beispiele seien genannt: die Gewinnung von Kohlenwasserstoffen (Ol/Gas), die
stoffliche geologische Speicherung (CO,/Fluide) und die geothermische Energiegewinnung. Die
hydromechanischen Stromungseigenschaften von Fluiden in pordsen Gesteinen und solchen mit
einzelnen, makroskopischen Rissen sind mittlerweile vergleichsweise gut verstanden. Im
Gegensatz dazu besteht im Hinblick auf Fluid-Gesteins-Wechselwirkungen, welche durch eine
Verdnderung der Struktur und Verbundenheit des Porenraums bzw. der Risséffnungsweiten die
Gesteinspermeabilitit permanent beeinflussen konnen, entscheidender Forschungsbedarf. Dies ist
insbesondere fiir eine verbesserte Kenntnis der langzeitlichen Entwicklung der (hydraulischen)
Gesteinstransporteigenschaften sowie eine Evaluierung der Nachhaltigkeit einer Nutzung
geologischer Reservoire von grofler Bedeutung und Gegenstand der vorliegenden Dissertation.
Anwendungsaspekt dieser Arbeit ist insbesondere die geothermische Technologieentwicklung, d.h.
die saisonale Warmespeicherung in Aquiferen sowie sogenannte ,,Enhanced Geothermal Systems*®,
in der die Nutzung einphasiger Fluide in pordsen Gesteinen bzw. Rissnetzwerken im Vordergrund
steht.

In dieser experimentellen Arbeit wurden mit Gesteinsproben aus Aufschliissen
(unterpermischer, illitreicher Flechtinger Sandstein sowie quarzreicher Fontainebleau Sandstein)
Durchflussexperimente bei simulierten hydrothermalen Reservoirbedingungen durchgefiihrt.
Themenschwerpunkte der Dissertation sind hierbei (1) die Untersuchung einer
Tonpartikelmigration in intakten Proben des Flechtinger Sandsteins und eine damit verbundene
Permeabilitdtsschadigung durch zyklische Temperaturverdnderungen sowie Variationen der
Fluidsalinitét, (2) die Bestimmung der hydromechanischen Eigenschaften selbststiitzender Risse
in Flechtinger und Fontainbleau Sandsteinen mit unterschiedlichen Rissmorphologien und
mechanischen Kennwerten und (3) die Untersuchung einer zeitlichen Verdnderung der
Rissoffnungsweiten in Fontainebleau Sandstein, welche durch Fluid-Gesteins-Wechselwirkungen
(insbesondere Drucklosung) induziert wird. Zusammenfassend hat diese Dissertation zum Ziel, die
Mechanismen sowohl unmittelbarer als auch zeitabhingiger, durch verdnderte thermisch-

hydraulisch-mechanisch-chemische = Bedingungen  hervorgerufene, Verdnderungen von
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Gesteinstransporteigenschaften herauszuarbeiten.

Die Permeabilitét intakter Proben Flechtinger Sandsteins wurde systematisch bei stufenweise
verdanderten Temperaturen (von Raumtemperatur bis 145 °C) und Fluidsalinititen (NaCl: 0 ~ 2
mol/l) gemessen. Quecksilberporosimetrie, Elektronenstrahlmikroanalyse und
Rasterelektronenmikroskopie wurden angewandt, um Verdnderungen der lokalen Porositdt, der
Gesteinsmikrostruktur sowie des Tongehalts nach Abschluss des Experiments im Vergleich zum
Ausgangszustand zu bestimmen. Es zeigte sich, dass die Permeabilitét des illitreichen Flechtinger
Sandsteins durch eine Temperaturerh6hung sowie eine Verringerung der Salinitit des Porenfluids
geschadigt wird. Die chemisch induzierten Permeabilititsverdnderungen sind pfadabhéngig von
der Abfolge der Salinitétsverdnderungen. Die Mechanismen einer durch Temperaturerh6hung oder
Salinitdtsreduktion induzierten Permeabilitétsschidigung arbeiten hierbei weitestgehend
unabhéngig voneinander, als thermo-mechanische bzw. thermo-chemische Prozesse.

Die hydromechanischen Untersuchungen an makroskopischen Einzelrissen (Scherrisse ohne
und mit Versatz sowie gesigte Proben) zeigen, dass ein relativer Versatz der beiden Rissflichen
eine erhebliche Erhhung der Rissoffnungsweite und damit der Gesteinspermeabilitdt bewirken
kann, deren Grad aber stark von der Oberflichenrauigkeit abhingt. Computertomographische
Aufnahmen des Gesteins zeigen, dass das Kontaktflichenverhdltnis nach den erfolgten
Druckzyklen invers mit dem Scherversatz korreliert. Darliber hinaus haben die mechanischen
Eigenschaften des jeweiligen Gesteins, welche die Festigkeit der Kontaktpunkte innerhalb des
Risses bestimmen, einen entscheidenden Einfluss auf die Selbststiitzungsfahigkeit des Risses bei
einer Druckerh6hung. Diese ist damit (héhere Festigkeit) bei Fontainebleau Sandstein gegeniiber
Flechtinger Sandstein verbessert. Insgesamt stellen selbststiitzende raue Risse mit ausreichendem
Scherversatz in einem Gestein hoher Festigkeit effiziente FlieBwege fiir Geofluide dar.

Die zwei Langzeitexperimente an gekliiftetem Fontainebleau Sandstein wurden mit
intermittierender (~140 Tage) bzw. kontinuierlicher (~120 Tage) Durchstromung durchgefiihrt und
die Permeabilitit des Gesteins sowie der Fluidchemismus iiber die Dauer des jeweiligen
Experiments bestimmt. Eine Permeabilititsreduktion war insbesondere am Anfang der Messung
zu beobachten, nachdem die Spannung erstmalig auf das Gestein aufgebracht wurde, und nahm
dann im weiteren Verlauf des Experiments progressiv ab. Fluidchemische und mikrostrukturelle
Beobachtungen zeigen, dass Drucklosung die langzeitliche Deformation des Risses kontrolliert,
wobei die Porenfluidkonzentration (Si) und die Mikrostruktur der Kontaktpunkte eine
herausragende Rolle spielen. Die Verlangsamung bzw. das Abklingen der Rissdeformation werden
insbesondere  durch  die  Verringerung der  Kontaktspannung  aufgrund  einer
KontaktflachenvergroBerung sowie die Anreicherung geloster Spezies in den Kontakten bestimmt.

Ergebnis dieser Arbeit ist auch die Erkenntnis, dass eine RissschlieBung bei konstanten
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Druck/Spannungs- und Temperaturbedingungen sehr wahrscheinlich ein spontan ablaufender
Prozess ist, insbesondere zu Beginn einer Druckbeaufschlagung, wenn die Kontaktflache noch
relativ klein ist. Eine VergroBerung der Kontaktfliche fiihrt zu einem verdnderten
RissschlieBungsverhalten, da die Kontaktpunkte einer strukturellen Entwicklung unterworfen sind
und sich damit ihre diffusiven Eigenschaften #ndern. Uber lingere Zeitriume werden die
Rissoffnungsweite und damit die Gesteinspermeabilitit in einem geologischen Reservoir
insbesondere dann nachhaltig sein, wenn keine zusétzlichen, entgegenwirkenden Prozesse (z.B.

Mineralfallung innerhalb des Risses) in dem Gestein ablaufen.
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Chapter 1

Introduction

1.1 Background

The fluid transport properties of rock masses such as porous sediments as well as crystalline and
igneous rocks are of significant importance for a variety of geotechnical applications, including the
extraction of hydrocarbons and geothermal energy utilization (e.g., Schembre et al., 2006; Huenges,
2010). In these cases, sufficient amounts of fluid need to be circulated through porous media (i.e.,
with a high-permeable rock matrix, such as in sandstones) or rock fracture networks (i.e., with a
low- /non-permeable rock matrix, such as in shale and granite), and consequently high hydraulic
conductivity is essential for saving costs and maintaining the potential reservoirs' economic
production. Therefore, a thorough understanding of rock permeability changes may help better

operate reservoir formations and minimize potential risks for permeability damage.

Numerous studies have been carried out since decades to understand the mechanisms of fluid
transport properties of rock media under various conditions (e.g., changing effective stress,
changing fluid salinity/composition, changing temperature), including porous media (e.g., Mungan,
1968; Khilar & Fogler, 1987; Mohan et al., 1993; Ochi & Vernoux, 1998; Blocher et al., 2009;
Bedrikovetsky et al., 2012; Rosenbrand et al., 2015a; Rosenbrand et al., 2015b; Meng et al., 2020),
and rock fractures (e.g., Raven & Gale, 1985; Zimmerman et al., 1992; Ge, 1997; Min et al., 2009;
Hofmann et al., 2016; Vogler et al., 2016). In porous media, apart from effective stress-related
permeability variations, a fluid salinity/composition-induced permeability decline has received
particular attention because various sedimentary rocks contain clay phases (Wilson et al., 2014),
which are sensitive to fluid chemistry and flow dynamics due to their morphology and a net surface
charge. The permeability may decrease by several orders of magnitude resulting from fine particle
migration blocking pore connections (e.g., Mungan, 1968; Khilar & Fogler, 1987; Schembre &
Kovscek, 2005; You et al., 2016; Russell et al., 2018). For rock fractures, hydro-mechanical
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investigations in conjunction with quantifying spatial fracture configurations have been widely
performed and these relations are fairly well understood (e.g., Rutqvist, 2015; Hofmann et al., 2016;

Crawford et al., 2017; Zambrano et al., 2019).

What remains to be further elaborated in this regard are (i) the effects of elevated temperature
on particle migration in porous media and the permeability, and (ii) the long-term evolution of
fracture transport properties upon fluid-rock interactions. To the author's knowledge, there is a very
limited amount of studies on porous rocks taking both the particle migration and the temperature
effects into account, and mostly kaolinite was considered as the clay phase in previous studies (e.g.,
Schembre & Kovscek, 2005; You et al., 2015). For fracture permeability decline over large periods
of time, previous studies, including a limited number of long-term investigations, showed that
pressure solution plays a dominant role, leading to a permanent reduction of permeability (e.g.,
Polak et al., 2003; Yasuhara et al., 2003; Yasuhara et al., 2006; Gratier et al., 2013; Gratier et al.,
2014; Yasuhara et al., 2015; Van den Ende et al., 2019).

The aforementioned issues are particularly interesting for geothermal energy utilization, such
as seasonal heat storage in geological aquifers and enhanced geothermal systems (EGS) for
electricity production (Huenges, 2010). Figure 1.1 shows a schematic diagram of fluid flow
through porous media and rock fractures in the subsurface from shallow to deep layers for different
purposes. At relatively shallow depth, heat is stored or extracted into/from porous aquifers by
pumping fluids, which leads to changes in temperature and fluid salinity/composition. How the
aquifer rock permeability reacts under changing the temperature and fluid conditions would affect
utilization success. In EGS, at relatively deep formations (e.g., the Grof3 Schonebeck geothermal
research site in the North German Basin with the borehole depth down to ~4km (Blocher et al.,
2016) and the hot dry rock geothermal site located inside the Rhine graben (Soultz-sous-Foréts,
France) (Genter & Traineau, 1996; Dezayes et al., 2010)), fractures dominate fluid flow, and thus,
the time-dependent fracture deformation would determine the lifespan and the economic use of the

resServoirs.

Large-scale studies such as in-situ hydraulic tests and numerical simulations firstly need a
better understanding of small-scale representatives. The properties of core samples at the laboratory
scale under controlled and known conditions is the starting point to understand the fundamental
mechanisms and, later on, more complex systems. Therefore, in the present study, laboratory
experiments at the sample-scale and the micro-scale (Figure 1.1) were performed systematically
on clay-bearing porous rocks and dense rocks containing predefined fractures to investigate how
fluid-rock interactions (i.e., particle migration in porous media and pressure solution in rock

fractures) govern permeability variations under hydrothermal conditions.
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Figure 1.1 Schematic diagram of fluid transport through porous media and rock fractures in the

subsurface and how key factors, acting at the micro-scale, may affect the transport properties.

1.2 Objective

1.2.1 Scientific questions

Permeability decline, either instantaneous or time-dependent, of reservoir rocks, is a potential risk
that needs to be eliminated or minimized in various geotechnical applications. As mentioned above,
the present study mainly focuses on geothermal reservoir applications, where single fluid flow in

reservoir rocks under hydrothermal conditions is the key matter.

The salinity reduction-induced permeability damage of sedimentary rocks containing clay
minerals has been widely investigated experimentally and theoretically, since the middle of the last
century, especially in the petroleum industry (e.g., Baptist & Sweeney, 1954; Mungan, 1968;
Gabriel & Inamdar, 1983; Khilar & Fogler, 1983; Khilar & Fogler, 1987; Kia et al., 1987; Himes
et al., 1989; Mohan et al., 1993; Ochi & Vernoux, 1998; Kwon et al., 2004a; Kwon et al., 2004b;
Bedrikovetsky, 2008; Bedrikovetsky et al., 2011; Habibi et al., 2012; Wilson et al., 2014; Civan,
2015; Rosenbrand et al., 2015b). As shown in Figure 1.2, clay particle migration, which causes
instantaneous formation permeability damage by blocking the effective pore connections, is well
understood. The mechanism of the fluid-clay interaction and its effect on permeability have been
established by combining the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory with the
fluid’s dynamics (Bedrikovetsky et al., 2011; Bedrikovetsky et al., 2012). However, previous

studies were done at room temperature without considering temperature effects. What remains

3
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unclear is how elevated temperature affects this process. In geothermal reservoirs, the temperature
would be an important factor that affects rock permeability, both thermo-mechanically and thermo-
chemically. Limited studies showed that the temperature and fluid salinity/composition have a
coupled effect on clay (kaolinite) detachment and migration (Schembre & Kovscek, 2005;
Rosenbrand & Kjeller, 2014; Rosenbrand et al., 2015b), and thus, fine particle migration has a
greater influence in geothermal reservoirs than in conventional fields (You et al., 2015). In contrast,
experimental results are still not conclusive of whether temperature-related kaolinite-type particle
migration is applicable in all clay-bearing sediments (Rosenbrand et al., 2015b). For instance, a
reservoir sandstone in the North German Basin, a Lower Permian (Upper Rotliegend) sedimentary
rock, contains mainly illite as the clay phase. Hence, potential heat storage aquifers in such
formations need a better understanding of the thermo-chemical effects on the rock transport

properties.
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Figure 1.2 Schematic diagram of (a) a representative pore and pore throat structure with clay
mineral coating and (b) charged particles under aqueous conditions, where electrical double layers

are established.

The second fundamental question is time-dependent fracture aperture deformation. Unlike
consolidated porous media, whose frame structure is relatively stable after a long period of
diagenesis. Fractures, particularly hydraulic fracturing generated ones, bear large effective stress
on the contact asperities, which prop and maintain apertures open, as shown in Figure 1.3. They
undergo not only mechanical deformation but also chemical deformation (e.g., pressure solution
and stress corrosion) induced by the enhanced effective stress. Time-dependent fracture closure
accompanied by a hydraulic conductivity decline was observed in laboratory experiments (Polak
et al., 2003; Yasuhara et al., 2006; Yasuhara et al., 2011; Yasuhara et al., 2015; Hofmann et al.,
2016) and after hydraulic stimulations in the field (Blocher et al., 2016). Insights into the
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dominating process, i.e., pressure solution, have been obtained being a sequential rate-limiting
process, that includes dissolution of the solid phase in the contact interface, mass diffusion from
the contact interface to the pore fluid, and precipitation onto the pore walls, ultimately controlling
overall deformation (Paterson, 1973; Rutter, 1976; Yasuhara et al., 2003). The driving force, i.e.,
the chemical potential difference between non-hydrostatically and hydrostatically stressed solid
phases, that maintains the reaction active is known and theoretically well described from a
thermodynamic perspective. However, there is still a significant inconsistency between theory and
the experimental observations. The current understanding of pressure solution fails to predict the
later stages of pressure solution creep that ultimately tends to retard and cease even under high
stress conditions (Niemeijer et al., 2002). Whether there is a threshold energy (i.e., stress) barrier,
below which pressure solution would cease, is still under debate (Yasuhara et al., 2003; Gratier et
al., 2013; Neretnieks, 2014). In addition, the role of other fluid-rock interactions (e.g.,
dissolution/precipitation at the free fracture walls, subcritical cracking due to stress corrosion, and

surface energy-driven healing of micro-cracks) also need to be further investigated.
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Figure 1.3 Schematic diagram of asperity contacts in a macroscopic fracture and time-dependent

deformation induced by fluid-rock interactions under aqueous fluid conditions.

In order to improve the understanding of the second question, i.e., time-dependent fracture
closure under hydrothermal conditions, it is necessary to perform additional hydro-mechanical
investigations on particular rocks of interest. This is because both mechanical deformation and
fluid-enhanced deformation (e.g., pressure solution) are stress-dependent (Elias & Hajash, 1992;
Gratier et al., 1999; Yasuhara et al., 2004; Yasuhara et al., 2006; Hofmann et al., 2016), but the
two mechanisms operate at different time scales, i.e., faster for mechanical deformation, slower for
chemical deformation. Thus, understanding the short-term variations of fracture aperture upon
stress changes is essential to distinguish between the two. Therefore, a third point is to obtain

fundamental knowledge of the correlation between the fracture transmissivity and other parameters,
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e.g., fracture surface roughness, fracture wall offset, and matrix mechanical properties under
varying stress conditions. Overall, the principal questions addressed in this thesis can be

summarized as follows:

1) How will the permeability of clay-bearing porous rocks evolve with variations of

temperature and fluid element concentrations?

2) How do specific factors (i.e., surface roughness, fracture wall displacement, rock

mechanical properties) affect the stress dependence of rock fracture permeability?

3) How do rock fracture aperture and hydraulic conductivity evolve over a longer period of

time under hydrothermal conditions?

1.2.2 Aims of the present study

This study's motivation is to gain insights into the permeability variations of clay-bearing porous
rocks as well as fractured dense rocks induced by fluid-rock interactions under hydrothermal
conditions. Flow-through experiments were conducted on rock cores under various conditions in
the laboratory. A lower Permian (Upper Rotliegend) sedimentary rock, quarried from an outcrop
near Flectingen, Germany, was selected. It is an analogue rock for a geothermal reservoir formation
near Grof3 Schonebeck, 50 km north of Berlin within the North German Basin, where a geothermal
research platform has been established with two (injection and production) boreholes down to ~4
km (Milsch et al., 2008a). Flechtinger sandstone has a complex composition that comprises of
quartz, K-feldspar, albite, calcite, hematite, and illite (Schepers & Milsch, 2013). In addition, a
pure quartz sandstone of Oligocene age quarried from the Ile de France region at Fontainebleau
near Paris, France, was used for comparison. Fontainebleau sandstone is an almost monomineralic
sandstone (>99.5 wt% quartz), which is a reference material to simplify any effects of the
interaction between different minerals to better reveal specific mechanisms of fluid-rock

interactions.

Both rocks have received intensive investigations previously, and their geology, petrophysics,
and mechanical properties are well known (Fischer et al., 2012; Hassanzadegan et al., 2012;
Hassanzadegan et al., 2013; Schepers & Milsch, 2013; Saadi et al., 2017). Figure 1.4 shows the
scope of this study, where Flechtinger sandstones with a permeability on the order of mD were
used to study porous flow and both rocks with permeability on the order of uD were used for the
study of fracture flow. Macroscopic fractures were artificially generated in the low-permeable rock

samples.
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Figure 1.4 Schematic of the scope of this study.

With the specific focus on the aforementioned sedimentary rocks and in the framework of

geothermal energy utilization, the aims of this study can be specified as follows:

1) To determine the effects of temperature and fluid salinity variations on permeability
decline of illite-bearing sandstones (Flechtinger sandstone) and to reveal whether

temperature and fluid salinity play a coupled role in the changes of transport properties.

2) To compare the hydro-mechanical properties of fractures in dense sedimentary rocks with
contrasting mechanical properties (Flechtinger and Fontainebleau sandstones) and to

reveal the effects of fracture surface roughness and fracture wall offset.

3) To investigate the mechanisms of long-term deformation and permeability evolution of

rock fractures due to fluid-rock interactions under hydrothermal conditions.

Overall, this study aims to strengthen the understanding of both an instantaneous damage (i.c.,
immediate responses to imposed thermal-hydraulic-mechanical-chemical (THMC) conditions) and
a progressive-and/or cumulative decay (i.e., time-dependence) of rock permeability. Insights into
the mechanisms governing the permeability decline may improve our knowledge for a better

reservoir utilization and the minimization of operational risks.

1.3 Thesis organization

This thesis is publications-based and comprises four key manuscripts, which concern the above-
mentioned scientific questions (Section 1.2.1). The four manuscripts, as listed in the Declaration

above are separately and consecutively presented in the following chapters 2 — 5. Permeability of
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porous rocks and rock fractures is the key parameter that is investigated in all four experimental

studies.

Chapter 2 provides the study of clay-bearing porous media subjected to temperature and fluid
salinity changes. Three long-term flow-through experiments with Flechtinger sandstone samples
were performed under conditions of temperature cycling between room temperature and up to
145 °C and fluid salinities (i.e., NaCl solutions) between 0 and 2.0 mol/l. It will be experimentally
evidenced under which conditions illite particles will start to migrate, causing permeability changes.
It will also be revealed how temperature and fluid salinity essentially influence the permeability of

this anisotropic illite-bearing type of sandstone. This chapter corresponds to question 1.

Chapter 3 presents hydro-mechanical investigations on self-propping rock fractures with
contrasting mechanical properties (i.e., Flechtinger and Fontainebleau sandstones) under
hydrostatic stress conditions. Eight flow-through experiments with aligned tensile fractures,
mismatched tensile fractures, and saw-cut fractures were carried out, accompanied by
quantification of fracture surface topographies and fracture aperture configurations. The factors,
e.g., fracture surface roughness, fracture wall offset, and mechanical matrix properties that may
govern the fracture transport properties under stressed conditions, have received particular
attention. This chapter aims to answer question 2, which is also a prerequisite for designing the
subsequent long-term flow-through experiments on rock fractures to observe any chemically-

induced deformation of the fractures.

Chapter 4 describes a long-term flow-through experiment (~140 days) with a fractured
Fontainebleau sandstone sample with intermittent flow. The fracture evolution correlated to
mechanical effects and fluid-rock interactions was systematically investigated by measuring
hydraulic aperture and fluid element concentrations. It is illustrated that pressure solution remains
active during fracture deformation but is impacted by the cumulatively evolving pore fluid salinity

due to solid phase dissolution and the predominant stagnant flow.

Chapter 5 presents a similar experiment to the one in chapter 4, but with continuous flow for
about 120 days. This chapter mainly focuses on the effects of effective stress and fluid Si
concentrations on the time-dependent fracture closure behavior. Here, particular emphasis is placed
on the evolution of the grain contact (asperity) structure and the slowdown mechanisms of the
fracture closure process. Finally, the general conclusions of the thesis are provided in chapter 6,

with its implications as well as suggestions for further work.
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Permeability variations of illite-bearing sandstone

T emperature changes and variations in pore fluid salinity may negatively affect the
permeability of clay-bearing sandstones with implications for natural fluid flow and
geotechnical applications alike. These factors are investigated for Flechtinger sandstone dominated
by illite as the clay phase. Systematic long-term flow-through experiments were conducted and
complemented with comprehensive microstructural investigations and the application of
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory to explain the observed permeability
changes mechanistically. Initially, sample permeability was not affected by low pore fluid salinity,
indicating strong attraction of the illite particles to the pore walls as supported by electron
microprobe analysis (EMPA). Increasing temperature up to 145 °C resulted in an irreversible
permeability decrease by 1.5 orders of magnitude regardless of the pore fluid composition (i.e.,
deionized water and 2 M NaCl solution). Subsequently, diluting the high salinity pore fluid below
0.5 M yielded an additional permeability decline by 1.5 orders of magnitude, both at 145 °C and
after cooling to room temperature. By applying scanning electron microscopy (SEM) and mercury
intrusion porosimetry (MIP), thermo-mechanical pore throat closure and illite particle migration
were identified as independently operating mechanisms responsible for observed permeability
changes during heating and dilution, respectively. These observations indicate that the permeability
of illite-bearing sandstones will be impaired by heating and exposure to low salinity pore fluids. In
addition, chemically induced permeability variations proved to be path-dependent with respect to

the applied succession of fluid salinity changes.
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2.1 Introduction

When the thermal and/or chemical equilibrium in geological formations is disturbed by variations
in environmental conditions, permeability changes may occur. Understanding the mechanistic
origin of these changes in geological porous media is crucial to reconstructions and predictions of
natural fluid flow within the Earth's crust, as well as hydraulic properties in geotechnical
applications, hydrocarbon (petroleum and gas) exploitation, CO, sequestration, nuclear waste
disposal, and geothermal reservoir utilization (e.g., Juanes et al., 2006; Sundberg et al., 2009;
Huenges, 2010). As an example, seasonal heat storage in geothermal aquifers and exploitation of
geothermal reservoirs affect the temperature gradient within the formation. Fluid composition may

also significantly change in the course of producing and/or injecting fluids from/into a reservoir.

Thermally-induced permeability variations were previously investigated in various
sedimentary rocks. Contrary to intuition, it is commonly observed that a thermal expansion of the
solid matrix leads to a pore volume decrease and, consequently, a permeability reduction in intact
rocks (Casse & Ramey, 1979; Somerton, 1980; Somerton et al., 1981; Somerton, 1992; Gréf et al.,
2013), given that the microstructure of a polycrystalline rock is heterogeneous in nature. In contrast,
the anisotropic thermal expansion might result in thermal cracks (Wong & Brace, 1979), which
may enhance permeability. A number of experimental studies performed on Berea, Vosges, Upper
Coal, and Fontainebleau sandstones indicate that increasing temperature causes a permeability
decrease that in most cases is fully or at least partially recovered after cooling (e.g., McKay &
Brigham, 1984; Jing, 1990; Rosenbrand et al., 2015b; Sun et al., 2016). In some cases, recovered
permeability can be slightly higher than the initial one (Baudracco & Aoubouazza, 1995). In
contrast, the permeability of some low-permeable sandstones was observed to be independent of
temperature (Potter et al., 1980; Wei et al., 1986; Gobran et al., 1987). The permeability of Berea
sandstone to oil increased slightly with temperature in contrast to its permeability to water, which

decreases, and to gas, which is independent of temperature (Casse & Ramey, 1979).

Chemically-induced permeability changes in clay-bearing sandstones related to low-salinity
fluids are well-known (e.g., Mungan, 1968; Khilar & Fogler, 1984; Sharma et al., 1985; Kia et al.,
1987; Azari & Leimkuhler, 1990; Omar, 1990; Mohan et al., 1993; Rahman et al., 1995; Mohan &
Fogler, 1997; Yu et al., 2018). Generally, permeability is not reduced unless the salinity is lower
than a critical salt concentration (CSC). In this case, the release and dispersion of clay aggregates
are triggered, clogging pore throats. The CSC depends strongly on the cation type within the
aqueous solution. K'-saturated clay-bearing sandstones show a significantly lower CSC as

compared to that of Na'-saturated sandstones (e.g., Azari & Leimkuhler, 1990). Bivalent cations
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like Ca*" and Mg*" stabilize permeability down to very low salt concentrations (Gray, 1966;
Mungan, 1968; Khilar & Fogler, 1984; Mohan et al., 1993). Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (Deraguin & Landau, 1941; Verwey, 1947, Appendix A) is often applied to
account for clay particle release (e.g., Bhattacharjee et al., 1998; Tchistiakov, 2000), but other types
of theoretical models, incorporating hydrodynamic interactions, were also derived in this regard
(e.g., Bedrikovetsky et al., 2011; Bedrikovetsky et al., 2012; Russell et al., 2018). Overall, clay
particle release will occur when hydrodynamic forces and physico-chemical repulsion dominate

over any process yielding attraction of the particles towards the pore walls (e.g., Tchistiakov, 2000).

Whether or not a clay-bearing sandstone shows permeability variations upon changes in
thermo-chemical conditions is strongly dependent on clay type (Wilson et al., 2014). In previous
theoretical and experimental studies, sandstones containing predominantly kaolinite received
particular attention in this regard (e.g., Khilar & Fogler, 1983; Schembre & Kovscek, 2005;
Musharova et al., 2012; Rosenbrand et al., 2015b; You et al., 2016). Here, for experiments, Berea
sandstone has become a reference material. In contrast, experimental investigations on sandstones
containing illite as the dominant clay phase are scarce in this context. This particularly concerns

studies that were conducted at multiple temperatures and in combination with salinity changes.

In this study, we conducted comprehensive long-term experiments to systematically
investigate changes in rock permeability upon thermo-chemical forcing. Flow-through experiments
on illite-bearing sandstone samples were complemented with extensive comparative
microstructural investigations to explain the observations mechanistically. In Section 2.2, details
of the experimental and analytical methodologies are given. Section 2.3 reports the permeability

and microstructural results which are integrated and discussed in Section 2.4.

2.2 Experimental and analytical methodologies

2.2.1 Sample material

Flechtinger sandstone, a Lower Permian (Upper Rotliegend) sedimentary rock outcropping and
commercially mined at the Sventesius quarry near Flechtingen, Germany, was selected for the
experiments. Table 2.1 lists the mineralogical composition of the material measured by X-ray
powder diffraction (XRD), indicating that illite is the dominant clay phase in this rock, having a
content of approximately 10 % by weight. Other clay types, e.g., mixed-layer clays, were only

found in trace amounts.
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Four cylindrical cores were drilled from a larger block. The sample material is homogenous
in macroscopic appearance but shows bedding as a result of sedimentation. All samples were cored
perpendicular to the bedding to reduce any effect of texture and anisotropy on the flow-through
experiments. Subsequently, samples were prepared with polished and plane-parallel end faces
having a diameter of 30 mm and a length of 40 mm. The four samples were labeled S2, FS1, FS3,
and FS4, respectively. Sample S2 was later used as the reference (starting) material to compare
microstructural changes that had occurred during the flow-through experiments conducted with

samples FS1, FS3, and FS4.

Table 2.1 Mineral composition of Flechtinger sandstone from X-ray powder diffraction.

Minerals Content (wt%)
Quartz 60.6
Calcite 3.0
K-feldspar 12.8
Albite 133
lite 9.9
Hematite 0.4

Samples FS1, FS3, and FS4 were vacuum-dried in an oven at 60 °C for 24 hours. They were
then set under vacuum in a desiccator chamber for 10 hours and saturated with deionized water for
another 24 hours. Dry mass and saturated mass were measured to calculate the initial (connected)
porosities yielding 9.2 % for sample S2, 9.0 % for FS1, 9.7 % for FS3, and 10.9 % for FS4,
respectively. After the experiments, the samples were vacuum-dried again in order to detect any

potential dry mass loss.

2.2.2 Flow-through apparatus and sample assembly

All experiments were performed with two flow-through apparatuses with details described in
Milsch et al. (2008b). Wetted parts in one of the devices are made of Hastelloy C-276 for
experiments with saline fluids. Oil-medium-based confining pressure is generated with one ISCO
65D syringe pump. The pore fluid system consists of two ISCO 260D syringe pumps, one upstream
and one downstream, to apply pore pressure and to realize flow. The flow rate can be as low as

0.001 ml/min.
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Heating of the oil inside the pressure vessel is performed with a hollow-cylindrical resistance
heater capable of 200 °C. Two Pt100-type Resistance Temperature Detectors (RTD) within the
pressure vessel are closely attached to the rock sample to monitor the temperature. All pumps and

their controllers are connected to a computer program that permits data acquisition.

The saturated sample is jacketed with a Fluorinated Ethylene Propylene (FEP) heat shrink
tubing and is then mounted in the vessel. Afterwards, the two-sample ends are connected to the
upstream and downstream pumps, respectively. Generally, the flow direction is from the bottom to
the top side of the sample but can be reversed for return permeability measurements. The upstream
capillary forms a spiral around the sample within the oil bath of the pressure vessel, permitting the

injecting fluid to heat up before entering the sample.

2.2.3 Flow-through experiments

Intermittent flow-through experiments were carried out at a constant temperature and pressure
conditions. Permeability & was measured applying steady-state flow and was calculated using
Darcy's law (Darcy, 1856; Brown, 2002) directly. Q is the volumetric flow rate through the sample,
A is the cross-sectional area, Ap is the differential pressure over the sample length L, and u the
dynamic fluid viscosity is adjusted depending on the fluid type, salinity, temperature, and pore

pressure,

T
= 2pa (2.1)
Due to the temperature difference in the pump cylinders and the pressure vessel, the flow rate
O through the sample was corrected in accordance with the pump flow rate O, and the fluid

densities p, at room temperature and p, at vessel temperature, respectively,

Q=2 22)
Pv
Pore pressure was maintained constant at 1 MPa and thus was high enough to prevent fluid
boiling at the maximum experimental temperature, i.e., 145 °C (Guildner et al., 1976). During the
permeability measurements, the downstream pump was operated in constant pressure mode at 1
MPa, and the upstream pump was maintained in constant flow rate mode. In dependence on sample
permeability, the flow rate was varied to keep the pressure difference between the sample ends
below 0.5 MPa to minimize the distortion of the effective stress state. As was observed, a

permeability decrease could occur rapidly. Hence, the flow rate had to be adjusted timely to ensure
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that the upstream pressure would be limited to 1.5 MPa at steady state. Confining pressure was

held constant at 10 MPa throughout the experiments.

Temperature was increased and decreased stepwise by intervals of approximately 20 °C
between room temperature and 145 °C. An (active) temperature increase by 20 °C took about 4
hours, and (passive) cooling by 20 °C required up to 24 hours to ensure that the respective target

temperature was homogeneously distributed throughout the sample.

In addition to deionized water, three different NaCl solutions were used as the pore fluid with
concentrations of 0.5, 1.0, and 2.0 M, respectively, exchanging pore fluid. Densities and dynamic
viscosities of the fluids were adjusted for the respective temperatures and pressures (Joseph et al.,
1981; Cooper, 2008). At the initiation of experiments and during initial sample saturation (Section
2.2.1), the pump cylinders and capillaries were filled with deionized water. Fluid exchanges were
performed by emptying the upstream pump cylinder and refilling it with the next fluid of choice.
The volume of the upstream capillary connected to the sample is approximately 3 ml. Therefore,
care had to be taken that the total fluid volume that flowed through the sample was always large
enough to ensure that the previous pore fluid was exchanged completely by the new fluid. For all
experiments, the final fluid that was flushed through a sample, again, was deionized water to ensure
that no salt precipitation would occur upon drying the samples in preparation for the microstructural
analyses. The total duration of the experiments with samples FS1, FS3, and FS4 was 54 d, 44 d,
and 40 d, respectively.

It should be noted at this point that for none of the experiments, there was an indication of oil
intrusion from the confining pressure into the pore fluid system. Any related experimental artifact

yielding (apparent) changes in permeability, therefore, can be excluded.

Table 2.2 shows the order of the permeating fluids used, the temperature steps, as well as the
flow rate range of each experiment. Sample FS4 underwent further experimental steps after those
shown in Table 2.2, which are beyond the scope of the present study. This likely overprinted the
microstructure of this sample. For this reason, our evaluations of microstructural changes
associated with experimental measurements are made for samples FS1 and FS3 as outlined in

Section 2.2.4.

Overall, the purpose of the experimental strategy was to investigate (A) the effect of a
temperature increase for isochemical fluid conditions in terms of permeability changes and their
potential reversibility as a result of a temperature decrease and return flow, respectively (sample
FS1), (B) the potential hydrodynamic mobilization of fines (sample FS3), and (C) the effect of a

decrease in NaCl pore fluid salinity at two different temperatures (samples FS3 and FS4).
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Table 2.2 Summary of experimental conditions.

Sample Permeating fluids Temperature steps (°C) Flow rate range (ml/min)
25406080
FS1 H,O 0.05-2.00
100120141
H,0—2M Na—1M 25406080
B3 Na—0.5M Na—H.0 100651204145 0.02-2.00
H,O0—2M Na— 1M 27406081
Fs4 Na—0.5M Na—H,0 1001225145 0.005 - 2.00

Notes: H,O, 2M Na, 1M Na, and 0.5M Na are deionized water, 2.0 M NaCl, 1.0 M NaCl, and 0.5
M NaCl solutions, respectively. The electrical conductivity of deionized water was approximately
20 uS/cm at 25 °C.

2.2.4 Microstructural analyses

Samples S2, FS1, and FS3 were examined to evidence and compare microstructural changes in the
course of the flow-through experiments. Figure 2.1 shows the individual parts of the samples as
used for the different analyses. For each sample, polished thin sections and saw-cut thick sections,
taken parallel and perpendicular to the flow direction, were prepared and carbon-coated. Scanning
electron microscopy (SEM) was used for qualitative imaging of illite and pore space microstructure
in SE and BSE modes, respectively. Electron microprobe analysis (EMPA) was applied on the thin
sections to quantitatively detect element content variations in illite. Two sub-samples along the
flow direction were prepared for mercury intrusion porosimetry (MIP) to investigate porosity
differences and changes in pore-size distribution. In MIP, the pore diameter D is related to the
capillary pressure P, based on the Washburn equation (Washburn, 1921),

4y cos(6)
Pc

D= 2.3)

where y = 0.48 N/m is the surface tension, and 6 = 140° is the contact angle of mercury. The fraction
of sample porosity for each pressure step during a measurement is expressed as ¢ug;i = dVue/ Vs,
where dVyg is the incremental volume of the injected mercury and Vs is the sample bulk volume.

Finally, the cumulative (total connected) porosity is calculated as,

dmip = X Pg,i 2.4)

The resulting porosity of sample S2 was 9.4 %, which is in reasonable agreement with the

value obtained from saturation and weighing (Section 2.2.1).
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Figure 2.1 Schematic sketch of sample preparation for the different microstructural analyses. (a)
Cylindrical core sample and locations of thin and thick sections prepared for scanning electron
microscopy (SEM) and electron microprobe analysis (EMPA); (b) top and bottom portions of the

samples used for mercury intrusion porosimetry (MIP).

2.2.5 Initial rock microstructure

Figure 2.2 shows micrographs of the starting material (sample S2) at different magnifications.
Figures 2.2a and b were taken on the polished thin sections in BSE mode. Pores and pore throats,
as shown in Figure 2.2a, represent the typical flow paths. Pores and pore throats are partially filled
with illite and, occasionally, some fines. The widths of pore throats are significantly smaller than
those of the pores. Figure 2.2b shows that illite can occur as aggregates with both open and compact
appearance. Within the pores and pore throats, illite develops three structural types: tangential illite,
pore-lining illite, and pore-filling illite, respectively (Wilson et al., 2014; Desbois et al., 2016). The
compact tangential illite has a variable thickness and is directly attached to the grain walls. The
pore-lining illite is either connected to the tangential illite or directly to the grain walls. The pore-
filling illite, with both fibrous and platy morphologies, appears to be mostly unconnected but can
link to other illite types or the grain walls. Overall, these three types of illite are not uniformly
distributed within the pores and pore throats. Moreover, they play a dominant role in defining the

rock's transport properties.

Figures 2.2c-f, taken on saw-cut thick sections in SE mode, display images of the different
illite types within the pore space. The pore-lining illite shown in Figure 2.2c is located in a pore
throat and stretches towards the pore space while its other end is tightly bound to tangential illite.
Figure 2.2d presents an example of pore-filling illite in a pore throat. In this case, the platy illite
crystals form aggregates and partially clog the pore throat. Flocculent fibrous illite, as shown in

Figure 2.2e, is found occasionally within the pore space and is classified here as pore-lining illite.
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All grain walls were found to be coated with tangential and/or pore-lining illite (Figure 2.2f), and
both illite types are authigenic (Wilkinson & Haszeldine, 2002; Wilson et al., 2014; Desbois et al.,
2016).
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Figure 2.2 Scanning electron micrographs in BSE and SE modes of the starting material (sample
S2) at different magnifications. (a) Representative microstructure of pores and pore throats in
Flechtinger sandstone; (b) structural types of illite found in the pore space (tangential, pore-lining
and pore-filling); (c) pore-lining illite bound to tangential illite; (d) platy pore-filling illite within a
pore throat; (e) fibrous pore-lining illite within a pore; (f) tangential and platy pore-lining illite

covering the pore walls.
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2.3 Results

2.3.1 Flow-through experiments and permeability

Figure 2.3 displays the permeability evolution of each sample (FS1 in (a), FS3 in (b), and FS4 in
(c)) as a function of temperature during the total progress of each experiment. All individual
permeability values (dots) and details of other experimental parameters are provided in Appendix

B. To recall, all experiments started with deionized water as the pore fluid. In detail:

For sample FS1 (Figure 2.3a), when heating the sample from 25 °C to 80 °C, permeability
decreased by approximately 1.5 orders of magnitude from 5.0 to 0.2 mD (1 mD = 0.987 x 107> m?)
with no further significant changes up to 141 °C. Subsequent cooling to 41 °C did not yield
permeability recovery. A subsequent (second) heating-cooling cycle had a negligible effect on
permeability. Finally, reversing the flow direction did not affect permeability which thus did not
recover as a result of return flow. In summary, once temperature increases beyond approximately
80 °C, the permeability of this rock decreases significantly and irreversibly when deionized water

is used as the pore fluid with (almost) no more changes observed afterwards.

For sample FS3 (Figure 2.3b), to investigate a possible effect of fine particle migration on
permeability due to hydrodynamic interactions and before any temperature or salinity changes,
more than 1100 ml of deionized water was injected into the sample at a flow rate of 2.0 or 1.0
ml/min. Permeability first decreased from 25.2 to 17.0 mD and then remained constant until the
end of this experimental stage. Subsequently, the pore fluid was exchanged by a 2.0 M NaCl
solution, after which permeability recovered to 19.0 mD. The following temperature increase from
25 °C to 145 °C caused permeability to decrease log-linearly, again by approximately 1.5 orders
of magnitude, from 19.0 to 0.6 mD. At 145 °C, pore fluid salinity was reduced stepwise to 1.0 M
NaCl and 0.5 M NaCl with only a marginal effect on permeability (0.6 mD to 0.5 mD). In contrast,
when deionized water was reintroduced, permeability decreased significantly from 0.5 to 0.02 mD.
Cooling to room temperature only yielded a negligible permeability increase from 0.02 to 0.04 mD.
Total permeability reduction thus spanned over three orders of magnitude. In summary,
hydrodynamically induced fine particle migration in this rock is negligible for the present flow rate
range and as long as no thermo-chemical alteration of the illite and pore space microstructure has
been induced. Permeability is reduced at temperature increases also for high NaCl salinity pore
fluids. A further decrease in permeability is observed when deionized water is reintroduced at a
high temperature. The permeability is reduced after a successive temperature increase-salinity

decrease sequence is (nearly) irreversible when the temperature is decreased again.
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Figure 2.3 Permeability as a function of temperature for samples FS1 (a), FS3 (b), and FS4 (c).
Each dot is a steady-state permeability measurement at some constant temperature level and at
constant confining and pore pressures, respectively. Systematic successions of temperature and
salinity changes were implemented with implications for permeability summarized in this figure

and detailed in Section 2.3.1.

Sample FS4 (Figure 2.3¢) experienced a similar series of steps as imposed on sample FS3. The
key difference is that temperature was decreased before the salinity decrease, which then was
performed at room temperature. Firstly, after a flow of 32 ml of deionized water, permeability had
decreased slightly from 24.3 to 21.8 mD. The pore fluid was then replaced by a 2.0 M NaCl solution,
after which permeability had slightly recovered to 22.8 mD. Subsequent heating from 27 °C to
145 °C led to a permeability decrease from 22.8 to 0.5 mD, after which cooling to 28 °C, again,
yielded virtually no permeability recovery. At 28 °C, salinity was decreased by successive fluid
exchanges (1.0 M NaCl, 0.5 M NaCl, and deionized water) with the same effects as those observed

for sample FS3. The final permeability of sample FS4 was 0.01 mD. In summary, the observations

19



Chapter 2. Permeability variations of illite-bearing sandstone

reported before for sample FS3 are reproducible for identical procedural steps and possess excellent
quantitative comparability. The previously observed permeability decreases as the temperature
increases for high NaCl salinity pore fluid conditions are also irreversible when the temperature is
directly decreased. Finally, a severe and further permeability reduction is observed upon a salinity

decrease at low temperatures.

2.3.2 Microstructural evolution

The SEM micrographs in Figure 2.4 of both the starting material (sample S2) and the samples after
the flow-through experiments (FS1 and FS3) show changes in pore throat and illite microstructures.
For imaging of the pore throats (Figures 2.4a-c), the micrographs were taken in BSE mode on the
polished thin sections. The walls of pore throats, like the one shown in Figure 2.4a (sample S2),
are completely lined with illite, significantly reducing the original grain-to-grain distance and
resulting in narrow but open flow channels. In contrast, the pore throat in Figure 2.4b (sample FS1)
is virtually closed after the applied heating and cooling cycles. The same is true for the pore throat
in Figure 2.4c (sample FS3) after the succession of temperature cycling and fluid exchanges. In
comparison to sample FS1, the appearance of the pore throat filling in sample FS3 suggests that
the illite particles not only were compacted but also experienced some amount of displacement,
yielding illite particle pile-ups. Nominally closed pore throats were also found in sample S2.

However, they appear at a significantly larger number in samples FS1 and FS3.

For imaging of the illite microstructure (Figures 2.4d-f), the micrographs were taken in SE
mode on the saw-cut thick sections. Overall, at the um-scale, morphological changes were hard to
detect, and possibilities of definite statements are very limited. However, the wider surface of the
platy pore-lining illite aggregates in the starting material (sample S2; Figure 2.4d) appears slightly
smoother than observed in Figure 2.4e (sample FS1) or Figure 2.4f (sample FS3). Here, the images
suggest some small degree of surface roughening and clay platelet loosening that might have

resulted from heating (sample FS1) and, additionally, from the fluid exchanges (sample FS3).

Figure 2.5 shows the pore-size distribution in samples FS1 (Figure 2.5a) and FS3 (Figure 2.5b)
after the flow-through experiments compared to the starting material (sample S2) as obtained from
mercury intrusion porosimetry (MIP) and evaluated according to Eqs. 2.3 and 2.4. Weight
measurements (Section 2.2.1) indicate that the dry mass loss of the samples associated with fluid
flow is very small, in the range of 30 mg (FS1) to 100 mg (FS3). This indicates that nearly all
material that could potentially be mobilized (i.e., approximately 6.7 g of illite) is still contained

within the respective sample.
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Figure 2.4 Comparison of the microstructure of the samples before and after the flow-through
experiments. Scanning electron microscope (SEM) images of the vertical polished thin and saw-
cut thick sections, respectively (Figure 2.1). BSE mode images taken of the thin sections show: (a)
open pore throats in the starting material (sample S2); (b) closed pore throat after temperature
cycling only (sample FS1); (c) closed pore throat after the temperature cycle and the fluid
exchanges (sample FS3). SE mode images taken of the thick sections might indicate changes in
illite morphology, comparing images of (d) starting material (sample S2) and flow-through
experimental samples (e) FS1 and (f) FS3 (see Section 2.3.2).

For sample FS1 (Figure 2.5a), the cumulative (total connected) porosity curves of the bottom
and the top portions (Figure 2.1) are virtually identical, indicating a very similar pore-size
distribution after the experiment. However, compared to the starting material (sample S2), the

cumulative porosity of both sub-samples decreased slightly in the course of the experiment, i.e., by
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approximately 0.4 % porosity. In connection with the evolution of permeability (Section 2.3.1),
these observations strongly suggest that (1) the hydraulic properties of the starting material are
governed by pores and pore throat sizes of 0.2 um and below, (2) temperature cycling resulted in
partial and irreversible pore throat closure predominantly in this pore-size range, and (3) there was

no displacement of solid material from the bottom to the top of the sample as fluid flow.
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Figure 2.5 Cumulative porosity as a function of pore diameter measured by mercury intrusion
porosimetry (MIP). (a) Sample FS1 compared to the starting material (sample S2) with results for
the bottom and top portions (Figure 2.1) indicated in blue and red, respectively. (b) Sample FS3 in
comparison to sample S2. Overall, contrasting changes in pore-size distribution are evident that
relate to the effects of temperature cycles (FS1) and the additional fluid exchanges (FS3) as

outlined in Section 2.3.2.

For sample FS3 (Figure 2.5b), there is a significant mismatch in the pore-size distributions of
the top and bottom portions of the sample. The overall decrease in cumulative porosity is large,
particularly in the top portion, where porosity is reduced by 1.9 %. The fraction of pores affected
most by the microstructural changes has increased to pore sizes of approximately 1 pm in the
bottom portion and 3 um in the top portion of the samples. The additional decrease in sample
permeability as a result of the fluid exchanges is mirrored by these structural alterations of the pore
space. Moreover, the mismatch in the pore-size distributions of the two sub-samples suggests the
displacement of material in the direction of flow that progressively piles up, yielding additional

pore throat closure over an extended pore size range.

It should be noted that the use of sample S2 as the starting material reference may yield a small

uncertainty in the comparison of total porosities on the order of 0.2 %. This, however, does only
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marginally affect the reasoning that a reduction in the contribution of the smaller pore size fractions
to total porosity yields the observed permeability changes in FS1 and FS3. This is supported by the
fact that both the S2 and FS1 porosity-pore size curves are, otherwise, absolutely identical in their

characteristics up to the inflection point at around 4 um (Figure 2.5a).

Pore-filling illite was further investigated using electron microprobe analysis (EMPA; at 8kV
and 1.2 nA with 5 um probe size) on polished thin sections of samples S2, FS1, and FS3. Element
concentrations of Na, K, Si, Al, Ca, and Mg were measured. Fe was not detected. In the following,
we focus attention on concentrations of Na“, K*, Ca*", and Mg*', given that these are the
exchangeable cations of illite. Table 2.3 lists the measured (median) concentrations of the
respective oxides within the different samples. For each thin section, measurements were

performed at 14 to 17 locations.

Table 2.3 Median concentrations of Na, K, Ca, and Mg oxides in pore-filling illite before and after
the flow-through experiments.

Sample/Section Na,O (wt%) K,O (wt%) CaO (wt%) MgO (wt%) No. of Locations

S2 0.03 7.65 0.28 1.25 16
FS1 0.06 7.91 0.35 0.98 16
FS3 1 0.19 7.24 0.35 1.09 17
FS3 2 0.14 8.12 0.43 1.03 14

Note: The values for S2 and FS1 relate to the respective vertical thin sections (Figure 2.1). The
designations FS3 1 and FS3 2 denote measurements taken on the vertical and the bottom thin

sections of this sample, respectively.

Figure 2.6 presents box plots of Na (a), K (b), Ca (c), and Mg (d) oxide concentrations in pore-
filling illite for the different samples (S2, FS1, and FS3), respectively. In all samples, K* is
evidently the most abundant exchangeable cation in this illite. Conversion of the median
concentrations from wt% to mol/g was then performed by applying 2w/(M z), where @ and M are
the weight percent concentration and molecular weight of the respective oxide, and z is the valence
of the corresponding cation, respectively. This yields that the pore-filling illite within the starting
material (sample S2) contains 0.01 mmol/g Na®, 1.62 mmol/g K*, 0.05 mmol/g Ca*', and 0.31
mmol/g Mg**, respectively. It should be noted that Mg®*, in addition to the exchangeable sites in
the interlayer, can also be located in the octahedral layer (Anderson et al., 2010). Compared to the
starting material, the relative changes of K*, Ca*", and Mg®" in both samples FS1 and FS3 are

negligible. This is also true for Na" in FS1. In sample FS3, however, there is a substantial increase
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in Na" content that corresponds to the long-term exposure of the illite contained in this sample to
NaCl solutions of high salinity during the experiment. Overall, the EMPA analyses yield for FS3
and yield the maximum Na" content in pore-filling illite after the experiment was 0.11 mmol/g with
a median of 0.05 mmol/g. From this result, one can infer that the cation exchange capacity (CEC)
of this illite is no more than approximately 0.11 mmol/g. Both maximum and median Na®
concentrations will later be used in Section 2.4 in connection with Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory.
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Figure 2.6 Concentrations of Na (a), K (b), Ca (c), and Mg (d) oxides in pore-filling illite before
(sample S2) and after (samples FS1 and FS3) the flow-through experiments as measured by
electron microprobe analysis (EMPA) on polished thin sections. The solid line and the open
triangle in the respective box indicate the median and mean of each dataset, respectively. Individual
symbols (x) above and below the error bars are measured data but statistical outliers. In the box
plots, the boxes signify the lower and upper quartiles, Q1 and Q3, of the datasets, respectively. The
upper and lower horizontal error bar lines indicate the largest and smallest data values for Q3 + 1.5
IQR and Q1 — 1.5 IQR, respectively, where IQR is the interquartile range equal to Q3 — Q1. Overall,
significant changes in ionic elemental concentration are only evident for Na" in sample FS3, as

outlined in Section 2.3.2.
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2.4 Discussion

Any decrease in permeability implies a decrease in the effective cross-sectional area of the pore
space that permits flow. In the present case, this may occur by thermomechanical compaction of
the rock, yielding pore throat closure, or unfavorable migration of clay particles within the pore
space stimulated hydrodynamically, thermally, or chemically. The key observations of this study

that require discussion are:

(1) Initially, all samples were saturated with deionized water, but upon flow, permeability at

room temperature remained high and only changed slightly (Section 2.4.1).

(2) Increasing temperature stepwise to 145 °C yielded a progressive and irreversible
permeability decrease by 1.5 orders of magnitude in all samples regardless of the pore fluid

composition investigated (Section 2.4.2).

(3) Sample permeability decreased further when progressively diluting a previously introduced
2 M NaCl pore fluid below approximately 0.5 M. This observation was made both at room
temperature and 145 °C (Section 2.4.3).

2.4.1 Hydraulic sample behavior at the start

The application of DLVO theory for deionized water pore fluid conditions to our results suggests
that repulsions between illite particles and between illite and the grain walls are strong (Section
2.4.3). The fact that permeability remained high upon first saturation with deionized water implies
that the clay fraction in this sandstone, initially, is strongly attached to the pore walls. Therefore,
any permeability decrease observed later upon dilution of a saline NaCl pore fluid requires some
kind of weakening mechanism by the subsequent fluid exchange that permits particle release upon

flow.

Path-dependent permeability changes have been described before (Mohan et al., 1993; Kwon
et al., 2004a), indicating that high K" contents within the interlayer and the presence of divalent
cations like Ca®" or Mg®* on the exchangeable sites of the crystal lattice have a stabilizing effect
on the clay fraction in the pore space of sandstones (Mungan, 1968). The EMPA results presented
in Section 2.3.2 suggest that this is also the case for the illite clay in Flechtinger sandstone, at least
initially and at room temperature. Consequently, when sample FS3 was initially flushed at room
temperature with a substantial amount of deionized water (Section 2.3.1), permeability only

changed slightly. This observation was also made for sample FS4, although the respective fluid
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volume was small. This implies that an effect of purely hydrodynamic fines migration on
permeability in the pristine rock is negligible at the applied flow rates. This conclusion is supported
by the small mass loss measured for both samples FS1 and FS3 as well as the absence of fines

migration evidenced by MIP for sample FS1 (Section 2.3.2).

For samples FS3 and FS4, it was observed that an exchange of the preexisting deionized water
pore fluid by a 2 M NacCl solution at room temperature resulted in a slight permeability increase
(Section 2.3.1). As was shown by Moore et al. (1982) for a swelling type of clay (montmorillonite),
salinity-induced changes in electrical double layer (EDL) thickness result in variations of the size
of clay particles that are exposed to the pore space and, consequently, of the effective cross-
sectional area available for the flow of the free pore fluid. When increasing the salinity of the fluid,
the thickness of the EDL decreases, yielding an increase in permeability. Whether this mechanism,
in fact, also operates in (non-swelling) illite needs to be investigated further but might yield hints

to explain the present observations.

However, for longer time periods and enhanced by elevated temperatures, when deionized
water in the pore space is exchanged for the highly concentrated NaCl solution, the partial
replacement of the divalent cations of illite grains by Na" may occur, allowing more hydrodynamic
dispersion of illite particles (Mungan, 1968; Rahman et al., 1995). Increased Na' content in sample
FS3, as measured by EMPA (Section 2.3.2), suggests that this weakening mechanism is important.
At this stage, the rock continues to behave in agreement with DLVO theory, as will be shown

below in Section 2.4.3.

2.4.2 Effects of temperature changes

All samples in this study, FS1, FS3, and FS4, experienced substantial permeability reductions as
the temperature was increased from room temperature to 145 °C regardless of the pore fluid
composition, i.e., deionized water or 2 M NaCl solution. Furthermore, this permeability damage
was not recovered when the temperature was decreased. This irreversible decrease was also not

changed by reversing the direction of fluid flow.

The thermal strain of a rock resulting from heating generally contains elastic and inelastic
components related to its microstructure and mineral composition (Wong & Brace, 1979; Gréf et
al., 2013; Pei et al., 2016). Hence, any thermally induced permeability decline should be partially
reversible when decreasing temperature. Evidently, this is in disagreement with the present
observations suggesting that the pore throats were closed, at least partially, by compressive stresses

resulting from thermal expansion of the rock matrix under confinement (Weinbrandt et al., 1975;
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Somerton, 1980; Somerton et al., 1981; McKay & Brigham, 1984). The degree of thermal strain
that was attained at 80 °C (FS1) or ultimately at 145 °C (FS3 and FS4) reflects purely inelastic and
thus irreversible deformation. Mechanistically this relates to the comparatively low mechanical
strength of fine-grained illite (e.g., Cebell & Chilingarian, 1972; Vaidya et al., 1973; Tanaka et al.,
1997), the high illite content within the rock (i.e., 10 wt%), the illite microstructure in the pore
space, and the fact that illite completely covers the pore walls (Figure 2.2). Overall, this reduces
the load-bearing capacity of the rock at the pore scale, yielding some degree of inelastic compaction
sufficient to reduce the effective cross-sectional area of the pore throats that, in combination, define

the hydraulic properties of this sandstone (Section 2.3.2; Figure 2.5).

Mineral dissolution reactions may also result in permanent changes of permeability (e.g.,
Yasuhara et al., 2015), particularly at elevated temperatures, since the dissolution rates will
increase when heating a fluid-rock system that is in chemical disequilibrium. In contrast, cooling
would potentially lead to oversaturation of some species in the pore fluid and thus mineral
precipitation, consequently affecting permeability as well. However, in this study, after the
temperature was increased to the next level and had stabilized after a few hours (Section 2.2.3),
permeability was immediately measured and always showed to be less or equal to its value at the
former (lower) temperature (Figure 2.3). This implies that the change (if any) likely had occurred
concurrently to heating or shortly afterwards. Moreover, a longer duration of stagnant flow (about
one day) at elevated (maximum) temperature yielded no or only a marginal change in permeability
(Appendix B) for both samples FS1 (deionized water; 141 °C) and FS3 (2 M NaCl; 145 °C). Not
least, there is no indication of any substantial hydraulic effect of mineral precipitation upon cooling
as permeability remained more or less constant as the temperature was decreased to ambient
conditions (Figure 2.3). Consequently, in this study, a significant effect of dissolution-precipitation
reactions on the permeability of the sandstone samples during the temperature cycles is neither

obvious nor likely as the respective rates of change differ significantly.

The SEM image of sample FS1 (Figure 2.4b) in comparison to sample S2 (Figure 2.4a)
provides further evidence of compaction and irreversible pore throat closure after the experiment.
This is supported by the MIP measurements in Figure 2.5a, where the overall porosity of sample
FS1 has decreased by partial disappearance of the smallest pore throat-size fraction (i.e., 0.2 pym
and below). Qualitatively sample FS3 has inherited the same microstructural changes during
heating as sample FS1 but some features (Figures 2.4c and 2.5b) have evolved further as fluids
were exchanged (Section 2.4.3). The same should apply to sample FS4 that showed reproducible

changes in absolute and relative permeability during heating.

In contrast to the similar reductions in permeability by magnitude, a minimum permeability
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threshold was only apparent for sample FS1 by 80 °C (Figure 2.3a). For samples FS3 and FS4, up
to 145 °C, this was not obvious (Figures 2.3b and ¢). Whether this relates to the differences in pore
fluid composition or subtle variations in sample microstructure is yet unclear and will require

further investigations.

Our microstructural evidence demonstrates that permeability reductions with temperature
measured in this study are thermo-mechanically induced. However, in other cases and particularly
in kaolinite bearing sandstones, elevated temperatures may favor clay detachment and migration
as a result of amplified repulsive forces (e.g., Schembre & Kovscek, 2005; Garcia-Garcia et al.,
2006; Schembre et al., 2006; You et al.,, 2015; You et al.,, 2016). The results of the MIP
measurements for sample FS1 (Figure 2.5a) and negligible mass loss for both samples FS1 and
FS3 (Section 2.3.2) demonstrate that migration of fine particles is very limited in our heated
samples before fluids are exchanged. This is different from the behavior of sandstones dominated
by kaolinite as the clay fraction (e.g., Schembre & Kovscek, 2005; Rosenbrand et al., 2015b). In
the present sandstones, fine particle migration becomes important when pore fluids are diluted from

2 M to below 0.5 M NaCl at room temperature and 145 °C (Section 2.4.3).

2.4.3 Effects of NaCl salinity changes

Permeability damage in clay-bearing sandstone following a decrease in pore fluid salinity has been
observed and investigated in numerous prior studies (e.g., Gabriel & Inamdar, 1983; Khilar &
Fogler, 1984; McDowell-Boyer et al., 1986; Mohan et al., 1993; Mohan & Fogler, 1997). DLVO
theory has often been applied to explain these observations (e.g., Sharma et al., 1985; Schembre &
Kovscek, 2005). In the following, this will be performed for a model sandstone of high quartz
content with secondary illite that closely resembles Flechtinger sandstone. A sphere-plate model is
used to express both illite particle-to-tangential illite interactions and illite particle-to-quartz grain
surface interactions (Kia et al., 1987) (Section 2.2.5; Figure 2.2). The general theory is summarized

in Appendix A, and the parameterization specific to illite is outlined in the following.

The net surface charge of illite is approximately 1.60 mmol/g, while its cation exchange
capacity (CEC) is typically in the range of 0.10 - 0.40 mmol/g (Smith, 1967), resulting from some
amount of non-exchangeable K" ions in the interlayer. The net surface charge density of illite ginie
is related to the ratio between the CEC and the illite specific surface area S.,

__ NapeCEC
Oillite =~ -

(2.5)
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where Na is the Avogadro constant and e is the elementary charge. The CEC depends on the net
charge of the clay faces and is variable with pH. The charge of clay edges is generally negative in
alkaline solutions and positive in acidic ones while the charge of the crystal surfaces is negative in
both cases (Al-Ani & Sarapdd, 2008). Here, a pH-neutral environment is considered, and the
specific surface area of illite S, is taken as 156 m?/g (Kahr & Madsen, 1995). Based on the EMPA
analysis (Section 2.3.2), the CEC of illite is chosen to be either 0.11 mmol/g or 0.05 mmol/g as
maximum and median values, respectively, associated with the Na* content in illite of sample FS3.
Finally, a salinity- and temperature-independent net surface charge density of illite is assumed and

all other temperature-dependent parameters are taken from literature as outlined in Appendix A.

The calculated total interaction free energy (Figure 2.7) may be attractive (negative) or
repulsive (positive) at a given separation distance, depending on fluid salinity and temperature. For
a NaCl salinity reduction from 2.0 to 0.5 M, illite-to-illite interactions continue to be attractive at
either CEC (Figures 2.7a and b), and illite-quartz interactions are attractive at low CEC (0.05
mmol/g; Figure 2.7d). Repulsive forces and increases in the separation distance between the illite
particles and the quartz surfaces are predicted by DLVO theory only for high CEC (0.11 mmol/g,
Figure 2.7¢). Furthermore, temperature variations at temperatures between 28 °C and 145 °C have
a minor effect on the respective energy-separation dependence at high salinity conditions (i.e., 0.5

to 2.0 M), particularly when a low CEC (0.05 mmol/g; Figures 2.7b and d) is assumed.

Below NaCl concentrations of approximately 0.5 M, the energy-separation dependences in
Figure 2.7 become repulsive for all types of interactions and both CEC. To exemplify the trend for
deionized water conditions, calculations were performed for an NaCl concentration of 0.1 M, as
shown in Figures 2.7a to d. In this case, a temperature dependence of the respective interaction
energy can be observed, particularly for illite-to-quartz interactions, and repulsion is realized at

higher temperatures (Figures 2.7c and d).

In both experiments with samples FS3 (Figure 2.3b) and FS4 (Figure 2.3c¢), a further decrease
in permeability was observed when a 0.5 M NaCl solution in the pore space was exchanged to
deionized water, irrespective of the temperature (i.e., 28 °C or 145 °C) at which this exchange was
conducted. The SEM (Figure 2.4c) and MIP (Figure 2.5b) observations outlined in Section 2.3.2
supported by the outcome of the DLVO calculations (Figure 2.7) above demonstrate that this
decrease was due to clay particle mobilization and subsequent clogging of pores and pore throats

with overall very minor mass loss towards the outside of the samples.

Virtually all pore walls are covered with illite (Figure 2.2); thus, it can be assumed that the
pore fluid is mostly in contact with illite rather than quartz (or some other mineral constituent of

the rock; Table 2.1). Mobilized particles thus would be predominantly pore lining and pore filling
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illite types (Section 2.2.5; Figure 2.2). From Figure 2.7a and b (0.1 M NacCl lines), it can be inferred
that the amount of released clay particles and the release rate at a given fluid flow rate should only

marginally depend on temperature. Moreover, a higher CEC favors and amplifies clay mobilization.

lllite particle-illite plate lllite particle-quartz plate
4 4
(a) » e ol {c)
| —10M
~ 3F 145 C{—U.SM —~ 3F
=L ——01M =
o (N e 20M (=)
E e 10M % Af
P N T 05M =
§ 1L — Y § 1L CEC =
@ 2 0.11 mmol/g
(0] i L]
k3] S
g g
o -1F o -1F
= E
NaCl solutions NaCl solutions
_2 " 1 L 1 " 1 " 1 " _2 " 1 ' 1 N 1 L 1 "
0 1 2 3 4 5 0 1 2 3 4 5
Separation distance (nm) Separation distance {(nm)
(b) 4 (d) 4
—_ 3 3t
V\ﬂ V\_’
= 4l = 2
X 2
& P CEC =
g [ g [ 0.05 mmol/g
c c
(] (0]
5 “OF S O
S ©
o o
o 1r e F
= =
[ NaCl solutions NaCl solutions
-2 L | L 1 . 1 L 1 . 29 i 1 L 1 . . 1 s
0 1 2 3 4 5 0 1 2 3 4 5
Separation distance (nm) Separation distance (nm)

Figure 2.7 Total interaction free energy between illite particle and illite plate (a and b) and between
illite particle and quartz plate (c and d) as a function of separation distance at 28 °C (dashed lines),
145 °C (solid lines), and at different NaCl salinities. A 0.1 M NaCl solution was used to illustrate
the pore fluid exchange from 0.5 M NaCl to deionized water during the experiments with samples
FS3 and FS4. The cation exchange capacity (CEC) is assumed to be 0.11 mmol/g in (a and c) and
0.05 mmol/g in (b and d), respectively.

Once mobilized, illite particles may form a suspension with the pore fluid and migrate
downstream as fluid flows through the rock until they are deposited in some pore constriction

(Figure 2.4c). This behavior, now, is similar to that of kaolinite-bearing sandstones (e.g.,
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Rosenbrand et al., 2015b). From the upstream towards the downstream side of sample FS3, a
progressive increase in the accumulation of particles reduces the effective sample porosity
systematically and shifts the interval of the affected pore size fraction towards larger pore radii

(Figure 2.5b).

2.5 Conclusions

Comprehensive flow-through experiments on permeability changes in illite-bearing (Rotliegend)
sandstone were performed at multiple and systematically varied temperature and NaCl fluid
salinity conditions. The experiments were complemented with an application of Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory and comparative microstructural investigations performed by
scanning electron microscopy (SEM), electron microprobe analysis (EMPA), and mercury
intrusion porosimetry (MIP) on both the starting material and the tested samples. The experimental

and analytical observations were mechanistically interpreted, yielding the following conclusions:

Permeability of sandstones containing illite as the dominant clay phase, even at substantial
amounts, may be insensitive to changes in pore fluid salinity. This departure from DLVO theory
predictions may be due to high K™ and Ca®>" or Mg*" contents within the illite crystal lattices. As a

result, illite particles are strongly attached to the pore walls and resist hydrodynamic mobilization.

Permeability of illite-bearing sandstones with narrow pore throats dominating the rock’s
hydraulic properties may be very sensitive to heating, yielding (nearly) irreversible and thermo-
mechanically induced pore throat closure. This effect is observed both for low (deionized water)

and high (2 M NaCl solution) pore fluid salinity.

When an initially present low salinity fluid (i.e., deionized water in the case) is exchanged by
a high salinity NaCl solution (e.g., 2 M) before heating, a partial replacement of the divalent ions
in the illite crystal lattices by Na“ may occur, as detected by EMPA. This yields an additional
reduction in permeability as NaCl pore fluid salinity is subsequently decreased to below 0.5 M.
This permeability reduction is observed at high temperature (i.e., 145 °C) and room temperature
and is in agreement with predictions from DLVO theory. Mechanistically, this permeability
decrease is chemically induced and results from clay particle mobilization, transport, and

subsequent deposition in pores and pore throats.

[llite-bearing sandstones may show substantial and largely irreversible permeability variations
following temperature and fluid salinity changes. The respective underlying thermo-mechanical

and chemical processes identified operate independently but are path-dependent with respect to the
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applied fluid salinity sequence. Any such natural or geotechnically used rock system may thus be
susceptible to permeability reduction with consequences for the evolution of fluid flow when

changes in the here investigated parameters occur or are induced.
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Chapter 3

Hydro-mechanical investigations on self-propping

fractures

T he hydro-mechanical properties of self-propping fractures are of fundamental interest for
fractured-rock hydrology and a large number of geotechnical applications. This experimental
study investigates fracture closure and hydraulic aperture changes of displaced tensile fractures,
aligned tensile fractures, and saw-cut fractures for two types of sandstone (i.e., Flechtinger and
Fontainebleau) with contrasting mechanical properties, cycling confining pressure between 5 and
30 MPa. Emphasis is placed on how surface roughness, fracture wall offset, and the mechanical
properties of the contact asperities affect the self-propping potential of these fractures under normal
stress. A relative fracture wall displacement can significantly increase fracture aperture and
hydraulic conductivity, but the degree of increase strongly depends on the fracture surface
roughness. The surface roughness of saw-cut fractures remains scale-independent as long as the
fracture area is larger than a roll-off wavelength, and thus any further displacement does not affect
fracture aperture. Tensile fracture surfaces are self-affine over a larger scale, so an incremental
fracture wall offset likely leads to an increase in fracture aperture. X-ray microtomography of the
fractures after the confining pressure cycle indicates that the contact area ratio of the tensile
fractures inversely correlates with the fracture wall offset, yielding values in the range of about 3%
~ 25%. Relatively larger contact areas occur in the more compressible rock due to the
compression/damage of contact asperities. Moreover, the contact asperities mainly occur isolated
and tend to be preferentially oriented in the direction perpendicular to the fracture wall
displacement, which may induce flow anisotropy. These observations imply that self-propping
fractures in sedimentary rocks are sustainable for fluid flow if sufficient displacement is applied to

the scale-dependent fracture surfaces.
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3.1 Introduction

Sufficient amounts of fluid need to be extracted/injected within rock masses in the upper crust at
depths as deep as 4~5 km for economic utilization of reservoirs, e.g., enhanced geothermal systems
(Blocher et al., 2016; Kushnir et al., 2018) or unconventional oil and gas extraction. Fractures,
predominantly controlling fluid flow in rocks, are crucial in this regard. Consequently, the hydro-
mechanical properties of rock fractures have received attention in numerous studies in the past (e.g.,
Bandis et al., 1983; Raven & Gale, 1985; Zimmerman & Bodvarsson, 1996; Sausse, 2002;
Konzuk & Kueper, 2004; Rutqvist, 2015). The property of single self-propping fractures under
normal stresses is one of the most fundamental problems in fractured-rock hydrology and is the
starting point to understand more complex systems, e.g., shear fractures or fracture networks. To
quantitatively characterize fluid flow through a single rock fracture, which is deformable under
normal stresses, the notions of mechanical and hydraulic aperture are commonly considered
(Witherspoon et al., 1980; Barton et al., 1985; Zimmerman et al., 1992). The mechanical
aperture is the arithmetic mean of the separation distance between the opposing fracture surfaces,
while the hydraulic aperture represents the equivalent flow through a fracture idealized as two

smooth, parallel plates applying the so-called "cubic law" (Zimmerman & Bodvarsson, 1996).

Numerous experimental studies on the hydro-mechanical properties of single fractures have
previously been performed, generally considering a lithostatic load equivalent to 1 to 3 km crustal
depth (23 MPa/km) (Bandis et al., 1983; Hofmann et al., 2016; Milsch et al., 2016; Vogler
et al., 2016; Crawford et al., 2017) but in some cases down to 7 km depth (Kranzz et al., 1979;
Durham & Bonner, 1994). Experimental results showed that a mismatched joint in granitic rocks
remains hydraulically conductive under normal stresses up to 160 MPa (Durham & Bonner,
1994). Moreover, fractures in granite and granodiorite are hard to completely close, either
mechanically or hydraulically, under purely normal stresses (Hofmann et al., 2016; Vogler et
al., 2016) unless the fracture surfaces are mated and/or subjected to extremely high loads (Kranzz
etal., 1979; Durham & Bonner, 1994). In addition, studies on fractures in other rock types, such
as slate, sandstone, dolerite, and limestone, essentially yielded similar results (Bandis et al., 1983;
Crawford et al., 2017), which permits to conclude that the permeability of mismatched fractures

is more sustainable in comparison to aligned fractures at the same normal stress conditions.

The main factors that control fracture deformation and fluid flow are the surface roughness
(Bandis et al., 1983), fracture wall offset or shear displacement (Plouraboué et al., 1995;
Vogler et al., 2016; Fang et al., 2018; Kluge et al., 2021), number of loading-unloading cycles
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(Brown & Scholz, 1985; Hofmann et al., 2016; Milsch et al., 2016), fracture size (Raven &
Gale, 1985), the direction of fluid flow relative to the fracture wall displacement (Thompson &
Brown, 1991; Auradou et al., 2005; Watanabe et al., 2008; Nemoto et al., 2009; Lang et al.,
2018), and fracture types, i.e., either natural or artificially generated (Kling et al., 2016; Vogler
et al., 2016). The main conclusions drawn from these previous studies can be summarized as
follows: 1) the irreversible deformation (permeability decline) after each loading-unloading cycle
reduces with the number of cycles. Generally, 3~4 full cycles can efficiently eliminate any inelastic
deformation component. 2) The degree of fracture closure strongly depends on the fracture surface
topography as well as on the elastic properties of the material. 3) Artificially displaced fractures
show shear dilation due to the mismatch between the surfaces. 4) The larger the relative fracture
wall displacement, the less is stress-dependent permeability reduction and anisotropy. 5) A shear
fracture under normal stress shows shear dilation with gouge production and permeability
variations depending on fracture surface properties. 6) A permeability reduction is more
pronounced when the flow direction is oriented parallel to the fracture wall displacement. 7) Flow
channeling and tortuosity increase with increasing normal stress. 8) The contact area ratio, defined
as the ratio between the contact area of the asperities and the nominal fracture area non-linearly
varies with aperture closure. Overall, the intrinsic rock properties, e.g., the fracture surface

roughness and mechanical behavior, fundamentally determine the properties mentioned before.

Previously, most experimental studies were performed on igneous rocks. However, for
enhanced geothermal systems (Blocher et al., 2016) or unconventional oil and gas exploitation,
the fracture behavior in low permeability formations consisting of sedimentary rock such as tight
sandstones, siltstones, and shales is of paramount interest. In this context, hydraulic fracturing is
crucial for increasing the transmissivity of the formations (Blocher et al., 2016; Zimmermann
et al., 2018; Hofmann et al., 2019). Here, the generated fractures are tensile or shear fractures,
depending on the stress field. Hydraulic fractures generally propagate in the direction perpendicular
to the minimum principal stress (Zhuang et al., 2020). However, for sedimentary formations
containing bedding layers or other anisotropic structural features, the fracture plane orientation will
be strongly affected by the present structure-stress correlation encountered in situ (Cosgrove,
1995; Huang & Liu, 2017). In addition, fracture surfaces generated in sedimentary rocks show
different spatial correlations (e.g., the Hurst exponent H is about 0.5 for tensile fractures in
sandstone) compared to the ones in igneous rocks (e.g., H ~ 0.8 for fractures in granite and basalt)
(Boffa & Allain, 1998; Ponson et al., 2007; Schmittbuhl et al., 2008). Other features (e.g.,
bedding layers, grain sizes) in sedimentary rocks may also affect fracture surface roughness.

Consequently, it is necessary to investigate the self-propping potential of sedimentary rock
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fractures with different features to conclude whether these fractures are sustainable, thus allowing
for sufficient fluid flow under stress. This information will then help to decide whether proppants

should be used in such reservoirs or not.

In this study, sedimentary rocks, i.e., two types of sandstone, are investigated regarding the
mechanical and hydraulic response of different fracture configurations on effective pressure cycles.
A more compressible rock is compared to a stronger one, as are tensile fractures with different
degrees of displacement and saw-cut fractures. This study emphasizes how the fracture surface
roughness, the degree of geometric matching of the opposing fracture surfaces, and the mechanical
properties affect fracture aperture, both mechanically and hydraulically, when the normal stress on
the fracture plane is varied and, moreover, how the aperture distribution, the fracture wall offset,
and the contact area ratio correlate. Flow-through experiments and drained compression tests were
conducted and complemented with microstructural investigations by fracture surface scans and X-

ray micro tomography (LCT).

3.2 Rock samples and methodology

3.2.1 Sample preparation and experimental apparatus

In this study, two types of sandstone were selected for hydro-mechanical experiments to examine
the characteristics of single fracture flow subject to normal stress cycles. The two rock types were
Flechtinger sandstone, quarried from an outcrop of the Lower Permian (Upper Rotliegend) near
Flechtingen, Germany and Fontainebleau sandstone, quarried near Fontainebleau, France. The
geology, petrophysics, and mechanical properties of both rocks are well known (Fischer et al., 2012;
Saadi et al., 2017) and have been intensively investigated (Zang et al., 1996; Hassanzadegan et al.,
2012; Hassanzadegan et al., 2013; Schepers & Milsch, 2013). Fontainebleau sandstone is an almost
monomineralic sandstone (>99.5 wt% quartz), while Flechtinger sandstone is composed of quartz
(63 wt%), K-feldspar (14 wt%), albite (12 wt%), illite (7 wt%), calcite (2 wt%), and hematite (1
wt%) as determined by X-ray diffraction (XRD). Figure 3.1 shows optical micrographs of the two
rock types, where the Fontainebleau sandstone possesses a relatively uniform grain size in
comparison to Flechtinger sandstone. The average grain size of both rocks is in the same order of
magnitude, i.e., 200 um for Fontainebleau sandstone and 125 pm for Flechtinger sandstone as

derived from 2-D image analyses.
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Figure 3.1 Optical micrographs and grain size distributions derived from 2-D image analyses using

ImageJ (Schneider et al., 2012). (a) Fontainebleau sandstone and (b) Flechtinger sandstone.

Table 3.1 Basic physical parameters of the two rock types.

Rock type ¢ (%) p (g/em®) k (m?) UCS (MPa) Ky (GPa)
Flechtinger 8.1 2.40 107~107"8 56.7~100 15.9
Fontainebleau 2.5 2.56 1078 1223 33.0

The porosity ¢ is measured by saturation and weighing, and p is the bulk density. The uniaxial
compressive strength (UCS) and the drained bulk modulus (Kp) of Flechtinger sandstone were
taken from previous investigations (Hassanzadegan et al., 2012). Flechtinger sandstone is
anisotropic, where the UCS parallel and perpendicular to the bedding layers shows different values
of up to 100 MPa (Zang et al., 1996). The permeability £ of Flechtinger sandstone was measured
with the flow direction oriented perpendicular to the bedding. UCS and K, of Fontainebleau
sandstone with a porosity of ~4% are reported in Baud et al. (2014) and Arns et al. (2002),
respectively. One can infer that the present Fontainebleau sandstone with a porosity lower than 4%
is mechanically stronger, implying that the values reported in the table for UCS and K, should be

considered lower bounds.

The basic physical parameters of the two rock types display significant differences, as shown

in Table 3.1. These sandstones represent relatively "soft" (Flechtinger sandstone) and "hard" rock
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(Fontainebleau sandstone), respectively. However, both sandstone types used in this study are of

low matrix permeability on the order of 10™'® m?, as determined with a gas permeameter.

The Fontainebleau sandstone used in this study appears isotropic and homogeneous. The
Flechtinger sandstone is relatively homogeneous but microscopically shows bedding layers. The
mechanical properties, consequently, vary in dependence of the stress orientation relative to
bedding (Zang et al., 1996). In addition, generated fractures along the bedding layers may
significantly differ in roughness depending on whether the layers consist of finer or coarser grains.
To minimize any influence of bedding on the fracture roughness and the permeability
measurements, all sample cores were drilled from larger blocks perpendicular to bedding. Three
cylindrical samples of each rock type (Flechtinger sandstone: FF1, FF2, and FF3; Fontainebleau
sandstone: FOF1, FOF2, and FOF3) with a diameter of 30 mm and a length of 40 mm were
prepared. The six samples were split into two halves using a Brazilian test setup (Figure 3.2a) at a
displacement rate of 2x10° m/s, yielding negligible edge damage. In addition, a rock block was
cut by using a saw, and the obtained halves were then tightly attached. Subsequently, cylindrical
core samples were drilled along the fracture located in the core center. Thin section images (Figure
C1) of the generated fractures indicate that sawing results in intragranular fracturing while tensile
fractures mainly form along the grain boundaries in Flechtinger sandstone as well as both across

grains and along grain boundaries in Fontainebleau sandstone.

Examples of separated sample halves are displayed in Figure 3.2b. The respective subsamples
were labeled A and B. The sample halves were subsequently assembled with or without PEEK
spacers on the top, and the bottom ends to create a fixed displacement with offsets of 0.2 mm (FF2
and FOF2) (Figure 3.2e) and 0.75 mm (FF1 and FOF1) (Figure 3.2f). FF3 and FOF3 were aligned
without pre-displacement (Figure 3.2d), and saw-cut samples (FF4 and FOF4) were obtained
(Figure 3.2¢). All samples were then assembled with two plugs that connect to the pore fluid system
of the flow-through apparatus. A heat-shrink tubing jackets the sample to isolate the pore fluid
system from the confining pressure fluid (silicone oil), and a thin metal sheet placed between the
fracture gap and the jacket was introduced to minimize any risk of jacket punching at elevated

confining pressure conditions.

A flow-through apparatus comprising a hydrostatic pressure vessel was used in this study
(Milsch et al., 2008b). The specimen assembly was mounted in the vessel and connected to the
pore fluid system, which comprises an upstream and a downstream syringe pump (ISCO 260D).
The hydrostatic confining pressure is generated with silicone oil using another syringe pump (ISCO
65D). During a flow-through experiment, the downstream pump was maintained in constant

pressure mode, with the upstream pump providing a constant fluid flow rate. The flow direction
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during a test is from the bottom to the top of the sample. The differential pore pressure between
the sample ends is monitoring by a differential pressure transducer (IPD 40, ICS Schneider

Messtechnik) with a range of 0 - 0.6 MPa and an accuracy of < 0.2%.
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Figure 3.2 Preparation of the fractured samples. (a) Tensile fracture generated by a Brazilian test
setup; (b) representative fractured Fontainebleau sandstone (white) and Flechtinger sandstone (red)
cores; schematic illustrations of the assembled specimens, with (c) aligned saw-cut sample core,
(d) aligned tensile fracture, (¢) mismatched tensile fracture with an offset of 0.2 mm, and (f)

mismatched tensile fracture with an offset of 0.75 mm.

3.2.2 Experimental procedures

3.2.2.1 Determination of hydraulic aperture

The assembled samples were vacuum-saturated with deionized water before the experiment. After

the installation, under an initial confining pressure p. of 2 MPa, water was continuously flown
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through the entire pore fluid system, keeping the downstream side open to the atmosphere until the
system was free of air, as evidenced by the absence of air bubbles in the effluent. The pore pressure
pp was then increased to 1 MPa and maintained constant throughout the experiment. The confining
pressure was further increased to 5 MPa as the starting point of a loading-unloading cycle (5 < 30
MPa for all samples except FF1 (10 <> 35 MPa)). During the experiment, the confining pressure
was increased or decreased stepwise with a regular interval of 5 MPa, and the sample permeability

was measured at each pressure level.

The linear Darcy’s law is commonly used to describe fluid flow through porous media (Darcy,

1856),

kA
Q= AP (3.1)

where Q is the flow rate, AP is the differential pressure over the sample length L, u is the dynamic
fluid viscosity, 4 is the cross-section area of the sample, and £ is its intrinsic permeability. For fluid
flow through a single rock fracture, one commonly idealizes the fluid to flow through two smooth,
parallel fracture plates. With the assumptions that Darcy’s law is valid and that the flow of an
incompressible Newtonian fluid is laminar, the so-called "cubic law" is derived by applying the

parallel plate model (Zimmerman & Bodvarsson, 1996),

Q_bf;w

= AP (3.2)

where W is the fracture width (i.e., the sample diameter), and by, is the separation distance between
the two smooth, adjacent fracture plates. However, in rough fractures, the latter parameter is
considered an equivalent aperture, called the hydraulic aperture. Based on the "cubic law", the
fracture permeability k¢ can then be expressed as (Witherspoon et al., 1980),
ke = % (3.3)

Although the present sandstone samples are fractured porous media, the fracture permeability
is orders of magnitude higher than the matrix permeability, which, consequently, is considered to
be negligible. In this study, the equivalent hydraulic aperture b, was calculated for the principal
purpose of comparing its value to the mechanical aperture (i.e., the geometric separation distance

between the two fracture surfaces).

3.2.2.2 Determination of mechanical aperture changes

There are several direct and indirect methods of measuring mechanical aperture changes during
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loading-unloading operations. Bandis et al. (1983) measured the total vertical deformation of a
fractured sample in a uniaxial compression device, where the fracture is placed perpendicular to
the normal stress. By subtracting the corresponding deformation of the solid rock without a fracture
(obtained from separate measurements on intact samples), fracture aperture deformation was
determined. Raven and Gale (1985) performed a direct measurement of the axial deformation of a
circular fracture in a cylindrical sample core with three linear variable differential transformers
(LVDT) evenly distributed around the sample and oriented in parallel to the longitudinal axis.
Vogler et al. (2016) measured the volume changes of the confining pressure fluid during loading-
unloading cycles. An additional test on an intact sample was conducted as a reference to calibrate
the effects of compression of the rubber jacket and the confining pressure fluid. In addition,
Hofmann et al. (2016) measured the axial and lateral strain of a sample, where a single fracture
was in parallel to the sample axis, by using two axial extensometers and one circumferential chain
extensometer in a triaxial experimental setup. Fracture aperture deformation was indirectly

determined by subtracting the elastic axial strain from the total lateral strain.

In this study, the pore pressure was maintained constant at 1 MPa throughout the experiment,
and the total volume changes AV of the pore fluid were monitored with the downstream pump
during the loading-unloading cycles. The mechanical aperture changes Aby, can then be expressed
as,

_ AV—AMVpore

Ab,, L

(3.4)

where AVpore is the corresponding pore volume change of the rock matrix. For Flechtinger
sandstone samples, AVpoe Was obtained from previous loading and unloading cycles on intact
samples of the same rock at hydrostatic stress conditions (Hassanzadegan et al., 2012;
Hassanzadegan et al., 2013). The only calibration parameter here is the sample bulk volume due to
the difference in sample sizes. For Fontainebleau sandstone samples, due to the low matrix
permeability (~1x10"® m?), the low porosity (~2.5%), and the short experimental duration of each

loading/unloading interval (5 MPa; about 4 min), AVjore for this rock type is assumed negligible.

The total volume changes during initial loading can be attributed to both fracture and pore
volume changes and may also result from an adjustment of the specimen assembly, e.g., the closure
of small gaps between individual assembly parts. Therefore, in the following, only those results
are compared that were obtained at confining pressures between 5 and 30 MPa. In addition to
directly measuring mechanical aperture changes, a complementary analysis was performed using

the fracture surface topographies obtained from white light interferometry (Section 3.2.3).
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3.2.3 Fracture surface topography

3.2.3.1 Fracture surface measurements and roughness determination

The methods applied to measure the topography of solid surfaces, including contacting and non-
contacting methods, evolved with technological progress and a concurrent increase in efficiency:
from early studies using profilometry (Bandis et al., 1983), image analysis of polished cross-
sections perpendicular to the fracture (Hakami & Larsson, 1996), laser scanning (Neuville et al.,
2012; Singh et al., 2015), photogrammetric scans (Vogler et al., 2016; Vogler et al., 2018), X-ray
computed microtomography (LCT) (Renard et al., 2009; Diaz et al., 2017), to white light
interferometry (Renard et al., 2012; Zou et al., 2019). In this study, the fracture surface
topographies of samples FF2, FF3, FF4, FOF2, FOF3, and FOF4 were measured before the
experiments by using white light interferometry (Keyence VR 3000). The resolution of the
horizontal x-y coordinates is 23.518 pum, and the vertical resolution is 1.0 um, which yields

approximately two million data points for each surface.

Numerous parameters have been defined to characterize surface roughness (Li & Zhang, 2015),
such as the joint roughness coefficient (JRC) (Barton, 1973), which is an empirical parameter
obtained by comparing fracture profiles to standards, developed further with the introduction of
statistical parameters (Tse & Cruden, 1979). In this study, we apply statistical expressions to
directly analyze the scanned 3-D surface data, i.e., the peak asperity height R,, the average

roughness Rm, and the root-mean-square roughness Rims,

R, = max|z; — z,| (3.5)
1
Ry = ;Z?:llzi - Zal (3.6)
1
Rims = \/;2?=1(Zi - Za)z (3.7)

where z; is the height of the ith point and z, is the mean height of the elevation plane, which is
discretized by n points. The global statistical parameters provide a direct comparison between

samples, helping to distinguish the different surface topographies quantitatively.

In addition, rock interfaces (e.g., faults, natural fractures, and artificial fractures) are
commonly classified as self-affine structures over a large range of length scales (Candela et al.,
2012), which are used to numerically generate fractures for simulations (Schmittbuhl et al., 2008;
Lang et al., 2015; Lang et al., 2016). In such simulations, it is assumed that the fracture surface

remains invariant under the transformation,
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Ax - Mx, Ay - Ay, Az > A Az (3.8)

where / is the wavelength, and H is the Hurst exponent (Persson et al., 2004; Schmittbuhl et al.,
2004), indicating a self-affine behavior if H is between 0~1. H can be estimated based on the 1-D

Fourier power spectrum,

C(q) < q '™ (3.9)

where g = 27 / A is the wavevector varying between 2z / [ and 2z / a, and [ is the observed length,
and a is the smallest wavelength, i.e., 23.518 um. In this study, the 1-D power spectrum of the
profile z(x, yo) along the sample length is analyzed, where x indicates the direction parallel to the
displacement. The intrinsic spatial correlation behavior of the surface fluctuations along the

displacement can thus be derived.

3.2.3.2 Mechanical aperture calculations

Since the fracture surfaces are not identical between samples, it is difficult to quantitatively analyze
whether the permeability changes are related to parameter differences (i.e., the displacements) or
the intrinsic properties of the fracture surfaces. Thus, further numerical investigations were
performed based on the surface topography measurements to obtain correlations between the
mechanical aperture and surface roughness, surface displacement, as well as contact area ratio.
Mechanical aperture can be determined by measuring the upper and the lower fracture walls
relative to a reference plane (Hakami & Larsson, 1996) or by measuring the separation distances
oriented perpendicular to the local trend of the fracture walls (Mourzenko et al., 1995; Ge, 1997).
Both methods yield very similar results (Konzuk & Kueper, 2004). In this study, the former
definition of the mechanical aperture was used by applying a best-fitting plane. The mean

mechanical aperture by, can then be expressed as,

1
by, = A_ffAfAZ(x' y) dA (3.10)

where Ar = W(L—J) is the nominal fracture area of the adjacent fracture surfaces, with J being the
displacement along the sample length, and Az(x, y) is the height difference between the adjacent

points on the upper and the lower fracture surfaces.

For the saw-cut samples FF4 and FOF4, the two surfaces of the halves were used for the
calculation. For tensile fractures, the initial matching of the aligned halves is difficult since the data
obtained for the adjacent fracture surfaces cannot be exactly related, the datum plane of each scan

may not be identical, and the initial contact area is hard to estimate. To simplify the dynamic
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adjustment (e.g., movement or rotation) of two surface topographies, duplicate fracture surfaces
were used (i.e., the surfaces A and B are identical to one set of the fracture surface data). Therefore,
the fracture aperture at aligned conditions, theoretically, is equal to zero when applying this method.
In practice, due to the loss of some grains on the fracture surfaces after separation, the two opposite
surfaces do not perfectly match. Furthermore, the tensile fractures generated by the Brazilian test
method may display a slightly concave surface geometry resulting from damage transfer during
splitting since the fracture edges are subject to compression and the maximum tensile stress and
strain occur about 5 mm away from the load contact (Li & Wong, 2013). Consequently, the tensile
fractures display a slightly larger contact area along the fracture edges compared to the interior of
the fracture surfaces. However, this feature was found to be more obvious in Flechtinger sandstone

than in Fontainebleau sandstone (see Section 3.3.4 and Figure 3.11).

The procedure of fracture displacement is illustrated in Figure 3.3a, where the lower surface
A is fixed, and the upper surface B is allowed to move along the sample length corresponding to
specimen B of the true sample. The contact area is maintained at a minimum but >3 contact points,
and any rotation due to the surface adjustment is omitted. In this way, one obtains the correlation

between the initial mechanical aperture and the displacement of each fracture surface.

Fracture deformation resulting from normal stresses has been extensively studied by applying
purely elastic, elasto-plastic, and interpenetration contact models (Li et al., 2015; Kling et al., 2018;
Zou et al., 2019). The interpenetration model is a rather simple analytical model yielding fairly
good agreement with the results of fluid flow measurements (Watanabe et al., 2008; Nemoto et al.,
2009). In this model, the two fracture surfaces are displaced relative to each other, where the
overlapping parts of the asperities (Az; < 0) are removed, and their distance is taken as zero (i.e.,
contacting asperities). Kling et al. (2018) compared the three models and found that the
interpenetration model yields the largest contact area. It should be noted that this model is incapable
of accounting for loading-unloading cycles that comprise both elastic and irreversible deformation.
This study aims to analyze how the geometrical parameters affect aperture closure to better
understand the corresponding experimental results. The interpenetration model was applied in all
surface analyses, and only geometrical variations and fracture deformation were considered. An
example of the aperture distribution and the contact areas for a fracture with an offset is shown in
Figure 3.3b. The contact area ratio is expressed as the ratio of the contact area, A. to the nominal
fracture surface area,

AC
¢ w(L-5)

(3.11)
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(a) Upper and lower fracture surface (b) Aperture distribution
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Figure 3.3 Schematic illustration of fracture aperture determination using the representative
example of sample FOF2. (a) The upper fracture surface is displaced along the sample length
relative to the lower surface. (b) A fracture aperture distribution with an offset of 1.1759 mm (50
steps of displacement) is shown as an example. The contact area is determined for the deformed

state of the fracture surfaces resulting from the applied normal stress.

3.2.4 Determination of fracture morphology using X-ray nCT scans

To investigate the microstructural changes of the fracture before and after the experiments, the
assembled samples were scanned by using an X-ray uCT scanner (GE Phoenix nanotom m 180) at
atmospheric conditions. All scans were performed with dried but jacketed sample cores using the
same scanning parameters (i.e., timing 500 ms, voltage: 120 kV, current: 90 pA, and same sample
position relative to the X-ray source and detector) to obtain comparable results. A total of 1080
two-dimensional slices with a voxel size of 20.63 um were obtained for each scan and were then
used to reconstruct the three-dimensional models. The fracture void spaces Vi were detected and
extracted from the corresponding models, and the respective mean mechanical apertures bm.c: were

derived from,

(3.12)

where At is the area of the projection of the 3-D fracture void, which is oriented in parallel to the
nominal fracture plane. In addition, the extracted 3-D fracture void was projected onto the nominal
fracture plane from which the contact areas A... were further derived (Figure 3.11). The contact

area ratio R...t was then calculated from,

R, = (3.12)

Note that due to the voxel size limit of the reconstructed CT models (voxel sizes in xyz-

directions: 20.63 um), fracture apertures smaller than the voxel size could not be accurately
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detected. Thus, the fracture aperture might be underestimated in contrast to the contact area ratio,
which may be overestimated with this method. Also, the results are numerical products that
potentially are not fully equivalent to the true physical parameters. The comparison of the aperture
data provides an overall understanding of how the fracture permanently deforms when subjected
to normal tress. Not least, the uCT scans were performed at zero-stress and dry conditions. Thus,
the fracture apertures at experimental in situ conditions may also show discrepancies with the

measured ones.

3.3 Results

3.3.1 Hydraulic and mechanical aperture changes during loading-unloading cycles

The evolution of hydraulic apertures (calculated with Eq. 3.2) of Flechtinger and Fontainebleau
sandstones resulting from the loading-unloading cycles is displayed in Figure 3.4. One notices that
the initial hydraulic apertures of the mismatched tensile fractures are significantly larger than those
of both the aligned and the saw-cut fractures for both rock types. The lowest sample permeabilities
(calculated with Eq. 3.1) of FF3 (aligned) and FOF4 (saw-cut) at stressed conditions are
approximately 4x107'® m? and 2x107'° m? respectively and thus still two orders of magnitude larger
than the corresponding matrix permeability (~1x107'® m?), indicating that the introduced fractures
are the dominant flow paths even for the smallest fracture apertures and that all fractures are far
from being completely closed. Further, it is found that the initial hydraulic aperture increases with
an increase of the fracture wall offset. However, the increment of the offset does not proportionally
relate to the increment of the initial hydraulic aperture, as distinctly shown in Figure 3.4b, where
the samples FOF1 and FOF2 with offsets of 0.75 mm and 0.2 mm, respectively, have an almost
identical initial hydraulic aperture. For the two saw-cut samples, it showed that the hydraulic
aperture of FF4 is about one order of magnitude larger than that of FOF4, which mainly should be
the result of differences in fracture surface roughness as related to the intrinsic rock microstructure,

e.g., grain size distribution and porosity (Section 3.2.1).

Hydraulic aperture decreased with increasing confining pressure during loading for all samples.
Most experiments display a hysteretic behavior during the stress cycle in a way that the respective
aperture is larger during loading than during unloading at the same stress level, except for sample
FOF1, whose hydraulic aperture was slightly enhanced after unloading. It is noticed further that
for most samples, except for FF2 and FOF3, the hydraulic aperture decrease tends to converge,

where a further stress increase results in progressively less reduction in hydraulic aperture. Finally,
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irreversible hydraulic aperture changes after the loading-unloading cycles are larger in Flechtinger
sandstone samples in comparison to the corresponding Fontainebleau sandstone samples with the

same respective offset.
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Figure 3.4 Hydraulic aperture by, as a function of confining pressure for (a) Flechtinger sandstone
samples and (b) Fontainebleau sandstone samples.

The drained compression tests for determining the variations in mean mechanical aperture
started from p.=5 MPa or p.=10 MPa (FF1). Therefore, the mechanical aperture changes between
ambient pressure and p.=5 MPa were not measured. Hence, changes in mean mechanical aperture
were obtained relative to the respective starting point. The correlation between the mean
mechanical aperture changes (calculated with Eq. 3.4) and the confining pressure, as illustrated in
Figure 3.5, indicates that these aperture variations are significantly larger than the corresponding
hydraulic ones (Figure 3.4). Similarly, the mean mechanical apertures of all samples decreased
with increasing confining pressure and also clearly depict the formerly observed hysteretic
behavior during loading and unloading. Irreversible partial closure of the fracture after the
respective loading-unloading cycle occurred in all samples, most pronounced in FF2, except in
FOF4. Excluding FF1, which is not directly comparable since the confining pressure range is 10
<> 35 MPa, the total variations in the mean mechanical aperture of the mismatched fractures are
significantly larger than those of the aligned fractures in both rock types. Again, the amount of
irreversible fracture closure in the saw-cut sample FF4 is significantly larger than that in FOF4. It
is further noticed that even for the same fracture setting (i.e., tensile or saw-cut, identical fracture
wall offset), the deformation of the fractures in the two rock types differs significantly. Not least,
this emphasizes the dominant role of both the rock’s mechanical properties as well as the fracture’s

surface roughness in the deformational response of a fracture to changes in stress.
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Figure 3.5 Mechanical aperture changes Abn, as a function of confining pressure for (a) Flechtinger

sandstone samples and (b) Fontainebleau sandstone samples.

3.3.2 Surface roughness

3-D views of the scanned fracture surfaces and the corresponding central profiles along the
specimen for samples FOF4 and FF4 (saw-cut fractures) as well as FOF2, FOF3, FF2, and FF3
(tensile fractures) are shown in Figure 3.6. The statistical parameters of the fracture surface
roughness, as calculated with Eqs. 3.5-3.7, are listed in Table 3.2. It should be noted that these
parameters are scale-dependent and related to the length scales of the measured data (i.e., the
separation distance between two adjacent points in the raw surface data). However, all surfaces
were measured at the same scale and with the same resolution (i.e., 23.518 um on the x-y plane
and 1 um in the vertical direction). This resolution proved appropriate to observe most of the

microstructural features (Figure 3.1) and also permits a direct comparison between samples.

The scanned surface data quantify the roughness of the different fracture types. Saw-cut
fractures of both rock types are much smoother than all tensile fracture surfaces. Rn and Rums of
FOF4 and FF4 are almost one order of magnitude smaller in comparison to the corresponding
values of the tensile fractures. However, the fracture surface of FOF4 is significantly smoother
than the FF4 surface, which is also directly visible in Figures 3.6a and b. Again, for saw-cut
samples, this implies a significant effect of the respective rock microstructure (e.g., grain size
distribution and porosity) on the fracture's surface topography. For tensile fractures, surface

roughness varies slightly between samples within one order of magnitude.
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The 1-D power spectra of the central profiles of the fractures are presented in Figure 3.7. It is
noticed that unlike for many igneous rocks such as granite, where the Hurst exponent A was found
to be approximately 0.8 (e.g., Boffa & Allain, 1998; Schmittbuhl et al., 2008), suggesting that the
fracture surfaces obey a universal invariance over a larger scale, the present fractures in sandstones
likely have two main scaling regimes (Table 3.2). These two main scaling regimes display a larger
slope at the smaller wavelengths and a smaller slope at the larger wavelengths. For tensile fractures,
the Hurst exponent (Eq. 3.9, derived from the slopes in Figure 3.7) takes a value of H; = 0.54 +
0.04, distinctly smaller than H, = 3.34 + 0.21. H; shows a good agreement with previous studies
on sandstone samples (H = 0.5 for a wavelength larger than the cut-off wavelength, i.e., the grain
size) (Boffa & Allain, 1998; Ponson et al., 2007), which indicates that fractures in tight sandstones
are not self-affine on all scales but that a self-similarity may only be valid within a certain range,
again, different from igneous rocks. Moreover, the crossover wavelength can be well characterized
by an intersection wavelength A* between about 300 ~ 400 pum, which is about twice the average
grain size and roughly equal to the largest grain size (Figure 3.1). At characteristic length scales

below 1, the fracture surface roughness is not self-affine.

Particularly for saw-cut fractures, a tendency of the power spectrum to flatten out (i.e., the
roll-off region) is observed as the wavelength increases above a certain wavelength 2"=420 ~ 430
pum, which corresponds to the largest grain size. Since power is proportional to the roughness
amplitude, one consequence of this is that the fracture surfaces are independent of the observational

length / for />> 1" (Persson et al., 2004).

Table 3.2 Statistical surface roughness parameters of selected samples.

Parameters FF2 FF3 FF4 FOF2 FOF3 FOF4
R, (mm) 0.810 1.155 0.388 0.935 0.685 0.167
R (mm) 0.194 0.251 0.034 0.214 0.152 0.011
Rims (mm) 0.238 0.317 0.044 0.267 0.191 0.015
Hi (-) 0.56 0.58 -0.08 0.50 0.55 -0.24
H> (-) 3.55 3.49 3.37 3.13 3.14 2.86

H and H, represent the Hurst exponents for small and large wavevectors, respectively (Figure 3.7).
In the regimes of H> > 1, the spectra do not follow a self-affine-like power law, which implies that
the surface cannot be classified as fractal. A negative H1 in saw-cut fractures indicates a roll-off

wavevector region.
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Figure 3.6 3-D views of the fracture surfaces of the scanned specimens and their corresponding
central profiles along the sample length. The arrows indicate the flow direction in the experiments.
(a) FOF4 saw-cut smooth fracture surface; (b) FF4 saw-cut rough fracture surface; (¢c) FOF3 tensile
Fontainebleau fracture surface; (d) FF3 tensile Flechtinger fracture surface; (e) FOF2 tensile
Fontainebleau fracture surface; (f) FF2 tensile Flechtinger fracture surface.
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Figure 3.7 1-D surface roughness power spectra of the central profiles in the direction parallel to
the displacement of fracture surfaces in (a) FOF4, (b) FF4, (c) FOF3, (d) FF3, (e) FOF2, and (f)
FF2 (Figure 3.6), where H; and H- represent the Hurst exponents for small and large wavevectors,
respectively, and A” indicates the crossover (black triangles) of the two regimes.

3.3.3 Numerical fracture apertures

The initial mean mechanical aperture (calculated with Eq. 3.10) between the two adjacent fracture
surfaces of the selected samples was derived as a function of the fracture wall offset, as shown in

Figure 3.8a. The mean mechanical aperture of all tensile fractures, initially, drastically increases
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with increasing offset and then progressively tends to converge, where a further increase of the
displacement yields only small aperture fluctuations. Thus, the trend can be roughly classified into
three regimes. This is consistent with experimental observations regarding the shear dilation of
fractures (Chen et al., 2000). In a theoretical study, Plouraboué et al. (1995) concluded that a rigid
mechanical aperture with ongoing horizontal displacement is supposed to scale as b < Z6" if the
fracture surfaces are self-affine and invariant over a larger scale (e.g., H=0.83 for a granite fracture
investigated in the cited study). Here, Z is a correction term that is inversely proportional to the
displacement . The present results indicate that the fracture aperture variations cannot be described
by a simple power law (Figure 3.8b). In addition, the self-affinity is only valid when the
wavelength > 1". For 6 < A", this may not strictly apply, in contrast to Plouraboué et al. (1995).
Furthermore, it was found that the fracture aperture remains approximately constant when further

displacing the surface beyond one-tenth of the sample size.
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Figure 3.8 (a) Evolution of the initial mean mechanical aperture with increasing offset of the two
adjacent fracture surfaces along the sample length. (b) log-log plot of the initial mean mechanical
aperture with normalized offset ¢/L. The dotted line indicates a simple power law, bn=(5/L)", where
H=0.54 corresponds to the present sandstones (Figure 3.7). (c) Representative aperture

distributions of sample FOF2 with offsets of 0.2 mm and 0.75 mm, respectively.
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The respective convergence aperture values of each rock sample are directly related to the
individual fracture's surface roughness. In contrast, for the saw-cut fractures FF4 and FOF4, the
initial mechanical apertures show to be more or less independent of the offset, resulting from the
existence of a roll-off wavelength (Section 3.3.2), which is consistent with the mathematical
analyses of Plouraboué et al. (1995). Here, the initial mechanical aperture is only determined by
the surface roughness, which is related to the intrinsic microstructure of the rock matrix.
Accordingly, the average b of FF4 and FOF4 during shearing from 0 to 4 mm (i.e., one-tenth of
the sample length), as calculated based on the surface models, are 0.42 mm and 0.09 mm,
respectively. In addition, the mean b, of FF2 and FOF2, which were calculated with a pre-offset
of 0.2 mm, equivalent to the true experimental setting, are 0.4086 mm and 0.2584 mm, respectively.
Figure 3.8c shows a comparative (numerical) example of the variations in aperture distribution of

sample FOF2 for two different offsets (i.e., 0.2 mm and 0.75 mm).

By applying the interpenetration model to the fracture surfaces (Section 3.2.3), one further
obtains the evolution of the mean mechanical aperture as a function of the contact area ratio (Eq.
3.11), as shown in Figure 3.9. The initial apertures of the aligned saw-cut fractures in FF4 and
FOF4 are 0.517 mm and 0.0868 mm, respectively. For tensile fractures, Figure 3.9b demonstrates
that a decrease of the mean mechanical aperture leads to a nonlinear increase in contact area ratio.
It is inferred that the residual mechanical aperture and thus the maximum aperture closure value
are proportional to the initial mechanical aperture, which well explains the differences in fracture

aperture changes observed in the experiments (Figure 3.5).
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Figure 3.9 Variations of the mean mechanical aperture b, (Eq. 3.10) with increasing contact area
ratio R (Eq. 3.11) for (a) saw-cut fractures in FF4 and FOF4 and (b) tensile fractures in FF2, FF3,
FOF2, and FOF3.
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3.3.4 Evolution of fracture aperture and contact area ratio based on X-ray pCT

The initial and final fracture apertures were determined based on the 3-D reconstructed pCT
models shown in Figure 3.10. As an exception, the samples FF4 and FOF4 were only scanned
before the experiment. It is noticed that all tensile fractures show a substantial change after the
experiments, where the contact area has drastically increased. For the aligned tensile fractures FF3
and FOF3, the aperture uniformly decreased so that the residual voids, as detected in the models,
appear disconnected after the experiment. Although the initial (unstressed) mechanical aperture
can be determined by the CT scans, there is a remaining observational gap between zero-stress
conditions and the experimental effective starting stress of 4 MPa. Therefore, only the initial and

final mechanical apertures at atmospheric conditions are compared.

The respective contact area ratio before and after the experiment was derived from the
projections of the extracted fracture voids (Figure 3.11). The pCT-derived contact areas show a
good agreement with the observed damage areas in the fracture surfaces after the experiments,
particularly for the displaced Flechtinger samples (Figure C2). The contact areas in the mismatched
tensile fractures, representing the permanent damage zones, either enlarged from pre-existing
asperities in contact or occurred as new contacts. The contacts are mostly isolated, but some
asperities have merged, resulting in a larger contact area. This is particularly observed in
Flechtinger sandstone and the Fontainebleau sample with the largest offset (FOF1). In addition, the
extension of the contact area is oriented perpendicular to the direction of the shear displacement,
which is consistent with previous observations (Auradou et al., 2005; Nemoto et al., 2009). Due to
resolution limitations, a similar analysis of the aligned and the saw-cut fractures was difficult to

perform.

The mean mechanical apertures and contact area ratios of the samples before and after the
experiments based on the pCT models and the fracture projections are listed in Table 3.3. For both
rock types, an increase in the fracture wall offset significantly increases both the initial and final
apertures and decreases the final contact area ratio. Generally, the mismatched Flechtinger
sandstone samples show a larger contact area ratio than the corresponding Fontainebleau sandstone
samples. However, a quantitative comparison between samples may lead to misinterpretation due
to the differences in surface roughness (Table 3.2). Finally, when comparing the derived initial and
final mechanical apertures and the measured initial and final hydraulic apertures, both at a given
offset and between offsets, it shows that the variability of the mechanical apertures is significantly
larger than that of the hydraulic apertures. A direct comparison and validation of mechanical
apertures derived from surface topography calculations and uCT models are difficult, as shown in

Table 3.4. This is because of the assumptions of a grid-body and a minimum contact area in surface
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analyses and the resolution differences between the methods.
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Figure 3.10 3-D reconstructed models of the assembled dry rock samples of Flechtinger sandstones
(a) before and (b) after the experiments as well as Fontainebleau sandstones (c) before and (d) after
the experiments, respectively. The images were obtained from X-ray nCT scans at atmospheric
conditions. The fracture void spaces (in blue) of each sample were extracted and the pore spaces
in the rock matrix (porosity: 8.1% for Flechtinger samples and 2.5% for Fontainebleau samples)
were considered to be negligible. The areas in the fractures shown in the same color as for the
matrix indicate the contacting asperities, where the fracture void space is considered to be zero.
The yellow arrow indicates the line of sight perpendicular to the fracture projections displayed in

Figure 3.11.
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Figure 3.11 2-D projections of the extracted fracture void space from the pCT models shown in
Figure 3.10. Flechtinger sandstones (a) before and (b) after the experiments as well as

Fontainebleau sandstones (c) before and (d) after the experiments, respectively.
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Table 3.3 Evolution of mechanical aperture and contact area ratio determined by analyzing the 3-
D X-ray pCT models.

Sample  OffSet bmct (WM) Ao/ Bner Reci (%) by (pm) pe
(mm) Before After (%) Before After Initial Final (MPa)
FF1 0.75 508.2 279.1 45.08 099 1143 725 61.8 9
FF2 0.2 3529 107.6 69.51 036 2511 67.1 322 4
FF3 Aligned 160.8  24.7 84.64 389 73.77 239 6.1 4
FF4 Saw-cut  119.6 / / 9.69 / 51.3 46.2 4
FOF1 0.75 3654 186.7 48.91 0.75 3.67 57.7 61.9 4
FOF2 0.2 185.5 99.2 46.52 0.88 1554 57.8 56.3 4
FOF3 Aligned 89.3 15.3 82.87 11.33 88.26 36.5 29.1 4
FOF4 Saw-cut 23.5 / / 61.75 / 9.4 5.4 4

The mechanical aperture bm-c and the contact area ratio R.. are obtained based on Egs. 3.12 and

3.13, respectively.

Table 3.4 Comparison of initial mechanical apertures obtained from surface topographies (Section
3.3.3) and pCT models (Table 3.3).

FF2 FOF2 FF4 FOF4
Methods
(0: 0.2 mm) (0: 0.2 mm) (saw-cut) (saw-cut)
Surface data by, (Lm) 408.6 258.4 517.0 86.8
LCT models bm-ct (Lm) 3529 185.5 119.6 23.5

3.4 Discussion

3.4.1 Correlation between hydraulic aperture and mechanical aperture

For all experiments, the measured hydraulic apertures and the mechanical apertures derived by the
drained compression tests (Section 3.3.1) and the uCT scans (Section 3.3.3) showed significant
differences. Figure 3.12 shows the correlation between the changes of the hydraulic and mechanical
apertures at effective stresses in the range between 4 and 29 MPa in comparison to a previous study
on an aligned and a mismatched granodiorite fracture (Hofmann et al., 2016). It is noticed that the
changes of the mechanical and the hydraulic apertures of the aligned fractures are in better
agreement compared to the other samples as these data are closer to the "Ab, = Aby line". In

addition, there is no significant difference between the sandstone samples used in this study and
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the granodiorite rock reported in the literature (Hofmann et al., 2016), even though their mechanical
properties are significantly different. Considering a simple linear correlation Aby, = SAby during
loading (where S is a slope) for all mismatched fractures (including saw-cut fractures, which also
represent a kind of mismatch at the microscale), Smis < Sai < 1 indicates that the variations in
mechanical aperture are significantly larger than those of the hydraulic apertures, which is also
consistent with previous studies on granitic fractures (Durham & Bonner, 1994; Chen et al., 2000;
Hofmann et al., 2016; Vogler et al., 2016). Moreover, in comparison to R.. after the experiments
(Table 3.3), it is found that § & Rc.., implying that the contact area ratio controls the slopes of this
linear correlation. Furthermore, the range of mechanical aperture changes under stress is

proportional to their initial apertures.
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Figure 3.12 Changes of hydraulic aperture |Aby| as a function of mechanical aperture changes |Aby|
at different effective stresses as calculated from a comparison with the starting values at effective
stress of 4 MPa (loading in solid lines and unloading in dotted lines). Results for an aligned
granodiorite fracture and a similar fracture with an offset of 1 mm at effective stresses in the same
range (i.e., between 4 and 29 MPa) were taken from Hofmann et al. (2016), where confining
pressure was continuously varied during the measurements (bold lines), in contrast to the present

study where confining pressure was changed stepwise in intervals of 5 MPa (filled and open dots).

The main reason for this discrepancy is the assumption of the smooth parallel-plate model
"cubic law" for the calculation of the hydraulic aperture (Witherspoon et al., 1980). Fracture

surfaces are in contact at the propping asperities, which are local features rather than being
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expanded over a larger area (Figure 3.11). Fracture surfaces are rough rather than ideally smooth,
and hence the fluid flow is tortuous within channels defined by the asperities. Therefore, a
reduction of the mechanical aperture induced by stress variations does not have an equivalent effect
on the flow channels. However, the aperture of an aligned fracture between the opposing fracture
surfaces is likely more uniform, and fluid flow may be only affected by the surface tortuosity rather

than by flow channels.

This behavior likely results from the differences in normal fracture stiffness (Figure 3.13). The
respective stiffness is almost linearly correlated to confining or effective pressure (Raven & Gale,
1985) and the slope of the correlation decreases with increasing fracture wall offset. When
compared to the contact area ratio (Table 3.3), the stiffness of the specific rock type shows the
same sample order (e.g., Re.«: FOF3>FOF4>FOF2>FOF1 and slope of the stiffness-pressure curve:
FOF3>FOF4>FOF2>FOF1). Consequently, the fracture stiffness is mainly determined by the
contact area ratio and the mechanical properties (e.g., Young's modulus) of the asperities that bear

the normal stress. This affects the correlation between Aby, and Aby, significantly.
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Figure 3.13 Normal stiffness of the fractures for (a) Flechtinger sandstone samples and (b)

Fontainebleau sandstone samples as a function of confining pressure.

A conceptual model is proposed to describe the correlation between hydraulic and mechanical
aperture changes under normal stress (Figure 3.14), where the ideal parallel-plate model is
presented as a comparison. An aligned rough fracture yields a large contact area ratio and a small
initial aperture due to the matching geometry of the fracture surfaces. The flow is mainly affected
by the surface tortuosity, and thus the correlation slightly deviates from the ideal case. However,
fracture dilation occurs when the surfaces are displaced (Figure 3.8a), leading to a larger initial
aperture and a smaller contact area ratio (Table 3.3). Thus, mechanical aperture changes increase

under stress. Depending on the strength of the contact asperities to withstand high normal stresses,
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hydraulic aperture changes much less upon loading. Therefore, the displaced self-propping
fractures should possess rather sustainable hydraulic properties under normal stress. The
quantitative effects of surface roughness and offset on fracture aperture will be discussed in Section

34.2.

Ideal smooth fracture Ab, v Ab,

Ab,=Ab,

| | |

Ab,>Ab,

@ = I
Ab,>>Ab,

Q>

Figure 3.14 Conceptual model of fracture closure for different fracture types: (a) ideal smooth
fracture; (b) aligned rough fracture; (c) displaced rough fracture. The respective correlations

between hydraulic and mechanical apertures are depicted on the right.

Previous theoretical and experimental studies on fluid flow in deformable fractures indicate
that the hydraulic aperture can be significantly smaller than the mechanical aperture, and a
threshold may be reached below which a further reduction in mechanical aperture does not affect
the hydraulic aperture (Raven & Gale, 1985; Renshaw, 1995). Most existing correlations between
hydraulic and mechanical apertures include either the standard deviation of the aperture
(Zimmerman et al., 1991; Renshaw, 1995), the joint roughness coefficient (JRC) (Barton et al.,
1985), or the contact asperity ratio (Walsh, 1981). However, recent experimental investigations
imply that a stress-dependent anisotropic flow occurs in tensile fractures with displacement
(Auradou et al., 2005). The permeability (i.e., the hydraulic aperture) in the direction parallel to the
displacement can be three orders of magnitude smaller than that in the direction perpendicular to
the displacement, at stresses up to 70 MPa (Nemoto et al. (2009), as also supported by numerical
studies (Thompson & Brown, 1991; Méheust & Schmittbuhl, 2001; Matsuki et al., 2006; Lang et
al., 2018). Zimmerman et al. (1992) conclude that the permeability of a fracture not only depends
on the size of the contact area but also on the shape of the propping asperities. The direct

observations on contact asperities show that a preferential orientation of the contact area (i.e.,
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perpendicular to the shear displacement) is induced when the adjacent fracture walls are offset.
However, this is less obvious as the displacement is increased (Figure 3.11). In summary, without
considering the aforementioned effects, the prediction of hydraulic aperture solely based on the
average surface roughness, the mean aperture, or the contact area ratio would result in large

uncertainties compared to the measured value, especially for fractures with a shear displacement.

3.4.2 Fracture roughness and displacement-related fracture aperture

The fracture apertures with displacement are likely determined by the scale-dependent surface
roughness. For saw-cut fractures, where a roll-off region occurs, fracture aperture remains invariant
when the offset ¢ is larger than A* (Figure 3.7a and b), consistent with the numerical analysis of the
measured surface data (Figure 3.8a). For tensile fractures, a drastic increase of fracture aperture
occurs during the initiation of displacement until about 300~400 um (regime (1) in Figure 3.8a),
which is equal to the crossover wavelength 1* of these fractures (Section 3.3.2). This behavior is
probably controlled by the intrinsic roughness at the grain scale (mostly intergranular fracturing,
Figure C1). Moreover, a further increase in displacement § > A" yields slightly less increase in
aperture (regime (2) in Figure 3.8a), and a tendency of the mean aperture to converge is observed
in regime (3). The former may be related to the self-affine invariance of the surface. The latter
regime (convergence), however, considering a larger fracture size (e.g., dm to m, rather than cm as

in this study), may not exist unless a roll-off region occurs at some wavelength scale.

This scale-dependence issue commonly exists in laboratory studies due to the sample size
limitations (Hofmann et al., 2016; Vogler et al., 2016; Crawford et al., 2017). However, for
hydraulic fracturing induced fractures, which are in the scope of this study, and unlike faults, these
are commonly not displaced by large amounts. A small offset may already sufficiently enhance the
fracture transmissivity, and thus larger displacements are not necessary for this purpose. In addition,
Therefore, laboratory studies on core samples may provide a well-founded lower bound for fracture

permeability.

3.4.3 Aperture changes with effective stress

The initial contact area, the fracture surface roughness, and the strength of the asperities that are in
contact are commonly considered as the factors that mainly determine the deformation of the
fracture when subjected to normal tress variations (Bandis et al., 1983; Kling et al., 2018; Zou et

al., 2019). Figure 3.15 shows the variation ranges of the hydraulic and mechanical apertures for all
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samples. Flechtinger samples yield consistently larger changes in comparison to the corresponding
Fontainebleau samples at the same stress conditions. This likely results from the differences in the
mechanical properties of the asperities because the initial contact area ratios and the initial fracture
apertures of the different samples with the same offset are in about the same range (Table 3.3),
although the fracture roughness varies slightly between samples (Table 3.2). Moreover, when the
fracture walls are offset, both rock types maintain relatively high hydraulic aperture values
compared to the aligned samples due to shear dilation. The trend of dilatancy likely follows the
same behavior as obtained from the numerical calculations in Figure 3.8a, where a drastic
mechanical aperture increase occurs initially upon a one-two grain size offset, and any further
displacement then has progressively less effect. With ongoing brittle asperity failure during loading,
the contact area ratio increases. The pCT results clearly demonstrate that the contact area ratios of
the mismatched Flechtinger samples are significantly larger than those of the corresponding
Fontainebleau samples after the experiments (Table 3.3), which indicates that more permanent
damage has occurred in the Flechtinger samples (Figure C2). However, an increase in fracture wall
displacement leads to a noticeable reduction of the final contact area ratio in both rocks by
increasing the mismatch of the adjacent fracture surfaces. The mechanical damage of the contact
asperities only occurs locally unless the adjacent fracture walls are aligned (see cross-section
images of the sample ends after the experiments in Figures C3 and C4). It is noticed that the larger
the initial mean aperture, the larger is the final aperture (Table 3.3). The smallest contact area ratio
of 3.7% (FOF1) was sufficient to keep the fracture open at effective stresses up to 29 MPa. Overall,
the contact area is determined, firstly, by the mismatch of the fracture walls and, secondly, by the
strength of the asperities. Therefore, a stronger rock (i.e., Fontainebleau sandstone in the present

case) displays a significantly smaller contact area ratio than a comparatively softer rock.
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Figure 3.15 Hydraulic aperture (a) and mechanical aperture changes (b) at the corresponding
confining pressure as a function of the respective fracture wall offset.
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3.4.4 Implications

Unlike randomly open fractures in granitic rocks, fractures generated in sedimentary formations
might be largely affected by their intrinsic structure (e.g., bedding, anisotropy) that developed over
geological time scales. The fracture surface roughness may be significantly different depending on
the rock's individual microstructure. By analyzing the fracture surface roughness of an analogue
rock, one may estimate the maximum self-propping potential upon fracture wall displacement
based on the fracture surface information. By conducting laboratory flow-through experiments at
varying normal stress, one can further estimate the sustainability of fracture permeability, which
can be used as first-hand information to decide whether or not to use proppants in the target
reservoir. For example, for a fracture surface roughness with a clear roll-off wavelength (Section
3.4.2), a shear displacement larger than this value would consequently have a rather limited effect
on mechanical aperture. If the corresponding hydraulic aperture remains significantly small, in this
case, proppants would be indispensable since self-propping of the fracture would not be sufficient
to allow for substantial fluid flow. This circumstance may occur in anisotropic formations with

well-oriented bedding layers and fractures generated along the bedding planes.

In the long term, self-propping fractures undergo a fundamental change in surface roughness
by the destruction of asperities induced either by plastic deformation or pressure solution. The
fracture surface is thus permanently reshaped in a way to ultimately be flat. Hydraulic stimulation
treatments in such pre-existing fractures would be less efficient in comparison to freshly generated
ones. Under these circumstances, again, introducing proppants into the fracture would be very
helpful. It is worth noting that the contact asperities have a preferential orientation that generally
is perpendicular to the displacement (Durham & Bonner, 1994; Méheust & Schmittbuhl, 2001;
Nemoto et al., 2009), which is more pronounced when the offset between the adjacent fracture
surfaces is small (Section 3.3.4). Therefore, an increase in the displacement would not only increase

the aperture but also decrease the flow anisotropy within the fracture.

3.5 Conclusions

In the present study, stress-dependent hydraulic and mechanical fracture-aperture changes of
displaced tensile fractures, aligned tensile fractures, and saw-cut fractures of two sandstones (i.e.,
Flechtinger and Fontainebleau) were experimentally investigated at cyclic confining pressures
between 5 and 30 MPa. Fracture surface topographies were determined by white light

interferometry and the spatial fracture configurations, including information on the contact
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asperities, were analyzed with X-ray microtomography.

It was found that a relative fracture-wall displacement can significantly enhance fracture
aperture both hydraulically and mechanically, but the enhancement depends on the fracture surface
roughness. For saw-cut fractures, where a roll-off wavelength exists for the present sample size,
the fracture surfaces remain scale-independent above this wavelength, where any increment of
offset would not change the aperture. For tensile fractures, these are likely self-affine with a Hurst
exponent of 0.54 + 0.04 over a larger scale, and thus, fracture aperture is scale-dependent and is
consequently increasing with an increase in offset unless a roll-off wavelength occurs. A
comparison between the mechanical and hydraulic apertures showed that the mechanical apertures
varied significantly more than the corresponding hydraulic apertures for all samples, as is also

illustrated in the proposed conceptual model.

The contact area ratio (after a loading-unloading cycle) is inversely correlated with the
displacement, resulting from, firstly, the surface roughness and, secondly, the strength of the
asperities that are in contact. The contact areas, generally, are oriented in a preferential direction
perpendicular to the displacement causing an anisotropy of fluid flow. This anisotropy is more

pronounced for small fracture wall offsets.

This study demonstrates the effects of surface roughness, fracture wall offset, and mechanical
rock properties on hydraulic and mechanical aperture variations. These factors do not operate
independently but act coupled. Rough fractures, an induced fracture wall offset, and relatively
strong fracture asperities are essential to keep a fracture sufficiently conductive for fluid flow at
stressed conditions. As shown with this study, the self-propping potential of sedimentary rocks can
be investigated using analogue rock materials of contrasting mechanical properties to obtain

information on how to better design hydraulic stimulation treatments of reservoir formations.

This study should stimulate a number of follow-up investigations with different focuses. Real-
time in situ X-ray CT measurements permit monitoring of fracture closure with increasing stress
and the evolution of mechanical aperture. Repeat measurements on samples with identically
introduced fractures will disclose to what degree possible differences in surface microstructure
affect the outcome of the present experiments for the different fracture types. Not least, a more
detailed method comparison (i.e., between surface scanning, pCT, and numerical approaches) to
derive the mechanical aperture fields and the corresponding contact area ratios will prove valuable

for method evaluation and improved relationships between hydraulic and mechanical apertures.
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Chapter 4

Mechano-chemical effects on fracture aperture

evolution: intermittent flow

F ractures efficiently affect fluid flow in geological formations and thereby determine mass and
energy transport in reservoirs. Their response to mechanical and thermal changes, as well as
fluid-rock interactions, is of paramount importance. A two-stage flow-through experiment was
conducted on a Fontainebleau core containing one macroscopic tensile fracture. In the first short-
term stage, the effects of pressure and temperature cycles on the mechanical and hydraulic aperture
were investigated. The purpose of the subsequent intermittent-flow long-term (140 days) stage was
to constrain the evolution of the geometrical and hydraulic fracture properties resulting from
pressure solution. Deionized water was used as the pore fluid, and permeability, as well as the
effluent Si concentrations, were systematically measured. Overall, the hydraulic aperture was
significantly less affected by pressure, temperature, and time than the mechanical aperture. During
the long-term part of the experiment at 140 °C, the effluent Si concentrations likely reached a
chemical equilibrium state within less than 8 days of stagnant flow and exceeded the corresponding
hydrostatic quartz solubility at this temperature. This implies that the pressure solution was active
at the contacting fracture asperities, both at 140 °C and after cooling to 33 °C. The higher
temperature yielded a higher dissolution rate and, consequently, faster attainment of chemical
equilibrium within the contact fluid. X-ray uCT observations evidenced a noticeable increase in
fracture contact area ratio, which, in combination with theoretical considerations, implies a
significant decrease in mechanical aperture. In contrast, the sample permeability virtually did not
vary. In conclusion, pressure solution-induced fracture aperture changes are affected by the degree
of time-dependent variations in pore fluid composition. In contrast to the present case of a quasi-
closed system with mostly stagnant flow, in an open system with continuous once-through fluid
flow, the activity of the pressure solution may be amplified due to the persistent fluid-chemical

nonequilibrium state, thus possibly enhancing aperture and fracture permeability changes.
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4.1 Introduction

The long-term fluid and mass transport in fractured rock masses with low matrix permeability
under crustal conditions are of significant importance, e.g., for the accumulation of mineral or ore
deposits and deep geothermal energy utilization. Studies show that water-saturated quartz sands
undergo substantial time-dependent compaction at constant pressure compared to dry aggregates
(Schutjens, 1991). In addition, elevated temperatures significantly affect the compaction process
of propped fractures (Polak et al., 2003; Yasuhara et al., 2006). The mechanism behind these
phenomena is considered to be pressure-induced mineral dissolution. These combined effects are
typical in hydrothermal, as well as in enhanced geothermal systems (EGS) when injecting or
circulating fluids into or within the host rock. This, in turn, determines the sustainability and

lifespan of these reservoirs, not least for resource exploitation and energetic use.

Stress-induced mineral dissolution has previously been studied in unconsolidated aggregates
(e.g., quartz grains) under diagenetic conditions (Weyl, 1959; De Boer, 1977a; b; Robin, 1978;
Niemeijer et al., 2002; Van Noort et al., 2008a) and in rock fractures (e.g., novaculite and granite)
under hydrothermal conditions (Polak et al., 2004; Yasuhara et al., 2004; Yasuhara et al., 2006;
Yasuhara et al., 2015). Previous studies provided insight into the mechanism of pressure-induced
dissolution, which incorporates three processes: minerals in propping asperities (in fractures, or
described as grain-to-grain contacts in aggregates) dissolve inside the contact areas, after which
the dissolved minerals diffuse from the inside of the contacts to their peripheries through a thin
water film between the adjacent asperities, and ultimately deposit on the free pore walls (Tada et
al., 1987; Yasuhara & Elsworth, 2008). This process consequently drives the irreversible and time-
dependent porosity reduction in grain aggregates and/or permanent fracture closure. In essence, the
compaction of aggregates and the fracture closure result from the same mechanism. Pressure
solution is described by a rate-limiting process. Therefore, the progress is determined by the
slowest of the three processes above (De Boer, 1977a; Yasuhara & Elsworth, 2008). In addition to
the stress-induced mineral dissolution, the solid phases on the free grain or fracture surfaces can
also dissolve into the solvent, which is called free-face dissolution, yielding the retreat of these
surfaces (Yasuhara et al., 2006; Lu et al., 2018). The two dissolution processes have opposite
effects on the geometric alteration of the fracture’s void space, thus overall determining the

evolution of fracture permeability.

Previous studies have focused on compaction of a fracture associated with pressure solution
in an open system with water circulation (Polak et al., 2003; Polak et al., 2004; Yasuhara et al.,

2006), but most of these studies lack precise fluid chemical analyses. In an open system with water
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circulation, equilibrium in rock-fluid (i.e., water) interactions is not reached as a result of the
continuous fluid exchange. Therefore, the reaction between the rock and the fluids can
continuously proceed (Polak et al., 2003; Yasuhara et al., 2006). In contrast, in a closed system
without water circulation in the void space, a chemical equilibrium may be achieved with time, and
the diffusion of the solute may be inhibited due to the progressive reduction of the concentration
gradients. Therefore, a question can be raised, i.e., will the rate-limiting process of pressure solution

reach some relative equilibrium, and does this consequently affect the progress of fracture closure?

Elias and Hajash (1992) investigated stress-induced quartz solubility using quartz aggregates
in a closed system. Fluid samples were taken three times per week at 150 °C in irregular time
intervals. The silica concentrations of the effluents were nonlinearly proportional to the applied
pressure. Porosity continuously decreased at 150 °C but remained constant at 23 °C. It was
concluded that both temperature and pressure played important roles in this process. Another study
performed by Yasuhara et al. (2015) presents a long-term observation of the permeability evolution
in Berea sandstone, containing a single saw-cut fracture, over about 1000 days. Effluent sampling
and permeability measurements were intermittently conducted at regular time intervals of 5 or 10
days. There was almost no permeability reduction in the sample at 90 °C, while the permeability
decreased by about one order of magnitude at 20 °C at the end of the experiment. The Si
concentrations of the effluents decreased with time. This experiment cannot unequivocally prove
that the permeability reduction was induced exclusively by pressure solution, for the following
reasons: firstly, saw-cut fractures may lead to a large contact area, and the stress distribution on the
bridging asperities may not be sufficient for pressure solution; secondly, the applied confining
pressure of 7.5 MPa may be insufficient for reaching the minimum activation energy of pressure
solution; and finally, the fracture volume is unknown. Even though the initial pore volume was about
7 ml, each sample volume of 7 ml can significantly dilute the fluid within the fracture, because, as
the matrix permeability is significantly smaller than the fracture permeability, the fluid mainly

flows through the fracture, rather than through the rock matrix.

Three main factors should be seriously considered in the experimental procedure of
investigations into pressure solution creep: small contact area ratios and sufficient effective stresses
are needed; the volume of each effluent sample should be equal to the fracture volume, and brittle
damages or plastic deformations of the fracture due to mechanical compaction need to be precluded.
This study presents a long-term experiment with intermittent flow-through permeability
measurements, in conjunction with a chemical effluent analysis. Additionally, the rock sample was
microstructurally investigated with a uCT scanner before and after the experiment to quantitatively

analyze the induced fracture aperture variations.
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4.2 Sample material and experimental methods

4.2.1 Sample preparation and experimental apparatus

Fontainebleau sandstone was used for this investigation, which is a monomineralic rock with more
than 99.5 wt % of quartz. It has a low matrix permeability on the order of 10™'* m* and low porosity
of ~2.5%. A cylindrical sample with a diameter of 30 mm and a length of 40 mm was split by a
Brazilian test setup into two halves. A single tensile fracture in the center of the rock sample was
thus generated. Due to the geometry of the two halves, the fracture may immediately close under
pressure when its two surfaces are aligned. Moreover, the matched fracture surfaces lead to a large
contact area, and the stresses on the bridging asperities may be insufficient to induce pressure
solution, even under a high confining pressure. Therefore, the two halves were shifted by 750 pm
along the principal axis using two spacers placed at the two ends of the sample (Figure 4.1a). This
pre-displaced fracture is different from a shear fracture induced by shear movement under normal
stress due to the absence of a gouge. Fracture aperture, in this case, is mainly self-propped by the
contacting asperities associated with the fracture’s surface roughness. Figure 4.1a shows the
assembled sample, where a heat-shrink tubing (Figure 4.1b) restrains the two halves and isolates
the confining pressure from the pore pressure medium when the assembly is in the pressure vessel.
Representative propping asperities, fracture walls, and the fracture aperture are clearly visible in
the magnified image taken by a micro-camera (Figure 4.1c).

(a) Heat-shrink tubing

Spacer

=—Fracture

Flow direction
—

Offset: 750 ym
ti Fracture aperture
e Propping asperities

Spécer b \ﬁ‘ B61um / A 1
7% ""1"‘4 -

Fracture walls

500 pm

Figure 4.1 (a) The cylindrical rock sample contains a single tensile fracture along its principal axis.
(b) The assembled sample (view after the experiment) is constrained by heat-shrink tubing, and a
metal sheet is placed between the fracture edges and the heat-shrink tubing to prevent the latter
from punching under confining pressure. (¢) A magnified image shows a representative
microstructure of the fracture aperture (after the experiment), wherein propping asperities keep the

fracture open, and the free fracture walls are directed toward the void space.
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Figure 4.2 shows a sketch of the experimental apparatus used (Milsch et al., 2008b). The
assembled sample is mounted in a hydrostatic pressure vessel, where the confining pressure is
produced by a syringe pump (ISCO 65D, Teledyne, Lincoln, USA) using silicone oil. The oil
within the pressure vessel can be heated with an electrical resistance heater connected to a
temperature controller. The sample bottom is connected to an upstream pump (ISCO 260D,
Teledyne, Lincoln, USA), and its upper end is connected to either a similar downstream pump or
an adjustable relief valve. The downstream pump is used for maintaining a precise constant pore
pressure during the permeability measurements. With the relief valve, the effluents can be sampled
at a predefined and constant fluid pressure. A spiral capillary between the relief valve and the
sample is placed in cold water (~20 °C) and serves to cool the fluid during sampling. Water flows
through the rock sample from the bottom to the top at a constant flow rate when sample
permeability is measured. A differential pressure transducer (IPD 40, ICS Schneider Messtechnik,
Hohen Neuendorf, Germany; 0~0.6 MPa range) is placed between the upstream and downstream

ends of the sample to monitor pressure difference during the permeability measurements.

Downstream Differential pressure transducer  Upstream

P / Outlet —.—
R e eCooling | @
{)Q DH——[)H: Pump / Inlet
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- .

Pt100 sensors

- : Spacer
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pre-offset: 750 um
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Figure 4.2 Schematic illustration of the experimental apparatus used for the flow-through
experiment. The assembled sample is mounted in a hydrostatic confining pressure vessel and
isolated by heat-shrink tubing. The lower and upper sample ends are connected to syringe pumps
(ISCO 260D), and a relief valve placed in parallel at the downstream side is used for effluent

sampling.
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4.2.2 Experimental procedures

Before the experiment, the sample was vacuum-saturated with deionized water. When applying
confining pressure, p., to the rock sample for the first time, the contacting asperities will be subject
to high-stress concentrations, yielding brittle damage and possibly some plastic deformation. The
fracture aperture reduction resulting from this mechanical process is not related to any chemical
reaction between the rock minerals and the fluid. On the other hand, a temperature increase may
cause the volumetric expansion of the rock matrix and lead to geometrical changes of the aperture.
Applying non-hydrostatic thermodynamics to pressure solution and free-face dissolution requires

the assumption that all solid deformations are elastic and reversible (Engelder, 1982).

Therefore, in this study, three loading-unloading confining pressure cycles between 5 MPa
and 30 MPa were performed. The pore pressure, pp, was kept constant at 1 MPa throughout the
experiment. The temperature, 7, was then varied stepwise between room temperature and 140 °C.
Permeability was measured at each constant P and 7 condition. After these initial pressure and
temperature variations, constant pressure and temperature were applied for the long-term

experiment of 137 days.

Table 4.1 shows the details of the experimental procedures, where the experiment follows the
sequence of mechanical, thermal, and chemical operations. Permeability was measured after the
fluid flow was halted for time intervals of 8 or 16 days at constant P and 7 conditions. The effluent

was sampled before each permeability measurement.

Table 4.1 Experimental conditions (pressures, temperatures, and the duration) of each stage.

No.  Operation D(ltl)r:;iso)n pc (MPa) pp (MPa) Temperature 7' (°C)
1 Mechanical  Short-term S10-15 <_a>20 1 26
25430
2 Thermal Short-term 10 1 26>6095140°
3 04 30 1 33—59—-86—112—140°
4 Chemical 4-117 30 1 140
5 117-133 10 1 140
6 133-141 10 1 33

 Confining pressure was varied stepwise in a cycle between 5 and 30 MPa and was further varied
twice continuously in a cycle between 10 and 30 MPa. ® Temperature was cycled stepwise between
room temperature and 140 °C. © Temperature was increased stepwise to 140 °C and was then

maintained constant for the long-term observations.
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4.2.3 Sampling and chemical fluid analysis

Deionized water was used as the permeant throughout the experiment. During the long-term
intermittent flow-through experiment (after the mechanical and thermal operations), the flow was
stopped for intervals of 8 or 16 days. The fluid within the fracture aperture may gradually reach an
elevated element concentration due to fluid-rock interactions. The fluid volume in direct contact
with the solid phases within the fracture void space should be approximately equal to the aperture
volume. However, the rock sample from end to end was not completely isolated from the pore fluid
system. The fluid volume within the apparatus’s pore fluid system was significantly larger than the
aperture volume. Consequently, the comparatively large volume of the effluent taken for one
sample will result in the dilution and mixing of the actual fluid within the fracture, leading to
incorrect results of element concentration. On the other hand, one cannot precisely determine the
volume within the relief valve and the capillaries at the downstream side. As such, a sample with

an improper volume correction may also cause erroneous results.

To better detect and sample the fluid originating from the fracture itself instead of from any
other part of the pore fluid system, 20 continuous effluent subsamples were taken from the outlet
capillary (i.e., the relief valve in Figure 4.2) at a constant flow rate of 0.5 ml/min, having a volume
of about 0.5 ml each. A permeability measurement was subsequently conducted. Therefore, the
pore fluid system, including the fracture, was completely flushed with deionized water, causing a

reset of the pore fluid composition.

The subsamples were then diluted ten times, and the silica (Si) element concentration was
immediately measured by a photometer (Filterphotometer photoLab WTW-S12, Xylem Analytics,
Weilheim, Germany) at a wavelength of 665 nm in a measurable range of 0.1-5 mg/I Si. In addition,
two series of subsamples were analyzed with an inductively coupled plasma-optical emission

spectrometer (5110 ICP-OES, Agilent, Santa Clara, CA, USA).

Silica may exist as soluble silica, as colloids, or as suspended particles in water. It may also
be monomeric or polymeric, depending on the aqueous conditions. The test method of the
photometer is based on the blue reduced silicomolybdate complex, and this method can only
measure the molybdate-reactive silica (i.e., mainly dissolved silicates, monomeric silica, and silicic
acid) in water. Highly polymerized or colloidal silica does not react with the molybdate reagent
and consequently cannot be detected. Therefore, the results derived with a photometer may
underestimate the actual Si concentration when high amounts of polymers exist. However, and in
contrast, ICP-OES can determine the total silica concentration of all silica types in water (Aureli

et al., 2020).
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4.2.4 Determination of fracture aperture

The downstream side of the pore fluid system was switched from the relief valve to the downstream
pump after effluent sampling (Figure 4.2). Permeability was subsequently measured at a constant
flow rate, Q, higher than that used during the sampling procedure. The differential pressure, Ap,
between the sample ends, was monitored with a differential pressure transducer. With the
assumptions that Darcy’s law is valid and that the flow of the incompressible Newtonian fluid in
the fracture is laminar, by applying the parallel plate model and the related so-called "cubic law",

hydraulic aperture, by, can be expressed as (Witherspoon et al., 1980; Zimmerman & Bodvarsson,

1996),
_312uLQ
b, = /—WAP 4.1)

where u, W and L are fluid viscosity, fracture width (sample diameter), and sample length,

respectively.

After each permeability measurement, all valves were closed except for the inlet-valve of the
downstream pump to minimize the pore fluid volume. The downstream pump was needed to
maintain a constant pore pressure (1 MPa) within the sample. Additionally, during purely
mechanical stage 1 (Table 4.1), the total fluid volume changes, AV, in the pore fluid system were
monitored during the loading-unloading cycles using the downstream pump. The mechanical
aperture changes were subsequently calculated from,

_ Av-av,

- (4.2)

Ab,,

where AV}, is the corresponding pore volume change of the rock matrix, which can be theoretically

estimated based on linear isotropic poroelasticity (Carroll & Katsube, 1983),

AV, =V, (Kib - Ki) Ap, (4.3)

where Ap. is the effective pressure change, V4 is the sample bulk volume, and K, = 34 GPa is the
static bulk modulus of a Fontainebleau sandstone with a porosity of 2.5%, estimated based on (Arns
et al., 2002) and assumed constant in the pressure range between 5 and 30 MPa. The crack porosity
of a Fontainebleau sandstone with a porosity of 4%, closed at an applied initial stress of 5 MPa, is
only 0.01% (David et al., 2013), which thus can be neglected in the present calculations. Finally,
K is the solid bulk modulus of the quartz grains, generally taken as 37 GPa (Sulem & Ouffroukh,
2006).
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4.2.5 X-ray micro computed tomography (uCT)

The microstructure of the assembled but dry sample was observed with an X-ray pCT scanner (GE
Phoenix nanotom m 180) before and after the experiment, under atmospheric conditions. To ensure
the comparability of the data, the same measurement settings (i.e., timing: 500 ms, voltage: 120
kV, current: 90 pA) were used, and a total of 1080 slices were taken at a resolution of 20.63 pm.
Three-dimensional (3-D) models of the rock sample were then reconstructed based on all of these
slices. The fracture void space was finally extracted from the 3-D model and analyzed. Due to the
low matrix permeability and the low porosity of the sample, the matrix pore space was not

investigated further.

4.3 Results

4.3.1 Effects of pressure and temperature on fracture aperture

The hydraulic aperture decreased from 57 pm to 54 um when the confining pressure was increased
from 5 MPa to 30 MPa at room temperature. Unloading stepwise to 5 MPa led to a slight increase
of the hydraulic aperture to 62 um. This could result from the migration of some brittle particles
within the fracture during unloading. The subsequent two loading-unloading cycles showed that
the hydraulic aperture was ultimately constant, being 58 um and 54 pm at confining pressures of

10 MPa and 30 MPa, respectively (Figure 4.3a).

In contrast, Figure 4.3b shows that the mechanical aperture varies significantly more as the
confining pressure changes. The first loading-unloading cycle, between 5 MPa and 30 MPa, caused
an irreversible aperture reduction of about 40 pm. The following two cycles, between 10 MPa and
30 MPa, showed progressively less irreversible fracture closure, which indicates that the
mechanical deformation tends to become purely elastic. One can infer that these initial loading-
unloading operations have settled and stabilized the fracture so that any further irreversible changes
of fracture aperture can be considered to be fully attributable to other processes, e.g., fluid-rock

interactions.

During the subsequent thermal operation stage (Figure 4.4), the temperature cycle between
room temperature and 140 °C, at a constant confining pressure of 10 MPa, caused a fully reversible
hydraulic aperture variation between 58 pum (at room temperature) and 41 um (at 140 °C).
Therefore, temperature variation has a very limited effect on irreversible fracture closure, at least

for short periods of time.
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Hydraulic aperture (zm)

Figure 4.3 (a) Hydraulic fracture aperture and (b) mechanical fracture aperture changes as a
function of confining pressure at a constant pore pressure of 1 MPa. The first loading—unloading
cycle between 5 and 30 MPa was performed stepwise in 5-MPa intervals, and the latter two cycles

between 10 and 30 MPa were conducted continuously. Permeability was measured at each
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4.3.2 Time-dependent evolution of fracture aperture

After these two sample pre-treatments, it is clear that any further brittle damage and possible plastic
deformation have been eliminated for the P-T space of investigation. The confining pressure was

subsequently increased to 30 MPa, and the temperature was then increased stepwise from 33 °C to
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140 °C. After reaching constant P and T conditions, the hydraulic aperture at the start of the long-

term operation was ~37 um (Figure 4.5).

Figure 4.5 shows the resulting hydraulic aperture evolution over time. The variation of the
hydraulic aperture was observed to be negligible (ax: 37 um = 1 um) throughout the experiment.
When, in the end, the temperature was decreased to 33 °C, the hydraulic aperture recovered fully

reversibly, to 59 um at a 10 MPa confining pressure, when compared to Figure 4.4.
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Figure 4.5 Evolution of hydraulic fracture aperture under different confining pressure and
temperature conditions as a function of time during the long-term flow-through experiment (black

triangles).

4.3.3 Evolution of effluent Si concentration

A significant amount of dissolved solid substance was observed in the sampled fluids. Figure 4.6
shows representative Si concentration profiles along the fracture void space and parts of the pore
fluid system under different P and 7 conditions after time intervals of 8 or 16 days. As can be seen
in Figure 4.6a, the first effluent measurement taken after the flow was stopped for 16 days clearly
reveals that the peak Si concentration is reached in the sixth subsample. Therefore, one can infer
that the sixth subsample is the one that best characterizes the fluid directly within the fracture. As
such, during subsequent effluent sampling, all (20) subsamples were collected, but only the fifth,
sixth and seventh subsamples, as well as some other selected subsamples, were analyzed. This
procedure proved sufficient to determine the highest fluid concentration after each time interval of
stagnant flow. Therefore, Figures 4.6b—d show less than 20 individual measurements (black

squares).
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The Si concentration in the injection fluid is about 3.7x107° mol/l as measured by the
photometer, and about 4.4x10°° mol/l as determined by ICP-OES. Therefore, this injection fluid
contains monomeric (soluble) silica almost exclusively, and of negligible concentration, i.e., two
orders of magnitude lower than the typical effluent Si concentration. Therefore, the Si-enrichment

of the fluid evidently resulted from a reaction between the rock and the fluid.
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Figure 4.6 Si concentrations (as measured by a photometer) in the subsamples obtained from the
relief valve as a function of cumulative volume. The gray stripe indicates the Si concentration in
the fluid from the fracture void, and all the other dots are the Si concentrations in the fluids from
the downstream and upstream capillaries, respectively. The fluids were sampled: (a) at 140 °C and
a p. of 30 MPa after 16 days, (b) at 140 °C and a p. of 30 MPa after 8 days, (c) at 140 °C and a p.
of 10 MPa after § days, and (d) at 33 °C at a p. of 10 MPa after 8 days of stagnant flow, respectively.

A pronounced peak silica concentration was found in all effluents from the experimental stages
at 140 °C (Figures 4.6a—c), but not in the effluent from the final stage at 33 °C (Figure 4.6d). The

concentration profiles illustrate that the dissolved silica migrates from the fracture void space to
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the upstream and downstream capillaries as a result of diffusion. There are no significant
differences in peak Si concentration or profile shape between the samples after a 16-day interval
(Figure 4.6a) or an 8-day interval (Figure 4.6b) of stagnant flow under the same P and T condition
(pc =30 MPa and T = 140 °C). A comparison of the two 8-day interval profiles, at 140 °C and a
10-MPa or 30-MPa confining pressure (Figure 4.6b and c), essentially yields the same result. In
contrast, after decreasing the temperature from 140 °C to 33 °C at p. = 10 MPa, the effluent Si
concentration profile looks different after an 8-day interval of stagnant flow (Figure 4.6d). There
is no obvious concentration peak, and the Si concentration within the fracture decreased to about
0.24x107* mol/l. Overall, this indicates that the Si concentration in the fracture reaches some upper
limit in less than 8 days, and that the latter is clearly temperature-dependent but not significantly

confining pressure-dependent.

Figure 4.7 shows the overall peak Si concentrations (i.e., the succession of Si concentrations
in the fluid within the fracture void space after time intervals of 8 days or 16 days) as a function of
time. As mentioned before, the maximum Si concentration attained is always significantly higher
than that of the injection fluid from the upstream pump (~4x10~° mol/l). Hence, a reaction between
the rock and the fluid within the fracture is obvious at all conditions. When comparing all
photometer analyses (squares), one notices that the maximum Si concentrations do not show
significant variations with time at 140 °C, and they only decreased as the temperature was lowered

to 33 °C.

Two additional series of effluent measurements were conducted by ICP-OES. The resulting
peak concentrations were 9.64x107° mol/l after a 16-day interval and 8.04x107® mol/l after an 8-
day interval (Figure 4.7), and thus significantly higher than the concentrations measured using the

photometer.

It is noticeable that the concentrations measured by ICP-OES are more than an order of
magnitude higher than those analyzed using the photometer. This is related to the differences in Si
detection between the two methods measuring total and monomeric silica content, respectively.
The dissolved silica within the fracture may reach equilibrium at 140 °C well within the time
intervals applied. When the effluent is sampled after passing the cooled spiral capillary (Figure
4.2), the temperature of the effluent is close to room temperature, likely causing the silica to
supersaturate. The sampling of all 20 subsamples took about 20 min at a flow rate of 0.5 ml/min,
and preparation of the concentration measurements with the photometer took about two hours each
time. When the silica concentration exceeds the solubility of silica at room temperature, silica
polymers may form before the analyses due to polymerization of the dissolved monomeric silica.

It should be noted that the polymerization is time-dependent. Thus, a dilution of the effluents with
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deionized water by a factor of 10 may decrease the concentration of the remaining monomeric
silica within the effluents to below the solubility limit (1.2x10~* mol/I) at room temperature, halting
the polymerization process. Hence, the monomeric silica concentrations (peak) detected by this

method are higher than the solubility.

However, the procedure of sampling and that of the concentration measurements was the same
for all effluents throughout the experiment, and a peak Si concentration was also observed in the
ICP-OES measurements of total silica. Therefore, the observed monomeric silica characteristics

reflect silica dissolution and diffusion processes within and outside of the fracture void space.
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Figure 4.7 Evolution of maximum Si concentration of each series of effluent subsamples as a

function of time and under different confining pressure and temperature conditions.

4.3.4 Microstructure variations

Figure 4.8 shows two reconstructed uCT 3-D models of the fractured sample and two
corresponding cross-sectional images at the same respective location, before and after the
experiment. The fracture void space underwent an obvious change during the overall experiment:
the total fracture volume, Vi, decreased from 0.403 cm® to 0.204 cm®, and the contact area
significantly increased. However, one cannot distinguish between the relative effects of mechanical
compression during the initial loading-unloading stage 1 and the pressure solution-induced fracture
closure during stages 4 and 5 (Table 4.1). Based on analysis of the extracted fracture void space
(i.e., the blue area in Figure 4.8a), one can derive the contact area ratio, R., i.¢€., the ratio of the total
contact area (in white) and the geometric fracture area (WL), yielding a value of 3.67% after the
experiment. It should be noted that the calculated fracture volume and the contact area ratio are

digital products that depend on the resolution of the model and thus may not fully correspond to
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the respective true properties of the sample. Furthermore, the X-ray pCT scans were conducted
under atmospheric conditions, affecting both V; and R. parameters. However, at least semi-
quantitatively, the observed relative changes in these parameters evidence the geometric evolution

of the fracture, and their values can be used for additional analyses.
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Figure 4.8 (a) Three-dimensional models of the fractured sample core before (left) and after (right)
the flow-through experiment as obtained from the X-ray pCT scans. The fracture void (in blue)

was extracted from the reconstructed 3-D models. (b) Images of the cross-sections AB and A’B’,

with their locations in the core shown in (a), taken perpendicular to the long sample axis before

(left) and after (right) the flow-through experiment.

4.4 Discussion

4.4.1 Mechanical and thermal effects on fracture aperture

Previous studies of rock cores containing a single fracture have shown that a geometric mismatch
of the two fracture faces significantly enhances the samples’ permeability by increasing the
hydraulic aperture in comparison to the well-matched fractures (Durham & Bonner, 1994; Vogler
et al., 2016; Crawford et al., 2017). Moreover, the mechanical aperture changes of a sample with a
fracture wall offset were more significant than the corresponding hydraulic aperture changes
observed when changes in stress or pressure were applied (Vogler et al., 2016). This is because the
permanent damage of the fracture’s surfaces is not widespread and only occurs at some isolated
local contacts (Durham & Bonner, 1994). For example, the true contact area, bearing the normal
stress, is roughly 3.67% of the total geometric area of the fracture plane in the present sample
(Section 4.3.4). The fluid flows predominantly through the void channels defined by the

distribution of the true contacts. When the pressure variations led to the purely elastic deformation
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of the contacting asperities, this coincided with the reversible changes of both the mechanical and
hydraulic apertures after several loading-unloading cycles (Figure 4.3), indicating that any

irreversible mechanical compaction has vanished.

In previous studies, elevated temperatures were shown to affect the rock compaction process
via either the increased rate of fluid-rock interactions (Elias & Hajash, 1992; Polak et al., 2003;
Yasuhara et al., 2006) or the thermally induced overclosure resulting from solid-phase expansion
(Rutqvist, 2015). In contrast, in the present study, temperature variations led to fully reversible
aperture changes, indicating that the thermal expansion and contraction of the rock’s fracture-

matrix assemblage was entirely elastic, at least for short time periods of temperature exposure.

4.4.2 Chemical effects on fracture aperture in the long term

4.4.2.1 Quartz solubility

The reaction (dissolution or precipitation) of quartz in aqueous solutions can be expressed as,

Si0(s) + 2H0(y = HySi04aq) (4.4)

The solubility of quartz under different temperature and hydrostatic pressure conditions can
be directly calculated based on an empirical equation derived by Fournier and Potter II (1982),
which is shown in Figure 4.9 (black line). As described previously, pressure solution is operative
at grain contact boundaries as a result of the chemical potential differences, Au, between the non-
hydrostatically stressed boundaries and the stress-free sites and can be expressed as (Paterson,

1973),

A‘LL = O-effVm + Af - Us (45)

where oeir = (p—pp)/R. is the normal effective stress on the contacts, Vi, is the molar volume of
quartz, Af'is the Helmholtz free energy difference, including the plastic dislocation energy and the
elastic strain energy, and Us is the surface energy term. The normal stress effect on the chemical
potential difference dominates in comparison to the other terms (Renard et al., 1999). Accordingly,
the contributions of Af and Us were often omitted from previous studies (Yasuhara et al., 2003;
Yasuhara et al., 2004; Lu et al., 2018; Ogata et al., 2018). The equilibrium constant Kq = y°Cg}
under stressed conditions is correlated with the equilibrium constant K, under stress-free conditions,
where )7 is the activity coefficient of quartz, assumed to be 1 in a dilute pressure-free fluid, and C§;
is the quartz solubility under elevated stress within the contact boundary. This former constant can

then be expressed as (Paterson, 1973; Renard et al., 1999),
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A
yoCg = Koexp (32) (4.6)

Here, again, it is assumed that the molar Helmholtz free energy and the surface energy terms
are negligible in comparison to the normal stress effect (Renard et al., 1999). Further, R is the gas
constant, and 7 is the absolute temperature in [K]. Ko depends almost exclusively on temperature
and can be directly estimated from log Ko=1.881-0.0020287—1560/T (Rimstidt & Barnes, 1980).
By finally introducing Eq. 4.5 into Eq. 4.6, one can determine the solubility of quartz at the grain
contact boundaries at different temperatures. Assuming that the contact area ratio R, is in the range
of 3.67% to ~10%, as derived from the 3-D uCT models (Section 4.3.4). For a confining pressure
of either 10 MPa or 30 MPa, one obtains the two concentration fields displayed in Figure 4.9,
which indicate the approximate solubility range of quartz in the water film between the grain

contacts at different temperatures.

It is noticeable that the measured total silica concentration is significantly higher than the
solubility of quartz at hydrostatic pressure and 140 °C, indicating the activity of pressure solution.
The reactive (monomeric) silica concentration is about one order of magnitude smaller than the
total silica concentration. A comparison with the hydrostatic solubility line indicates that the fluid
is likely undersaturated with respect to monomeric silica at the 140 °C stages but still oversaturated
at the 33 °C stage. Possibly, as the fluid was cooled during sampling, precipitation was triggered
in the oversaturated Si-rich fluid at 140 °C, and consequently, polymeric and/or colloidal silica
may have formed, which could have triggered the oversaturated monomeric silica becoming
undersaturated. As the likelihood of precipitation should directly be related to the differential
temperature during sampling, monomeric silica may exist metastably at the final 33 °C stage, and
consequently, the measured monomeric silica concentration was noticeably higher than the

hydrostatic quartz solubility at this temperature.

Pressure solution is a rate-limited process (Paterson, 1973; De Boer et al., 1977) and is
controlled by the slowest of the three reaction steps (Gratier et al., 2013). In the present study, the
progress of the pressure solution should be linked to, first and foremost, the degree of saturation of
the fluid within the water film at 140 °C, which likely is attained rapidly (Section 4.3.3). The rates
of Si diffusion into the free pore fluid, and that of possible Si precipitation therein, then control the
kinetics of pressure solution. Diffusion was obvious for all experimental stages at 140 °C, but was
significantly less pronounced for the 33 °C stage (Figure 4.6). However, as the monomeric silica
concentration at 33 °C was higher than the corresponding hydrostatic quartz solubility at this
temperature, this indicates that pressure solution was active during all stages of the long-term part
of the experiment even under low temperature and pressure conditions. Overall, and in agreement

with previous studies, it can be concluded that pressure solution is enhanced by temperature (Elias
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& Hajash, 1992) and that any effect of temperature on this process is greater than that of pressure

or stress (Yasuhara et al., 2015).
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Figure 4.9 Si concentration as a function of inverse temperature 1/7 (K™"). The dots indicate the
respective measured Si concentrations under the corresponding P and T conditions (see chemical
data in S2). The solubility of quartz in water at a hydrostatic pressure of 1 MPa (black line) is taken
from Fournier and Potter 11 (1982).

4.4.2.2 Pressure solution-induced deformation

To distinguish the effects of free face dissolution and pressure solution on the silica concentration
of the effluents, it is assumed that the quartz dissolution has reached equilibrium after the respective
time intervals of stagnant flow. The measured amount of Si in the effluent then consists of two
components, i.e., dissolved silica, either from the free fracture walls or from the contacting
asperities. Since the pressure solution rate is significantly higher than the normal dissolution rate
of quartz (De Boer, 1977b), the Si concentration in the pore fluid mainly increases due to the
diffusion of dissolved silica from the stressed asperities into the pore fluid, which, in turn, may also

decelerate the dissolution of quartz on the free fracture walls.

The rate of mechanical fracture aperture variations, dbw/dt, can be related to the pressure
solution rate, my(f), of the stressed asperities (yielding fracture closure) and the free face

dissolution rate, me.(¢), of the fracture walls (enlarging the fracture void space),
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dbm _ _ Msee(t) Thre(t)
dt ~ WLRcp +WL(1—RC)p 4.7

where p is quartz density. Here, the total silica concentration, as measured by ICP-OES, is used to
estimate the dissolved mass resulting from pressure-induced quartz dissolution and free face
dissolution. The amount of free face dissolution was calculated based on the theoretical quartz
solubility (Fournier & Potter II, 1982). Due to the diffusion of the dissolved silica from the fracture
toward the upstream and downstream pore fluid system, the entire enclosed fluid volume needs to
be accounted for, which can be defined by the observed concentration profiles after the respective

time intervals of stagnant flow (Figure 4.6),

_ Z?=1 VSWm(CtLOtal_Céi) Z?:l VSWmCSii (48)

Abp = WLR.p WL(1-R)p

where V5 is the subsample volume, W, is the molar weight of quartz, and # is the total number of
the subsamples, taking = 20 for the calculation. C},,, and CZ; are the total silica concentration in
the effluent and the silica concentration of the /™ subsample attributed to free face dissolution,
respectively. The ICP-OES data of day 69 at 140 °C was used for the calculation. Although there
is some lack of data in this suite of subsamples, it is assumed that the ICP-OES results and the
amount of dissolved silica from the free fracture walls follow the same trend as the monomeric
silica concentration. Assuming that the contact area ratio is constant throughout the experiment,
for a contact area ratio, R., in the range of 3.67% to 20% (Section 4.3.4), this yields Ab, = —16.49
um to —2.85 um after the respective time interval at 140 °C. Every sampling procedure resets the
fluid concentration in the fracture and restarts this process. Therefore, the total mechanical aperture
change during the long-term experiment (13 individual sampling events) is —214.3 um to —37.0
um, wherein the calculation result is sensitively dependent on the assumed contact area ratio. The
final contact area ratio was obtained numerically based on the pCT models, which may be prone
to uncertainty in representing the true contact area ratio due to resolution limitations and the
analytical conditions (i.e., room temperature and atmospheric pressure). However, it was observed
that the fracture aperture exhibited almost purely elastic deformation after three loading-unloading
cycles (Figure 4.3), which implies that the contact area ratio is proportional to the normal stress
(Kling et al., 2018). Therefore, one can infer that the actual contact area ratio is greater than 3.67%

under stressed conditions within the pressure vessel.

Based on the changes in fracture volume from 0.403 cm® to 0.204 cm’, as derived from the
uCT models (Section 4.3.4), one can estimate the corresponding changes of the mechanical

aperture, bm,
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by = L (4.9)

T WL

As a result, the mechanical aperture decreased from 335.8 um to 170.0 um (i.e., Abm = 165.8
um), which is consistent with the magnitude of irreversible fracture closure measured during stage
1 (Figure 4.3b). On the other hand, well-connected fracture voids were observed in the 3-D model
after the long-term experiment (Figure 4.8a), which allow the fluid to flow through. Free face
dissolution and pressure solution creep are two competing processes, whereby the dominant one
will control whether the fracture will, overall, tend to open or close. Obviously, during the
intermittently conducted long-term experiment, the so-induced geometrical changes of the fracture
void space were insufficient to significantly affect the hydraulic aperture, as this property was

shown to remain almost constant (Figure 4.5).
4.4.3 Effects of stress corrosion-induced subcritical cracking

When water and tensile stresses are present in the rock material, stress corrosion-induced
subcritical cracking can also contribute to fracture deformation (Atkinson, 1980; Waza et al., 1980;
Yasuhara & Elsworth, 2008). Resulting from the applied normal stress, concentrated tensile
stresses may occur at the periphery of the contacting asperities perpendicular to the contact area.
Hence, subcritical cracking may induce the time-dependent deformation or progressive failure of
the asperities, which could lead to fracture closure (Yasuhara & Elsworth, 2008). Particularly under
hydrothermal conditions, the crack growth velocity increases with increasing temperature (Nara et

al., 2010).

Both pressure solution and subcritical cracking result in very similar geometric responses from
the fracture, but these result from completely different mechanisms. Pressure solution mainly leads
to an increase in the contact area, accompanied by a decrease in the normal stress on the fracture
plane. In contrast, subcritical cracking is directly controlled by the stress and chemical processes
operating at the crack tips. Consequently, this may yield the rupturing of the contacting asperities
promoting the closure of the fracture. Obviously, this latter process would have a rather limited
effect on the effluent concentration. However, in the present study, a significantly enhanced
amount of Si, as well as Si oversaturation, were observed in the effluent at 140 °C and 33 °C,
respectively (Figure 4.9). This indicates that pressure solution was active during the entire
experiment. Moreover, the average fracture closure rate throughout the 137 days for which the
experiment was conducted at 140 °C, as calculated from the chemical effluent data and the
estimated contact area ratio (Section 4.4.2.2), is in the range of 3.1x10™"? m/s ~ 1.8x10"! m/s. This
range is orders of magnitude lower than the subcritical cracking-induced fracture closure rate (>

10® m/s at 150 °C) estimated for a fractured novaculite sample theoretically investigated
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previously (Yasuhara & Elsworth, 2008). Therefore, although one cannot fully neglect any effect
of subcritical cracking on fracture closure, under the present experimental conditions, pressure

solution overall likely dominated in fracture deformation.

However, both mechanisms may likely operate in parallel. When pressure solution is inactive
or very slow (e.g., under low stress and/or low-temperature conditions), subcritical cracking will
govern fracture deformation. In contrast, when pressure solution dominates, the progressive
increase of the fracture contact area will additionally inhibit subcritical cracking by reducing the
normal fracture stress. In summary, one can infer that subcritical cracking may occur at an early
stage in the process, whereat mechanical effects dominate over chemical ones (Yasuhara &
Elsworth, 2008). In the long term, however, pressure solution determines the rate at which fracture

aperture will change.
4.4.4 Implications

Based on the above considerations, it is implied that pressure solution is more significant than other
effects in the deformation of fractures, particularly for long-term exposure under high-temperature
conditions, as found in enhanced geothermal or unconventional reservoir systems. Accordingly,
the fracture aperture is more susceptible to changes when coupled hydro-thermo-mechano-
chemical processes operate under such conditions (Yasuhara et al., 2006; Yasuhara et al., 2011).
The present fluid chemistry data indicate that the Si concentration in the pore fluid can significantly
affect the progress of pressure solution. This implies that any alteration of the chemical fluid-rock
equilibrium, e.g., by injection of undersaturated fluids, might accelerate this process, leading to an
enhanced closure of the fracture. Moreover, cold water injection or hot water production may
reduce temperature locally, and this would change the concentration of the dissolved silica,
accelerating polymerization and precipitation, which finally impacts fracture permeability. Despite
simplifications in terms of mineralogy, fluid composition, and experimental duration, the results
of this study demonstrate the importance of temperature and fluid elemental concentration in the

evolution of fracture aperture.

4.5 Conclusions

The purpose of this experimental study was to constrain the mechanical, thermal, and long-term
chemical feedbacks of pressure, temperature, and fluid-rock interactions on the hydraulic and
mechanical aperture of a single macroscopic tensile fracture in a pure quartz sandstone core.
Fracture aperture changes resulting from mechanical compaction comprised both the irreversible

and reversible (i.e., elastic) portions. The hydraulic aperture was less variable than the mechanical
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aperture due to a manually pre-induced mismatch of the two fracture surfaces with an offset of 750
um. Furthermore, hydraulic aperture changes, as a result of temperature cycling, were shown to be

fully reversible and thus thermoelastic.

After any brittle and/or plastic deformation of the fracture had vanished, a long-term
intermittent flow-through experiment comprising systematic effluent Si concentration analyses
was conducted. Quartz dissolution was active under the effective pressure (9 MPa and 29 MPa)
and temperature (33 °C and 140 °C). The Si concentration of the pore fluid increased substantially
toward a maximum within a short period of time (i.e., in less than 8 days), indicating chemical
equilibrium. Differences in the time intervals of stagnant flow (i.e., 8 days or 16 days) did not seem
to affect the respective maximum effluent concentration significantly. Furthermore, macroscopic
silica diffusion from the fracture into the upstream and downstream pore fluid system was clearly
observed. Silica dissolution predominantly resulted from pressure solution at the contacting
fracture asperities. The total Si concentration in the effluent, attributed to the fracture void, was
significantly higher than the quartz solubility under the same P and 7 conditions, and precipitation
may have occurred therein. The progressive increase in Si concentration within the fracture should
feed back into the pressure solution process, thus decelerating pressure solution creep. However,
based on microstructural observations via pnCT scanning, the theoretically estimated changes in
mechanical aperture were found to be substantial. In contrast, the measured hydraulic aperture was

shown to remain more or less constant during the 140 days of the long-term part of the experiment.

Noticeably, it was found that elevated temperatures significantly accelerate the dissolution
process and result in higher pore fluid Si concentrations. This implies that fractures in deep
geological structures and reservoirs will be more susceptible to pressure solution-induced effects,
regarding geometric aperture changes and related variations of hydraulic fracture properties, than
shallow ones at lower temperatures. However, the present experiment was conducted in a quasi-
closed pore fluid system, with flow only occurring during sampling and subsequent permeability
measurements taken for short periods of time. As such, the question of whether a fracture will
remain open, ultimately close, or approach some constant aperture in an open system with
continuous fluid flow, e.g., in a geological reservoir used to extract geothermal energy, should be
the focus of a related future study. Moreover, further efforts are required to undertake the direct
measurement of fracture deformations, in addition to the hydraulic measurements. Details of time-
dependent fracture closure, in conjunction with fluid chemical analyses, will improve our

understanding of these coupled mechano-chemical processes.
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Chapter 5

Evolution of fracture aperture induced by fluid-

rock interactions: continuous flow

P ressure solution is an important mechanism in the long-term deformation of fractured rock
masses, but the kinetics and the conditions for a cessation of this process are poorly
understood. A continuous long-term flow-through experiment on a Fontainebleau sample
containing a single rough fracture was conducted at 60 °C to constrain the different effects of
changes in effective pressure and fluid chemistry on the deformation process. Sequential
measurements of effluent Si concentration evidenced that pressure solution was active throughout
the experiment at all effective pressures applied (1, 17, and 29 MPa). Consequently, hydraulic
fracture aperture, as derived from permeability measurements, decreased by 50 % within the 120
days of the experiment. Microstructural investigations revealed the existence of grain-to-grain
contact boundaries with a rough structure that may contain disconnected fluid inclusions at
experimental conditions. It is implied that the predominant factor controlling the rate of pressure
solution changes from the normal stress drop to the diffusion limit as the overall contact area of
fracture asperities increases. For the diffusion regime, the mass transfer coefficient is inversely
correlated with effective stress. The notion of a "critical stress", below which pressure solution
would cease, should be considered as the criterion, where cessation will not occur until other

processes, e.g., precipitation-induced contact boundary healing, become predominant.
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5.1 Introduction

Pressure solution creep is well-known and a dominant mechanism in the time-dependent
deformation and compaction of wet porous rocks and fractures associated with porosity reduction
and fracture closure, respectively (Weyl, 1959; Paterson, 1973; Yasuhara et al., 2006). Numerous
experimental, analytical, and numerical studies have previously been carried out to understand the
processes underlying pressure solution (Raj, 1982; Rutter, 1983; Tada et al., 1987; Taron &
Elsworth, 2010). Generally, pressure solution is a rate-limiting process involving three sub-
processes operating sequentially, i.e., dissolution of a stressed solid phase into the water film
between the contact boundaries, diffusion of the dissolved matter from the interface towards the
rock’s void space through the water film, and precipitation of this matter onto the walls of the void
space exposed to the pore fluid (Rutter, 1976; De Boer, 1977a; De Boer et al., 1977; Gratier &
Irigm, 1986). The driving force of this process is the chemical potential gradient between the
stressed solid-phase contacts (i.e., the dissolution zone) and the relatively less stressed and water-

filled spaces.

For a pressure-solution process with finite effective stresses, zero porosity or full fracture
closure will ultimately be achieved (Gratier et al., 2013), which is, of course, in contrast to reality
as observed in nature. To retard pressure solution at some final stage yielding non-zero porosity or
fracture aperture, the notion of a "critical stress" is introduced in previous studies. For example,
Stephenson et al. (1992) proposed some minimum stress needed to break the molecular bonds of
the matter within the contact interfaces activating grain interpenetration, which, as further
elaborated by Revil (1999; 2001), leads to a temperature-dependent critical stress concept with
ofT = E5,(1 — T/T,)/4V,,, where Ea (kJ/mol) and Tx (K) are the molar heat and temperature of
fusion of the given mineral, and ¥y (m’/mol) and T (K) are its molar volume and present
temperature, respectively. This notion was followed by (e.g., Yasuhara et al., 2003; Yasuhara et
al., 2004; Lu et al., 2018), who introduced this critical stress concept into a thermodynamic model
(i.e., driving force = effective stress — of™'t). The critical stress is considered as the minimum
energy barrier for mineral dissolution activity, where the stress-induced mineral dissolution will
cease when the effective stress on the grain contacts is equivalent to of"*. This model obviously
needs to assume a thin film structure within the contact boundary. Similarly, Taron and Elsworth
(2010) investigated the original expression of this critical stress (see Stephenson et al., 1992),
which resulted in three additional parameters, i.e., the burial constant, the number of contacts per

grain, and the initial porosity.
Neretnieks (2014) argued that the "critical stress" is inappropriate since stress-induced crystal
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dissolution would occur even at the smallest stress difference between the stressed and the

unstressed surfaces, which should be a spontaneous process under non-hydrostatic stress

conditions. Other studies (e.g., Urai et al., 1986; Spiers et al., 1990; Renard et al., 2000; Niemeijer
et al., 2002) do not follow this reasoning. Instead, Van Noort et al. (2008b) proposed a model that
considers an island-channel type structure of the contact boundary. A criterion for the balance
between the chemical potential gradient driving contact boundary dissolution and surface energy

driven contact boundary healing due to neck growth was established, yielding a critical stress

5T = 2 \/ (Eysl(cos(e /2) — cos(@eq / 2))) /8, below which healing dominates, causing the

cessation of pressure solution. Here, a (-) is the fraction of the actual contact area within a nominal
contact (0 < a < 1), E (MPa) is Young’s modulus, yq (J/m?) is the solid-liquid interfacial energy, &
(m) is the mean thickness of the water film within the contact zone, 6 and .4 (°) are the dihedral
angle at the contact conjunction and its equilibrium dihedral angle, respectively. The application
of both models results in fairly good agreement with the outcome of the few documented
experiments (e.g., Yasuhara et al., 2011; Ogata et al., 2018; Van den Ende et al., 2019) while none
of them has been truly tested rigorously, particularly with regard to the cessation of pressure

solution, which remains poorly constrained.

To further the scientific discussion mentioned above, it is essential to characterize the stress-
dependent evolution of the boundary between contacting grains and the diffusive properties of this
interface. However, the diffusion-related parameters (e.g., the diffusion coefficient and the water
film thickness) are difficult to be accurately defined. It is argued that the contact interface may be
present as (1) a strongly adsorbed water film in a flat grain-to-grain contact boundary with a
thickness at the nanometer scale (Rutter, 1983; Renard & Ortoleva, 1997; Gratier et al., 2009) or
(2) a dynamic island-channel structure (e.g., Lehner, 1995; De Meer et al., 2005; Van Noort et al.,
2008b) with a thin water film containing free fluid within contacting grain boundaries (Gratz, 1991;
Renard et al., 1999), possibly with a mean thickness of tens of nanometers to micrometers (Gratier
et al., 2013). Moreover, the diffusion coefficient D (m?/s) of the constrained water is estimated to
be one to two orders of magnitude smaller than that of free water (Renard et al., 1999; Revil, 2001)
in contrast to earlier estimations stating five orders of magnitude (Rutter, 1976). An overall direct
measurement of DOC, where C is the solubility of the diffusing species within the grain boundary
fluid, of a halite-glass contact indicated an inverse correlation with effective stress (De Meer et al.,
2002). Finally, knowledge of the diffusion-pathway length and its evolution is also of key interest
since the load-bearing stress on the contacts will decrease as the pathway length increases,
eventually controlling the overall kinetics. Consequently, understanding the contact boundary

evolution concurrent with the variations in its diffusive properties is crucial for a better mechanistic
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understanding of pressure solution and so induced creep.

In this contribution, a long-term continuous flow-through experiment on a macro-fractured
quartz sandstone was performed at three different effective stresses (1, 17, and 29 MPa) and a
temperature of 60 °C. The direct measurement of the critical stress, at which compaction would
cease, is not possible within laboratory time scales. Hence, only a qualitative evaluation can be
provided with this study on whether the pressure-solution cessation depends on a stress threshold
or other reactions that play as opposing effects (e.g., healing). In this regard, the structural evolution
of the contacting grain boundaries and the development of mass transport therein were investigated.
Both deionized water and a defined silica solution were used as the permeating fluids to investigate
the effects of solution chemistry on diffusion. Continuous Si concentration measurements of the
fluids were performed to evaluate the activity of pressure solution directly. Surface topography
scanning, X-ray micro computed tomography (LCT), and scanning electron microscopy (SEM)
were applied to investigate the increase in asperity contact area and the concurrent fracture aperture

changes as derived from permeability measurements.

5.2 Experimental methodology

5.2.1 Sample preparation and experimental setup

The cylindrical core sample for the flow-through experiment had 30 mm in diameter and 40 mm
in length and was drilled from a Fontainebleau sandstone block, quarried near Fontainebleau,
France. Fontainebleau sandstone was selected because it is a mineralogically pure natural porous
medium composed of >99.5 wt% quartz having a dense texture (porosity ~2.3 %) and a low matrix
permeability on the order of 10™"® m* as determined with a gas permeameter. Using a Brazilian test
setup, the sample was split into two halves along its axis. The displacement-controlled loading rate
during splitting was set to 2x10 m/s to minimize edge damage (Figure E1). To prevent the fracture
from immediate closure upon pressurization, a 200 um displacement between the two halves was
introduced manually and locked using two PEEK spacers (Figure 5.1a). The specimen assembly

was then mounted in the pressure vessel.

The continuous flow-through experiment was conducted with a flow-through apparatus
(Figure 5.1b), where the flow rate and pore pressure were controlled by operating the upstream
pump in constant-flow rate mode against a relief valve located downstream. The relief valve also
served for sampling the effluent in defined time intervals. A downstream pump was set in parallel

to precisely stabilize the pore pressure during the permeability measurements, which was necessary
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as these required high flow rates.
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Figure 5.1 Schematic illustration of the experimental setup: (a) the assembled specimen halves
were jacketed by a heat-shrink tubing to isolate the pore fluid system from the silicone oil in the
pressure vessel. Two metal sheets along the fracture edges were used to prevent the heat-shrink
tubing from punching at elevated confining pressure. (b) Hydrostatic confining pressure is applied
using an oil medium pressure vessel connected to a syringe pump (ISCO 65D). The isolated pore
fluid system consists of an upstream and a downstream pump (ISCO 260D), the latter set in parallel
with a relief valve. A pressure transducer (IPD 40, ICS Schneider Messtechnik) is implemented for
precise measurements of the upstream and downstream pressure difference at an accuracy of

1.2x10° MPa and a differential pressure range of up to 0.6 MPa. An electrical resistance heater

located in the pressure vessel is used for heating the sample, where two Pt100 sensors enable
temperature monitoring. All wetted parts of the pore fluid system are made of Hastelloy C-276 to

exclude any formation of corrosion products during a long-term flow-through experiment.

5.2.2 Experimental procedures

The experimental stages of this study and their respective procedures are shown in Figure 5.2.
During the pre-loading stage conducted in an autoclave and thus not in the flow-through apparatus
(i.e., stage-1), the yet dry specimen assembly was pressurized four times up to 20 MPa to minimize
irreversible deformation at later stages. The assembly was then vacuum-dried at 60 °C, saturated
with deionized water, and subsequently mounted in the pressure vessel of the flow-through
apparatus. The flow rate throughout the experiment was held constant at 0.1 ml/min, as was the

downstream pressure p, set to 1 MPa. The experiment started at a confining pressure p. of 2 MPa
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(stage-I1), which increased to 18 MPa for stage-II1. During stage-II1, the deionized water as injected
so far was replaced by a silica solution of defined composition (Section 5.2.3). The fluid exchange
was conducted by emptying and refilling the entire pore fluid system several times with the target
fluid. During stage-1V, the injected solution was again replaced by deionized water, maintaining
confining pressure at 18 MPa. The purpose of this fluid exchange sequence was to investigate the
potential influence of fluid chemistry on the rate of fracture closure driven by pressure solution.
Subsequently, an unloading-reloading cycle was performed (stage-V). Here, the confining pressure
was decreased to 2 MPa and kept constant for 28 hours. After reloading, the confining pressure
was held constant at 18 MPa for 188 hours (stage-VI) and subsequently at 30 MPa for 239 hours

(stage-VII). Afterwards, the experiment was terminated by complete unloading.

To observe a noticeable decrease in fracture permeability within a reasonable experimental
time frame, the temperature was elevated to 60 °C. Performing this kind of experiment at even
higher temperatures would also have been possible (e.g., Niemeijer et al., 2002; Van Noort et al.,
2008a; Gratier et al., 2009). However, time-dependent fracture permeability variations are
attributed to the pressure-solution creep (the fracture closure) and free-face dissolution (the
enlargement of the fracture aperture), which play opposing effects. The higher the temperature, the
higher would be the contribution from free-face dissolution to the total measured effluent
concentration. In contrast, in case the former can be neglected, the chemical fluid analysis directly

reflects the dissolution processes at the asperity contacts related to pressure solution.
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Figure 5.2 Schematic of the experimental procedures, conditions, and stages of the entire
experiment.

The effluent with a volume of 3 ml was sampled from the relief valve at a constant flow rate

of 0.1 ml/min once every 24 hours. In stage-V, one fluid sample was collected right after unloading
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and another one after 28 hours at the same stress condition. The collected fluid samples, including
those of deionized water and the prepared silica solution from the upstream syringe pump, were
analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) with an

analyzed element wavelength of 251.611 nm.

Permeability was always measured after effluent sampling. To push the differential pore
pressure into the measuring range of the differential pressure transducer, the flow rate was
increased to 2—4 ml/min during permeability testing. One permeability measurement took
approximately 2~4 mins and was performed three times per week. Afterwards, the flow rate was
instantaneously restored to 0.1 ml/min, accompanied by switching the outlet port from the
downstream pump to the relief valve. From measured sample permeability, hydraulic aperture bn

was calculated by applying the "cubic law" (Witherspoon et al., 1980),

_ 3[12uLQy
by = /—WAP (5.1)

where u (Pa/s) is the dynamic fluid viscosity, # and L (m) are the width and length of the fracture,
AP (Pa) is the differential pressure between the upstream and downstream sides of the sample, and
O, (m’/s) is the flow rate at vessel temperature. Given the temperature difference between the
vessel and the upstream syringe pump, Oy was calculated from the measured flow rate O, in the
syringe pump as Oy = Qpp,/pv, Where p, and py (kg/m?) are the fluid densities at room temperature
(25 °C) and vessel temperature (60 °C), respectively. In addition to hydraulic aperture, mechanical
aperture changes during loading or unloading steps were also determined by measuring the volume

changes of the pore fluid at drained conditions and stagnant flow (Appendix D).
5.2.3 Preparation of the silica solution

Deionized water was exclusively used as the permeating fluid except for stage-III. The silica
solution prepared for stage-III was close to saturation with a Si concentration of ~2.60x10™* mol/l
and a pH value of ~6.89, additionally containing ~3.65x10~ mol/I NaCl indirectly originating from
the initial Si standard solution. The Si standard solution with 1000 mg/l of Si and 0.5 mol/l of
NaOH was diluted with deionized water and neutralized with HCI. This Si-rich solution was
prepared in relation to the solubility of quartz at 60 °C (i.e., 3.03x10* mol/l) and neutral pH
conditions (Fournier & Potter 11, 1982) with the purpose to investigate a change in pressure solution
rate during the experiment. The increase in pore fluid salinity may change the concentration
gradient between the contact interfaces and the pore fluids affecting the overall pressure solution

process.
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5.2.4 Microstructural observations

To quantitatively characterize the evolution of fracture surface topography and fracture aperture
resulting from mechanical compaction and pressure solution creep, a series of microstructural
investigations were performed, including 3-D surface profilometry, X-ray micro computed
tomography (LCT), and scanning electron microscopy (SEM). The surface topographies of the two
specimen halves were measured before stage-I and after the completion of the experiment using
white light interferometry (Keyence VR-3200). The resolutions on the horizontal plane and the
vertical z-axis were 23.518 um and 0.01 pum, respectively. Several reference points were marked
on the fracture surface to ensure that each scan had an identical observation area. The two scans of
each specimen half; i.e., before and after the experiment, were adjusted based on the same reference
plane, and the changes in surface topography were subsequently evaluated by a point-by-point

subtraction of the two surface-scan datasets.

The evolution of the contact area ratio with time is closely related to the evolution of the
pressure solution process. To characterize the contact area growth and the concurrent mechanical
aperture changes, three X-ray pCT scans were conducted at different experimental stages (Figure
5.2). To obtain comparable results, all scans were performed with a dried but jacketed sample core
at atmospheric conditions using the same scanning parameters (i.c., timing: 750 ms; voltage: 120
kV; current: 90 pA; voxel size: 20.63 um), yielding a total of 1080 two-dimensional slices. The 3-
D CT models of the sample were then generated by using all of the 1080 slices of each scan. The
first and the second scan were conducted before and after the pre-loading stage (stage-l),
respectively. Hence, the initial, mechanically induced aperture closure can be quantified. In
addition, the initial contact area ratio before the onset of pressure solution can be determined.
Ultimately, the sample core was scanned again after the completion of the experiment to observe
the final microstructure of the fracture. Finally, the sample halves were taken apart after the
experiment, and the fracture surfaces were carbon-coated for high magnification SEM imaging of

fracture surface features.

5.3 Experimental results

5.3.1 Evolution of fracture permeability

The hydraulic aperture was subjected to a progressive reduction throughout the flow-through
experiment, as shown in Figure 5.3. In stage-1I (4 - 317 hours), the hydraulic aperture decreased
from 60.7 to 55.6 pm at the Terzaghi effective pressure (i.e., pc - pp) of 1 MPa. Then, the confining

pressure was increased to 18 MPa, implying that the effective stress was increased to 17 MPa. This
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effective stress increase had an immediate (i.e., elastic) effect on the hydraulic aperture, which
underwent a decrease by 3.4 pm from 55.6 to 52.2 pm. During the following 42 hours, the hydraulic
aperture continuously decreased and converged to 48.6 um. At 412 hours, the deionized water in
the sample void space was exchanged with the silica solution (Section 5.2.3) as the injection fluid
(stage-III). This fluid exchange did not affect the hydraulic aperture during the following 189 hours.
From 601 hours onwards, the hydraulic aperture started to decrease and converged to about 41 um
at 986 hours. At this moment, the silica solution was exchanged for deionized water, which caused
the hydraulic aperture to remarkably decrease (stage-1V). After undergoing a continuous decrease
to 25 £ 1 pum, the hydraulic aperture remained approximately constant after 2089 hours. In stage-
V, where confining pressure was decreased from 18 MPa to 2 MPa, the hydraulic aperture
instantaneously increased to approximately 33 pm. In stage-VI, effective pressure was restored to
17 MPa to complete an unloading-reloading cycle. As a result, the hydraulic aperture returned to
25 pum. In the final stage-VII, a further increase in effective pressure to 29 MPa was applied, which
caused the hydraulic aperture to decrease by less than 1 pm with no significant change afterwards.
After approximately 2900 hours (i.e., 120 days), the experiment was completed by unloading to 17
MPa and further to 1 MPa effective pressure yielding a final hydraulic aperture of 29.8 pm. The
total irreversible reduction in hydraulic fracture aperture thus cumulated to 30.9 pm or

approximately 50 % with respect to the initial aperture.
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Figure 5.3 Evolution of hydraulic aperture (hexagons) and effluent Si concentration (triangles) at
varying conditions of effective stress (gerr= 1, 17, and 29 MPa). The Si concentration in the injected
fluid is shown in addition (red dashed line). During the stage highlighted in light blue, a silica

solution with ~2.60x10* mol/l of Si was used as the permeating fluid.
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5.3.2 Evolution of effluent Si concentration

The effluent was enriched in Si compared to the injected fluid concentrations throughout the
experiment, irrespective of how the effective pressure and fluid chemistry conditions were varied
(Figure 5.4). Matter (i.e., quartz) that is dissolved into the pore fluid and transported through the
rock fracture generally emanates from two locations: (a) from the free fracture walls and (b) from
the contacting asperities. The dissolution rate constant &+ of quartz can be calculated using the

Arrhenius equation,

ks = Aexp(—Eqe/RT) (5.2)

where 4 = 1.59 mol/m’ s is the frequency factor, E. = 72 kJ/mol is the activation energy of quartz
(Rimstidt & Barnes, 1980), R is the gas constant, and 7 = 333 K is the absolute experimental
temperature. Furthermore, the dissolution rate of quartz dissolving from the free fracture walls 7

is given by,

figre = cinQy = 2WLE£(1 — Rk, (5.3)

where cfsrie is the portion of Si concentration in the fluid that is related to free-face dissolution
during fluid flow at a constant flow rate O, and f; is the fracture surface roughness factor, which is
the ratio between the rough fracture surface area and the geometric fracture surface plane WL. It is
determined from the surface scan data (Figure E3), yielding a factor of about 1.14 for both
specimen surfaces. f; is the average grain boundary roughness factor, which can be estimated from
fi = Sgerdpa / 6 (Tester et al., 1994), where pg = 2.65x10° kg/m?® is the quartz density and Sgrr =
0.021 m?g is the specific surface area of the rock-forming quartz grains, measured by krypton
adsorption based on the Brunauer-Emmett-Teller (BET) theory. Here, an average grain diameter d
=2x10" m (estimated from thin section image analysis; Figure E2) is assumed, yielding f; = 1.86.
Accordingly, for a contact area ratio R. in the range between 0.1 and 0.4, cg.‘e will range from
1.48x10® to 2.21x10® mol/l, which is three orders of magnitude lower than the measured
concentration differences between the inlet and outlet fluids (Figure 5.4) and can, consequently, be
neglected for the entire experiment. The surface retreat of the free fracture walls due to free-face
dissolution thus is negligible at the present temperature (60 °C), and the effluent concentration
difference can be considered to be entirely attributable to pressure solution that occurs on the

contacting asperities.

Pressure solution thus was active from the beginning of the experiment even though the
effective pressure in stage-11 was as low as 1 MPa (Figure 5.4a). During this stage, the low contact

area ratio amplified the macroscopic effective stress yielding high normal contact stresses on the
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asperities. As a result of a local stress decrease as the contact area increased with time, the sampled
effluent Si concentration continuously decreased. During the subsequent stage-III, the effective
pressure was increased from 1 to 17 MPa. However, despite the significantly higher normal contact
stress, no immediate effect on the effluent Si concentration was observed, both for deionized water
and silica solution as the pore fluid (Figure 5.4a and b). After about 650 hours, the effluent Si
concentration started to increase (Figure 5.4b). During stage-1V, the pore fluid change to deionized
water caused the effluent Si concentration to gradually decrease and ultimately converge to
approximately 9.4x10° mol/l for the remainder of this stage (Figure 5.4c). Subsequently (stage-V),
as the effective pressure was decreased to 1 MPa, the effluent Si concentration showed a
pronounced peak with about 1.3x107° mol/l and then decreased to 1.1x107° mol/l within the next
28 hours. During stage-VI, the effective pressure was restored to 17 MPa, and the effluent Si
concentration returned to the level observed at the end of stage-IV. Finally (stage-VII), the effective
pressure was increased to 29 MPa for 239 hours with no significant change in measured Si

concentration until the end of the experiment.
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Figure 5.4 Evolution of the Si concentrations of the injected fluids (deionized water in pink circles
and the silica solution in red diamonds) and the effluents (blue triangles) during different
experimental stages: (a) stage-II and partially stage-III; (b) stage-III; (c) stages-1V through VII.
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5.3.3 Surface topography analysis

(a) Surface A difference

(b) Surface B difference
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Figure 5.5 Height differences of (a) fracture surface A and (b) fracture surface B were calculated
by subtracting the respective initial surface data set from the final one. The numbers on the axis
indicate sample dimensions in mm. A height reduction (in blue) or a height increase (in red) of the
solid volume indicates geometric topography changes of the fracture surfaces. (c) The retreat of
contact asperities and (d) volume loss on asperities of specimen A (circles) and specimen B
(squares) as a function of contact area ratio. The maximum contact area ratio was derived by
comparing the initial and the final surface topography of each fracture half (i.e., the totality of blue
area divided by WL in (a) and in (b), respectively), yielding a value of about 0.46 in both cases.
The evolution of the contact area ratio was determined by progressively adding the increase in the
asperity contact area to the initial topography. The approximate maximum fracture aperture change
(solid black line) resulting from the asperity retreat on both fracture surfaces A and B was
calculated by additivity, assuming that the distribution of the height differences is identical on both
surfaces. The area colored in light blue in (c) or, equivalently, in (d) indicates the uncertainty in

fracture aperture change and volume loss if this assumption were incorrect.

The distribution of the fracture surface height differences (Figure 5.5a and b) were determined by

a point-by-point subtraction of the surface topographies before and after the experiment (Figure
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E3). The comparison of the height distribution indicates that most height changes occur in the range
of £100 um (Figure E4). A surface height increase is mostly noticed further away from the
asperities. A surface height decrease at asperity contacts results in a net reduction in fracture
aperture yielding fracture closure. By simply summing the retreat of contact asperities, the range
of the mechanical aperture closure as a function of the contact area ratio was presented in Figure
5.5¢. The contact area growth is nonlinearly correlated to vertical displacement, which may amount
to as much as 180 um. Similarly (Figure 5.5d), the total decrease in fracture volume of the two

fracture surfaces as related to the asperities is estimated to approach a maximum of 1.6x1072 cm’.
5.3.4 pCT-based image analysis

Fracture voids (Figure 5.6a) were extracted from each pCT model and subsequently projected onto
the selected datum plane to obtain the 2-D projections (Figure 5.6b). The contact areas A. at the
three experimental stages were identified and colored in yellow, which clearly indicates the serial
changes resulting from mechanical compaction during the pre-loading stage (stage-I) and pressure
solution at later stages, respectively. To quantitatively characterize the variations in fracture
aperture, the mean mechanical aperture b, the number of isolated contacts n, the contact area ratio
R., the mean pathway length of all isolated contacts /, and the averaged equivalent radius » were

calculated based on the pCT models (Table 5.1).

Table 5.1 Statistical summary of the uCT data.

Parameters bm (pm) n(-) R (-) [ (um) r (um)
Before the pre-loading stage 240.5 659 0.42 % 74.5 40.4
After the pre-loading stage 169.4 5252 4.12 % 79.5 45.1
After the entire experiment 139.1 4210 12.38 % 152.6 87.2

The mean mechanical aperture, b, = Vg / WL, is calculated based on the corresponding volume,
Vs of the fracture void space at different stages as obtained from the uCT models (Figure 5.6a);
n: number of isolated contacts, statistically derived from the area indicated in yellow in Figure
5.6b; R. = Ac / WL: contact area ratio; / = ) (width + length) / 2n: mean pathway lengths of all

isolated contacts (Figure E5); r =\/R.WL/nm: averaged equivalent radius, calculated by

assuming circular contacts.

Mechanical compaction (stage-I) has rather limited effects on the average contact area (see /
and r before and after the pre-loading stage in Table 5.1), resulting mainly in new contact points
(i.e., enlarging R. by increasing ») rather than enlarging the area of the existing contact asperities.

The loading-unloading process during this stage rearranged the fracture contacts and minimized

99



Chapter 5. Evolution of fracture aperture induced by fluid-rock interactions: continuous flow

further mechanical deformation at later stages. After the experiment, pressure solution had resulted
in an increase in total contact area accompanied by an enlargement of the mean pathway length of
contacts, thereby causing longer diffusion paths. In addition, n decreased from 5252 to 4210 during
the experiment indicating that contact area growths do not necessarily occur independently but that

some of the contacts in close vicinity may have merged (Renard et al., 2012).
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Figure 5.6 (a) X-ray nCT-based 3-D perspective models obtained at different experimental stages:
before the pre-loading stage, after the pre-loading stage, and after the entire experiment,
respectively. (b) 2-D projections of the extracted fracture with the fracture voids (blue) and the
contact areas (yellow) for the same three stages. The white arrows in (a) indicate the orientations
of the projections. It should be noted that the fracture configurations are digital products that are
based on resolution and image analysis and that were obtained at atmospheric conditions providing

a qualitative idea of the evolution of fracture aperture at experimental in situ conditions.
5.3.5 SEM analysis

SEM imaging was performed to take a closer look at the final microstructure of the exposed
asperity contact surfaces after separation of the two fracture halves. Two distinct types of contacts
were identified, which are pervasive in both specimens: (a) nominally flat or undulating contacts
with some internal roughness at the micrometer scale (Figure 5.7a and b) and (b) truly rough

contacts with signs of micro-fracturing or grain crushing (Figure 5.7c and d). All contacts are more
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or less circular in shape, and their size is in the range of tens of micrometers, whereas none of them

shows an ideally flat geometry.

Specimen A Specimen B

Figure 5.7 Backscattered electron (BSE) micrographs of contact asperities (arrows) after the
experiment. Nominally flat or undulating contact asperities with micrometer-scale intra-granular
roughness, (a) specimen A and (b) specimen B. Rough asperities displaying features of micro-

fracturing or crushing within the former contact boundary, (c) specimen A and (d) specimen B.

5.4 Discussion

5.4.1 Determination of the contact boundary and water film thickness

The transient peak concentration cl,; = 1.27x10° mol/l (stage-V in Figure 5.4c) after unloading
from 17 to 1 MPa comprises three components, (a) the partial release of water from the formerly
stressed contacts due to the opening of the fracture, (b) the diffusion of Si from the remaining
contacts to the void space, and (¢) the additional dissolution on the increased reaction surface area.
The last component (c) is negligible since the dissolution on the free-fracture walls is orders of
magnitude lower than the measured peak concentration difference (see Section 5.3.2). Even
considering the entire fracture surface area (i.e., 2ZWL{, f;), the free-face dissolution is impossible
to achieve such a transient increase. If one assumes that the measured effluent concentration cZ,
= 1.08x107° mol/l after 28 hours at 1 MPa effective pressure is the result of Si diffusion from the

remaining contacts, one can establish a mass balance according to,
Vs(ccl)ut - Ein) = Vconcf:g(gn + (Vs - I/::on)((—'gut - Ein) (5-4)
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where the left term represents the measured peak concentration (mol) consisting of the two
components (a) and (b) mentioned above. Further, Vs is the volume of the effluent sample (3 ml),
Veon = iWLARO is the released water volume constrained in the contact zone, J is the mean
thickness of the water film, c3l, is its mean concentration at effective stress of 17 MPa, and &, =
8.02x10° mol/l is the mean injected Si concentration (dash line in Figure 5.4a and c). Rearranging
Eq. 5.4 yields,

Si _— (-1 2 Vs 2 =
Ccon = (Cout - Cout) FWL-ARS + Cout — Cin (5-5)

where f; = 1.14 is the fracture surface roughness factor (Figure E3). The maximum R, derived by
comparing the differences in surface topography is about 0.46 (Section 5.3.3), and the final R. at
atmospheric conditions is approximately 0.12 (Section 5.3.4). Accordingly, given a reasonable
contact area ratio change AR. in the range of 0.1~0.4 after unloading from 17 to 1 MPa, a
correlation between c5., and the mean thickness J of the contact boundary at an effective pressure
of 17 MPa can be derived as shown in Figure 5.8. Gratier et al. (2009) estimated that the mean
thickness of the water film between an indenter and a quartz crystal is in the range of 2~10 nm.
Renard and Ortoleva (1997) introduce a theoretical model, combining electrical double layer theory
with that of osmotic pressure, where the water film thickness is inversely correlated with the normal
stress and varies within the nanometer range. For the present experiment, when applying a flat
contact model and assuming a water film thickness of 5 nm, this yields unreasonably high water
film Si concentrations (i.e., >2 mol/l). On the other hand, a flat contact boundary with a thickness
at the micrometer scale is unable to transmit any normal stress between solids. Thus, isolated fluid
inclusions should exist within the nominal contacts to trap the Si-rich fluid, as structurally has been
observed in halite (Urai et al., 1986; Hickman & Evans, 1992). Likewise, the contact boundaries
are mostly rough structures (Figure 5.7), which also has been observed by Van Noort et al. (2008a)
in granular quartz aggregates and by Gratier et al. (2009) in indenter experiments with quartz

crystals, however, both at temperatures higher than 300 °C.

The solubility of quartz CJ; at an effective pressure of 17 MPa can be calculated according to

(Renard et al., 1999),

A
Y78y = Ko(T, po)exp (22) (5.6)

where Au= Vi (p.— pp) / aR. is the chemical potential difference assuming that the molar Helmholtz
free energy and the surface energy term are negligible. Further, R is the gas constant, )7 is the
activity coefficient of quartz assumed to be equal to 1 in a dilute pressure-free state, and K is the

equilibrium constant, which can be estimated by logKo= 1.881-2.028x10°7—1560/T (Rimstidt &
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Barnes, 1980). With the nominal R, in the range of 0.1~0.4 and assuming a constant « = 0.3 (Van
Noort et al., 2008b), the solubility Cgy of stressed quartz in the contact boundary is in the range of

1.1x10°3~3.5x102 mol/l. Assuming that the isolated fluid within the contacts is saturated (c3, =
Céq)> where pressure solution is limited by diffusion, and that the contacts are fully open after
unloading (AR = R.), the mean contact boundary thickness J can be calculated by combining Egs.
5.5 and 5.6 yielding a range of 1.19~9.46 um. Since the contacts may merge during growth (Section
5.3.4), forming a constrained fluid-filled pocket, the volume of Si-rich fluid therein may also
contribute to the measured peak concentration cl,,; yielding an overestimation of the calculated &
value. If pressure solution is limited by dissolution, where the solubility within the contacts is not
reached, the constraint water content within the contact boundaries should be larger than the

estimated one, Veon = fiWLAR:O (0 = 1.19~9.46 um) to obey the measured peak Si concentration.
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Figure 5.8 Concentration of the water film constrained in the contact boundaries as a function of
the mean water film thickness ¢ and in relation to the change in contact area ratio AR, (Eq. 5.5).
The correlations were derived from the directly measured Si concentrations during stage-V, i.e., of
the effluent ¢}, after unloading from 17 to 1 MPa and c?, after 28 hours at 1 MPa effective
pressure, respectively. The range of water film thickness is taken from (Renard & Ortoleva, 1997;
De Meer et al., 2005; Gratier et al., 2009).

5.4.2 Effects of contact-boundary morphology on mass transfer and aperture closure

Previous investigations on pressure solution in quartz aggregates at 150 °C showed that the strain
rate and the Si concentration vary proportionally with effective stress (Elias & Hajash, 1992;

Dewers & Hajash, 1995). In this study, a stress increase did not result in an increase in effluent
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concentration over time periods of hundreds of hours (Figure 5.4a stage-III, from 1 to 17 MPa and
Figure 5.4c¢ stage-VII, from 17 to 29 MPa) and a noticeable aperture closure only occurred after
the loading in stage-III rather than in stage-VII. Nevertheless, it was shown (Elias & Hajash, 1992)
that the porosity of quartz aggregates remains constant at room temperature but decreases
continuously at 150 °C despite identical stress conditions. A possible explanation for the
contrasting behavior in the present case may, apart from temperature, relate to the existence of fluid
inclusions within the asperity contacts. The Si-enriched fluid within the grain-to-grain interface, as
produced by stress-induced dissolution, may migrate towards the pores within the contact
preferentially. If this were true, there would be no immediate effect on the effluent concentration
until a substantial overall concentration gradient between the contacts and the macroscopic fracture
void space is established. This could likewise explain the trend of effluent Si concentration during
stage-II1 between 400 and 650 hours (Figure 5.4b), where a sudden increase in Si concentration
would restrict the mass transfer towards the free void space until an equilibrium of the fluid

concentrations within the contacts and the fracture is reached.

The evolution of the contact area, overall, controls the entire fracture closure process by
affecting both the normal stress on the asperities and the mean diffusion pathway within the contact
boundary. The mean mechanical aperture was shown to nonlinearly decrease as the contact area
ratio increases (Figure 5.5¢). The aperture closure rate is largest at an early stage when the contact
area ratio is small (Table 5.1). During stage-I, closure occurs by mechanical compaction as pressure
solution is inactive due to the absence of water (Schutjens, 1991). Afterwards (stage-II through
stage-VII), at wet conditions, the contact area ratio continuously increases by a factor of three
concurrently with an enlargement of the mean diffusion pathway by a factor of about two (Section
5.3.4), yielding a significantly lowered aperture closure rate as observed towards the end of the

present experiment.
5.4.3 Stress-dependent diffusion

Assuming a flat water film, the mass transfer coefficient Dé has been shown to range from 10
21-10" m¥/s (Rutter, 1976; Gratier & Irigm, 1986). In addition, Dysthe et al. (2002) concluded that
Do is inversely related to stress. However, in the present case, the contact boundaries showed to
develop rough structures during pressure solution. An apparent DJ can now be considered, i.e., the

mean diffusion coefficient of the rough contact boundary times the mean water film thickness. As

01

ot ©9.35%10° mol/l (i.e., the converging

was shown before, the measured effluent concentration ¢
concentration at ¢y = 17 MPa) is smaller than c_2, = c2,; = 1.08x10° mol/l at o= 1 MPa (Figure

5.4c¢). Therefore, a diffusion-limited process needs to be assumed, and there must be changes in the
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pathway of contacts and/or of DJ to cause the observed variations in diffusion. Considering an

average Si concentration in the water film within the contacts, i.e., assuming that the fluid within

inclusions is saturated with respect to the solubility of the actual contacts, the diffusion flux rate

Mg can be calculated (Taron & Elsworth, 2010), further assuming contact areas of circular shape,
2AL

mgiff = (cQut — Cin)Qv = ?:1 8D6(ng - Cpore) n (5.7

where cJ,,; is the effluent concentration at the respective effective pressure (1= 17 MPa; 0, =1

MPa) and cpore = i is the pore fluid concentration. Further, AL = R.WL/n and I = 2r; =

, 1/2 .
Z(A‘C / T[) / are the mean contact area and the mean pathway length of the contacts, respectively.
In order to simplify the calculation, it is assumed that » remains constant. By combining Egs. 5.6

and 5.7, one can estimate the changes of D¢ at an effective pressure of 17 MPa with respect to 1

MPa, yielding,

o _ 01 Vm\_ -

Cour—Cin __ D161 R¢ KOeXp(aRCRT) Cin (5.8)
[ — - .
Coli=Cin D282 4| Re—ARc Koexp(M)_Ein

a(Rc—AR¢) RT

where R is the contact area ratio at 17 MPa (0.1~0.4), and AR, is the change in the contact area
ratio after unloading from 17 to 1 MPa. Figure 5.9 shows the ratio D,/ D»d- as a function of AR,
where AR. < (16/17) R. in all cases as Cg; < ngl. Hence, the apparent DJ likely varies inversely

with pressure or, more generally, with stress within the limits of the assumptions stated above.
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Figure 5.9 The ratio of the apparent mass transfer coefficients D;d; (at an effective pressure of 17
MPa) and D,d, (at an effective pressure of 1 MPa) as a function of the contact area ratio change
AR during unloading from 17 to 1 MPa and in relation to the contact area ratio R. range estimated
for the present experiment.
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5.4.4 Equilibrium of pressure solution-induced compaction

As was shown in Figure 5.3 and Figure 5.4, the hydraulic aperture and the effluent Si concentration
tend to converge towards a constant value at constant effective pressure irrespective of its
magnitude, i.e., oer= 1, 17, and 29 MPa in the present case. The decrease in both properties reflects
an approach towards a chemo-mechanical equilibrium. Furthermore, the surface topography
measurements confirm that the normal stress on the asperities will decrease as they expand their
contact areas. As stated in Section 5.1, at present, there are two hypotheses regarding this

compaction equilibrium related to pressure solution.

Both hypotheses consider pressure solution as a stress-controlled process, where stress
migration across expanding contacts leads to the cessation of the former. The difference between
the two hypotheses is that, in the first one, o™ is considered as an energy barrier. Therefore, in
some previous studies, this term was used in a thermodynamic framework so that the driving force
= effective stress — Uf”t (e.g., Yasuhara et al., 2003; Taron & Elsworth, 2010; Lu et al., 2018;
Ogata et al., 2018). In contrast, a57*¢ is considered as the criterion that pressure solution will not
cease until some other counteracting process (e.g., healing resulting from neck growth within
contacts) becomes predominant (Van Noort et al., 2008b). The present data now permits a

qualitative analysis of the two hypotheses.

crit

o1 't is temperature-dependent, yielding 77.7 MPa for quartz at 60 °C (Section 5.1). Since
pressure solution proceeded at 1 MPa effective pressure during stage-11 and stage-V, the normal
contact stress is required to always exceed 77.7 MPa during contact area growth. This is likely
inconsistent with the estimation that the approximate maximum stress on the contacts during stage-
V is 33.3 MPa, as calculated with R.= 0.1 and a = 0.3. Furthermore, a previous experimental study
performed using a novaculite sample with an aligned tensile fracture at an effective pressure of
1.38 MPa (Yasuhara et al., 2006) evidenced substantial aperture closure accompanied by Si transfer
into the pore fluid at 20 °C and thus the activity of pressure solution. In the former investigation,
the contact area ratio resulting from the carefully matched fracture surfaces likely was significantly
larger than in the present case yielding an even smaller average contact stress. Both studies thus

imply that a minimum energy barrier may be inexistent.

o5 depends on the structure of the contact boundary, i.e., the parameters a and J. As was
shown before, the contact boundary is a dynamic and rough structure as pressure solution proceeds,
as was also observed by Van Noort et al. (2008a); and Gratier et al. (2009). Two characteristic
contact types were identified (Section 5.3.5), i.e., (1) nominally flat or undulating contact

boundaries displaying some internal roughness and (2) strikingly rough contacts containing micro-
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fractures. This indicates that o may show large variations (0 < o < 1) as contacts might flatten at
long-term constant stress or roughen as stress is increased above some threshold. In addition, as
Dd is stress-dependent, 0 might also be inversely related to stress (Renard & Ortoleva, 1997). The
equilibrium of pressure solution in this regard is unstable as the onset of healing will further enlarge
the actual contact area reducing the contact stress. The reactivation of pressure solution may thus

require stress to become enhanced.

However, the notion of azcrit is based on the concept of an island-channel structure, where the

solid-to-solid contact islands are distributed within the nominal contact zone (Van Noort et al.,
2008Db). The driving force for healing is the surface energy difference between solid-solid and solid-
liquid interfaces in the true contact junctions. The fluid within the channels is essentially connected
to the fracture void space and does not support any non-hydrostatic stress. The present experimental
results support the existence of fluid inclusions within the contacts (Section 5.4.1). However, it is
impossible to confirm the existence of a water film within the actual contact islands from these
results. Dissolution may occur across a rough grain-to-grain contact that contains a fluid phase that
could be discontinuous, either inside the actual contact island or on the island margins (Raj, 1982).
As a result of the serial diffusion process (actual contacts — inclusions — fracture void space), as
discussed in Section 5.4.2, the fluid inclusions may supersaturate as dissolved matter from the
actual contacts diffuses in and, consequently, precipitation might occur. Accordingly, this would
accelerate neck growth accompanied by surface energy-driven contact boundary healing causing

the cessation of pressure solution.

5.5 Conclusions

A long-term (120 days) flow-through experiment on pressure solution creep in a fractured pure
quartz sandstone (Fontainebleau) of low matrix permeability was performed at 60 °C, varying
effective pressure (1, 17, and 29 MPa) and injection fluid chemistry (deionized water and silica
solution). The purpose of the parameter changes was to constrain (1) the conditions yielding an
acceleration or deceleration of fracture closure and (2) the concurrent changes in effluent Si

concentration.

It showed that pressure solution was active throughout the experiment. At an early stage,
pressure solution is dominated by stress migration across expanding contacts. Later on, pressure
solution is more and more controlled by diffusion. Surface topography measurements evidenced

that the overall contact area is continuously growing. Contact area expansion causes a stress
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redistribution over the fracture surface, impacting the diffusion process due to a length increase of
the diffusion paths. In combination with a measurement of Si concentration in the fluid released
from the contacts after unloading, SEM imaging implied that the contact boundaries are not as flat
as was previously assumed. Instead, the rough contacts, as were observed, may contain fluid
inclusions that control the kinetics of pressure solution by affecting the contact stress and an
ongoing serial diffusion process. In the latter, the mass transfer coefficient of the contact boundaries

is inversely correlated with effective stress.

This study suggests that pressure solution, most likely, is a spontaneous process that occurs at
minimum non-hydrostatic stress resulting from chemical potential differences but not requiring the
notion of a "critical stress". Furthermore, there is strong support for the hypothesis that the
cessation of pressure solution is a dynamic process that will only occur when other processes (e.g.,

precipitation-induced contact boundary healing) become predominant.
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Chapter 6

General conclusions, implications and suggestions

6.1 Summary and remarks

This thesis presents a systematic experimental study on the transport properties of both porous and
fractured sandstones. Emphasis is placed on how fluid-rock interactions govern the evolution of
rock mass permeability under hydrothermal conditions. After a brief background introduction to
fluid flow through porous media and rock fractures, three main scientific questions that the thesis
tries to answer within the framework of geothermal reservoir utilization are outlined in Chapter 1.
These questions are (1) how clay (i.e., illite) particles mechanistically can induce a rock
permeability decline associated with cyclic temperature and fluid salinity variations; (2) what the
correlation between the stress-dependent fracture permeability and the factors fracture surface
roughness, fracture wall offset, and mechanical matrix properties is; and (3) how the rock fracture
aperture and its hydraulic conductivity evolve over a longer period of time due to fluid-rock
interactions. The following Chapters 2-5 then aim to answer these questions. The main conclusions

drawn from these experimental studies can be summarized as follows:

1) The mechanisms of an irreversible permeability reduction of illite-bearing sandstones
induced by increasing temperature and decreasing pore fluid salinity (Na") operated rather
independently and were identified as thermo-mechanical pore throat closure and illite
particle migration, respectively. Initially, illite particles are tightly attached to the pore
walls in Flechtinger sandstones due to their morphology and, most importantly, as K™ and
divalent cations, e.g., Ca*, Mg”" are present at the exchangeable sites, enhancing the
charged particles' stability. Thus, initial sample permeability was not affected by low pore
fluid salinity, and illite particles are unfavorable to be mobilized at these conditions.
However, illite will be sensitive to mobilization when a cation exchange of Na' has

occurred, and the pore salinity subsequently is reduced (Chapter 2). This behavior was
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2)

3)

found at both room temperature and 145 °C. The major contribution of this study is to
distinguish different mechanisms of permeability decline with respect to temperature and

fluid salinity changes.

Hydro-mechanical investigations on self-propping fractures demonstrate that a relative
fracture wall offset can significantly increase fracture aperture and hydraulic conductivity,
but the degree of increase strongly depends on the fracture surface roughness. Fracture
surfaces in nature are always found to be self-affine over a larger scale, and, consequently,
an incremental fracture wall offset likely leads to an increase in fracture aperture. However,
for some fracture types, e.g., saw-cut fractures and fractures along bedding layers in natural
sedimentary rocks, surface roughness remains scale-independent as long as the fracture
area is larger than a roll-off wavelength, and thus, any further displacement does not affect

fracture aperture significantly.

Additionally, direct observations of fracture configurations by nCT show that the contact
area ratio after stress loading-unloading inversely correlates with the fracture offset,
depending on the respective surface roughness and the strength of the contact asperities. It
is apparent that under stressed conditions, a rock fracture with a higher mechanical strength
yields a sustainable permeability and experiences less contact asperity damage. Moreover,
it was also found that the contact asperities mainly occur isolated and tend to be
preferentially oriented perpendicular to the fracture wall displacement, which may induce

flow anisotropy.

A further main contribution of this thesis is to experimentally characterize the long-term
evolution of fracture aperture under hydrothermal conditions. Pressure solution remains
active in stressed fractured samples (i.e., pure quartz Fontainebleau sandstone). There is
evidence that the Si concentration of the pore fluid can become larger than the hydrostatic
quartz solubility at the same temperature during stagnant flow (Chapter 4) and that the
measured Si dissolution rate is faster than the corresponding quartz free face dissolution
rate during continuous flow (Chapter 5). Therefore, pressure solution plays a paramount
role in the long-term evolution of fracture aperture and hydraulic conductivity at the

conditions applied in this study.

It was further demonstrated that the pore fluid Si concentration could have a remarkable
effect on the process of pressure solution. The cumulative Si content in the pore fluid,
either transported from stressed interfaces or introduced artificially by inlet flow, can retard
mass diffusion, causing a slowdown of fracture closure. In contrast, reducing the pore fluid

Si concentration will accelerate the process by disturbing the chemical equilibrium as a
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result of the so enlarged concentration gradient between non-hydrostatically stressed and
hydrostatically stressed locations. Furthermore, the existence of grain-to-grain contact
boundaries with a rough inner structure was evidenced, which may contain discontinuous
fluid inclusions. Thus, the slowdown of fracture closure, as induced by fluid-rock
interactions (i.e., pressure solution in this case), is governed by a reduction of the non-
hydrostatic stress on the asperities due to a contact area growth and solute accumulation

within the contact interfaces.

6.2 Implications for natural rock systems and engineering applications

For any geo-resources (oil/gas/heat) exploitation from certain reservoirs, the fluid transport
properties of the reservoir rocks are of primary importance. Formation permeability
decline/damage is a high risk in reservoir utilization and needs to be avoided. This study provides
insights into permeability variations under hydrothermal conditions, which may help to minimize
potential risks. Furthermore, the fundamental studies on the deformation behavior of fractured pure

quartz sandstone will also improve the current knowledge of early diagenesis.
6.2.1 Seasonal heat storage in aquifers

Heat storage in sandstone aquifers used for district heating is a way to balance energy demands
and resources in different seasons. The heat from sources such as waste incineration or solar power
needs to be stored/extracted by pumping fluids into/from aquifers. The efficiency depends on the
aquifer permeability, and a permeability decline may increase the costs and even cause the project
to fail. Therefore, rock permeability changes related to temperature and fluid salinity changes are

crucial.

It is noticed that fluid-illite interactions within the pore space of Flechtinger sandstone can
significantly affect its permeability by orders of magnitude regardless of the temperature conditions.
Temperature increase alone also negatively affects permeability, operating with a different
mechanism (i.e., thermo-mechanical). This implies that such Lower Permian (Upper Rotliegend)
sedimentary rocks may be inappropriate for heat storage. However, if sandstone permeability
remains relatively high (on the order of mD) after a temperature increase, the aquifer formation
permeability can be sustainable when not reducing fluid salinity. In contrast, previous studies on
Berea sandstone containing kaolinite clay particles showed a different behavior. Temperature

increase and fluid salinity reduction act coupled in kaolinite particle migration and the concurrent
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permeability decline (Schembre & Kovscek, 2005; Rosenbrand & Kjeller, 2014; Rosenbrand et al.,
2015b). Elevating temperature already causes particle migration, and thus, any further fluid salinity
reduction at some elevated temperature does not affect permeability further. Schembre and
Kovscek (2005) analyzed the threshold conditions of temperature and fluid salinity at which

kaolinite particles start to release.

These discrepancies emphasize that a single rock property obtained for a certain sample
containing one clay type cannot be simply extended to other samples containing different clays.
The intrinsic properties (e.g., cations at the exchangeable sites) and the morphologies that the
specific clay presents in the pore space (e.g., coating, lining, and attaching) need to be elaborately
investigated. Furthermore, for a potential reservoir of any geothermal application, the

thermochemical properties of the formation need to be carefully taken into account.
6.2.2 Permeability of deep geothermal reservoirs

Fracture networks are always the predominant pathways for fluid flow in deep geothermal
reservoirs. They are either pre-existing or artificially generated. In general, reservoir stimulation is
needed to enhance its productivity for economic utilization (e.g., Blocher et al., 2016; Hofmann et

al., 2019; Zang et al., 2020).

Hydraulic fracturing in a tight sedimentary formation to enhance its conductivity for fluid flow
requires a preceding understanding of the target formation. Generally, natural fracture surface
roughness is self-affine over a larger scale (Schmittbuhl et al., 1995), where fracture wall
displacement is proportional to fracture aperture. However, here it was also found that saw-cut
fractures remain scale-independent as long as the fracture area is larger than a roll-off wavelength.
This case may occur when fractures propagate along the bedding or certain smooth layers formed
over geological time scales. Fracture aperture would remain unchanged when further increasing
the offset of these "smooth" fractures. Under these circumstances, introducing proppants into the
fracture would be necessary. Based on the experimental results, it was found that knowing the
fracture surface roughness, the fracture wall offset, and the mechanical matrix properties of
analogue rock materials is important for evaluating fracture transport properties and their
sustainability under stressed conditions and for designing hydraulic stimulation treatments of

reservoir formations.

In addition, the long-term experiments indicate that the propping asperities undergo retreat and
expansion due to pressure solution (Chapter 5), which may cause both smoothening of the fracture
surface and permeability reduction. After a long-term fracture deformation, any further hydraulic

stimulation might be less efficient to enhance the hydraulic conductivity compared to the previous
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ones, unless sufficient displacement is generated or proppants are injected.
6.2.3 Long-term sustainability of fractures in the Earth’s upper crust

The present fundamental studies on fractured pure quartz sandstone deformation imply that the
contact boundary, where pressure solution occurs, presents a rough structure that likely contains
fluid inclusions rather than an adsorbed thin fluid film. Furthermore, it was found that the creep
mechanisms operate in such a way that a fundamental transition from stress migration across
contacts (i.e., when the contacts are still small) to a diffusion related process (i.e., when the contacts
are sufficiently large) occurs at present (moderate) temperature (Chapter 5). This is in contrast to
previous studies on quartz aggregates at 400 - 600 °C under effective pressures of 50 - 150 MPa
(Niemeijer et al., 2002) and at 300 - 600 °C under effective pressures of 35 - 100 MPa (Van Noort
et al., 2008a), where pressure solution is suggested as a dissolution (interface kinetics of quartz)
controlled process. This might be because diffusion at such (high) temperatures is faster than
dissolution due to the fact that the activation energy of diffusion (Nakashima, 1995) is smaller than
that of dissolution for quartz (Rimstidt & Barnes, 1980) at these conditions. This interpretation
might be partially supported by Elias and Hajash (1992), who found that long-term, persistent,
time-dependent compaction of quartz aggregates was maintained under all effective pressures of

17.2 — 69 MPa at 150 °C rather than under 69 MPa at 23 °C.

It is noticed that, in addition to the temperature influence, the isolated fluid inclusions within
contacts also significantly affect the sequential diffusion process. Although the dissolution rate still
remains slow, the mass diffusion from the nominal contact boundary to the macroscopically

connected pores is a more complicated process in this case.

Overall, the observations imply that generated fractures will likely be sustainable at shallow
depth, where the temperature is relatively low. However, fractures at deeper crustal conditions
(temperatures > ~300 °C, high effective stresses) may experience persistent deformation and
permeability reduction. This is not only detrimental for the utilization of deep reservoirs but will

impact natural fluid flow.

6.3 Suggestions for further research

This study improves the current knowledge of the fluid transport properties of clay-bearing
sandstones and rock fractures. It is evident that 1) the clay phases play an important role in rock

permeability evolution when changing temperature and fluid salinity, and 2) rock fracture
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deformation with time is a process attributed to the interplay of stress changes and fluid-rock

interactions. However, there are still a number of questions that remain to be answered, and some

extensive research needs to be carried out. Suggestions for further work include some theoretical

and practical aspects as follows:
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1)

2)

3)

4)

Permeability of illite-bearing sandstones decreases upon temperature increase and fluid
salinity reduction (NaCl). An important question for engineering purposes is whether one
can recover permeability by (i) increasing fluid salinity, (ii) injecting solutions enriched by

divalent cations, or (iii) altering fluid flow dynamics.

For time-dependent fracture closure, it was found that the evolution of contact boundaries
plays a critical role during pressure solution, affecting not only the contact stress variations
but also the diffusive properties of the dissolved matter within the contact interfaces.
Therefore, an in-depth investigation of contact boundary evolution under stressed
conditions is important for a better understanding of pressure solution (De Meer et al.,
2002; Dysthe et al., 2002; Dysthe et al., 2003; De Meer et al., 2005). The contact boundary
characteristics and the pressure solution process need to be further elaborated on a single
grain-to-grain contact scale. Indentation experiments (e.g., Gratier et al., 2009; Gratier et
al., 2014) combined with fluid flow and fluid element analyses may be a suitable and

efficient method to perform such investigations.

This study demonstrated the inexistence of a temperature-dependent threshold energy (i.e.,
previously used in thermodynamic models), below which pressure solution would cease.
Therefore, a modified theory is required to describe the retardation and/or cessation of
pressure solution and fracture aperture closure. In addition, other mechanisms such as
mineral precipitation, stress corrosion, and surface energy-driven neck growth would need

to be considered in further studies.

It was noticed that the pore fluid chemistry has remarkable effects on the pressure solution
and thus fracture deformation processes. However, natural geofluids are much more
complex compared to deionized water and the Si-enriched solution as used in the present
studies (Chapters 4 and 5) (Milsch et al., 2008a). For example, the Lower Permian
(Rotliegend) reservoir rock at the mentioned Grof3 Schonebeck site is saturated with a
highly saline Ca-Na-Cl type formation fluid (= 265g/1) (Regenspurg et al., 2015).
Therefore, it is necessary to investigate how rock reacts with natural geofluids. In
geothermal applications, thermal fluids may become oversaturated due to fluid circulation
or a temperature decrease during operation. This process may cause mineral precipitation

in rock pores or fracture void spaces and, consequently, a permeability decline (e.g.,
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5)

6)

7)

8)

Hilgers & Tenthorey, 2004; Prajapati et al., 2018; Wetzel et al., 2020; Tranter et al., 2021).
In addition to the effects of pressure solution, studies of mineral precipitate-related
permeability changes are also important, for example: where does the precipitation

preferentially occur, and how do mineral precipitates affect rock permeability?

In addition to measuring a fracture’s hydraulic conductivity, as described in the present
work, real-time measurements of fracture deformation will provide direct information

about fracture evolution, which is indispensable in further studies.

The present experiments were conducted under hydrostatic pressure conditions.
Performing flow-through experiments under true triaxial conditions may also be
considered to gain more details on the anisotropic fluid transport properties of rock

fractures.

For the long-term investigations of fracture closure, the present studies were conducted
only with pure quartz (Fontainebleau) sandstone to simplify the reactions between pore
fluid and rock matrix. Evidently, the mineralogical composition of natural rock systems is
much more complex, where other minerals may accelerate or decelerate the pressure

solution process, which needs to be considered in further studies.

Time-dependent fracture permeability variation after shearing or during shearing is also a
critical point requiring more investigations. Unlike the ideally prepared pre-displaced
fractures under hydrostatic pressures in the present study, shearing fractures under stressed
conditions will yield dilatancy and/or asperity damage, which may lead to differences in
permeability evolution. These types of fractures are more realistic for natural conditions.
For example, natural earthquakes or hydraulic stimulations can generate new fractures or
shear pre-existing ones. How these fractures evolve over time is not only important for the
understanding of earthquakes (fault reactivation) but also for the evaluation of reservoir

efficiency.
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Appendices

Appendix A: Calculation of the particle interaction energy by DLVO
theory (Chapter 2)

According to DLVO theory, the total interaction free energy between two (solid) phases in an
aqueous solution can be calculated by combining the London-van der Waals attraction Viqw and
the commonly repulsive, electrical double layer (EDL) interaction Vepr (Leite et al., 2012). In
addition, the extended Born potential VR is a short-range (< 0.5 nm) molecular interaction resulting
from the overlap of electron clouds. Therefore, its magnitude is negligible compared to Vygw and
Vep for particle separations larger than 0.5 nm (Khilar & Fogler, 1987). In the following, all other
possible interactions (e.g., Tchistiakov, 2000) are neglected, and the total interaction free energy

thus is expressed as,

Viotal = Vepr + Vyaw + VBr (A1)

Considering a sphere-plate geometry, the van der Waals interaction free energy at a separation
distance d is defined as (Gregory, 1981; Bergstrom, 1997),

Vidw(d) = 222 (A2a)

for illite particle to illite plate interactions and

V() = 22 (A2b)

for illite particle to quartz plate interactions, respectively, where 7}, is the particle radius. Based on
the SEM observations (Figure 2.2), an average particle radius of 1.2 um is assumed. The Hamaker
constant A characterizes the interaction between clay minerals (subscript 1) and the grain walls

(subscript 2) separated by an aqueous fluid (subscript 3) (Israelachvili, 2011),

2
_ 3kgT (51—53)2 N 3hve (nf-n3)
3

&q1+€ 16+/2 =

el VR (e

(A3a)
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where kg = 1.381x10% J/K is the Boltzmann constant, T is the absolute temperature, and 4 =
6.626x107 Js is the Planck constant. &1, &, and ¢ are the dielectric permittivities, 71, 7, and n3 are
the refractive indexes, and the subscripts 1, 2, and 3 denote clay, quartz, and NaCl solution,
respectively. ve = 3x10" s is the main electronic absorption frequency (Israelachvili, 2011). The
dielectric permittivity of illite ¢; is taken from Josh and Clennell (2015). The dielectric permittivity
of quartz ¢, is independent of temperature in the range between 20 °C and 175 °C, according to
Stuart (1955). Finally, the temperature and salinity-dependent dielectric permittivity of a NaCl
solution &3 is given, e.g., by Marshall (2008) and Maribo-Mogensen et al. (2013). A constant
refractive index n;=1.59 is assumed (Friedrich et al., 2008), and the temperature-dependent indices

n, and n3 are taken from Leviton and Frey (2006) and Aly and Esmail (1993), respectively.

According to Gouy-Chapman theory (Butt et al., 2006), the net surface charge density st

defines the surface potential ¥; of illite as expressed by the Grahame equation (Grahame, 1947),

2kgT oilli ay;
11_,1 — B ln illite + illite + 1 (A4)
ze 8NacegerkgT 8NpceggerkgT

where c is the cation concentration in the solution, z is the valence of the respective cation, e is the
elementary charge, and N, is the Avogadro constant. g = 8.854x10' C*Nm’ is the vacuum
permittivity, and & is the relative permittivity of the solvent given by Maribo-Mogensen et al.
(2013). The counter-ions that extend from a negatively charged surface into the aqueous solution
result in a diffuse EDL. The thickness of this EDL is known as the Debye screening length «!,
which is expressed as,

-1 Eo&rkgT

K = (AS)

Nace2z2

Assuming a constant surface charge density where the surface charges are uniformly
distributed on the illite crystals, the surface potentials of two illite phases are equal. Consequently,

the interaction free energy of the EDL for the illite particle to illite plate system is (Gregory, 1975)

i _ v —
Vir () = 64mrykaTNacz2i ™ tanh? (F22) e ™ (AGa)

Similarly, for the illite particle to quartz plate system, the interaction free energy is

Vb (@) = 64mry ks TNcz2ic2 tanh (Frs ) tanh (22 e~x (A6b)
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where the surface potential of quartz ¥, approximated by the zeta potential, is temperature-
dependent (Ramachandran & Somasundaran, 1986; Schembre & Kovscek, 2005; Rodriguez &

Araujo, 2006) and decreases as temperature increases.

Finally, the extended Born potential is expressed as (Ruckenstein & Prieve, 1976),

Aol | 8rpt+d 61p—d
7 7
7560 [(2r,+d) d

Ver(d) = (A7)

where the collision diameter o, = 0.5 nm is assumed to be constant (Elimelech et al., 2013).
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Appendices

Appendix C: Images of the fracture microstructures (Chapter 3)

(a) Fontgiggbleau: saw-cut (b )hFlechtinger: saw-cut
¥ :

Saw-cut samples:
intragranular fracture

Tensile samples:
intergranular fracture (mainly)
+

intragranular fracture

506 pn

Figure C1 Thin section images of fractures in (a) saw-cut Fontainebleau sandstone, (b) saw-cut
Flechtinger sandstone, and (c) tensile fractured Fontainebleau sandstone. These representative
fracture features were taken on other samples of the same respective rock type. The tensile fractures
in Flechtinger sandstone are mainly intergranular (see Figure C3) due to its relatively low strength
and weak cementation (Zang et al., 1996).

o damagef

Figure C2 Images of fracture surfaces after the experiments. (a) Flechtinger samples and (b)
Fontainebleau samples. Areas of microdamage can be identified in the displaced Flechtinger
samples but show to be highly localized.
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Figure C3 Images and sketches of the fracture void space taken on the Flechtinger sandstone
sample ends after the experiments at dry and unconfined but jacketed conditions. (a)-(d) Samples
FF1 through FF4.

(a) FOF1

ontact asperi

(d) FOF4

Aligned fracture

.~y 1

Figure C4 Images and sketches of the fracture void space taken on the Fontainebleau sandstone

sample ends after the experiments at dry and unconfined but jacketed conditions. (a)-(d) Samples
FOF1 through FOF4.
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Appendix D: Changes of mechanical aperture during the loading-

unloading sequences (Chapter 5)

The volume changes of the fracture void space in the course of the loading/unloading steps can be
determined by measuring the volume increment/decrement of the pore fluid extracted from (or
injected into) the sample at constant pore pressure. During the changes of confining pressure, the
pore pressure was maintained constant at 1 MPa. The total pore volume change A} was monitored
by this drained compression test. The variation of the mean mechanical aperture can be determined
by Abm = (AV — AVpore) / WL, where W and L are the width and the length of the fracture,
respectively. The change of the pore volume within the rock matrix, AVpore, can be neglected due
to the extremely low permeability of the matrix (on the order of 10'® m?), the low porosity of the
sample (~2.3%), and the short experimental duration of the loading/unloading process (about 4
min). Therefore, it can be assumed that measuring AV only yields correct results for both

compaction (-) and opening (+) of the fracture.

The fracture is subjected to sufficient irreversible deformation since the loading path from 2
to 18 MPa yields a significant difference in mechanical aperture changes (Table C1. Nos.1 and 3).
Further loading-unloading stages between 2~18 and 18~30 MPa seem to have no significant effect
on the mechanical aperture, indicating a fully reversible behavior. The resolution of volume
changes is 1 mm® (i.e., a minimum change of 0.83 um in the overall aperture), which likely is

insufficient to observe aperture changes during the time period between stages V and VII.

Table C1 Mean mechanical aperture changes during loading-unloading stages determined by

drained compression experiments.

No. Stage pc (MPa) pp (MPa) AV (ml) Abr, (Lm)
1 post-11 2-18 1 -0.130 -108.33
2 pre-V 18-2 1 0.071 59.17

3 post-V 2-18 1 -0.077 -64.17
4 VII 18 -30 1 -0.019 -15.83
5 post-VII 30-18 1 0.019 15.83

6 post-VII 18-2 1 0.077 64.17
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Appendix E: Supplementary materials (Chapter 5)

Figure E1 Photographs of the rock sample used for the experiment. (a) Artificial tensile fracture
generated with a Brazilian test setup at a loading displacement rate of 2x10° m/s to minimize the
risk of edge damage; (b) the two halves of the sample core; (c) assembly of the fractured sample
with a relative offset of 200 um along its length, jacketed by a heat-shrink tube and additional

sealing parts. The sample is 3 cm in diameter and 4 cm in length.
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quartz

Rock matrix

-

quartz grain N

Internal pores in boyndary

Grain boundary

Figure E2 Microstructure of the rock matrix. (a) Optical microscopy image of a polished thin

section with an average diameter of the quartz grains estimated to be 200 um; (b) SEM micrograph

of a thin section evidencing a well-consolidated rock matrix.
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Figure E3 Topography of the fracture surfaces measured by white light interferometry. (a) and (b)

Specimen A, (c) and (d) specimen B before and after the flow-through experiment, respectively.

The fracture surface roughness factor f;, expressed by the ratio between the rough fracture surface

area and the geometric fracture surface plane, is derived by the models yielding a value of 1.14.
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Figure E4 Histograms of fracture surface roughness of (a) specimen A and (b) specimen B before

and after the experiment. Distribution of height differences of (c) surface A and (d) surface B

derived by comparing the initial and final roughness of the fracture surfaces.
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Figure E5 Length and width of each isolated contact area obtained from the 2D projections of
fracture apertures measured by X-ray uCT scans (Figure 5.6b) at different stages: (a) before the

preloading stage; (b) after the preloading stage; (c) after the entire experiment.
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