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Abstract

Abstract
Geochemical processes such as mineral dissolution and precipitation alter the

microstructure of rocks, and thereby affect their hydraulic and mechanical behaviour.
Quantifying these property changes and considering them in reservoir simulations is essential
for a sustainable utilisation of the geological subsurface. Due to the lack of alternatives,
analytical methods and empirical relations are currently applied to estimate evolving hydraulic
and mechanical rock properties associated with chemical reactions. However, the predictive
capabilities of analytical approaches remain limited, since they assume idealised microstructures,
and thus are not able to reflect property evolution for dynamic processes. Hence, aim of the
present thesis is to improve the prediction of permeability and stiffness changes resulting from
pore space alterations of reservoir sandstones.

A detailed representation of rock microstructure, including the morphology and
connectivity of pores, is essential to accurately determine physical rock properties. For that
purpose, three-dimensional pore-scale models of typical reservoir sandstones, obtained from
highly resolved micro-computed tomography (micro-CT), are used to numerically calculate
permeability and stiffness. In order to adequately depict characteristic distributions of secondary
minerals, the virtual samples are systematically altered and resulting trends among the
geometric, hydraulic, and mechanical rock properties are quantified. It is demonstrated that
the geochemical reaction regime controls the location of mineral precipitation within the pore
space, and thereby crucially affects the permeability evolution. This emphasises the requirement
of determining distinctive porosity-permeability relationships by means of digital pore-scale
models. By contrast, a substantial impact of spatial alterations patterns on the stiffness evolution
of reservoir sandstones are only observed in case of certain microstructures, such as highly
porous granular rocks or sandstones comprising framework-supporting cementations. In order
to construct synthetic granular samples a process-based approach is proposed including grain
deposition and diagenetic cementation. It is demonstrated that the generated samples reliably
represent the microstructural complexity of natural sandstones. Thereby, general limitations of
imaging techniques can be overcome and various realisations of granular rocks can be flexibly
produced. These can be further altered by virtual experiments, offering a fast and cost-effective
way to examine the impact of precipitation, dissolution or fracturing on various petrophysical
correlations.

The presented research work provides methodological principles to quantify trends
in permeability and stiffness resulting from geochemical processes. The calculated physical
property relations are directly linked to pore-scale alterations, and thus have a higher accuracy
than commonly applied analytical approaches. This will considerably improve the predictive
capabilities of reservoir models, and is further relevant to assess and reduce potential risks, such
as productivity or injectivity losses as well as reservoir compaction or fault reactivation. Hence,
the proposed method is of paramount importance for a wide range of natural and engineered
subsurface applications, including geothermal energy systems, hydrocarbon reservoirs, CO2

and energy storage as well as hydrothermal deposit exploration.
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Kurzfassung

Kurzfassung
Geochemische Lösungs- und Fällungsprozesse verändern die Struktur des Porenraums

und können dadurch die hydraulischen und mechanischen Gesteinseigenschaften erheblich
beeinflussen. Die Quantifizierung dieser Parameteränderung und ihre Berücksichtigung
in Reservoirmodellen ist entscheidend für eine nachhaltige Nutzung des geologischen
Untergrunds. Aufgrund fehlender Alternativen werden dafür bisher analytische Methoden
genutzt. Da diese Ansätze eine idealisierte Mikrostruktur annehmen, können insbesondere
Änderungen der Gesteinseigenschaften infolge von dynamischen Prozessen nicht zuverlässig
abgebildet werden. Ziel der vorliegenden Doktorarbeit ist es deshalb, die Entwicklung von
Gesteinspermeabilitäten und -steifigkeiten aufgrund von Porenraumveränderungen genauer
vorherzusagen.

Für die möglichst exakte Bestimmung physikalischer Gesteinsparameter ist eine
detaillierte Darstellung der Mikrostruktur notwendig. Basierend auf mikro-computer-
tomographischen Scans werden daher hochaufgelöste, dreidimensionale Modelle
typischer Reservoirsandsteine erstellt und Gesteinspermeabilität und -steifigkeit numerisch
berechnet. Um charakteristische Verteilungen von Sekundärmineralen abzubilden, wird
der Porenraum dieser virtuellen Sandsteinproben systematisch verändert und die
resultierenden Auswirkungen auf die granulometrischen, hydraulischen und elastischen
Gesteinseigenschaften bestimmt. Die Ergebnisse zeigen deutlich, dass charakteristische
Fällungsmuster unterschiedlicher geochemischer Reaktionsregime die Permeabilität erheblich
beeinflussen. Folglich ist die Nutzung von porenskaligen Modellen zur Bestimmung
der Porosität-Permeabilitätsbeziehungen unbedingt notwendig. Im Gegensatz dazu ist
die Verteilung von Sekundärmineralen für die Gesteinssteifigkeit nur bei bestimmten
Mikrostrukturen von Bedeutung, hierzu zählen hochporöse Sandsteine oder solche mit
Korngerüst-stützenden Zementierungen. In der Arbeit wird außerdem ein Ansatz zur
Konstruktion granularer Gesteine vorgestellt, welcher sowohl die Kornsedimentation als auch
die diagenetische Verfestigung umfasst. Es wird gezeigt, dass die synthetischen Proben die
mikrostrukturelle Komplexität natürlicher Reservoirsandsteine gut abbilden. Dadurch können
generelle Limitationen von bildgebenden Verfahren überwunden und unterschiedlichste
virtuelle Repräsentationen von granularen Gesteinen generiert werden. Die synthetischen
Proben können zukünftig in virtuellen Experimenten verwendet werden, um die Auswirkungen
von Lösungs- und Fällungsreaktionen auf verschiedene petrophysikalische Korrelationen zu
untersuchen.

Die vorgestellte Arbeit liefert methodische Grundlagen zur Quantifizierung
von Permeabilitäts- und Steifigkeitsänderungen infolge geochemischer Prozesse. Die
berechneten petrophysikalischen Beziehungen basieren direkt auf mikrostrukturellen
Veränderungen des Porenraums. Daher bieten sie eine genauere Vorhersage der
Gesteinseigenschaften als herkömmliche analytische Methoden, wodurch sich die Aussagekraft
von Reservoirmodellen erheblich verbessert. Somit können Risiken, wie Produktivitäts- oder
Injektivitätsverluste sowie Reservoirkompaktion oder Störungsreaktivierung, verringert
werden. Die präsentierten Ergebnisse sind daher relevant für verschiedenste Bereiche
der geologischen Untergrundnutzung wie CO2- oder Energiespeicherung, Geothermie,
Kohlenwasserstoffgewinnung sowie die Erkundung hydrothermaler Lagerstätten.

III





Table of contents

Table of contents

Abstract I

Kurzfassung III

List of figures VII

List of tables IX

List of acronyms and symbols XI

1 Introduction 1
1.1 Challenges regarding chemically induced property changes . . . . . . . . . . . . 1
1.2 Determining petrophysical correlations by pore-scale models . . . . . . . . . . . . 3
1.3 Thesis objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Chapter summary and scientific contribution . . . . . . . . . . . . . . . . . . . . . 5

2 Quantifying rock weakening due to decreasing calcite mineral content
by numerical simulations 7
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Characterisation of the digital sandstone samples . . . . . . . . . . . . . . 10
2.2.2 Numerical determination of effective rock properties . . . . . . . . . . . . 11
2.2.3 Choice of representative sub-cubes . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.4 Dissolution of calcite cementation . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.3.1 Evaluation of the representative sub-cubes . . . . . . . . . . . . . . . . . . 15
2.3.2 Effect of spatial calcite distribution on elastic rock properties . . . . . . . . 16
2.3.3 Impact of calcite cement modulus on elastic rock properties . . . . . . . . 17

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.6 Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 Hydraulic and mechanical impacts of pore space alterations within a sandstone
quantified by a flow velocity-dependent precipitation approach 25
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

3.2.1 Digital rock sample and morphology of the pore space . . . . . . . . . . . 27
3.2.2 Permeability determination and pore space alteration mechanisms . . . . 28
3.2.3 Calculation of elastic rock properties . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.1 Morphology of the pore space . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.3.2 Flow field and permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3.3.3 Elastic rock properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

V



Table of contents

3.4.1 Range of the porosity-permeability relations . . . . . . . . . . . . . . . . . 38
3.4.2 Impact on elastic rock properties . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4.3 Added value of using a velocity-dependent precipitation algorithm . . . . 41

3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Digital rock physics approach to simulate hydraulic effects of anhydrite cement
in Bentheim sandstone 43
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.4 Discussion and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5 Diagenetic trends of synthetic reservoir sandstone properties assessed
by digital rock physics 51
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
5.2 Material and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.2.1 Micro-CT scans of the sandstones . . . . . . . . . . . . . . . . . . . . . . . 53
5.2.2 Computation of granulometric and physical rock properties . . . . . . . . 54
5.2.3 Construction of the unconsolidated synthetic samples . . . . . . . . . . . . 56
5.2.4 Cementation of the synthetic sandstones . . . . . . . . . . . . . . . . . . . 57

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.3.1 Unconsolidated sediments . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
5.3.2 Rock stiffening and granulometry . . . . . . . . . . . . . . . . . . . . . . . 59
5.3.3 Permeability evolution and pore morphology . . . . . . . . . . . . . . . . 62

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.4.1 Cementation scheme to construct synthetic sandstones . . . . . . . . . . . 65
5.4.2 Comparison to analytical approaches . . . . . . . . . . . . . . . . . . . . . 66
5.4.3 Advantages and opportunities of synthetic sandstones . . . . . . . . . . . 68

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6 Discussion 71
6.1 Impact of pore space alterations on permeability . . . . . . . . . . . . . . . . . . . 71
6.2 Relevance of cement distributions for rock stiffness . . . . . . . . . . . . . . . . . 76
6.3 Significance of the presented DRP approach . . . . . . . . . . . . . . . . . . . . . . 77
6.4 Upscaling the governing petrophysical properties . . . . . . . . . . . . . . . . . . 80
6.5 Implications for subsurface utilisation . . . . . . . . . . . . . . . . . . . . . . . . . 81

7 Conclusions and outlook 85

References 89

Publications of the author 105

Acknowledgements 107

Selbstständigkeitserklärung

VI



List of figures

List of figures
1.1 The geological subsurface and its relevance for various areas of the society . . . . 2

1.2 Standard workflow in digital rock physics . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Schematic overview of the interaction between micro-scale chemical
processes and macro-scale rock behaviour . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 Bulk and shear moduli of the Fontainebleau sandstone determined by
numerical simulations, experiments and analytical solutions . . . . . . . . . . . . 10

2.3 Microstructure of the investigated sandstone samples and the respective
grain size distributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4 Numerical determination of the effective elastic rock properties by uniaxial
compression . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.5 Position of the three sub-cubes identified being representative for the
main microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.6 The three examined spatial cementation patterns exemplarily compared for
calcite volume fractions of 10 % and 5 % . . . . . . . . . . . . . . . . . . . . . . . . 14

2.7 Bulk and shear moduli of all sub-cubes decreasing linearly with porosity . . . . . 16

2.8 General trends in stiffness reduction due to calcite cement dissolution,
considering stiff and soft cement moduli for the Fontainebleau and Bentheim
sandstone samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.9 Trends in bulk and shear moduli for the random, partially filled and uniform
calcite distributions compared to experimentally and analytically determined
values of the Fontainebleau sandstone . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 Schematic overview of a typical digital rock physics workflow and the
dependency of flow properties on the location of mineral precipitation . . . . . . 26

3.2 Micro-CT scan of the Bentheim sandstone and the extracted morphological
parameters of the pore space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Schematic workflow of the velocity-dependent precipitation approach . . . . . . 30

3.4 Pressure-dependency of dynamic elastic properties determined by laboratory
measurements and a non-linear regression for the Bentheim sandstone . . . . . . 31

3.5 Morphological pore space alteration for the three precipitation patterns as
well as relevant morphological parameters at a porosity of 15.3 % . . . . . . . . . 33

3.6 Flow regime of the initial microstructure compared to the three spatial
alteration patterns and related changes in connectivity of the pore network . . . 34

3.7 Permeability reduction depending on the spatial precipitation patterns and
related changes on the microstructure at porosities of 15.3 % and 8 % . . . . . . . 35

3.8 Stiffness increase depending on the spatial precipitation patterns and stress
distribution within initial and altered microstructures. . . . . . . . . . . . . . . . . 37

3.9 Simulated permeability decrease depending on the precipitation patterns
compared to porosity-permeability estimates by the Kozeny–Carman and
power law relations with different exponents . . . . . . . . . . . . . . . . . . . . . 39

3.10 Simulated increase in bulk moduli depending on the precipitation patterns
compared to analytical solutions as the Voigt average, Mori–Tanaka approach,
and the Self-consistent scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

VII



List of figures

4.1 Binarised micro-CT scan of the Bentheim sandstone and exemplary
slices through the sample showing the reaction- and transport-controlled
precipitation patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Permeability evolution observed during a core flooding experiment
compared to the calculated porosity-permeability relations . . . . . . . . . . . . . 46

4.3 Evolution of the streamlines and the pore network considering a
transport-controlled reaction regime . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.4 Distribution of the altered throat and pore diameters . . . . . . . . . . . . . . . . 48

5.2 Micro-CT scans of the Fontainebleau, Berea, and Bentheim sandstones and
the respective grain size distributions . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.3 Construction of a synthetic sediment by gravity-driven grain deposition . . . . . 56

5.4 Schematic workflow of the stress-dependent cementation process . . . . . . . . . 57

5.5 Stiffness increase of the synthetic samples cemented by the three different
schemes and related changes in granulometric properties at porosities
of 32.8 % and 14.7 % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.6 Microstructures and related changes in the stress distribution and pore
network of the synthetic Bentheim samples compared to the respective
micro-CT scan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.7 Permeability reduction of the synthetic samples cemented by the three
different schemes and related morphological changes of the pore space at a
porosity of 14.7 % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.8 Distribution of grain sphericities for the three sandstones and granulometric
irregularities of the Berea micro-CT scan causing reduced sphericities . . . . . . . 65

5.9 Stiffness evolution of the synthetic samples cemented by the three different
schemes compared to analytical solutions . . . . . . . . . . . . . . . . . . . . . . . 67

5.10 Permeability evolution of the synthetic samples cemented by the three
different schemes compared to analytical solutions as well as cross-trends for
permeability and bulk modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.1 Simulated permeability reductions due to mineral precipitation compared to
analytical estimates and results from other studies. . . . . . . . . . . . . . . . . . . 72

6.2 The two major categories of cements within the pore space of granular rocks . . . 75

6.3 Different granular microstructures and the resulting requirement of using
digital pore-scale models to determine the stiffness evolution . . . . . . . . . . . . 77

6.4 A micro-CT scan compared to a synthetic rock sample . . . . . . . . . . . . . . . . 78

6.5 Multi-scale approach to upscale micro-scale findings to reservoir models . . . . . 81

VIII



List of tables

List of tables
2.1 Bulk and shear moduli for selected minerals to compute effective elastic

sandstone properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Bulk and shear moduli of both digital sandstone samples and their correlation
to porosity considering all sub-cubes . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3 Porosity as well as bulk and shear moduli of the representative sub-cubes . . . . 15

2.4 Percentage reduction in bulk and shear moduli resulting from the removal
of 5 % and 10 % calcite by volume . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1 Bulk and shear moduli for all minerals used to compute effective elastic
rock properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Morphological parameters of the initial pore space compared to
the microstructures altered by the three spatial precipitation patterns
(HFV, uniform and LFV) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Hydraulic properties of the initial pore space compared to the microstructures
altered by the three spatial precipitation patterns (HFV, uniform and LFV). . . . . 36

4.1 Porosities and permeabilities along a 0.5 m Bentheim core observed during a
core flooding experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.1 Image size, resolution and granulometric properties of the investigated
micro-CT scans (Fontainebleau, Berea and Bentheim sandstones). . . . . . . . . . 53

5.2 Granulometric, hydraulic and mechanical properties of the three
unconsolidated synthetic sandstones (Fontainebleau, Berea and Bentheim). . . . 58

5.3 Mechanical and related granulometric properties of the micro-CT scans and
the synthetic sandstone samples cemented by the three different schemes . . . . 62

5.4 Hydraulic and related geometric properties of the micro-CT scans and the
synthetic sandstone samples cemented by the three different schemes . . . . . . . 64

IX





List of tables

List of acronyms and symbols

Abbreviations
CO2 Carbon dioxide
CS Combined contact-cement and stiff-sand model
DEM Discrete element method
DRP Digital rock physics
HFV High flow velocities
HS Hashin-Shtrikman
Micro-CT Micro-computed tomography
MT Mori-Tanaka
LFV Low flow velocities
SCS Self-consistent scheme
3D Three-dimensional

Symbols
A Strain-localisation tensor -
C Stiffness tensor -
d Diameter µm
E Elastic modulus GPa
G Shear modulus GPa
I Identity tensor -
K Bulk modulus GPa
k Permeability m2

l Length m
P Pressure MPa
r2 Coefficient of determination -
S Eshelby tensor -
T Influence tensor -
v Velocity m/s
α Aspect ratio -
ε Strain -
ν Poisson coefficient -
µ Viscosity Pa·s
ρ Density kg/m3

φ Porosity -
σ Standard deviation -
ψ Sphericity -

Indices
h Horizontal components
v Vertical component
x Component in x-direction
y Component in y-direction
z Component in z-direction
0 Initial value
η Exponent (power law)

XI





C
ha

pt
er 1

Introduction
The geological subsurface provides numerous resources and is of substantial relevance

for various areas of the society, such as the supply of drinking water, energy and raw materials
or the disposal of nuclear waste (Figure 1.1). Since the European energy consumption is
covered to a large extent by oil and gas (EUROSTAT 2020), hydrocarbons are still of significant
importance for energy provision. Nevertheless, the transition from fossil to renewable sources is
essential for a future sustainable energy supply and mitigation of climate change effects. The
geological subsurface can contribute to the security of energy provision by offering large storage
capacities, e.g., for compressed air, synthetic methane, heat or hydrogen (Bauer et al. 2013).
Moreover, geothermal energy is an ubiquitous resource comprising shallow ground source
heating and cooling as well as heat and power generation from deep hydro- or petrothermal
reservoirs (Barbier 2002). Besides that, carbon capture and storage in deep geological formations
is a promising technology to reduce greenhouse gas emissions (Carroll et al. 2016), and thus
mitigate climate change.

The evolution of natural and engineered subsurface systems is controlled by interacting
effects of thermal, hydraulic, mechanical and (bio)chemical processes. For a successful
resource exploration as well as the prediction of induced short- and long-term effects of a
specific subsurface utilisation, an adequate characterisation of the involved processes is
essential. A particular challenge is the quantification of chemically induced property changes.
Geochemical fluid-rock interactions such as dissolution and precipitation of minerals alter the
microstructure of rocks. This in turn affects their transport and mechanical behaviour at the
macro scale, and thereby governs the evolution of geological systems.

1.1 Current challenges regarding chemically induced
rock property changes

In general, mineral precipitation reduces porosity as well as permeability and stiffens
the rock, whereas dissolution increases porosity as well as permeability and weakens the
rock (Figure 1.1). Nevertheless, the effect on hydraulic and mechanical properties may be either
negligible or significant depending on the specific spatial alterations of the microstructure.
Hence, predicting these rock property changes has a wide practical importance for numerous
natural geological systems and engineered applications.

In the context of geothermal energy systems, precipitation of secondary minerals can lead
to a successive clogging of pores, and hence to a damage of reservoir permeability. Scaling can
occur during heat production (Huenges and Ledru 2011; Regenspurg et al. 2015) or cooled-water
injection (Horne 1985; McLin et al. 2006) due to changes in temperature, pressure or fluid
chemistry. For example, at the geothermal site Groß Schönebeck (Germany), fluid–casing–rock
interactions lead to a massive precipitation of native copper, barite and laurionite minerals,
causing decreasing production rates (Regenspurg et al. 2015; Regenspurg et al. 2017).
Moreover, a number of geothermal projects were unsuccessful, since they failed to predict
the hydraulic reservoir properties (Wagner et al. 2005), such as Neuruppin and Allermöhe in
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Chapter 1: Introduction 1.1. Challenges regarding chemically induced property changes

Field scale Pore scale 
e.g., secondary mineral precipitation

Figure 1.1: The geological subsurface is of essential relevance for the supply of drinking
water, energy and raw materials or the disposal of nuclear waste. Coupled processes alter
the microstructure of rocks, what in turn affect their macro-scale physical behaviour, and
thereby govern the evolution of subsurface systems. For example, the precipitation of
secondary minerals (yellow) reduces reservoir permeability near an injection well.

the North German basin. At these sites, local anhydrite cementation within the pore space
drastically reduced permeability (Pape et al. 2005). Besides that, the precipitation of salt by
pore water evaporation can cause massive injectivity loss (Kleinitz et al. 2003). Halite scales are
observed within the scope of natural gas production (André et al. 2014), enhanced geothermal
systems (Borgia et al. 2012), and CO2 storage (Miri and Hellevang 2016). Moreover, geochemical
reactions govern the occurrence and spatial distribution of potential mineral resources, since
hydrothermal fluids can change the efficiency of fluid circulation in the respective host
rocks (Heap et al. 2020; Ingebritsen and Appold 2012).

Fluid-rock interactions can further substantially affect mechanical rock properties, since,
e.g., hydrothermal alterations may weaken geological fractures (Meller and Kohl 2014)
and fault zones (Heinicke et al. 2009) up to their reactivation. Moreover, the injection
of CO2 may imply chemical reactions between acidified pore fluids and the host rock.
Consequently, a chemically induced reduction in mechanical properties is of relevance
especially for carbonates (Bemer et al. 2016; Lebedev et al. 2017) or carbonate-cemented
sandstones (Lamy-Chappuis et al. 2016; Wu et al. 2020b). A reduced reservoir stiffness can induce
stress transfer to adjacent strata and may reactivate natural fractures or faults (Rinehart et al. 2016;
Sun et al. 2018). Besides that, a substantial weakening could further lead to compaction of the
microstructure (Wu et al. 2020b), which in turn would affect the efficiency of the sequestration
process (Khather et al. 2017; Rathnaweera et al. 2016).

As outlined, the precipitation and dissolution of minerals can crucially alter the hydraulic
and mechanical rock properties. Hence, quantifying these changes and considering them in
field-scale numerical models is essential to predict the time-dependent reservoir behaviour.
However, the specific microstructural changes related to different geochemical processes and the
resulting evolution of hydraulic and elastic parameters are only insufficiently characterised, yet.
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Due to lack of alternatives, analytical and empirical relations are often used in
reservoir models to describe permeability (Xie et al. 2015; Yasuhara et al. 2012) and stiffness
changes (Nguyen et al. 2016; Pang et al. 2019). The Kozeny–Carman (1927, 1937) and
Verma–Pruess (1988) equations as well as the power law are widely used to describe
porosity-permeability relationships, whereas the equations of Eberhart-Phillips et al. (1989)
or Wyllie et al. (1956) are used to predict seismic wave velocities depending on porosity.
Besides these theoretical concepts, effective medium approaches estimate elastic rock properties
by simplifying pores and grains as spheres or ellipsoids (Eshelby 1957; Hashin and
Shtrikman 1963; Kuster and Toksöz 1974). Nevertheless, their predictive capabilities remain
limited, since they do not consider the detailed microstructure of natural rocks (Arns et al. 2002;
Mostaghimi et al. 2013). Mostaghimi et al. (2013) showed that the Kozeny–Carman equation may
significantly overestimate the permeability, specifically for complex, tortuous, heterogeneous
or poorly connected porous media. Moreover, Arns et al. (2002) demonstrated that several
analytical approaches lead to considerably higher bulk and shear moduli than determined by
laboratory experiments. Since these analytical approaches do not reflect complex microstructural
changes, they are unable to predict the property evolution especially for dynamic processes
such as geochemical reactions (Beckingham 2017; Hosa and Wood 2020).

1.2 Determining petrophysical correlations
by digital pore-scale models

Reservoir models use a simplistic description of geochemical processes that actually take
place at the micro scale. Hence, for a reliable prediction of evolving rock properties in field-scale
numerical models, it is necessary to depict the chemically induced microstructural alterations,
such as changes in the shape and size of grains, pores and throats. Recent advances in imaging
techniques and computational power enable to numerically simulate various physical processes
based on highly resolved rock images, comprising multi-million elements. This relatively new
research field of digital rock physics (DRP) links the microstructure of rocks to their macroscopic
behaviour, and thereby provide detailed insights into the interactions between different coupled
processes (Andrä et al. 2013a).

The standard DRP methodology comprises three main steps (Blunt et al. 2013), which
are exemplary illustrated in Figure 1.2: (1) The imaging of the microstructure is commonly
done by micro-computed tomography (micro-CT) to obtain a three-dimensional representation
of the rock, which depicts the complexity of the pore space regarding the size, shape
and roughness of grains as well as the connectivity of pores. (2) A segmentation of the
digital image is necessary to separate pore space and mineral phases from the original
grey-scale image based on their intensities. This step includes image processing such as
spatial filtering, noise removal and finally thresholding. (3) The obtained microstructure of
the rock is used to numerically compute hydraulic (Herring et al. 2017; Mostaghimi et al. 2013),
mechanical (Shulakova et al. 2017; Tsuji et al. 2019), electrical (Keehm et al. 2001;
Wu et al. 2020b) or thermal properties (Ettemeyer et al. 2020; Schepp et al. 2020) mainly
for sandstones (Herring et al. 2019; Madonna et al. 2012; Saenger et al. 2016a) and
carbonates (Faisal et al. 2017; Saenger et al. 2016b; Singh et al. 2020), but recently also for
shales (Wu et al. 2020a) or volcanic rocks (Schepp et al. 2020).
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(1) Imaging (2) Segmentation (3) Rock property calculation

Figure 1.2: The typical workflow in digital rock physics (DRP) is exemplary visualised for a
core of a Bentheim sandstone. After imaging the microstructure, the sample is segmented to
separate pore space and grain phases. Finally, the flow field (high velocities - dark blue, low
velocities - light blue) is calculated to determine its permeability.

Numerically predicted elastic properties and permeabilities are often compared to
laboratory measurements (Andrä et al. 2013b; Saxena et al. 2019b; Shulakova et al. 2013) or used
to visualise microstructural changes during experiments (Baek et al. 2019; Godinho et al. 2016;
Luquot et al. 2016). Nevertheless, a systematic virtual alteration of samples has rarely been
done up to now (Niu and Zhang 2019; Noiriel et al. 2016), even though it provides the
possibility to reduce uncertainties in reservoir evolution by determining fundamental rock
property relations (Berg et al. 2017). In contrast to laboratory experiments, which often result in
sample destruction, DRP allows to perform multiple numerical tests on exactly the same sample.
Moreover, many microstructural parameters can be directly extracted from digital images, but
are difficult to determine experimentally (Blunt et al. 2013). With all these advantages, DRP
represents a good complement to laboratory experiments and field tests, which are time and
cost-intensive in the preparation and execution.

Nevertheless, the accuracy of the property prediction is restricted by several factors:
(1) The resolution of scanned images is essential to adequately represent all relevant rock
components. Often complex microstructural features, such as small pores, micro-cracks
and grain-to-grain contacts, are insufficiently resolved. This leads to calculated elastic
properties, which are consistently higher than laboratory measurements (Madonna et al. 2012),
especially for more porous and less consolidated samples (Saxena et al. 2017). (2) Image
segmentation, which includes spatial filtering, noise removal and thresholding, contributes to
the uncertainty in perfectly distinguishing grains from pores, in particular for very complex
structures (Kanit et al. 2003; Saxena et al. 2017). (3) The representativeness of the virtual samples
determines further the quality of the predicted physical properties. Sizes of the micro-CT scans
are generally in the range of millimetres, whereas laboratory samples have proportions of several
centimetres (Andrä et al. 2013b; Saxena and Mavko 2016; Shulakova et al. 2013). Hence, the
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investigated samples have a high resolution but a low spatial coverage, whereas relevant larger
irregularities may not be considered sufficiently. In addition, highly resolving micro-CT scanners
are still not widely available and imaging is costly and time consuming (Karimpouli et al. 2020).
These general limitations could be overcome by virtually constructed samples with defined
sizes, sorting and shapes of grains, provided that they comprise the microstructural complexity
of natural granular rocks.

1.3 Thesis objectives
The evolution of natural and engineered subsurface systems can be affected by

geochemical processes, which substantially alter the microstructure of rocks, and thereby change
their hydraulic and mechanical behaviour. Based on the previous explications, three main
research objectives are formulated in order to improve the prediction of changes in physical
properties resulting from pore-scale alterations of reservoir sandstones:

• The first objective comprises the simulation of relevant microstructural alterations
due to mineral precipitation and the determination of resulting permeability
changes, evaluating in which cases the use of pore-scale models is particularly
required (Chapter 3 and 4).

• The second objective of this thesis is to investigate the effect of secondary mineral
distributions on sandstone stiffness, aiming to assess the possible bandwidth of
elastic property changes (Chapter 2 and 3).

• The third objective is the systematic generation of synthetic sandstone samples,
which capture the complexity of natural granular rocks in order to flexibly produce
adequate and variable approximations of porous media (Chapter 5).

1.4 Chapter summary and scientific contribution
The following section summarises the four articles of this cumulative doctoral thesis, which

are published in international peer-reviewed journals. The studies are presented in Chapter 2 to 5,
whereas the main findings are comprehensively discussed in Chapter 6. Conclusions with respect
to the thesis objectives and an outlook for future research are given in Chapter 7.

The contributions of the authors to the manuscripts are equal for all of the four publications,
and therefore listed initially once. As first author, I was designing and performing the research
as well as analysing the data and illustrating the simulation results. I was mainly responsible for
the manuscript preparation and revision. My co-authors Thomas Kempka and Michael Kühn
supervised my related scientific activities and contributed to the elaboration of the manuscripts.

In Chapter 2, based on micro-CT scans of two sandstone samples elastic properties are
calculated depending on a calcite cementation within the pore space. In order to examine the
maximal effect of possible cementation patterns, three general spatial mineral distributions are
considered. In contrast to a uniform grain coating and partial filling of the pore space, a random
cement distribution notably stiffens the rock. The effect of a stiffer and softer cement phase is
investigated, whereby also considerably softer calcite moduli induce a significant increase in
elastic properties. The study further demonstrates an improved accuracy in predicting elastic
rock properties by highly resolved sandstone samples compared to widely-used analytical
methods. This chapter is published as"Quantifying rock weakening due to decreasing calcite mineral
content by numerical simulations" in Materials, and cited as Wetzel et al. (2018) in the following.
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Characteristic distributions of secondary minerals are approximated for two contrasting
geochemical reaction regimes in Chapter 3. For that purpose, calcite precipitation within
the pore space is correlated with the local flow velocity. Besides the stiffness, also the
evolution of the pore morphology and permeability is evaluated for the sandstone samples.
Preferential precipitation in regions of high velocity magnitudes can be associated with a
transport-controlled reaction regime. It is characterised by a predominant clogging of pore
throats and results in a drastic permeability decrease. Uniform mineral growth around grains
can be linked to reaction-controlled precipitation, whereby permeability reduction is less
pronounced. The results of this study demonstrate that the location of precipitation strongly
affects the permeability with variations of up to four orders in magnitude, whereas the impact on
elastic rock properties is limited. The chapter is published as "Hydraulic and mechanical impacts of
pore space alterations within a sandstone quantified by a flow velocity-dependent precipitation approach"
in Materials, and in the following cited as Wetzel et al. (2020a).

In Chapter 4, the approach presented in Wetzel et al. (2020a) is applied to describe the
chemical reaction regime of an anhydrite-cemented sandstone. Porosity-permeability relations
are determined for reaction- and transport-controlled precipitation regimes. The strong decrease
in permeability observed within a core flooding experiment, can be approximated by a
transport-controlled precipitation regime assuming mineral growth in regions of high flow
velocities with dominant clogging of pore throats. The chapter is published as "Digital rock
physics approach to simulate hydraulic effects of anhydrite cement in Bentheim sandstone" in Advances
in Geosciences, and cited as Wetzel et al. (2020b) in the following.

In order to overcome some general limitations of micro-CT scans, Chapter 5 presents
a process-based approach to construct synthetic sandstone samples. It comprises the
gravity-driven deposition of irregular grains and their consolidation by three different schemes.
Neither the pure contact cementation nor a uniform quartz overgrowth produce synthetic
samples with physical properties comparable to the respective natural sandstones. Only the
stress-dependent combination of both approaches is able to generate synthetic samples, which
are equivalent to the micro-CT scans and allow further to examine diagenetic trends in geometric,
transport and mechanical parameters. The chapter is published as "Diagenetic trends of synthetic
reservoir sandstone properties assessed by digital rock physics" in Minerals, and in the following cited
as Wetzel et al. (2021).

In addition to these four publications, another manuscript has been published within
the time of this thesis. This study is not part of the dissertation, but briefly summarised in
the following for the sake of completeness. Wetzel et al. (2017) compare numerically calculated
elastic rock properties for five general microstructures with analytical solutions as well as
laboratory measurements. The agreement between simulated and experimentally determined
elastic moduli is significantly improved, when detailed spatial information are employed. Since,
the calculated elastic properties may deviate by up to 230 % for the same mineral composition, it
is demonstrated that considering specific microstructures is of paramount importance to reliably
predict rock stiffness.
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Quantifying rock weakening
due to decreasing calcite mineral content
by numerical simulations

ABSTRACT
The quantification of changes in geomechanical
properties due to chemical reactions is of
paramount importance for geological subsurface
utilisation, since mineral dissolution generally
reduces rock stiffness. In the present study,
the effective elastic moduli of two digital
rock samples, the Fontainebleau and Bentheim
sandstones, are numerically determined based
on micro-CT images. Reduction in rock stiffness
due to the dissolution of 10 % calcite cement by
volume out of the pore network is quantified for
three synthetic spatial calcite distributions (coating,
partial filling and random) using representative
sub-cubes derived from the digital rock samples.
Due to the reduced calcite content, bulk and

shear moduli decrease by 34 % and 38 % in
maximum, respectively. Total porosity is clearly
the dominant parameter, while spatial calcite
distribution has a minor impact, except for a
randomly chosen cement distribution within the
pore network. Moreover, applying an initial
stiffness reduced by 53 % for the calcite cement
results in a slightly weaker mechanical behaviour,
only. Using the quantitative approach introduced
here substantially improves the accuracy of
predictions in elastic rock properties compared to
general analytical methods, and further enables
quantification of uncertainties related to spatial
variations in porosity and mineral distribution.

2.1 Introduction
Mineral dissolution and precipitation are micro-scale processes, which may significantly

change the mineralogical composition and microstructure of rocks, and consequently affect the
effective mechanical rock behaviour at the macro scale. Predicting these changes has a wide
practical importance in applied sciences and materials engineering, especially for hydraulically
conductive materials where reactive transport takes place (Figure 2.1): hydrothermal alterations
may weaken geological fractures (Meller and Kohl 2014) and fault zones up to their
reactivation (Heinicke et al. 2009), chemical degradation of cements may influence the integrity of
wells (Choi et al. 2016; Li et al. 2015) and mineral dissolution can lead to significant weakening of
geological reservoirs (Bemer et al. 2016; Lamy-Chappuis et al. 2014). Hence, the quantification
of this direct chemical-mechanical interaction is of substantial relevance within the context
of risk assessment for most applications related to geological subsurface utilisation such as
geothermal energy systems (Blöcher et al. 2016; Hofmann et al. 2014; Jacquey et al. 2016),
enhanced oil recovery (Hoteit and Chawathe 2014; Liu et al. 2016), radioactive waste
disposal (Alexander et al. 2015; Fall et al. 2014), underground coal gasification (Otto and
Kempka 2017; Otto et al. 2016) and CO2 or geological energy storage (De Lucia et al. 2015;
Hangx et al. 2015; Klein et al. 2013).
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Figure 2.1: (a) Chemical processes at micro scale, as the precipitation and the dissolution of
minerals, can significantly weaken or strengthen a rock, which affects coupled processes at
the macro scale. (b) This is of particular relevance for risk assessment within the context of
geological subsurface utilisation, e.g., to assess potential well leakage, reservoir integrity
and fault reactivation.

The main factors contributing to macro-scale elastic rock properties are microstructure
and mineral volume fractions as well as the constituent moduli. In addition to the experimental
determination of elastic parameters due to changes in rock composition (Bemer et al. 2016;
Vialle and Vanorio 2011), a variety of analytical and numerical methods for their calculation
exists (Section 2.6). Relatively simple approximations are bounding methods, which predict
upper and lower limits of the moduli for any given composition, as the estimates introduced
by Voigt (1889) and Reuss (1929), respectively. Both methods average parameters based on the
volume fractions of the rock constituents, while the narrower Hashin-Shtrikman (Hashin and
Shtrikman 1963) bounds allow additional consideration of a spherical shape of these components.
The soft-sand and its counterpart the stiff-sand model (Dvorkin and Nur 1996) are based
on sphere pack assumptions (Hertz 1881; Mindlin 1949) and further take into account grain
cementation. Both models are used for granular high-porosity rocks (Mavko et al. 2009) and are
limited to only two components: fluid and rock.

Traditional mean-field homogenisation schemes have the advantage of considering
ellipsoidal inclusions of multiple components and are used to address several rock
types (Arns et al. 2002; Maghous et al. 2014; Nicolás-López and Valdiviezo-Mijangos 2016;
Zhao et al. 2016). These schemes are based on Eshelbys (1957) solution of one
ellipsoidal inhomogeneity embedded in an infinite medium and involve the dilute
scheme (Withers et al. 1989), the Self-consistent approximation (Hill 1965) as well as the
Mori-Tanaka approach (Mori and Tanaka 1973). The simple dilute scheme neglects any
mechanical interaction between neighbouring inclusions, and is therefore only valid for
low-volume fractions. The Mori-Tanaka approach considers the interaction between the
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inclusions, but their effects on matrix properties are neglected. Therefore, it is only valid for
inclusion volume fractions of up to 20–30 % (Giraud et al. 2007; Parsaee et al. 2016), whereas the
Self-consistent approximation is valid for higher inclusion volume fractions (Klusemann and
Svendsen 2010), since it considers no clear matrix phase and the effective medium is assumed
to be a component itself. However, none of the analytical models can determine elastic rock
parameters for multi-component systems over a broad range of volume fractions and complex
rock microstructures (Pettermann et al. 2010; Sherzer et al. 2017; Zhuang et al. 2017).

Despite their higher computational demand, numerical models are more flexible
regarding the number of constituents and complex geometries. These are further used
to quantify the influence of pore network and inclusion geometries, using artificial
microstructures (Suvorov and Selvadurai 2011; Tsesarsky et al. 2016; Wetzel et al. 2017) or
simulating sedimentation processes (Sain 2010). Further, petrophysical properties of rocks can
be calculated based on 3D images derived from micro-CT scans. The resulting model geometries
consider a more realistic microstructure regarding the shape of single grains, cements and the
overall pore network (Dvorkin et al. 2011; Sell et al. 2016). Digital rock physics in view of a
virtual laboratory have the advantage of offering a non-destructive method with immediate
access to rock parameters. Moreover, the same rock sample can be examined under varying
testing conditions or mineral compositions (Saxena 2015).

Present numerical models employ calculation techniques to determine
static (Griffiths et al. 2014; Roberts and Garboczi 2002) and dynamic moduli (Saenger 2008)
mainly for reservoir rocks such as sandstones (Dvorkin and Nur 2009; Han et al. 2014)
and carbonates (Saenger et al. 2016a; Shulakova et al. 2017), but also for
shales (Goodarzi et al. 2016). However, there is still a discrepancy between the achieved
numerical estimates of mechanical properties derived from micro-CT images and
laboratory data, where, regardless of the numerical approach, the simulated moduli
are systematically higher (Andrä et al. 2013b; Saxena et al. 2017). Uncertainties resulting
from micro-CT image processing and the applied segmentation method may contribute
to these deviations. Another reason for this numerical overestimation is the inability to
fully characterise micro heterogeneities such as grain contacts, small-scale pores and crack
networks (Madonna et al. 2012; Shulakova et al. 2013). Furthermore, the effective properties
of the mineral phases may be significantly lower than those listed in Mavko et al. (2009), as
illustrated by Mahabadi et al. (2012) who determined the mean elastic modulus of quartz by
micro-indentation testing and demonstrated that its actual value is 15 GPa below that in the
standard table. Nevertheless, improving the computational workflow is ongoing research
in DRP (Madonna et al. 2012; Saenger et al. 2016b), with numerical calculations providing
already better estimates of bulk (K) and shear moduli (G) than analytical solutions for certain
microstructures (Figure 2.2).

The present study employs a numerical approach to quantify changes in elastic rock
properties, resulting from assumed mineralogical changes within the microstructure. For that
purpose, 3D models of two sandstones are used, whereby calcite cement precipitated in the pore
network is successively reduced. Since detailed micro-CT data on the development of the spatial
calcite distribution in a reference volume are not yet publicly available, the general effect of its
spatial distribution is examined by three different geometrical arrangements, including a random
distribution, partial filling and uniform coating around the grains. In this context, we also
considered the impact of initial elastic moduli of the calcite cement. The simulated mechanical
parameters are discussed in the context of widely used state-of-the-art analytical solutions.
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Improving the quantification of changes in elastic properties as well as the determination of
uncertainties related to spatial variations in porosity and mineral distribution are the objectives
of our study. The investigated scenario is especially of interest within the context of geological
subsurface utilisation at operational time scales (e.g., 30–50 years), where changes in elastic
properties are of particular relevance to assess reservoir, caprock and fault integrity.
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Figure 2.2: State-of-the-art analytical solutions as the Mori-Tanaka approach (MT,
dotted line) and the Self-consistent scheme (SCS, dashed line) overestimate the
experimentally determined (a) bulk and (b) shear moduli (black-filled circles) of the
Fontainebleau sandstone (Han 1986), while numerical simulations (empty circle) based
on a micro-CT scan (Andrä et al. 2013b) result in substantially better estimations.

2.2 Materials and methods
2.2.1 Characterisation of the digital sandstone samples

In the present study, digital rock samples of the Fontainebleau and Bentheim sandstones
are used, which have been comprehensively examined as reference rocks for reservoir
engineering applications (Gomez et al. 2010; Klein and Reuschlé 2003). The available
binary datasets are segmented and comprise only grains and intergranular porosity. Both
rocks represent fine-grained sandstones (Figure 2.3b) and are homogeneous and isotropic
at the investigated scale (David et al. 2013). The quasi-pure Fontainebleau sandstone
consists of well-sorted monodisperse quartz grains (Bourbie and Zinszner 1985), whereby
its elastic properties have been studied over a wide range of porosities (Han 1986). The
microstructure of the Fontainebleau sample employed here derives from the DRP benchmark
of Andrä et al. (2013b) and has a resolution of 288 × 288 × 300 voxels with an edge length
of 7.5 µm (Figure 2.3a). The total porosity of this digital sample is 14.7 %, with a mean
grain diameter of 244 µm, calculated by means of the image processing software package
ImageJ (Schindelin et al. 2015) using a watershed segmentation and particle analysis. The
Bentheim sandstone consists besides its main constituent quartz of the minor components
kaolinite (3 %) and orthoclase (2 %) (Klein and Reuschlé 2003). Nevertheless, the provided
microstructure by Alhashmi et al. (2016) only comprises a binary dataset. With 10003 voxels and
an edge length of 3 µm, it has a considerably higher resolution than the digital Fontainebleau
sample. Further, the Bentheim sandstone has a higher porosity (21.6 %), a lower mean grain
size (190 µm) and a slightly wider particle size distribution (Figure 2.3b). Since effective elastic
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moduli are considerably influenced by rock microstructure (Saenger 2008) and differences due
to micro-CT resolution should be avoided, the comparability of the microstructures is achieved
by an equivalent voxel size, which is scaled to the average grain size. For the Fontainebleau
sandstone, 35 voxels characterise an average grain, while the overall resolution of the Bentheim
sample has to be reduced to 5003 voxels with an edge length of 6 µm to ensure a comparable
representation of 32 voxels per grain.
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Figure 2.3: (a) Size and resolution of the binary micro-CT scans for the digital sandstone
samples (Alhashmi et al. 2016; Andrä et al. 2013b). The voxel edge length of the original
Bentheim microstructure is reduced to 6 µm to achieve a grain resolution equivalent to the
Fontainebleau microstructure. (b) Both sandstones have similar grain size distributions,
while the Bentheim sandstone has a slightly wider distribution in particle size.

2.2.2 Numerical determination of effective rock properties
The effective elastic rock properties are computed with the open source finite element

software package Code_Aster (Electricité de France 2017) by performing digital uniaxial
compression tests on the 3D microstructure of the previously introduced sandstone samples.
Here, static rock moduli are determined by solving the equations of linear elasticity. Both, static
and dynamic approaches are applicable to materials with heterogeneities and produce similar
results (Saenger 2008). For digital uniaxial compression testing, orthogonally-mixed boundary
conditions are used (Cho et al. 2017; Huang et al. 2013). A small uniform normal strain of 0.1 % of
the sample edge length is assigned at one boundary face, while displacements perpendicular to
its opposite face and two adjacent boundaries are prohibited. Thereby, the sample is compressed
and strain is forced to develop in the two unconstrained directions (Figure 2.4). Young modulus
and Poisson ratio are calculated considering the mean stresses and strains along the boundary
faces of the cubic sample. Elastic parameters for each orientation are obtained by loading the
sample in the respective spatial direction, whereby potential anisotropy can also be determined.
Unless otherwise noted, the effective elastic moduli are the mean values, resulting from the
three different orthogonal loading directions. The initial parameters of the minerals are standard
values, listed in Table 2.1. Pore space is modelled under dry conditions to ensure comparability
with the data provided by Andrä et al. (2013b).
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Table 2.1: Bulk (K) and shear (G) moduli for selected minerals to compute effective elastic
rock properties.

Mineral K (GPa) G (GPa) Reference

Quartz 37.0 44.0 Mavko et al. 2009
Calcite 74.8 30.6 Mavko et al. 2009
Calcite (amorphous) 35.5 14.0 Faatz et al. 2005
Pore space * 1 × 10 −4 3 × 10 −6

* negligibly small moduli are applied to represent porosity in Code_Aster

Figure 2.4: Effective elastic properties are calculated using the stress-strain behaviour of the
normalised digital rock sample. For that purpose, a small strain is applied at one boundary
face (z = 1), while roller boundaries fix the displacements perpendicular to its opposite face
(z = 0) and two adjacent boundaries (x = 0, y = 0).

2.2.3 Choice of representative sub-cubes
A sub-sampling method is used to decompose the microstructure in a specific number of

sub-cubes, which all together represent the main structure (Figure 2.5). This workflow improves
the processing efficiency and results in substantially lower computational times, which is
especially relevant for multi-million voxel micro-CT scans. Microstructures are often divided
into regular adjacent cubes, which are separated (Dvorkin and Nur 2009) or overlapping each
other (Saenger et al. 2016a), but also non-neighbouring sub-volumes or a random selection
can be employed for that purpose (Łydzba et al. 2016; Wojtacki et al. 2014). In our approach,
the Fontainebleau sandstone is randomly decomposed into 30 sub-cubes of 1003 voxels each,
with an allowed overlap of 34 % in maximum. Since we calculate the effective elastic properties
on the full micro-CT scan resolution, the employed methodology is validated against the
benchmark of Andrä et al. (2013b), who used the method of Garboczi (1998) to determine the
elastic parameters. In this context, they determined a bulk modulus of 24.3 GPa and shear
modulus of 26.6 GPa, while our mean values are 24.8 GPa and 26.1 GPa, respectively (Table 2.2).
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Figure 2.5: (a) The entire microstructure of the Fontainebleau sandstone consists of
24.8 million voxels and is randomly decomposed into 30 sub-cubes (grey) (b) comprising
1 million voxels each. Three sub-cubes are identified (blue) being representative for the main
microstructure and are further used in our simulations to quantify changes in elastic rock
properties due to variations in the calcite volume fraction.

Table 2.2: Bulk (K) and shear (G) moduli of both digital sandstone samples and their
correlation to porosity considering all sub-cubes.

Digital
sample

Modulus of
elasticity

Mean value
(GPa)

Mean directional
difference (GPa)*

r2

(Mean value)
r2 (Three

spatial directions)

Fontainebleau K 24.8 4.7 0.90 0.68
G 26.1 4.6 0.94 0.78

Bentheim K 20.4 9.3 0.84 0.65
G 19.6 9.5 0.93 0.79

* difference between maximum and minimum bulk and shear moduli for the three spatial loading directions.

The considerably larger microstructure of the Bentheim sandstone is decomposed
randomly into 60 non-overlapping sub-cubes under consideration of the same grain resolution
as applied for the Fontainebleau sandstone. Thus, 48 % of the rock volume is sub-sampled.
Calculating the mechanical properties only for a part of the whole sample will give reasonable
results, since Faisal et al. (2017) proposed that sampling of a volume fraction of 40–55 %
by non-overlapping cubes is sufficient to determine effective moduli. The resulting elastic
properties and porosities vary for each of the sub-cubes and are discussed in Section 2.3.1.
By decomposing the whole structure in smaller sub-volumes, three representative sub-cubes are
identified for each rock. These sub-cubes are chosen by means of two criteria: (1) isotropy of
elastic rock properties and (2) range of porosity variation. Both criteria support the representation
of the range of uncertainty based on the rock microstructure. The resulting sub-cubes are used
for our subsequent simulations to assess the change in elastic rock properties due to the removal
of calcite cement.

2.2.4 Dissolution of calcite cementation
Former simulations, which investigated variations in elastic properties due to

rock alteration, either assumed changes in its microstructure (Wojtacki et al. 2014;
Wojtacki et al. 2017) or used micro-CT scans in advance of and subsequent to a dissolution
experiment (Shulakova et al. 2017). In all cases, only binary systems have been investigated,
focussing on the porosity development due to solid phase degradation. Since quartz is hardly
soluble at operational timescales in geological subsurface utilisation, we consider a mineral

13
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system consisting of three components: quartz grains, calcite cement and pore space. In this
context, precipitated calcite cement within the pore network of the initial digital sandstone
samples is assumed, as calcite has a high solubility, fast reaction kinetics and is almost ubiquitous
in sedimentary rocks. Consequently, dissolution of calcite cement can lead to substantial rock
alteration and weakening. Since reactive transport simulations at pore network scale are out of
the scope of the present study, three different approaches to address the dissolution of calcite
cement are employed and compared here.

The pore space of the two initial sandstone microstructures is filled with calcite cement
up to a volume fraction of 10 %, whereby the sandstone is reinforced compared to the original
microstructure. The permeability of the Fontainebleau sandstone amounts to about 10 Millidarcy
for an effective porosity of 5 % by means of the Kozeny–Carman relation (Gomez et al. 2010).
Even though this represents a relatively low reservoir permeability, the rock is not impervious
to fluid flow. Further, the impact of spatial cement distribution is investigated by three
general calcite arrangements, which are straightforward to implement: (1) random distribution,
(2) partial filling and (3) uniform coating around the grains (Figure 2.6a). These three basic
geometries are used to quantify the general impact of the spatial calcite distribution and to
assess if a more complex precipitation pattern, i.e., generated by reactive transport simulations
at pore scale, is required for the purpose of the present study. The relative changes in effective
elastic properties are quantified by numerical simulations, considering a successive removal
of the hypothetical calcite cement (Figure 2.6b). For some binary microstructures, weaker
moduli of the mineral phase quartz are assigned to the grain contact cements, so that the
simulated values become consistent with the measured ones (Knackstedt et al. 2009). Since

 

a) 10 % calcite cement by volume

Random distributionUniform coating Partial filling

b)
 

5 % calcite cement by volume

Figure 2.6: Representative sub-cubes of the Fontainebleau sandstone comprise quartz grains
(brown), pore space (light grey) and calcite cement with three general spatial arrangements:
random distribution (green), partial filling (blue) and uniform coating (magenta). The pore
network is exemplarily filled with a calcite cement volume fraction of (a) 10 % and (b) 5 %.
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the calcite mineral is comparably stiff, the intra-porous calcite cement bulk and shear moduli
likely notably differ from those of the mineral phase. Possible reasons for this may be different
mineral structures (crystalline, amorphous) and the size of the precipitates, and therefore
undetected microporosity. As data on elastic behaviour of calcite cement is not yet available
apart from the stiffness moduli for the calcite mineral, a significantly softer value for amorphous
calcite (Faatz et al. 2005) is used in our simulations (Table 2.1). Both values are regarded as
upper and lower bounds to enclose a possible range of effective elastic property variation and
allow to examine the effect of initial cement moduli.

2.3 Results
2.3.1 Evaluation of the representative sub-cubes

The sub-samples representing the entire digital rock vary in porosity, whereby bulk and
shear moduli decrease quasi-linearly with increasing porosity. Porosities of the Fontainebleau
sub-cubes range between 13.3 % and 16.4 % (Figure 2.7a), while the Bentheim sample has a
considerably broader porosity spectrum with 14.6 % to 28.3 % (Figure 2.7b). The calculated
mean elastic properties considering all sub-cubes of the Fontainebleau sandstone show values
of 24.8 GPa and 26.1 GPa for bulk and shear moduli, respectively (Table 2.2), whereas the
higher porosities of the Bentheim sample result in lower elastic parameters of 20.4 GPa (K)
and 19.6 GPa (G). The mean directional difference of all sub-samples is determined by the
mean difference between the minimum and maximum moduli for the three spatial loading
directions. Higher values for the Bentheim sandstone are related to its higher total porosity
and broader range in particle size as discussed in Section 2.2.1. The linear relationship between
porosity and effective elastic properties for the representative sub-cubes is indicated by a
coefficient of determination (r2) of 0.84 to 0.93 for both digital rocks (Table 2.2). Considering
the moduli resulting from the different loading directions instead, characterising the anisotropy
of the sub-cubes leads to a lower coefficient of determination with 0.65 to 0.79. As previously
stated, the representative sub-cubes should ideally be isotropic and comprise the entire porosity
variation bandwidth of the sample to support the representation of the uncertainty range by
means of the rock microstructure. Hence, one sub-cube with a porosity equivalent to the entire
digital rock sample is selected, while the porosities of the two other sub-volumes are within
a distance of one standard deviation (σ) with a tolerance of ± 0.2 σ (Figure 2.7a,b). Isotropic
elastic behaviour of the three sub-cubes is achieved by selecting those with the least difference in
directional moduli. Based on these selection criteria, the representative sub-cubes for each rock
are highlighted in Figure 2.7, and represents the porosity bandwidth for the entire sample. For
the Fontainebleau sandstone, the elastic moduli of the representative sub-cubes differ between

Table 2.3: Porosity as well as bulk (K) and shear (G) moduli of the representative sub-cubes.

Digital sample Porosity ( %)
Effective elastic property Mean directional difference

K (GPa) G (GPa) K (GPa) G (GPa)

Fontainebleau
13.9 25.8 27.3 3.0 3.9
14.6 24.8 26.2 1.6 2.9
15.6 23.8 25.0 4.6 3.6

Bentheim
19.4 22.4 21.4 2.7 7.0
21.8 20.7 18.7 5.3 4.0
24.5 18.2 16.9 2.9 5.0
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Figure 2.7: Bulk and shear moduli of all sub-cubes (empty circles) decrease linearly
with porosity. Three representative sub-cubes (blue- and red-filled circles), which are
preferably isotropic, are selected from (a) 30 Fontainebleau and (b) 60 Bentheim sandstone
sub-samples. While the sub-volumes of the Fontainebleau sample have a relatively narrow
porosity spectrum (blue lines), the range for the Bentheim sandstone porosity (red lines) is
substantially wider.

25.8 GPa and 23.8 GPa (K) as well as 27.3 GPa and 25 GPa (G) (Table 2.3). The mean value of the
three selected sub-cubes deviates between 2.1 % (K) and 1.6 % (G) compared to the calculated
values of Andrä et al. (2013b) for the entire Fontainebleau microstructure, what demonstrates
the validity of our results and the approach using representative sub-cubes to calculate effective
properties. The range is broader for the representative sub-volumes of the Bentheim sandstone
with 22.4 GPa to 18.2 GPa and 21.4 GPa to 16.9 GPa for bulk and shear moduli, respectively.

2.3.2 Effect of spatial calcite distribution on
elastic rock properties

Digital rock weakening by successive dissolution of calcite cement is implemented by
removing calcite minerals from our models. For that purpose, porosity-dependent reduction
in elastic rock properties is investigated for three spatial cement distributions (Figure 2.8).
The illustrated range is based on the three selected representative sub-cubes and determined by
the least porosity of the representative sub-samples. The respective variations are mainly based
on the different volume fractions of calcite cement in the sub-volumes due to their different
initial porosities. Calculated elastic moduli for a given mineral composition differ only slightly
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Table 2.4: Percentage reduction in bulk (K) and shear (G) moduli resulting from the
removal of calcite.

Digital
sample

Spatial cement
distribution

10 % Calcite cement by volume 5 % Calcite cement by volume

Stiff cement Soft cement Stiff cement Soft cement

K ( %) G ( %) K ( %) G ( %) K ( %) G ( %) K ( %) G ( %)

Fontainebleau
Random 32.9 32.8 25.5 25.6 21.9 19.1 18.2 15.6
Partially filled 30.5 28.0 24.6 22.1 19.0 17.0 15.2 13.4
Coating 29.3 29.1 22.2 22.5 18.5 17.3 14.6 13.8

Bentheim
Random 34.2 38.4 24.3 29.1 23.2 22.9 18.4 18.1
Partially filled 33.6 28.7 27.1 22.0 17.4 15.8 14.0 12.6
Coating 30.2 30.3 21.9 22.4 16.2 16.8 12.2 13.2

for the three assessed spatial distributions. Due to the simplified partial filling, rocks behave
stiffer in parallel direction to the calcite front and weaker perpendicular to it. Nevertheless,
partial mineral filling as well as coating result in similar dissolution-induced elastic moduli
reductions and differ by 1.9 GPa in maximum for the Bentheim digital sample (Figure 2.8b).
On the contrary, the random calcite distribution shows slightly higher variations in calculated
elastic properties with up to 4 GPa and a generally stiffer behaviour, which is reversed for low
calcite volume fractions.

For both investigated rock samples, the general trends of reduction in bulk and shear
moduli resulting from the spatial distribution of the calcite cement are almost identical.
However, the Bentheim rock sample exhibits an overall weaker behaviour and broader variation
bandwidths due to the higher initial porosities of the three chosen sub-cubes. The decrease
in elastic properties of the Bentheim sandstone is slightly lower compared to that of the
Fontainebleau sample in view of the absolute moduli reduction at the same relative calcite
cementation. Mean differences in bulk and shear moduli of 1.3 GPa are relatively small, but
indicate that the impact of cementation is more pronounced at lower porosities, i.e., for the
Fontainebleau sample used here.

2.3.3 Impact of calcite cement modulus on
elastic rock properties

As expected, applying significantly softer moduli for the calcite cement, whereby the initial
stiffness is reduced by 53 %, leads to lower effective elastic rock properties (Table 2.1). However,
the general trend remains mainly unchanged (Figure 2.8). Only the differences between the
three investigated spatial calcite distributions decrease, while the range based on the three
representative sub-cubes becomes broader, since differences in their initial porosities become
more dominant. Considering a stiff cement, calcite dissolution of 10 % by volume out of the
pore network reduces bulk and shear moduli in maximum by 34.2 % and 38.4 %, respectively.
Reduction in effective elastic properties amounts to 24.3 % (K) and 29.1 % (G), assuming
significantly softer calcite cement moduli (Table 2.4). Similar results are obtained for a calcite
cement removal of 5 % by volume, whereby the differences between soft and stiff cements
are less pronounced due to the overall lower calcite volume fraction. Hence, initial elastic
parameters of the cement are not the dominant factor, since also considerably softer calcite
moduli induce a significant effective elastic property reduction.
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Figure 2.8: General trends of reduction in elastic properties due to calcite cement dissolution,
considering stiff and soft cement moduli for the two investigated digital samples of (a) the
Fontainebleau and the (b) Bentheim sandstones. The range for the three investigated spatial
calcite distributions (green, blue, magenta) is based on the three selected representative
sub-cubes and determined by their least porosity.

2.4 Discussion
For the considered changes in microstructure of both sandstones, porosity is the dominant

parameter determining the effective mechanical rock properties, as emphasised by our results
indicating only low differences in elastic moduli between the three investigated spatial calcite
distributions. Only the random distribution exhibits higher bulk and especially shear moduli,
resulting from the interconnection of calcite cement within the pore network, strengthening
the entire sample structure. This interconnection decreases for significantly lower calcite
volume fractions, whereby more isolated cement minerals occur, resulting in lower effective
moduli. The considered random and uniform coating calcite distributions represent two uniform
dissolution patterns (Menke et al. 2015), while synthetic partial filling is an equivalent to a
discrete dissolution front. Besides these three scenarios, evolving wormholes or fingering are
further observed phenomena (Lebedev et al. 2017; Luquot et al. 2016) due to development of
preferential flow paths. Even if not taken into account here, it can be assumed that wormholes
will induce a significant anisotropy within the microstructure, while the mean value of the
effective elastic properties is likely identical to that in the scenarios considered in the present
study, e.g., as for the extreme case of partial filling. Examining such complex structures is of
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particular relevance when anisotropic changes in elastic properties are addressed, which is out
of the scope of the present study. Further, our simulation results show slight differences in
elastic moduli for all scenarios due to the initial porosity of the sandstones, indicating that the
impact of calcite cementation is more pronounced at lower porosities, since cements generally
tend to stabilise the rock matrix. This is consistent with the findings of Vanorio et al. (2011), who
analysed salt precipitation and demonstrated that high-porosity sandstones (porosities > 15 %)
are less sensitive to rock strengthening than low-porosity ones.

Simulating effective rock properties due to variations in the volumetric calcite cement
content by three spatial calcite distributions further allows to quantify rock strengthening
due to calcite precipitation. In this context, rock weakening due to mineral dissolution is of
particular interest in geological subsurface utilisation, especially related to reservoir, caprock
and fault integrity, but also in material sciences related to hydraulically conductive materials
(e.g., natural stones used in construction works). Previous studies investigated this effect
by means of laboratory experiments (Bemer et al. 2016; Lamy-Chappuis et al. 2016) and
numerical simulations (Shulakova et al. 2017; Wojtacki et al. 2014). While Bemer et al. (2016)
demonstrated by flow-through experiments on a limestone that homogeneous chemical
alterations induced a porosity reduction by up to 2 % and a decrease in elastic moduli
by up to 35 %, Shulakova et al. (2017) numerically simulated changes for the same rock
type based on micro-CT scans before and after dissolution experiments. They determined
a porosity increase of 6.6 % by volume and a comparably lower decrease in elastic moduli
by 28.6 % (K) and 23 % (G). The precipitation of 2 % salt by volume in sandstones has been
experimentally investigated by Vanorio et al. (2011) and exhibits an increase in rock stiffness
by 4 % and 28 % for the bulk and shear moduli, respectively. Lamy-Chappuis et al. (2016)
examined the dissolution of calcite minerals in a sandstone, where an increase in total porosity
by only 4.5 % reduces rock stiffness by 36 % (K) and 33 % (G). Following our findings, an
absolute porosity decrease by 5 % reduces bulk and shear moduli by up to 26.2 % and 18.4 %,
respectively (Table 2.4). These results are comparable to those of Shulakova et al. (2017), but
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Figure 2.9: Simulations considering random (green), partially filled (blue) and
uniform (magenta) calcite distributions substantially reduce the overestimation produced by
state-of-the-art analytical solutions as the Mori-Tanaka approach (MT, dotted line) and
the Self-consistent scheme (SCS, dashed line). (a) Bulk and (b) shear moduli for the
Fontainebleau sandstone determined in laboratory experiments (Han 1986) (black-filled
circles), taking into account only the quartz component and pore space.
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underestimate available experimental data, which is partly related to differences in the rock
microstructure, initial porosity and rock property variations. However, the higher elastic
moduli reductions determined in the aforementioned laboratory experiments (Bemer et al. 2016;
Lamy-Chappuis et al. 2016; Vanorio et al. 2011) emphasise the relevance of chemical-mechanical
interactions as well as the substantial requirement to improve the related process understanding
and to consider these processes in assessments of elastic rock properties.

Nevertheless, the quantified changes in effective mechanical rock properties can only
achieve the quality of the geometrical representation of the initial microstructure. While
the elastic moduli determined for the Fontainebleau sandstone exhibit a generally good
agreement with available benchmark data (Figure 2.9), the simulated moduli for the Bentheim
microstructure are significantly higher than the published data with 12.5 GPa and 13 GPa
for bulk and shear moduli, respectively (Saenger et al. 2016b). The Bentheim sandstone
has minor components of the weak clay mineral kaolinite with 3 % by volume (Klein and
Reuschlé 2003). This was not considered in the initial microstructure but could notably reduce
elastic rock properties, especially when these are present as pore-lining phase (Saxena 2015).
Moreover, effective elastic moduli overestimation is a general problem within the field
of DRP (Saxena et al. 2017) due to the high sensitivity to micro heterogeneities such
as cracks, grain contacts and microporosity, which are only insufficiently represented at
grain scale (Madonna et al. 2012). However, improving numerical simulation approaches to
determine effective elastic properties is in the scope of ongoing research (Madonna et al. 2012;
Saenger et al. 2016b; Saxena et al. 2017).

Despite these general challenges in DRP, the method introduced here allows to
quantify changes in elastic rock moduli with an increase in accuracy compared to
state-of-the-art analytical methods, e.g., the Mori-Tanaka approach or the Self-consistent
scheme (Figure 2.9). Furthermore, with the availability of micro-CT scans and synthetic
microstructures, numerical models allow us to overcome the limitation of using ellipsoidal
inclusions, which is generally the case for analytical approaches. Hence, uncertainties related to
the composition and structure of the pore network can be quantified in addition to the effect
of elastic moduli of cementing minerals as well as temporal and spatial changes in the rock
microstructure due to chemical alterations.

2.5 Conclusions
The presented approach is employed to numerically determine bulk and shear moduli of

two digital rock samples, the Fontainebleau and the Bentheim sandstones, based on micro-CT
images by means of representative sub-cubes. It allows for quantification of changes in
mechanical rock behaviour as a result of variations in mineral composition and microstructure,
as demonstrated here for the successive removal of calcite cement. Moreover, it enables to
determine uncertainties related to porosity variations of micro-CT scans, the effect of initial
cement moduli and varying spatial distributions of calcite cement within the pore network.
The accuracy in predicting elastic rock properties is substantially improved compared to general
analytical methods. For a dissolution of 10 % calcite by volume, the elastic properties decrease
by up to 34 % and 38 % for the bulk and shear moduli, respectively. For the considered changes
in the sandstone microstructure, porosity is clearly the dominant parameter, while significant
softer calcite cement moduli lead only to a slightly weaker mechanical behaviour. Also, the
spatial cement distribution has only a minor impact, except for the case of a random mineral
distribution. Here, the calcite cement is interconnected and stabilises the rock matrix.
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Future work will focus on the integration of experimentally-determined variations
in mechanical rock behaviour with simulations based on micro-CT images derived
from flow-through experiments taking into account chemical reactions. In this context,
micromechanical approaches may offer an opportunity to study variations in rock anisotropy,
which is of high practical interest. Further, the validation of DRP as potential upscaling
methodology for mechanical rock properties is currently intensively discussed in the digital
rock physics community. Particularly the choice of the representative volume element size for
heterogeneous rock structures, depending on the scope of application is a challenge of high
priority. Moreover, different rock types, also including such with pre-existing fractures, should
be investigated prioritised by their relevance to geological subsurface utilisation. All these
scientific challenges will significantly contribute to the understanding of macro-scale natural
phenomena and further improve geotechnical applications, where changes in elastic properties
are of particular relevance regarding reservoir, caprock and fault integrity.
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2.6 Appendix: Analytical methods to calculate
effective elastic properties

Effective elastic rock properties mainly depend on the volume fractions and mechanical
properties of their components (minerals and pore fluids) as well as the rock microstructure.
The following four well-known analytical approaches for calculating effective elastic rock
properties, are used for comparison against our simulation results.

Voigt and Reuss bounds
The simplest bounding methods to calculate effective elastic moduli of a composite can

be derived from Voigt (1889) and Reuss (1929). The authors predict upper and lower strength
bounds by averaging elastic parameters of the respective constituents, while neglecting the
microstructure. Effective moduli for any given volume fraction fall between these bounds.
Voigts average (Equation 2.1) gives the upper bound for the effective elastic properties of a
rock, consisting of i isotropic components by calculating the arithmetic mean (KVoigt) of the
component moduli (Ki) weighted by their volume fractions (fi).

KVoigt =
n

∑
i=1

Kifi (2.1)

For any composition, Reuss average (Equation 2.2) gives the lower bound by determining
the harmonic mean (KReuss) of the component moduli (Ki) weighted by their volume
fractions (fi). The predicted effective elastic properties coincide with the Hashin–Shtrikman
lower bound (Hashin and Shtrikman 1963), when one of the constituents is a pore fluid with a
zero shear modulus (Mavko et al. 2009).

KReuss =

(
n

∑
i=1

fi

Ki

)−1

(2.2)

Mori-Tanaka scheme
The Mori-Tanaka scheme (Benveniste 1987; Mori and Tanaka 1973) belongs to a group of

analytical mean-field homogenisation approaches, which consider a simplified microstructure
in terms of an ellipsoidal shape of its components. It is used for moderate inclusion volume
fractions of 30 % in maximum (Parsaee et al. 2016). Each of the ellipsoidal inhomogeneities is
assumed to be embedded in an infinite matrix material, derived from the approximations of
Eshelby (1957). Interactions between the components are taken into account by applying an
effective uniform matrix strain to each of the inclusions. The Mori-Tanaka approach coincides
with the Hashin-Shtrikman upper and lower bounds in case of binary mixtures with spherical
inclusions (Weng 2010). The effective elasticity tensor (CMT) of a composite can be calculated
by Equation 2.3, considering the stiffness of a matrix material (C0), its inclusions (Ci) and the
inclusion volume fractions (fi).

CMT = C0 + ∑
i=1

fi(Ci −C0)Ai (2.3)
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The strain-localisation tensor (Ai) is given by Equation 2.4 and comprises the fourth-order
identity tensor (I), the volume fractions of the matrix (f0) and the influence tensor (Ti).

Ai = Ti

[
f0I + ∑

j=1
fjTi

]−1

(2.4)

To determine the influence tensor (Equation 2.5), the Eshelby tensor (Si) has to be
calculated, which in turn depends on the shape of the ellipsoid and Poisson ratio of the
matrix (ν0).

Ti =
[
I + SiC−1

0 (Ci −C0)
]−1

(2.5)

Here, a spherical shape is assumed for all inclusions, whereby the fourth-order Eshelby
tensor has the compact form given in Equation 2.6. Mathematical expressions for several
ellipsoidal inclusion shapes can be found in Mura (1987). The indices (ijkl) denote the position
of the tensor component. Kronecker delta (δ) is equal to one, if two indices have the same
value (e.g., δij= 1 for i = j), otherwise it becomes zero (e.g., δij = 0 for i 6= j).

Sijkl =
5v0 − 1

15(1− v0)
δijδkl +

4− 5v0

15(1− v0)

(
δikδjl + δilδjk

)
(2.6)

Self-consistent scheme
Another mean-field homogenisation approach is the Self-consistent scheme by Hill (1965).

It is also based on Eshelbys solution for an ellipsoidal inclusion embedded in an infinite matrix
material and defined by Equation 2.7. Unlike the Mori-Tanaka approach, it can be employed
for higher volume fractions (Klusemann and Svendsen 2010), since interactions between
the components are approximated by replacing the matrix (C0) by a material of unknown
stiffness (C*).

C∗SCS = C0 + ∑
i=1

fi(Ci −C0)Ti (2.7)

Hence, the influence tensor (Equation 2.8) depends on the elasticity tensor of the unknown
matrix material (CSCS

*), whereby an iterative implementation is required to calculate C* and the
related Eshelby tensor (Si

*).

Ti =
[
I + S∗i C∗−1(Ci −C∗)

]−1
(2.8)
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Hydraulic and mechanical impacts of
pore space alterations within a sandstone quantified by
a flow velocity-dependent precipitation approach

ABSTRACT
Geochemical processes change the microstructure
of rocks and thereby affect their physical behaviour
at the macro scale. A micro-CT scan of a typical
reservoir sandstone is used to numerically examine
the impact of three spatial alteration patterns on
pore morphology, permeability and elastic moduli
by correlating precipitation with the local flow
velocity magnitude. The results demonstrate that
the location of mineral growth strongly affects
the permeability decrease with variations by up
to four orders in magnitude. Precipitation in
regions of high flow velocities is characterised
by a predominant clogging of pore throats and
a drastic permeability reduction, which can be
roughly described by the power law relation with
an exponent of 20. A continuous alteration of the
pore structure by uniform mineral growth reduces
the permeability comparable to the power law
with an exponent of four or the Kozeny–Carman
relation. Preferential precipitation in regions of

low flow velocities predominantly affects smaller
throats and pores with a minor impact on the
flow regime, where the permeability decrease
is considerably below that calculated by the
power law with an exponent of two. Despite
their complete distinctive impact on hydraulics,
the spatial precipitation patterns only slightly
affect the increase in elastic rock properties with
differences by up to 6.3 % between the investigated
scenarios. Hence, an adequate characterisation
of the spatial precipitation pattern is crucial to
quantify changes in hydraulic rock properties,
whereas the present study shows that its impact on
elastic rock parameters is limited. The calculated
relations between porosity and permeability, as
well as elastic moduli can be applied for upscaling
micro-scale findings to reservoir-scale models to
improve their predictive capabilities, what is of
paramount importance for a sustainable utilisation
of the geological subsurface.

3.1 Introduction
Geochemical fluid-rock interactions such as precipitation and dissolution of minerals alter

the microstructure of rocks, and thereby affect their physical behaviour at the macro scale. The
prediction of the resulting changes in effective hydraulic and mechanical rock properties
is of paramount importance for numerous natural geochemical systems and commercial
applications such as geothermal energy production (Jacquey et al. 2016; Wagner et al. 2005),
hydrocarbon exploration and exploitation (Kleinitz et al. 2001; Moghadasi et al. 2004),
nuclear waste disposal (Alexander et al. 2015; Fall et al. 2014) as well as energy and gas
storage (Fischer et al. 2014; Fischer et al. 2013; Ma et al. 2018). Within the context of subsurface
utilisation, the interaction of hydraulic, mechanical and chemical processes may be triggered
or preferably prevented depending on the geological application: Precipitation of minerals
reduces the permeability, what could negatively impact the injectivity and productivity of a
reservoir (Peysson et al. 2011; Regenspurg et al. 2015), but on the other hand mineral growth
can seal potential leakage pathways, e.g., in the context of CO2 storage (Kühn and Clauser 2006;
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Patil et al. 2017). Regarding changes in mechanical properties, an effective stiffening of rocks
due to their cementation (Tobler et al. 2018; Yasuhara et al. 2017) may be of particular relevance
for the integrity of a reservoir or fault systems.

For an adequate prediction of physical rock properties, it is necessary to characterise
the initial microstructure including the morphology and connectivity of pores. In general,
precipitation reduces the porosity, but the effect on transport properties may be either
negligible or significant depending on the specific location within the pore network (Figure 3.1).
The spatial distribution of mineral nucleation and growth is complex and controlled by
various factors including chemistry (Cil et al. 2017; Tartakovsky et al. 2008), transport
properties (Fazeli et al. 2020; Godinho et al. 2016), mineralogy (Lin and Singer 2005;
Noiriel et al. 2016), temperature (Bartels et al. 2002; Schepers and Milsch 2013) and pore
morphology (Beckingham 2017; Emmanuel and Berkowitz 2007), whereby the impact of
each factor depends on the particular process. Moreover, several studies discuss a pore
size dependency of precipitation. A preferential mineral deposition is observed for small
pores (Cil et al. 2017; Hedges and Whitelam 2012) or narrow throats (Tenthorey and Scholz 2002)
as well as larger pores, which is explained by lower supersaturation thresholds due to interfacial
energy effects (Emmanuel and Berkowitz 2007).
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Figure 3.1: The typical workflow in DRP comprises imaging, segmentation and numerical
computation of the rock properties. In view of a virtual laboratory, varying testing conditions
or distributions of secondary minerals (yellow) can be examined for the same sample, e.g., to
investigate the effect of spatial precipitation patterns on the evolution of flow properties.
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However, of actual interest within the context of subsurface utilisation is the
impact of pore-scale precipitation on hydraulic and mechanical rock properties. Numerous
empirical and analytical relationships describe the dependency between porosity and
permeability (Kozeny 1927; Marshall 1958; Verma and Pruess 1988) as well as porosity
and elastic moduli (Dvorkin and Nur 1996; Hill 1965; Mori and Tanaka 1973). Many of
them assume a simplified microstructure of rocks by packings of spheres, ellipsoids or
pipes. By contrast, high-resolution imaging such as micro-CT provides the opportunity to
use a 3D representation of the rock. It depicts the complexity of the pore space regarding
the size, shape and roughness of grains as well as the morphology and connectivity of
the pores, which are of particular importance for an accurate prediction of physical rock
properties (Mostaghimi et al. 2013; Wetzel et al. 2017). The relatively new field of DRP comprises
the numerical simulation of flow (Blunt et al. 2013; Herring et al. 2017; Raeini et al. 2014) and
elastic properties (Andrä et al. 2013b; Saenger 2008; Shulakova et al. 2017), which are directly
calculated on the micro-CT image stack (Figure 3.1). This non-destructive approach allows
further to perform multiple experiments considering varying testing conditions or distributions
of secondary minerals on the same rock sample, which is another advantage in view of a
virtual laboratory.

In the present study, the effect of precipitation on hydraulic and mechanical rock properties
is numerically examined for a typical granular reservoir rock, namely the Bentheim sandstone.
Changes in pore morphology, permeability as well as bulk and shear moduli are quantified based
on a highly resolved micro-scale representation of the rock. The permeability is determined from
the flow field by solving the steady-state Stokes equation (Raeini et al. 2012), whereas effective
rock stiffness is calculated by a static finite element method (Garboczi and Day 1995). These
well-established approaches are used to investigate the impact of pore space alterations by three
different spatial patterns of precipitation depending on the local flow velocities: preferentially
on grain surfaces exposed to high flow velocities (HFV), low flow velocities (LFV) and uniform
mineral growth independent of fluid flow. The calculated relationships between porosity and
permeability, as well as porosity and elastic moduli are discussed in the context of widely used
analytical methods.

3.2 Material and methods
3.2.1 Digital rock sample and morphology of the pore space

To obtain a highly resolved three-dimensional pore-scale model of a typical granular
reservoir rock, a micro-CT scan of the Bentheim sandstone is chosen. It represents a
well-investigated reservoir reference rock and has been examined in numerous studies regarding
its mechanical and hydraulic properties (Bakker and Barnhoorn 2019; Peksa et al. 2015), since
it is highly porous, homogeneous and isotropic. The micro-CT scan of the dry sandstone with
a voxel resolution of 4.9 µm is derived from a publicly available data set (Herring et al. 2018).
For simulation purposes, a subset of 5003 voxels is extracted from the entire micro-CT
scan (Figure 3.2a). The original grey-scale image is binarised based on its intensity to derive the
microstructure of the sample (Figure 3.2b). For that purpose, the Otsu algorithm (Otsu 1979) is
used to calculate the threshold from the histogram of the whole image stack to separate pore
space and quartz grains (Figure 3.2c). Minor components of the Bentheim sandstone, such as
kaolinite and feldspar (Klein and Reuschlé 2003) are neglected and considered to be quartz
grains due to their low volumetric ratio and minor effect on the physical properties.
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Figure 3.2: (a) Micro-CT scan of the Bentheim sandstone with a size of 5003 voxels and a
resolution of 4.9 µm. (b) The 3D image is binarised by (c) an intensity-based separation of
the pore space and grains using the Otsu threshold (Otsu 1979). (d) The entire pore space
is partitioned into individual pores (coloured by diameter) and (e) the pore network is
extracted. (f) Pore size distribution with a mean diameter of 92 µm.

The entire procedure of digital image processing and analysing is done in Python using
the MedPy library (Maier 2019) to access the image stack. To describe the pore morphology,
individual pores are extracted by means of watershed partitioning (Figure 3.2d). Based on
this, the network including the pore and throat geometry (Figure 3.2e) is calculated using the
PoreSpy package (Gostick et al. 2019). In the following, the morphology of the pore space is
described by the volume-equivalent diameter of the pores, the diameter of the throats, pores
sphericity and connectivity. While sphericity is defined as surface area ratio of an equal-volume
sphere to the original grain, the connectivity describes the number of throats associated
with a pore. The considered digital rock sample of the Bentheim sandstone has an average
grain size of 185 µm and a porosity of 23.4 %, whereby the mean diameter of all 5316 pores
is 92 µm (Figure 3.2f).

3.2.2 Permeability determination and pore space
alteration mechanisms

The permeability of the sample is determined by simulating pore-scale fluid flow
directly on the binarised 3D image. This approach is known to predict rock permeabilities
comparable to experimental measurements at larger sample scales (Liu et al. 2017;
Mostaghimi et al. 2013). The velocity field is calculated using the finite volume method by means
of OpenFOAM (Weller et al. 1998), solving the governing equations of mass and momentum,
respectively (Equation 3.1, 3.2).
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∇ · ρv = 0, (3.1)

ρ

[
∂v
∂t

+ v · ∇v
]
= −∇P + µ∇2v, (3.2)

where v denotes the vector of the velocity field and P the pressure. The density and dynamic
viscosity of the fluid are ρ and µ, respectively. Assuming a steady-state flow with dominating
viscous forces (Reynolds number « 1) and an incompressible fluid (Bear 1972), the governing
equations are reduced to the simplified Stokes Equations 3.3 and 3.4:

∇ · v = 0, (3.3)

µ∇2v = ∇P, (3.4)

The flow velocity field is calculated by applying constant pressure boundaries at the
inlet and outlet, whereas for the remaining model boundaries and internal grain wall no-slip
boundary conditions are considered as in Raeini et al. (2012). Hence, the permeability (k) in
the direction of flow can be calculated by the volume average of the velocity field (vm) using
Darcy’s law (Equations 3.5):

k =
vm µ l

∆P
, (3.5)

where l is the sample length across which the pressure difference is applied. The complete
permeability tensor is obtained by three simulation runs in the particular flow directions,
whereby all permeability values refer to the average of the three components kx, ky and kz in
the following.

The extent to which changes in porosity affect permeability strongly depends on
the location of mineral precipitation, since it changes the pore morphology and thus the
flow parameters. It is important to note that the aim of the present study is to examine
the general bandwidth of hydraulic and mechanical property changes due to dissimilar
pore-scale precipitation patterns, and not to simulate a specific chemical process of mineral
nucleation and growth. Hence, the alteration of the pore space is implemented by a voxel-based
algorithm converting void to mineral based on the local flow velocity field without the explicit
consideration of fluid-rock interactions. Godinho et al. (2016) observed preferential precipitation
of barite minerals at grain surfaces that were exposed to stronger fluid flow, since these
regions exhibited an assured reactant replenishment. A similar behaviour was determined by
Fazeli et al. (2020) using reactive transport models, whereas other studies described a uniform
mineral growth around the grains (Baek et al. 2019; Crandell et al. 2012). Therefore, in this study,
the precipitation of minerals is correlated with the fluid flow velocity. The magnitude of the flow
velocity is calculated for all three flow directions, since this reflects the full pore morphology
and further considers the three-dimensional connectivity of the pore space. Three scenarios
depending on the flow field are examined: preferential mineral growth at grain surfaces exposed
to (1) HFV magnitudes, (2) LFV magnitudes and (3) uniform precipitation independent of the
fluid flow. The simulated nucleation and growth of minerals is an iterative process, which is
illustrated in Figure 3.3. At first, the magnitude of the flow field for the entire pore space is
calculated. Then, a threshold is set considering only the grain-lining phase, whereby voxels
with the (1) 25 % highest and (2) 25 % lowest flow velocity magnitudes are converted from void
to mineral. As the pore space is altered, fluid flow simulations are performed on the resulting
microstructure. The entire procedure is iteratively repeated until a pre-defined porosity of 5 % is
achieved or the sample becomes impermeable.
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Figure 3.3: Schematic workflow of the iterative velocity-dependent precipitation process:
A threshold is calculated based on the initially simulated magnitude of flow velocities.
The grain-lining voxels comprising the 25 % highest (HFV) or 25 % lowest (LFV) flow
velocity magnitudes are converted from void to mineral. Then, the flow field is calculated
for the new microstructure, and the process is repeated until a pre-defined porosity is
achieved or the digital sample becomes impermeable.

3.2.3 Calculation of elastic rock properties
The elastic properties of the digital rock sample are determined by a parallel

version of the static finite element method of Garboczi and Day (1995). This well-established
approach (Faisal et al. 2017; Knackstedt et al. 2009; Shulakova et al. 2013) computes the elastic
moduli of composite materials directly from the 3D image by treating each voxel as a trilinear
element. For that purpose, a small uniform strain is imposed on all voxels of the microstructure,
assuming periodic boundary conditions. The algorithm solves a variational formulation of the
linear elastic equations by minimizing the elastic energy (Bohn and Garboczi 2003). The effective
bulk and shear moduli are determined by the average stresses considering the six stress
components of the symmetric tensor.

In general, the numerically-predicted elastic moduli of granular rocks overestimate the
laboratory measurements. A major reason for this mismatch is the inability of micro-CT scans
to entirely resolve the complex microstructure, particularly small pores, micro-cracks and
grain-to-grain contacts (Faisal et al. 2019; Madonna et al. 2012; Saenger et al. 2011). These
soft porosity features lead to a pressure dependency of elastic properties for granular
rocks (Pimienta et al. 2017; Shulakova et al. 2013). Thereby, seismic wave velocities strongly
increase with rising confining pressures, and the rock becomes stiffer due to the closure of
the soft porosity features (Figure 3.4). The initial value of the mineral phase is another reason
for the overestimation of elastic properties by numerical models. Since quartz grains can also
contain micro cracks and small inclusions, the grain moduli may be significantly lower than
those listed in Mavko et al. (2009), as Mahabadi et al. (2012) demonstrated for quartz grains by
micro-indentation testing.
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Figure 3.4: Pressure-dependent laboratory measurements (Benson et al. 2005; Mayr and
Burkhardt 2006; Mikhaltsevitch et al. 2019; Saenger et al. 2016a; Yurikov et al. 2018)
of dynamic elastic properties (dots) and the non-linear regression (lines) using the
empirical relation of Eberhart-Phillips et al. (1989) indicate a strong increase with rising
confining pressures for the Bentheim sandstone until the soft porosity features are closed.
The initial mineral moduli of the grain phase are calibrated according to the workflow
of Saenger et al. (2016a), assuming that the effect of the soft porosity becomes negligible
at 20 MPa.

Since the soft porosity features are not resolved in the micro-CT, Saenger et al. (2016a)
suggest to calibrate the numerical model by laboratory measurements based on the assumption
that the effect of soft porosity becomes negligible at confining pressures above 20 MPa. They
further implemented a pressure-sensitive grain-contact phase and linearly reduced the respective
moduli to replicate the wave velocity–pressure dependency of a sandstone. In the present
study, the quartz moduli are reduced according to the workflow of Saenger et al. (2016a) to
avoid a significant overestimation of the initial elastic rock properties. For that purpose, five
published datasets of laboratory measurements on Bentheim sandstones (Benson et al. 2005;
Mayr and Burkhardt 2006; Mikhaltsevitch et al. 2019; Saenger et al. 2016a; Yurikov et al. 2018)
are used to perform a non-linear regression of the wave velocities to the empirical relation of
Eberhart-Phillips et al. (1989, Equation 3.6).

v = a + kP− be−dP, (3.6)

where v represents the P- or S-wave velocity, P is the confining pressure and a, k, b, d are
fitting coefficients. The mineral moduli of the quartz phase are calibrated using this formulation.
Changes in elastic rock properties due to the growth of secondary minerals are investigated
considering calcite as precipitate, as calcite precipitation represents a prevalent geological
process and is further relevant within the context of CO2 storage (Noiriel and Daval 2017)
or geothermal engineering (McNamara et al. 2016). The precipitated calcite phase consist of
various individual crystals due to mineral nucleation and growth. Hence, the internal structure
of the precipitated phase is not comparable to a compact, single crystal. For this reason, it
is assumed that the precipitated calcite phase exhibits lower elastic moduli than determined
for the pure mineral (Mavko et al. 2009), so that the mechanical properties of amorphous
calcite (Faatz et al. 2005) are used in the present study (Table 3.1).
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Table 3.1: Bulk (K) and shear moduli (G) for all minerals used to compute effective elastic
rock properties.

Mineral K (GPa) G (GPa) Reference

Quartz 37.0 44.0 Mavko et al. 2009
Quartz (calibrated) 32.2 28.3 Present study
Calcite (amorphous) 35.5 14.0 Faatz et al. 2005
Pore space 0 0

3.3 Results
3.3.1 Morphology of the pore space

The applied precipitation mechanisms lead to distinctive spatial alteration patterns,
depending on the local fluid flow velocity (Figure 3.5a). Changes in the morphology of the
pores can be quantified by the parameters introduced in Section 3.2.1: throat and pore diameter,
connectivity as well as sphericity. In the following, variations in rock morphology are compared
for the initial state (φ = 23.4 %) and the altered microstructure at a porosity of 15.3 %, since the
sample is rendered impermeable at lower porosities for the HFV scenario.

In case of precipitation in regions of HFV, 30 % of the initial pore throats are completely
closed and the sizes of all throats decrease substantially (Figure 3.5b), whereby the median pore
throat diameter strongly reduces from 22 µm to 9 µm (Table 3.2). This indicates a predominant
clogging of pore throats, whereas the absolute number of pores is not significantly reduced
by precipitation (–0.1 %). The pore diameter distribution becomes more right-skewed and the
number of smaller pores considerably increases (Figure 3.5c). This demonstrates a comparably
lower reduction in the diameters of smaller pores than of pores larger than circa 90 µm, even
though all pore sizes are affected by precipitation. As a consequence of the major changes
in pore throat diameters, the connectivity strongly reduces from 4.6 to 3.2 (Table 3.2), which
constitutes the greatest reduction of all scenarios. In particular, the number of better connected
pores decreases, whereas the number of pores associated with less than four throats increases
noticeably (Figure 3.5d). Considerable changes in the sphericity of pores depict alterations of
their shape and surface roughness (Figure 3.5e). The reduced mean sphericity of 0.47 for the
HFV case illustrates an increase in the pore surface area due to the irregular shape and rougher
structure of the precipitation pattern (Figure 3.5a).

The uniform precipitation mechanism continuously alters the pore structure, which
demonstrates the shift of the pore and throat size distributions to lower diameters
without a change in their shapes (Figure 3.5b,c). The median pore throat diameter reduces
to 16 µm (Table 3.2) and 23 % of the initial throats are closed. Particularly the number of smaller
throats increases, since a progressive uniform precipitation leads to non-uniform changes of
the pore space due to the successive clogging of throats. The median pore diameter decreases
to 76 µm, and only 0.3 % of all pores completely fill with precipitate. Compared to the HFV case,
the pore connectivity shows a lower, but still notable reduction to 3.6 throats per pore. The mean
sphericity of pores slightly decreases from 0.64 to 0.6 (Table 3.2), since the distribution curve
shifts to lower values without changing its shape (Figure 3.5e).

Precipitation in regions of low flow velocities exhibits contrasting effects on pore
morphology compared to the HFV case. The average throat diameter only slightly changes,
since mineral growth is constrained to smaller pore throats (<30 µm) at low flow velocities.
A smaller amount of 19 % of the initial pore throats is clogged completely. Moreover, this
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scenario exhibits the least reduction in pore size, where the average diameter reduces from
92 µm to 82 µm, only. Mineral growth affects all pore sizes, but occurs more frequently in
smaller pores (<90 µm) compared to a uniform alteration, whereby 11 % of the initial pores are
completely clogged. Precipitation in the pore space does not substantially affect the connectivity
of the entire network, since the mean value is only slightly reduced to 4.2 (Table 3.2). Particularly
the number of less-connected pores decreases predominantly. Regarding the sphericity of the
pores, the surface area is smoothed and the average sphericity increases to 0.7 in the LFV scenario,
since the sphericity distribution shifts to higher values and exhibits a wider spread (Figure 3.5e).

The most remarkable differences between the three considered scenarios occur in the
number and size distributions of the pore throats, with the highest reduction in the HFV case and
minor changes considering precipitation in LFV regions. Changes in pore throats directly impact
the connectivity of the pore network, whereby an equivalent trend is observed. The diameters of
larger pores are comparably reduced for all three precipitation patterns, whereas a contrasting
effect occurs for pores smaller than 90 µm. The sphericity significantly differs between all three
precipitation mechanisms. It decreases in the HFV case due to the irregular shape and rougher
pore structure, while it increases in the LFV scenario in which the surface area is smoothed.
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Figure 3.5: (a) Spatial alteration patterns at a porosity of 15.3 % for preferential precipitation
at high flow velocity magnitudes (HFV, red), low flow velocity magnitudes (LFV, blue)
and uniform alterations, independent of fluid flow (black). Pore morphology for the
three precipitation scenarios (coloured lines) and the initial pore structure (grey-filled)
are described by (b) throat and (c) pore diameter, (d) connectivity, as well as (e) sphericity.

Table 3.2: Morphological parameters of the initial pore space compared to the
microstructures altered by the three spatial precipitation patterns (HFV, uniform and LFV).

Scenario Porosity ( %) Throat
diameter (µm)

Pore
diameter (µm) Connectivity Sphericity

Initial 23.4 22 92 4.6 0.64

HFV 15.3 9 78 3.2 0.47
Uniform 15.3 16 76 3.6 0.60
LFV 15.3 23 82 4.2 0.70
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Figure 3.6: Flow regime of the initial microstructure compared to the three spatial alteration
patterns. (a) Streamlines for flow in x-direction coloured by the velocity magnitude.
(b) Changes in velocity magnitude relate to the location of precipitation (grey) and the
resulting alteration in the (c) connectivity of the pore network. (d) Histogram of the
normalised flow velocity magnitude for the initial microstructure including the changes of
the median flow magnitude for the three spatial alteration patterns.
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3.3.2 Flow field and permeability
The initial flow regime within the pore space of the Bentheim sandstone is highly variable

with fluid velocities varying over several orders of magnitudes. The histogram in Figure 3.6d
illustrates the exponential decrease in probability density with increasing flow magnitudes.
Hence, high flow velocities occur only at a few areas of the pore space, since the 10 % of the
voxels comprising the highest velocity magnitudes (>90th percentile) cover more than 80 %
of the entire velocity range. In general, fluid flow velocities are higher in the centre of pores.
However, this does not only depend on the morphology of particular pores, but also on their
connectivity. Hence, there are some regions with preferential flow paths as illustrated by the
streamlines in Figure 3.6a.

The simulated pore alteration mechanisms with their particular morphological changes
strongly impact the fluid flow paths and velocities. In case of preferential precipitation in
HFV regions, a majority of the initial flow paths are cut-off (Figure 3.6a) due to predominant
clogging of pore throats (Figure 3.6b). As a consequence, the pore space is considerably less
connected (Figure 3.6c), and the median of the normalised flow velocity is substantially reduced
by more than seven orders in magnitude for a decrease in absolute porosity to 15.3 % (Table 3.3).
Considering a uniform mineral growth around the grains, the connectivity of the pore network
is less affected and the main fluid flow paths persist (Figure 3.6a). Nevertheless, the median
fluid flow velocity decreases by 72 %. In the LFV case, the flow regime as well as the pore
network remain almost unaffected. The median of the normalised fluid flow velocities increases
by 22 %, compared to the initial state (Figure 3.6d), since areas with low flow velocities are
preferentially filled with minerals.

Figure 3.7: (a) Spatial alteration patterns at porosities of 15.3 % and 8 % for the
preferential precipitation at high flow velocity magnitudes (HFV, red), low flow velocity
magnitudes (LFV, blue) and uniform alterations, independent of fluid flow (black).
(b) Permeability calculations of the unaffected microstructure are in good agreement with
published laboratory data (Bartels et al. 2002; Peksa et al. 2015; Reinicke 2009). Permeability
reduction depends on the spatial precipitation pattern and varies by up to four orders in
magnitude (grey filled).

35



Chapter 3 3.3. Results

The calculated permeability of the unaffected microstructure is in good agreement with the
published data for the Bentheim sandstone (Figure 3.7b). In case of preferential precipitation in
regions of HFV, the permeability notably decreases to about 0.2 Millidarcy. Hence, the sandstone
becomes nearly impermeable due to the clogging of pore throats, which agrees well with the low
effective porosity of 3.5 % (Table 3.3). Uniform pore alteration reduces the permeability by 80 %
to 0.74 Darcy and results in values comparable to the HFV case at a substantially lower porosity
of 5.3 % (Figure 3.7b). In case of mineral growth in regions of LFV, the permeability slightly
decreases by 41 % to 2.5 Darcy for a porosity of 15.3 %. Even at a low porosity of 5 %, the sample is
still relatively permeable with 0.6 Darcy. The development of the porosity-permeability relation
strongly depends on the spatial pore alteration patterns (Figure 3.7a), whereby the reduced
permeability shows variations of up to four orders in magnitude for a porosity of 15.3 %.

Table 3.3: Hydraulic properties of the initial pore space compared to the microstructures
altered by the three spatial precipitation patterns (HFV, uniform and LFV).

Scenario Absolute
porosity ( %)

Effective
porosity ( %)

Median of normalised
flow magnitude

Permeability
(Darcy)

Initial 23.4 23.3 5.2 × 10−2 3.63

HFV 15.3 3.5 3.7 × 10−9 2 × 10−4

Uniform 15.3 15.2 1.4 × 10−2 0.74
LFV 15.3 15.3 6.4 × 10−2 2.52

3.3.3 Elastic rock properties
The calculated elastic rock properties of the initial microstructure based on the calibrated

bulk and shear moduli for the grain phase are in good agreement with published laboratory data
for the Bentheim sandstone (Benson et al. 2005; Hossain et al. 2019; Mayr and Burkhardt 2006;
Mikhaltsevitch et al. 2019; Saenger et al. 2016a; Yalaev et al. 2016; Yurikov et al. 2018) as
demonstrated in Figure 3.8a. The growth of minerals within the pore space generally leads to a
stiffening of the rock, what depends on the elastic properties of the precipitated phase, which
is calcite in the present study. While porosity is obviously the major parameter determining
bulk and shear moduli, the three considered spatial precipitation patterns have only a minor
effect on the increase in the elastic rock properties. For a reduction in porosity to 15.3 %, both
scenarios simulating a flow velocity-dependent mineral growth show an increase in bulk and
shear moduli by 38.6 % and 34.5 %, respectively (Figure 3.8a). Further precipitation and the
resulting porosity reduction to 5 % leads almost to a doubling of the initial bulk modulus and an
increase in shear modulus by 80 %. For the considered range of precipitation, mineral growth in
regions of LFV leads to 6.3 % higher effective elastic rock properties in maximum compared to a
uniform coating around the grains. In case of precipitation in areas of HFV, the calculated elastic
behaviour is initially comparable to the uniform pattern, but aligns to the behaviour of the LFV
case with decreasing porosities (Figure 3.8a).

Variations in stress concentrations between the spatial precipitation patterns are associated
with the grain contacts. In general, stress concentrates at the grain-to-grain interfaces, as it is
clearly visible for the initial microstructure (Figure 3.8b). Despite their completely different
impact on hydraulics, both fluid flow velocity-dependent precipitation patterns enhance the
grain contacts. As shown in Figure 3.8b, the stress distributes more evenly within the granular
microstructure, so that the sandstone behaves slightly stiffer in the LFV scenario compared to a
uniform alteration pattern.
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Figure 3.8: (a) Absolute and percentual increases in bulk and shear moduli due
to preferential precipitation at high flow velocity magnitudes (HFV, red), low flow
velocity magnitudes (LFV, blue) and uniform alterations, independent of the fluid
flow (black). Calculated elastic properties are in good agreement with published
laboratory data (Benson et al. 2005; Hossain et al. 2019; Mayr and Burkhardt 2006;
Mikhaltsevitch et al. 2019; Saenger et al. 2016a; Yalaev et al. 2016; Yurikov et al. 2018).
(b) Stress distribution within the initial microstructure compared to the uniform and LFV
alteration patterns. Stress peaks are observed at the grain contacts (red circle).

3.4 Discussion
The three considered scenarios assume a preferential precipitation depending on the

magnitude of fluid flow velocity and can be associated with general contrasting chemical
processes. A predominant mineral growth near pore throats, where fluid flow velocities are
relatively high (HFV), represents a transport-controlled process. Thereby, advection dominates
and the reaction is limited by the availability of reactants transported to the fluid-mineral
interface (Noiriel and Daval 2017), which in turn depends on the local flow regime. Consequently,
minerals precipitate preferentially in regions with higher flow velocity due to higher solute flux.
By contrast, uniform mineral growth around the grains represents a surface reaction-controlled
process (Noiriel and Daval 2017), whereby the chemical reaction rate limits precipitation
and the pore space is altered homogeneously. Both spatial precipitation patterns have been
observed in several laboratory (Baek et al. 2019; Godinho et al. 2016; Noiriel et al. 2016) and
numerical studies (Fazeli et al. 2020; Niu and Zhang 2019; Nogues et al. 2013), investigating
mostly calcite and barite precipitation in porous media. Preferential precipitation in regions
of LFV can be explained by an undisturbed growth of minerals, whereby fluid shear stresses
limit precipitation. However, such an effect has been observed within the context of biomass
accumulation, only (Ostvar et al. 2018; Scheidweiler et al. 2019).
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3.4.1 Range of the porosity-permeability relations
The location of mineral growth is the major controlling factor for the reduction in

permeability. Hence, the porosity–permeability relationship represents the dominant process for
pore space alteration. Permeability evolution due to mineral precipitation or dissolution can be
described by various analytical and empirical relations. Hommel et al. (2018) reviewed existing
approaches and demonstrated that many of these lead to predictions that are comparable to
the power law relation with an appropriate exponent (Equation 3.7). Thereby, the ratio of the
current (k) and initial permeability (k0) is related to the ratio of the current (φ) and initial
porosity (φ0) with an exponential fitting factor (η).

k
k0

=

(
φ

φ0

)η
(3.7)

Another model to describe the permeability evolution is the Kozeny–Carman
relation (Carman 1937; Kozeny 1927), which was initially developed to estimate the permeability
for a grain pack without considering pore alteration processes (Equation 3.8). Nevertheless, it
is widely applied to describe changes in permeability due to the precipitation and dissolution
of minerals (Civan 2000; Xie et al. 2015; Yasuhara et al. 2012), and for that reason used for
comparison against the results of the present study.

k =
ψ2d2

180
φ3

(1−φ2)
, (3.8)

where ψ is the sphericity and d the average grain diameter of 185 µm for the considered sample
of the Bentheim sandstone.

A transport-controlled process represented by the HFV case is characterised by clogging
of pore throats, and hence a substantial decrease in pore space connectivity. Particularly larger
pores are affected by precipitation, and the reduction in pore diameter is limited to a certain
size, which is indicated by the considerable increase in smaller pores. This can be explained by a
successive disconnection of pores from the high velocity flow field, and thereby the availability
of reactants. The resulting strong permeability reduction can be roughly described by the power
law with an exponent of 20 (Figure 3.9a). A surface reaction-controlled precipitation represented
by the uniform pattern exhibits a continuous alteration of the pore structure, whereby all pores
are equally affected, but progressive precipitation induces non-uniform changes in the pore
network due to a successive clogging of pore throats. It corresponds approximately to the
power law with an exponent of four. Published values for η within the context of mineral
precipitation comprise values between 11 (Zhang et al. 2015), 8 (Bernabé et al. 2003) and
6 (Nogues et al. 2013), while Nogues et al. (2013) found variable exponents depending on the
fluid composition, flow rate and porosity for a synthetic carbonate. These findings lie in the range
of the simulated contrasting cases of a uniform mineral growth and preferential precipitation
at high flow velocities, which demonstrates the applicability of the simulated reaction- and
transport-controlled precipitation process applied in the present study. Niu and Zhang (2019)
even found a higher value of η = 30, considering a transport-limited mineral growth and
concluded that a constant exponent cannot describe this process sufficiently well due to the
strong permeability decrease. The Kozeny–Carman relation initially exhibits a good agreement
with a uniform mineral growth around the grains. However, at lower porosities the pore space
is altered in an increasingly non-uniform manner due to the successive clogging of pore throats
resulting in an overestimation of the permeability by the Kozeny–Carman model (Figure 3.9a).
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Precipitation in regions of LVF occurs preferentially in smaller throats and pores with a
minor impact on the flow regime. This concerns low velocity regions of larger pores as well
as particularly smaller pores, which are poorly connected. Moreover, the increase in sphericity
represents a reduction in pore roughness and a smoothing of the mineral surfaces. Hence,
the initial fluid flow regime is only slightly affected, and the resulting porosity-permeability
relation exhibits a power law exponent considerably below two (Figure 3.9b), which is generally
associated with diagenetically altered rocks (Aharonov et al. 1998; Bernabé et al. 2003). Therefore,
it is concluded that a predominant mineral growth in regions of LFV is not a representative
natural process of precipitation within the pore space.

ϕ/ϕ0

T
ra
n
sp
o
rt
-c
on
tr
ol
le
d

R
ea
ct
io

n-
co
nt
ro
lle
d

Figure 3.9: (a) Simulated permeability decrease due to preferential precipitation at
high flow velocity magnitudes (HFV, red), low flow velocity magnitudes (LFV, blue)
and independent of the fluid flow (black) compared to porosity-permeability estimates
by the Kozeny–Carman (grey line) and the power law relations with different
exponents η (dashed lines). (b) Porosity-permeability relations normalised to their
initial values.

3.4.2 Impact on elastic rock properties
The examined velocity-dependent spatial alteration patterns have only a limited impact

on the increase in elastic rock properties, while porosity is clearly the controlling parameter
for the effective bulk and shear moduli. This is because precipitation alters the pore space,
but does not significantly affect the already consolidated granular structure of the sandstone
at the same time. The prediction of elastic rock properties by means of a 3D microstructural
representation of the rock is substantially improved in this study, compared to state-of-the-art
analytical methods (Figure 3.10a), where bulk moduli are overestimated by up to 75 % for
the Voigt (1889) average, 46 % for the Mori–Tanaka approach (Mori and Tanaka 1973) and
27 % for the Self-consistent scheme (Hill 1965). These three homogenisation methods were
discussed in more detail in Wetzel et al. (2018). While the Mori–Tanaka approach and the Voigt
average underestimate the increase in elastic properties, the stiffening trend of approximately
0.63 GPa and 0.47 GPa per percent porosity decrease for bulk and shear moduli, respectively,
can be roughly approximated by the Self-consistent scheme (Figure 3.10b).
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Since the location of mineral growth does not considerably affect the stiffening behaviour
of the consolidated sandstone, as indicated by the variations of 6.3 % in maximum, a detailed
characterisation of the spatial alteration patterns is not required. The increase in bulk and
shear moduli can be described by an easy-to-implement uniform grain coating or analytically
by the Self-consistent scheme, presuming initially an adequate estimation of the elastic rock
properties. Nevertheless, a stronger effect of precipitation patterns may arise for unconsolidated
material or considering diagenetic processes, where mainly grain contacts are affected by
stiffening (Dvorkin and Nur 1996; Hangx et al. 2015; Sain 2010). Even though precipitation of
minerals generally causes a stiffening of the rock, it can also lead to a contrasting behaviour.
Zhang et al. (2019) determined a significant decrease in elastic moduli by up to 21 % due to salt
precipitation in a tight sandstone, where secondary cracks developed and weakened the rock
matrix. Moreover, Noiriel et al. (2010) examined sodium chloride precipitation in a fractured
sandstone and observed the evolution of fracture networks developed by the nucleation
of microcracks.

This study considers calcite as precipitating mineral, as it is relevant within the context of
subsurface utilisation (McNamara et al. 2016; Noiriel and Daval 2017). Nevertheless, the main
findings of this study are generally applicable regarding the changes in physical rock properties
due to precipitation, since the choice of calcite does neither influence the spatial precipitation
patterns nor the reduction in permeability. Solely the calculated elastic properties are affected by
the moduli of calcite. Thus, higher bulk and shear moduli of the precipitating phase would result
in a higher stiffening. However, the initial moduli only slightly influence the computed effective
rock stiffness compared to the changes in porosity, as demonstrated by Wetzel et al. (2018),
who examined the effect of stiff as well as soft moduli for a calcite cement. Hence, both
the general stiffening trend, as well as the variations between the spatial precipitation scenarios
are transferable to other commonly precipitating elastic minerals.

ϕ/ϕ0

Figure 3.10: (a) Simulated increase in bulk moduli due to preferential precipitation at high
flow velocity magnitudes (HFV, red), low flow velocity magnitudes (LFV, blue) and a
uniform grain coating (black) compared to analytical solutions (grey) as the Voigt average,
Mori–Tanaka approach (MT), and the Self-consistent scheme (SCS). (b) Stiffening trend by
normalisation of bulk moduli (K) and porosity (φ).
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3.4.3 Added value of using a velocity-dependent
precipitation algorithm

The results of this study demonstrate that the location of precipitation within the pore
space is of paramount importance for the permeability reduction, whereas the impact on the
elastic rock properties is limited. Hence, to predict the effect of precipitation especially on the
hydraulic rock behaviour, an adequate characterisation of the spatial pore alteration pattern
is crucial. Of course, the process of mineral nucleation and growth is complex and depends
on more factors than solely the fluid flow velocity: the location of mineral precipitation is
controlled by the chemical reaction regime, which depends on fluid chemistry (Cil et al. 2017;
Tartakovsky et al. 2008), transport properties (Fazeli et al. 2020; Godinho et al. 2016),
mineralogy (Lin and Singer 2005; Noiriel et al. 2016), temperature (Bartels et al. 2002;
Schepers and Milsch 2013) and pore morphology (Beckingham 2017; Emmanuel and
Berkowitz 2007). In contrast to reactive transport simulations, the presented approach
cannot examine the temporal aspect of precipitation, e.g., the clogging of pores near the
inlet, as can be observed in pore-scale laboratory experiments (Cil et al. 2017; Godinho and
Withers 2018). Moreover, the pore roughness is not specifically considered in the present study.
Precipitated mineral layers often exhibit a certain roughness depending the location, shape and
size of the precipitation (Noiriel et al. 2016), whereby an increase in pore roughness reduces
the permeability.

Despite these limitations, the presented approach offers a simplified approximation of the
spatial alteration pattern depending on the geochemical reaction regime without the requirement
of implementing complex reactive transport simulations. The magnitude of the fluid flow
velocity considers the specific pore morphology as well as the overall connectivity, and thereby
represents regions with reactant replenishment. Hence, the range of permeability decrease
between surface reaction-limited (uniform case) and transport-controlled precipitation (HFV)
can be determined for a representative elementary volume of a granular rock. Moreover,
the calculated porosity-permeability relations, as well as the increase in mechanical properties
are transferable to reservoir-scale models and can describe the physical rock properties as a
consequence of mineral precipitation, e.g., in the context of reservoir engineering to determine
the amount of precipitate leading to a considerable reduction in productivity or injectivity. For a
specific application, it would be reasonable to determine whether the particular geochemical
process is mainly reaction- or transport-controlled. Thereby, the range of uncertainty in the
porosity-permeability relation can be substantially reduced.

3.5 Conclusions
The presented approach numerically examines the impact of mineral precipitation on

hydraulic and mechanical properties for a granular reservoir rock. A micro-CT scan of the
Bentheim sandstone is used as a highly resolved digital rock sample. The permeability is
determined from the flow field by solving the steady-state Stokes equation, whereas effective
rock stiffness is calculated by a static finite element method. To investigate the impact of
the location of precipitation on pore morphology, permeability and elastic moduli, the initial
microstructure is altered by preferential precipitation at high flow velocity magnitudes, low
flow velocity magnitudes and a uniform mineral growth around the grains.
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The results of this study demonstrate that the location of precipitation strongly affects
the permeability with variations by up to four orders in magnitude, whereas the impact on
elastic rock properties is limited with differences of 6.3 % in maximum. The number and size
of pore throats, and hence the connectivity of the pore network are mainly responsible for
the distinctive permeability reduction resulting from the investigated pore space alterations.
Preferential precipitation in regions of high velocity magnitudes can be associated with a
transport-controlled reaction regime. It is characterised by a predominant clogging of pore
throats, resulting in a drastic reduction in overall connectivity of the pore network. Hence, the
permeability strongly decreases, whereby the porosity-permeability relation can be roughly
described by the power law with an exponent of 20. A uniform mineral growth around the
grains is associated with reaction-controlled precipitation, whereby the size of all pores is equally
reduced. The reduction in permeability is less pronounced and can be approximated by the
power law with an exponent of four or the Kozeny–Carman relation. Preferential mineral growth
in regions of low flow velocities affects predominantly smaller throats and pores with a minor
impact on the flow regime. Hence, the reduction in permeability is considerably below the
power law with an exponent of two, and it is concluded that this scenario does not represent a
natural process of precipitation within the pore space.

The stiffening trend in bulk and shear moduli amounts circa 0.63 GPa and 0.47 GPa per
percent porosity decrease, respectively. Porosity is clearly the controlling parameter for the
increase in effective bulk and shear moduli. Moreover, small variations between the spatial
alteration patterns are associated with the grain contacts, whereby both flow velocity-dependent
precipitation patterns enhance the grain contacts, resulting in a slightly stiffer behaviour than
the uniformly altered sample. Hence, a detailed consideration of the spatial alteration pattern is
not required and the increase in elastic moduli can be approximated by an easily implementable
uniform grain coating, whereas an adequate characterisation of pore alteration patterns is crucial
to quantify the reduction in hydraulic rock parameters.

The presented approach offers a simplified estimation of spatial pore space alteration
for surface reaction-limited and transport-controlled geochemical reaction regimes without
the requirement of implementing complex reactive transport simulations. Digital rock physics
in view of a virtual laboratory can be used to quantify changes in effective rock properties
for different rock microstructures or chemical reaction regimes. Hence, the calculated
porosity-permeability relations as well as changes in mechanical properties can be applied
in reservoir-scale numerical simulation models to improve their predictive capabilities, which is
of paramount importance for an improvement of processes understanding and a sustainable
utilisation of the geological subsurface.
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Digital rock physics approach
to simulate hydraulic effects of
anhydrite cement in Bentheim sandstone

ABSTRACT
Cementation of potential reservoir rocks is a
geological risk, which may strongly reduce the
productivity and injectivity of a reservoir, and
hence prevent utilisation of the geologic
subsurface, as it was the case for the geothermal
well of Allermöhe, Germany. Several field,
laboratory and numerical studies examined the
observed anhydrite cementation to understand
the underlying processes and permeability
evolution of the sandstone. In the present
study, a DRP approach is used to calculate
the permeability variation of a highly resolved
three-dimensional model of a Bentheim
sandstone. Porosity-permeability relations are
determined for reaction- and transport-controlled

precipitation regimes, whereby the experimentally
observed strong decrease in permeability can
be approximated by the transport-limited
precipitation assuming mineral growth in regions
of high flow velocities. It is characterised by a
predominant clogging of pore throats, resulting
in a drastic reduction in connectivity of the pore
network and can be quantified by a power law
with an exponent above ten. Since the location of
precipitation within the pore space is crucial for
the hydraulic rock properties at the macro scale,
the determined porosity-permeability relations
should be accounted for in large-scale numerical
simulation models to improve their predictive
capabilities.

4.1 Introduction
Mineral dissolution and precipitation are micro-scale processes, which may significantly

alter the internal rock structure and consequently affect the effective hydraulic behaviour
of the system at the macro scale. Predicting changes in rock permeability is of paramount
importance for most applications related to geologic subsurface utilisation (Jacquey et al. 2015;
Kleinitz et al. 2001; Regenspurg et al. 2015), especially regarding the productivity and injectivity
of a reservoir. Permeability is without question the most crucial hydrogeologic parameter,
but it is often difficult to determine due to its enormous variation over space and time in
natural geological systems (Bernabé et al. 2003; Hommel et al. 2018). Usually, there is a strong
positive correlation between porosity and permeability, which can be simply quantified by an
exponential equation related to the initial values of porosity and permeability. The relevant
exponent varies depending on the represented particular geochemical reaction or hydrothermal
reservoir system (Kühn 2009).

For geothermal exploration, a drill hole was deepened at Allermöhe (Hamburg,
Germany) into the Rhaetian sandstones. The originally open pore spaces were found to be
filled with anhydrite to a large extent (Baermann et al. 2000a). Therefore, the potential for
geothermal exploitation was limited and the drill hole had to be abandoned. Beforehand,
extensive studies were performed to reveal insights into the regional distribution of the
cementation (Baermann et al. 2000b). Pape et al. (2005) analysed the observed local clogging
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phenomena due to anhydrite precipitation in the pore-space of related drill hole samples and
studied the pore size geometry. They distinguished between two facies types with different
diagenetic history: (1) a fine-grained and uncemented sand with small pores, mechanically
compacted during diagenesis and (2) a coarser sand with larger pores, almost completely
cemented by anhydrite after its compaction.

In order to understand the observed anhydrite cementation in the core samples from the
borehole at Allermöhe, Wagner et al. (2005) performed fully coupled numerical simulations
of reactive flow at the local and regional scales. A reservoir model was used to simulate
the chemical stimulation of the sandstone formation via a forced increase in porosity and
permeability in the close borehole vicinity. At the reservoir scale, numerical simulations of
Kühn and Günther (2007) indicate that strata-bound convective flow in the Rhaetian sandstone
reservoir is insufficient to explain the observed high degree of anhydrite cementation. However,
it is shown by Wagner et al. (2005) that brine is forced to precipitate around fracture zones, if
hot fluids flow up along faults, heating up the aquifer.

A core flooding experiment simulating the conditions in an operated geothermal
reservoir was performed to validate the above mentioned numerical models, applied for
the Allermöhe site (Bartels et al. 2002). A Bentheim sandstone sample was prepared with
anhydrite and subjected to a temperature gradient, while the changes in permeability were
measured along the core. Within the cold upstream and hot downstream regions of the
core, anhydrite was dissolved and precipitated, respectively. Within the presented study, we
apply a DRP approach to determine if observed anhydrite precipitation in the core flooding
experiment of Bartels et al. (2002) and samples of the Allermöhe site (Baermann et al. 2000a;
Pape et al. 2005) can be ascribed in particular to a reaction- or transport-controlled process.
To upscale the chemical reactions from the micro to the macro scale, we determine the required
porosity-permeability relationship. The impact of precipitation on the effective hydraulic rock
properties is especially of interest for a sustainable utilisation of the geological subsurface and
for risk assessment to avoid unsuccessful drilling campaigns like the one at Allermöhe.

Figure 4.1: Binarised micro-CT scan of the Bentheim sandstone has an initial porosity of 23 %
and comprises pore space (blue) and grains (brown). Exemplary slices through the digital
rock show the anhydrite cementation (yellow) for a reaction- and a transport-controlled
precipitation at a porosity of 17 %.
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4.2 Material and methods
A digital sample of the Bentheim sandstone is used to determine the dominant mechanism

of pore space alteration due to anhydrite cementation, since its mechanical and hydraulic
properties have been well investigated by several studies (Bakker and Barnhoorn 2019;
Jacquey et al. 2016; Peksa et al. 2015) and it represents a common reference reservoir
rock. The microstructure of the Bentheim sandstone derives from a subset of a publicly
available micro-CT scan (Herring et al. 2018) and comprises 5003 voxels with a resolution
of 4.9 µm (Figure 4.1). The permeability of the binarised 3D image is calculated from the
flow field by solving the steady-state Stokes equation by means of the OpenFOAM software
package (Weller et al. 1998). The calculation of the pore network is done in Python using
the PoreSpy package (Gostick et al. 2019). The investigated digital sample has a porosity
of 23.4 %, which is comparable to the sandstone of the core flooding experiments used by
Bartels et al. (2002) with 24.6 %. They simulated conditions in a managed geothermal reservoir
and investigated the effect of anhydrite dissolution and precipitation on permeability.

The present DRP approach assumes a flow velocity dependency of mineral precipitation
to estimate the porosity-permeability relation instead of performing fully-coupled reactive
transport simulations. The voxel-based algorithm converts pore space to minerals, depending
on the magnitude of the flow velocity, since it reflects the local pore morphology as well as the
connectivity of the entire pore space. Two contrasting scenarios are simulated associated with
the general geochemical reaction regimes: (1) a preferential precipitation at high flow velocities
(>75th percentile), which can be associated with a transport-controlled process where the reaction
is limited by the availability of reactants transported to the fluid-mineral interface (Noiriel and
Daval 2017), and (2) a uniform precipitation independent of the fluid flow, that represents a
surface reaction-controlled process, whereby the chemical reaction rate limits precipitation and
pore space alters homogeneously (Figure 4.1). A detailed description of the model set-up as well
as the iterative precipitation approach is described in Wetzel et al. (2020a).

Table 4.1: Porosities and permeabilities along a 0.5 m Bentheim core observed during a core
flooding experiment (Bartels et al. 2002).

Core position (m) Porosity (%) Permeability (10-12 m2)

0.05 24.1 3.44
0.25 23.3 2.16
0.31 21.2 0.55
0.34 19.4 0.28

4.3 Results
The geochemical reaction regime strongly impacts the evolution in permeability of

the digital rock sample as illustrated by the large variations between transport-controlled
and reaction-controlled porosity-permeability relations. In case of precipitation at high flow
velocities, a permeability decrease of one order of magnitude occurs for a reduction in
porosity to 20 %, whereas in the case of a uniform pore alteration this permeability is
achieved at a substantially lower porosity of 13.5 % (Figure 4.2a). The flow velocity thresholds
represent the intensity of the dominant mechanism regarding both contrasting processes and
allow for gradation between them. Permeability evolution due to anhydrite cementation
in a Bentheim sandstone with comparable initial hydraulic properties as for the chosen
digital sample is described by Bartels et al. (2002, Table 4.1). The observed strong decrease
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Figure 4.2: (a) Impact of anhydrite cement on permeability evolution observed
during a core flooding experiment of Bartels et al. (2002), compared to the calculated
porosity-permeability relations. (b) Normalised results compared to analytical relations by
the power law with different exponents (η).

in permeability can be approximated by the simulated porosity-permeability relation for
a transport-controlled precipitation, assuming mineral growth in regions comprising flow
velocities >75th percentile (Figure 4.2b). Further, the strong decrease in permeability can be
described by a power law with a high exponent (η) above 11.3 (Bartels et al. 2002). This is similar
to the findings of Baermann et al. (2000a, 2000b), who determined an exponent of around twelve
from field samples taken at the Allermöhe well.

The initial flow regime within the pore space of the Bentheim sandstone is highly variable.
There are well interconnected regions with preferential flow paths and comparably high flow
velocities as illustrated by the streamlines in Figure 4.3. The simulated transport-controlled
pore alteration strongly impacts the spatial distribution of fluid flow paths and velocities. At a
reduced porosity of 21 %, flow velocities noticeably decrease. Successive precipitation leads to
the progressive closure of flow paths due to the described preferential precipitation in the pore
throats. At a porosity of 17 %, the majority of initial flow paths are cut-off, and the pore space
is considerably less connected (Figure 4.3). These results are in accordance with the different
facies types found by Pape et al. (2005), but also support the conclusion of Bartels et al. (2000)
on the permeability of the Rhaetian sandstone at Allermöhe being particularly reduced due to
the narrowing of pore throats as a result of diagenetic anhydrite precipitation.

Since the experimentally observed permeability changes due to anhydrite cementation can
be associated with the simulated transport-controlled precipitation, the DRP approach further
allows for quantification of significant alterations in the pore morphology. Noticeable changes
in the number and sizes of throats indicate a preferential clogging of pore throats. Compared to
the unaffected microstructure, 23 % of the initial pore throats are completely closed at a reduced
porosity of 17 %. Moreover, the median throat size substantially decreases from 21 µm to 11 µm,
while particularly the diameter of larger throats is also reduced (Figure 4.4a). The mean pore
diameter reduces only slightly from 92 µm to 82 µm. The pore size distribution becomes more
right-skewed and the number of smaller pores considerably increases (Figure 4.4b), whereas the
absolute number of pores does not change due to precipitation. The reduction in pore diameters
at a reduced porosity of 17 % exhibits a broad right-skewed distribution with a median reduction
in the pore diameter of 10 µm. The diagram presented in Figure 4.4c, which relates the changes
in pore sizes to the initial diameter, demonstrates comparably lower reductions in the diameters
of smaller pores than in those of the larger pores, while none of the pores are completely closed.
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Figure 4.3: (a) Evolution of the streamlines for flow in x-direction (red – high velocities,
blue – low velocities) and (b) the pore network (red – high pore diameter, blue – low pore
diameter) considering a transport-controlled reaction regime with preferential precipitation
in regions of high flow velocities (>75th percentile).
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Figure 4.4: (a) Distribution of the throat and (b) pore diameters for transport-controlled
precipitation (blue, φ = 17 %) and the unaffected initial pore morphology (grey, φ = 23 %).
(c) Changes in pore diameters depending on the initial pore size for each pore.

4.4 Discussion and conclusions
Mining for geothermal heat usually requires at least one or more production and injection

wells. These installations are the major capital investments and demand economic feasibility,
which mainly depends on the permeability and porosity of the reservoir. A major geological
risk is the clogging of the pore space of the reservoir rocks by precipitation of minerals such
as anhydrite (Wagner et al. 2005), as it was the case for the deepened Allermöhe, where the
Rhaetian sandstone was largely cemented with anhydrite. Consequently, determination of the
origin of the anhydrite cement pore fillings represents a basis for exploration to lower the risk
for failure for future projects. This is mainly investigated by fully coupled numerical simulations
of flow, heat transfer, species transport and chemical reactions at the reservoir scale (Kühn and
Günther 2007; Wagner et al. 2005).

Precipitation reduces porosity in general, but its effect on transport properties strongly
depends on its location. Various studies discuss if precipitation preferably occurs in larger pores
or in contrast in smaller ones (Stack 2015; Steinwinder and Beckingham 2019). For the Allermöhe
sandstone, it is presumed that larger pores were favoured for anhydrite precipitation during its
diagenesis (Pape et al. 2005). This was also studied by means of a one-dimensional numerical
test case carried out by Mürmann et al. (2013), who explained the heterogeneous anhydrite
cementation patterns by a variation of the fluid supersaturation and fluid velocity within the
pores.

In this study, we present similar results by applying a DRP approach (Wetzel et al. 2020a)
with the advantage of a significantly higher resolution and representation of the specific porous
network of the Bentheim sandstone. Thus, it is possible to adequately predict hydraulic rock
properties by characterising the microstructure, morphology and connectivity of pores. In view
of a virtual laboratory, digital rock models allows to consider varying distributions of secondary
minerals for the same rock sample and can be used to establish trends of evolving geophysical
properties, e.g., as consequence of diagenetic processes (Hosa and Wood 2020; Singh et al. 2020).
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The results of this study indicate that particularly larger pores are reduced in size by mineral
precipitation, as demonstrated by Mürmann et al. (2013). Even though all pore sizes are affected
by precipitation, we observe that the amount of smaller pores considerably increases. Hence, the
reduction in pore size is limited to a certain size, since pores are successively detached from the
high velocity flow field and hence an assured reactant replenishment. Much more important and
crucial for the permeability development of the Bentheim sandstone are the pore throats. Their
clogging is responsible for the steep porosity-permeability relation with an exponent of well
above ten. Of course, mineral precipitation is complex and not exclusively depending on flow
velocity. The chemical reaction regime is controlled by various other factors like fluid chemistry,
temperature, pressure, mineralogy, pore morphology and transport properties, whereby the
impact of each aspect depends on the particular process. Moreover, the presented method bases
on a micro-scale representation of the reservoir rock and therefore does not take larger scale
heterogeneities into account (e.g. fissures, fractures or facies changes). Nevertheless, it proves
to be a simple way to estimate porosity-permeability relations conditional to the geochemical
reaction regime without the need to apply complex and computationally expensive reactive
transport simulations.

We conclude that the applied DRP approach is a viable model to describe the
transport-controlled precipitation of anhydrite in Bentheim sandstones at the micro scale and
quantify changes of the effective porosity and permeability of the rock. Our results coincide with
laboratory studies (Bartels et al. 2002), conducted to simulate field observations to reveal insights
about the regional distribution of the cementation of the Rhaetian sandstone by anhydrite. The
impact of the chemical precipitation regime on the effective hydraulic rock properties can be
quantified by a porosity-permeability relation using a DRP approach. These findings can be
now applied for the assessment of equivalent reservoirs to succeed with future projects aiming
at utilisation of the geological subsurface in the North German Basin.
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Diagenetic trends of
synthetic reservoir sandstone properties
assessed by digital rock physics

ABSTRACT
Quantifying interactions and dependencies among
geometric, hydraulic and mechanical properties of
reservoir sandstones is of particular importance
for the exploration and utilisation of the geological
subsurface and can be assessed by synthetic
sandstones comprising the microstructural
complexity of natural rocks. In the present
study, three highly resolved samples of the
Fontainebleau, Berea and Bentheim sandstones are
generated by means of a process-based approach,
which combines the gravity-driven deposition of
irregularly shaped grains and their diagenetic
cementation by three different schemes. The
resulting evolution in porosity, permeability
and rock stiffness is examined and compared
to the respective micro-CT scans. The grain
contact-preferential scheme implies a progressive
clogging of small throats and consequently

produces considerably less connected and stiffer
samples than the two other schemes. By contrast,
uniform quartz overgrowth continuously alters
the pore space and leads to the lowest elastic
properties. The proposed stress-dependent
cementation scheme combines both approaches of
contact-cement and quartz overgrowth, resulting
in granulometric, hydraulic and elastic properties
equivalent to those of the respective micro-CT
scans, where bulk moduli slightly deviate by 0.8 %,
4.9 % and 2.5 % for the Fontainebleau, Berea and
Bentheim sandstone, respectively. The synthetic
samples can be further altered to examine the
impact of mineral dissolution or precipitation
as well as fracturing on various petrophysical
correlations, what is of particular relevance for
numerous aspects of a sustainable subsurface
utilisation.

5.1 Introduction
Digital rock physics provides a powerful and flexible approach to study macroscopic

rock behaviour based on a micro-scale description of reservoir rocks. The numerical core
analysis comprises the computation of effective physical properties based on a highly resolved
three-dimensional representation of the rock, which is generally obtained by micro-CT
imaging. Various processes can be simulated to calculate hydraulic (Blunt et al. 2013;
Herring et al. 2017), mechanical (Saenger et al. 2016b; Shulakova et al. 2017),
electrical (Keehm et al. 2001; Wu et al. 2020a) or thermal (Ettemeyer et al. 2020; Schepp et al. 2020)
properties. The accuracy of the property prediction is restricted by the quality of the scanned
grey-scale images. Micro-CT techniques can not entirely resolve the complex microstructural
features, such as small pores, micro-cracks and grain-to-grain contacts (Faisal et al. 2019;
Madonna et al. 2012). Moreover, the image segmentation, which includes spatial filtering,
noise removal and thresholding, contributes to the uncertainty in perfectly distinguishing grains
from pores, which is a problem especially in less porous rocks (Saxena et al. 2017). Besides that,
highly resolving micro-CT scanners are still not widely available and imaging is costly and time
consuming.
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Figure 5.1: The microstructure of sandstones reflects the rock-forming processes involved
in sediment deposition and diagenesis. While transport and deposition determine size,
shape and sorting of the grains, diagenetic processes successively consolidate the sediment
and alter its microstructure, e.g., by quartz overgrowth (blue) or grain contact cementation
(orange).

Generating synthetic granular rocks can overcome the aforementioned limitations at least
for sandstones. In order to reconstruct a sample, which comprises the microstructural complexity
of a natural sandstone, a process-based method can be applied. It includes the generation of an
unconsolidated grain pack and its cementation, what geologically correspond to the processes
of deposition and diagenesis (Figure 5.1).

Several analytical (Hashin and Shtrikman 1963; Hill 1965; Kuster and Toksöz 1974) and
numerical (Mahmoodlu et al. 2018; Øren and Bakke 2002; Sain et al. 2016) simulation approaches
dealing with rock property prediction commonly simplify grains or pores by assuming spherical
or ellipsoidal shapes. Nevertheless, idealised spherical particles do not depict the complex
textural and structural characteristics of natural sediments regarding grain size, sorting and
shape, reflecting the processes involved in sediment transport and deposition (Wadell 1935).
Only, a small number of pore-scale studies investigated the effect of non-spherical grain packs
on permeability (Garcia et al. 2009; Torskaya et al. 2014) or elastic properties (Kerimov et al. 2018;
Schneider et al. 2018). Torskaya et al. (2014) examined cemented sediments consisting of angular,
ellipsoidal or spherical grains and found the best agreement with hydraulic laboratory
measurements for angular grain shapes. Schneider et al. (2018) modelled a sand core considering
complex grain shapes and showed an excellent comparability with experimentally obtained
P-wave moduli. Kerimov et al. (2018) extensively investigated the effect of particle shapes
on physical properties and demonstrated that the permeability reduces by up to 76 % and
bulk modulus increases by up to 66 % for irregularly shaped particles compared to spherical
grains. They applied a discrete element method (DEM) to simulate gravity-driven deposition
of grains (Al Ibrahim et al. 2019), which is also used in this study.

Post-depositional compaction and cementation result in successive lithification of
unconsolidated sediments. These diagenetic processes systematically modify the microstructure
of the rock due to pressure solution, quartz overgrowth or mineral alteration. Common
computational diagenesis schemes comprise geometry-based algorithms: Uniform quartz
overgrowth as well as grain contact or pore body preferential cementation have been examined
for sandstones (Øren and Bakke 2002; Sain 2010; Torskaya et al. 2014), whereas a syntaxial cement
has been also investigated for granular carbonates (Hosa and Wood 2020; Singh et al. 2020).
The resulting microstructural changes produce qualitative and quantitative trends among the
geometric, hydraulic, and mechanical rock properties (Figure 5.1).
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Within the present study, three highly resolved synthetic sandstone samples are virtually
constructed, which show comparable microstructural and physical properties to their natural
equivalents: the Fontainebleau, Berea and Bentheim sandstones. The process-based approach
includes gravity-driven deposition of irregular grains with specified sizes, whereby particle
shapes and size distributions are initially extracted from micro-CT scans of the investigated
sandstones. To analyse diagenetic effects on physical rock properties, the synthetic samples
are consolidated by three different voxel-based cementation approaches: the uniform, grain
contact-preferential and stress-dependent scheme. Aim of this study is to quantify resulting
changes in grain and pore morphometry as well as the evolution of elastic moduli and
permeabilities. Moreover, the results are discussed in the context of established analytical
approaches estimating elastic and hydraulic sandstone properties as function of porosity. In view
of a virtual laboratory, the generated sandstone samples could be further used for digital
experiments to quantify the impact of mineral dissolution or precipitation as well as fractures on
petrophysical correlations, what is of particular importance for numerous applications related
to geological subsurface utilisation.

5.2 Material and methods
5.2.1 Micro-CT scans of the sandstones

The synthetic sandstone samples should reflect the microstructural complexity of natural
granular rocks regarding grain size and sorting as well as the pore morphology and connectivity.
Therefore, the construction of the samples is based on granulometric parameters of three
comprehensively investigated reservoir reference rocks: the Fontainebleau, Berea and Bentheim
sandstones. Grain size distributions and shapes are extracted from micro-CT scans of these rocks
and represent essential input properties to generate the synthetic samples (Section 5.2.3). The
three sandstones are all homogeneous and have comparable ellipsoidal grain shapes with
median aspect ratios ranging between 1.6 and 1.7 (Figure 5.2e). However, all three samples
differ considerably in their porosity and granulometric properties (Table 5.1).

The micro-CT scan of the Fontainebleau sandstone (Figure 5.2a) is derived from the DRP
benchmark of Andrä et al. (2013b) and has a resolution of 288x288x300 voxels with an edge
length of 7.5 µm (Table 5.1). The medium-grained sandstone exhibits the lowest porosity with
14.7 % and highest mean grain size with 244 µm of the three investigated samples. With a sorting
coefficient of 0.29, it is classified as very well sorted (Folk and Ward 1957).

The digital rock samples of the Berea and Bentheim sandstones originate from a publicly
available data set (Herring et al. 2019; Herring et al. 2018), whereby cubical subsets are extracted
from the initially cylindrical micro-CT scans. The original grey-scale images are binarised using
the Otsu algorithm (Otsu 1979) to separate pore space and grains, whereby minor components
are neglected and considered as quartz due to their low volumetric ratio. The examined Berea

Table 5.1: Image size, resolution and granulometric properties of the investigated micro-CT
scans (Fontainebleau, Berea and Bentheim sandstones).

Samples φ (%) Image size
(voxels)

Voxel edge
length (µm)

dGrain
Sorting (-) Median α (-)

(voxels) (µm)

Fontainebleau 14.7 288x288x300 7.5 32.6 244 0.29 1.64
Berea 19.6 6003 4.6 39.9 185 0.47 1.72
Bentheim 23.4 5003 4.9 37.7 185 0.35 1.71
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Figure 5.2: Micro-CT scans of the (a) Fontainebleau, (b) Berea, and (c) Bentheim
sandstones. The individual grains are coloured by their volume-equivalent diameter.
(d) Grain size distributions of the three sandstones exhibit different mean values and
variances, and thus sorting. (e) Grain shape is described by the aspect ratio, which relates
the major axis of an inertia ellipsoid to its minor axis.

sample comprises 6003 voxels with a resolution of 4.6 µm (Figure 5.2b). This fine-grained
sandstone has a mean grain size of 185 µm and a porosity of 19.6 % (Table 5.1). With a coefficient
of 0.47, it is still well sorted, but shows a considerably broader grain size distribution than the
two other rock samples (Figure 5.2d). The Berea sandstone generally contains minor amounts
of feldspar, dolomite and clay (Churcher et al. 1991; Madonna et al. 2012).

The micro-CT scan of the Bentheim sandstone is composed of 5003 voxel with an edge
length of 4.9 µm (Figure 5.2c). The porosity of 23.2 % represents the highest value of the three
investigated samples. The digital Bentheim sample has a mean grain size comparable to the
Berea sandstone, but exhibits a better sorting with a coefficient of 0.35 (Table 5.1). Besides the
main constituent quartz, it consists of small amounts of clay and feldspar (Peksa et al. 2015).

5.2.2 Computation of granulometric and physical rock properties
The granular microstructure of a sandstone can be characterised by several geometrical

parameters, describing the size and shape of grains as well as the morphology of the pore
space. The granulometric rock properties are directly derived from the digital samples
using the open source software package ImageJ (Schindelin et al. 2015). For the micro-CT
scans, the individual grains are initially extracted using watershed partitioning, whereby the
particles of the synthetic samples are originally labelled. The volume-equivalent diameter of the
grains (dGrain), their sphericity and aspect ratios are calculated by means of the MorphoLibJ
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library (Legland et al. 2016). The sphericity (ψ) is defined as the surface area ratio of an
equal-volume sphere to the original grain (Wadell 1935), while the aspect ratio (α) describes
the proportion of the major to the minor axis lengths of the inertia ellipsoid (Figure 5.2e). The
sorting coefficient is calculated after Folk and Ward (Folk and Ward 1957) based on the grain
size distribution.

The pore morphology and network are calculated using PoreSpy (Gostick et al. 2019),
which in turn extracts individual pores by means of a watershed segmentation. The pore space
is characterised by the volume-equivalent diameter of the pores (dPore), the diameter of their
throats (dThroat) and connectivity, which describes the number of throats connected to a single
pore. Similarly, the coordination number is defined as the number of contacts to neighbouring
grains and dContact as the equivalent diameter of a contact. These parameters are calculated
by the grain network using the grain-labelled images as input, since Cook et al. (2015) found
excellent correlations between elastic properties and the number and length of grain contacts.
Unless otherwise stated, the given geometrical parameters are mean values considering all
pores, throats or grains of the respective sample.

The effective elastic properties of the virtual sandstone samples are calculated using
a parallel version (Bohn and Garboczi 2003) of the well-established static finite element
method of Garboczi and Day (Garboczi and Day 1995). This approach treats each voxel
of the three-dimensional image as a trilinear element. A small uniform strain is imposed
on all voxels, while periodic boundary conditions are applied at each boundary of the
microstructure. The resulting strains and stresses are calculated by minimising the elastic
energy using a fast conjugate-gradient method (Bohn and Garboczi 2003). Finally, the effective
bulk and shear moduli of the sample are computed based on the average stress tensor. The
numerically simulated properties refer to a dry sandstone as in Andrä et al. (2013b). Hence, the
stiffness of quartz is assigned to the grains considering 37 GPa and 44 GPa for bulk and shear
modulus (Mavko et al. 2009), respectively, while both moduli are set to zero for pore voxels.

In order to determine the absolute permeabilities of the virtual sandstone samples,
pore-scale fluid flow is simulated using the OpenFOAM software package
(Weller et al. 1998). The finite volume-based implementation solves the simplified Stokes
equations, assuming a steady-state flow with dominating viscous forces and an incompressible
fluid (Bear 1972). At the inlet and outlet, constant pressure boundaries are applied, whereas for
the internal grain walls and the remaining model boundaries no-slip conditions are assumed
as documented by Raeini et al. (2012). Based on the volume average of the velocity field, the
permeability (k) is calculated in the direction of flow. The full permeability tensor is obtained by
three simulation runs in the respective flow directions. Unless otherwise stated, all permeability
values refer to the average of the three components kx, ky and kz. The presented approach is
known to compute permeabilities, which are in the range of those determined by laboratory
measurements at larger scales (Liu et al. 2017; Mostaghimi et al. 2013), presuming a sufficient
resolution of the digital image. Saxena et al. (2018) demonstrated that the ratio of sample length
to dominant grain size should be ≥ 5 to provide reliable estimates for the permeability. For
the investigated micro-CT samples, this criteria is fulfilled by ratios of 9, 15 and 13 for the
Fontainebleau, Berea and Bentheim sandstones, respectively.
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Figure 5.3: The workflow for constructing a synthetic sediment comprises (a) the
gravity-driven deposition of 4000 grains, (b) the spatial discretisation of the sample for
simulation purposes and (c) the removal of the highly porous boundary layer of 0.75 dGrain.

5.2.3 Construction of the unconsolidated synthetic samples
In order to build realistic unconsolidated sediments, the deposition of grains with specified

shape and size distributions is simulated by means of a discrete element method (DEM). This
robust approach considers interactions between discrete objects (Cundall and Strack 1979) and
is commonly used in the context of soil mechanics and geotechnical studies. Since the individual
grains are successively deposited under the influence of gravity, the natural sedimentation
process is simulated.

The DEM approach developed by Al Ibrahim et al. (2019) is applied in this study, since it
offers the possibility to implement irregularly shaped convex particles. This is a major advantage,
because simplified spheres or ellipsoids generally do not reflect the granulometric characteristics
of a natural sandstone. The irregularly shaped grains are generated by stochastically perturbing
regular shapes by means of a three-dimensional correlated Perlin noise (Perlin 2002), whereby
the volume of the underlying regular particles is conserved. Since each particle has a separate
realisation of Perlin noise, the individual grains all differ in shape. Moreover, the selected
amplitude of the noise defines the strength of perturbation, and thus offers a good approximation
for natural shapes of sub- to well-rounded grains. A detailed explanation of the sedimentation
tool and the specific steps is given in Al Ibrahim et al. (2019). The basic input parameters
to generate the synthetic sediments are the grain size distribution and aspect ratio, which
determines the ellipsoidal grain shape. For the three investigated sandstones, these properties
are introduced in Section 5.2.1 (Figure 5.2d,e). Moreover, a Perlin noise of 0.75 is used to generate
irregularly shaped particles, since elastic and hydraulic parameters remain almost constant for
higher amplitudes of Perlin noise (Kerimov et al. 2018). In total 4000 quartz grains with a density
of 2650 kg/m3 are deposited under influence of gravity into a rectangular box with a height
to width ratio of 1.1 (Figure 5.3a). A friction coefficient of 0.3 is assumed between individual
particles as in Sain et al. (2016) or Zhang and Makse (Zhang and Makse 2005). To determine the
granulometric properties of the generated sediment and avoid an additional watershed grain
separation, all grains are labelled.
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In order to compute physical properties, the geometry of the sediment is converted
to a rectangular, uniform grid representing the synthetic micro-CT scan (Figure 5.3b). For
comparability purposes, image resolutions of the synthetic samples should be similar to those of
the micro-CT scans. Therefore, the respective image sizes are estimated by the number of grains
and their average voxel diameter. Finally, a buffer layer of 0.75 dGrain is cropped from the sample
to reduce edge effects due to the significantly higher porosities near the boundaries (Figure 5.3c).

5.2.4 Cementation of the synthetic sandstones
The diagenetic lithification of unconsolidated sediments mainly comprises mechanical

compaction and cementation most commonly by silica, carbonates or clay (Serra 1986).
The diagenetic processes can be complex and generally depend on the respective
geological conditions like rate of burial, heat flow, sediment composition, biological activity,
chemistry of pore-fluids, and include dissolution, recrystallisation, mineral replacement or
cracking (Chapman 1983; Serra 1986). However, compaction of the synthetic sediment is not
considered, since Sain (2010) demonstrated that the diagenetic trends in elastic rock properties
depend less on initial compaction than on cementation. Moreover, the porosity loss through
compaction alone is limited (Beard and Weyl 1973; Chapman 1983) and the unconsolidated
samples are already densely packed, exhibiting porosities of around 35 % (Table 5.2).
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Figure 5.4: Schematic workflow of the stress-dependent cementation process: (a) Stress
peaks (red) are determined by triaxial compression and the grain-lining voxels in their
vicinity (yellow) are iteratively cemented until the stress criterion is met. Afterwards, the
sample is uniformly cemented until the pre-defined porosity is achieved. (b) Evolution
of the normalised stress distribution and (c) changes of the stress peak-defining threshold
with decreasing porosity for the synthetic Fontainebleau sample. The stress criterion is met,
when the threshold changes by less than 5 % (red line).
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Hence, the three voxel-based lithifying schemes comprise a uniform, a grain
contact-preferential and a stress-dependent cementation of the synthetic sediment. Uniform
and grain contact-preferential cementation are implemented as purely geometrical concepts
as in Torskaya et al. (2014). In order to determine grain contacts, an euclidean distance map,
which defines the distance to the nearest grain voxel, is multiplied by a local thickness
map, where narrow throat regions are found by maximum inscribed spheres (Silin and
Patzek 2006). The iterative stress-dependent scheme combines the cementation of grain contacts
and uniform overgrowth (Figure 5.4a). At first, the stress distribution is calculated within
the sample. Then, local stress peaks are defined as regions comprising the 10 % highest
stresses (≥ 90th percentile). The neighbouring grain-lining voxels of these stress peaks are
converted from pore space to grains, what effectively cements grain contacts. The sediment
is successively consolidated, whereby particularly during the first iterations the stress gets
relatively evenly distributed (Figure 5.4b) and the threshold substantially increases. The
stress-dependent cementation stops, when the stress peak-defining threshold (10 % highest
stresses) does not change by more than 5 % relative to that of the previous iteration (Figure 5.4c).
This ensures a more realistic distribution of the loads at grain contacts. This criterion is achieved
after a porosity reduction of 2.4 %, 2.5 % and 2.8 % by volume for the Fontainebleau, Berea and
Bentheim samples, respectively. Afterwards, the synthetic sample is uniformly cemented until
the target porosity is reached.

The samples of the Fontainebleau, Berea and Bentheim sandstones are successively
consolidated by the three cementation schemes until the porosity of the respective sandstone
is achieved. The cement is assumed to have the same properties as the grains, since the
three investigated sandstones predominantly consist of quartz and the cemented phase
is not separately resolved in the micro-CT scans. Moreover, silica is the most important
porosity-reducing cement in sandstone reservoirs (Giles et al. 2000), and commonly occurs
as grain rimming overgrowth (Cook et al. 2015).

5.3 Results
Synthetic samples of the Fontainebleau, Berea and Bentheim sandstones are generated

by means of a process-based approach, which comprises the gravity-driven deposition of
irregular grains and their consolidation by three different cementation schemes. In the following,
the physical properties of the different unconsolidated grain packs are described. Moreover,
evolving diagenetic trends in granulometric and elastic properties as well as pore morphologies
and permeabilities are comprehensively examined.

Table 5.2: Granulometric, hydraulic and mechanical properties of the three unconsolidated
synthetic sandstones (Fontainebleau, Berea and Bentheim).

Samples Size
(voxel) φ ( %) Connectivity

(-)
k

(10-12 m2)
kv/kh

(-)
Coordination

number (-)
K

(GPa)
G

(GPa)

Fontainebleau 4203 35.8 7.7 28.5 0.91 6.2 6.1 6.1
Berea 5503 35.1 7.5 18.2 0.88 6.1 5.2 5.1
Bentheim 5103 35.9 7.6 18.8 0.89 6.1 5.1 5.2
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5.3.1 Unconsolidated sediments
The synthetic samples have different model sizes, which range between 4203 and 5503

voxels (Table 5.2), since resolutions of the respective micro-CT scans are assigned to the generated
samples for comparability purposes. The porosities of the unconsolidated sediments are similar,
but exhibit slightly higher values of 35.8 % and 35.9 % for the very-well sorted Fontainebleau
and Bentheim samples, respectively. With a porosity of 35.1 % the Berea model is somewhat
denser packed due to the broader grain size distribution. An average pore of the three synthetic
sediments is connected by 7.5 up to 7.7 throats (Table 5.2). Despite the similar connectivities
of the pore network, the Fontainebleau sample shows a higher permeability with 28.5 x 10-12 m2,
what is related to the higher mean grain size (Table 5.1). For all synthetic samples, the horizontal
permeability (kh) is notably higher than the vertical one (kv), which is reduced by 9 %, 12 %
and 11 % for the Fontainebleau, Berea and Bentheim sandstones, respectively. This difference
in vertical permeability is also observed for the micro-CT scans of the sandstones with around
12 % for all of them.

A single grain of the unconsolidated sediments has on average between 6.1 and 6.2
contacts (Table 5.2). Bulk and shear moduli are almost identical for each particular synthetic
sample. The Fontainebleau sediment has a bulk modulus of 6.1 GPa, whereby the Berea and
Bentheim samples exhibit slightly lower moduli of 5.2 and 5.1 GPa, respectively.

5.3.2 Rock stiffening and granulometry
The grain size distributions of the synthetic samples are in good agreement with the

respective micro-CT scans. Depending on the cementation scheme, the average grain diameter
deviates in maximum only by 0.7 %, 0.8 % and 0.4 % for the Fontainebleau, Berea and Bentheim
samples, respectively (Table 5.3). The employed cementation schemes lead to contrasting spatial
alteration patterns, whereby different diagenetic trends are established. These developments
are comparable for the three investigated sandstones and only marginally affected by the
porosities and stiffnesses of the unconsolidated sediments. Hence, the diagenetic trends for
three cementation approaches are exemplarily described for the Fontainebleau sample, since it
comprises the greatest reduction in porosity, and thus the largest data range.

The grain contact-preferential cementation scheme leads initially to a rapid stiffening of the
sample with small changes in porosity due to the rigorous filling of contacts. This is indicated by
the coordination number which increases to 7.4 at a porosity of 32.8 % (Figure 5.5b). The mean
diameter of the contacts is doubled from 35 µm to 69 µm (Figure 5.5c), what also results in a
doubling of the bulk modulus to 12.6 GPa (Figure 5.5a). Subsequent cementation leads to a less
steep linear increase in elastic properties. For the target porosity of the Fontainebleau sample
(φ = 14.7 %), the contact-preferential cementation exhibits the greatest number of grain contacts
and the highest bulk modulus of the three diagenetic schemes with 25.6 GPa (Table 5.3).

A uniform cementation around the grains evenly alters the pore space. For the compared
porosity of 32.8 %, an average grain has 6.6 contacts (Figure 5.5b) with a mean contact diameter
of 48 µm, only (Figure 5.5c). Hence, the bulk modulus of 8 GPa is considerably lower than for
the contact-preferential cementation (Figure 5.5a). The almost linear increase in bulk moduli
illustrates the uniform alteration of the sandstone (Figure 5.5d). At the final porosity of 14.7 %,
the coordination number as well as the contact diameter are lower than for the two other
diagenetic schemes with 8.9 and 96 µm, respectively. Consequently, the uniform cementation
pattern produces the weakest synthetic sandstone sample with 23.6 GPa, only.
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The stress-dependent approach leads to a strong initial stiffening, which coincides
with the purely geometric contact cementation, since it also leads to a preferential mineral
growth between grain contacts (Figure 5.5d). At the porosity of 32.8 %, this scheme exhibits
a lower coordination number of 7.0 (Figure 5.5b), but a higher average contact diameter
of 74 µm (Figure 5.5c) than the contact cementation approach. This indicates a more effective
stiffening of the respective contacts, since the bulk modulus is also almost doubled to 12.1 GPa.
The change from a stress-dependent contact cementation to a uniform mineral growth results in
a suddenly reduced bulk moduli increase (Figure 5.5a). At the porosity of 14.7 %, there are little
differences in the spatial cement distribution of the uniform and stress-dependent consolidated
samples, only (Figure 5.5e). Nevertheless, the stress-dependent scheme has a slightly higher
coordination number of 9.0 and a substantially larger contact diameter of 101 µm. The calculated
bulk modulus of 24 GPa is in very good agreement with that determined for the micro-CT scan.

Figure 5.5: Evolution of mechanical and related granulometric properties for
the micro-CT scans and the synthetic samples cemented by the uniform (blue),
contact-preferential (orange) and stress-dependent scheme (red). (a) Diagenetic trends
in bulk moduli for the three investigated sandstones. (b) Changes in coordination number
and (c) grain contact diameter as well as (d) spatial cementation patterns at porosities
of 32.8 % and (e) 14.7 % for the Fontainebleau sample.

60



5.3. Results Chapter 5

Connectivity: 5.7 

Connectivity: 4.3 

Connectivity: 5.4 

Connectivity: 4.6 

   Median
          0.055
          0.068
          0.062
          0.064

Cementation

Grains

a)                    Microstructure

M
ic

ro
- 

C
T

 s
ca

n
U

n
if

o
rm

S
tr

es
s-

d
ep

en
d

en
t

G
ra

in
 c

o
n

ta
ct

-p
re

fe
re

n
ti

al

b)            Stress distribution d)                   Pore network
   

> 90th percentile

x 103

c) e) 

Figure 5.6: Microstructures and related changes in the stress distribution and pore
network of the synthetic Bentheim samples compared to the respective micro-CT
scan. (a) Cementation patterns of the uniform (blue), contact-preferential (orange) and
stress-dependent scheme (red). The grains of the 2003 voxel subsets are coloured by
(c) normalised stress. (d) The connectivity is illustrated by the pore network of the 4003

voxel subsets, whereby the throats are coloured by (e) their respective diameters.
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Table 5.3: Mechanical and related granulometric properties of the micro-CT (µCT) scans
and the synthetic sandstone samples cemented by the three different schemes (U, C, S).

Samples K
(GPa)

Deviation
(%)

G
(GPa)

Deviation
(%)

dGrain
(µm)

Coordination
number (-)

dContact
(µm)

Fontainebleau

µCT 24.2 26.6 244.5 9.3 90
U 23.6 - 2.3 25.9 - 2.6 246.3 8.9 96
C 25.6 + 5.6 27.9 + 5.2 246.3 9.5 102
S 24.0 - 0.8 26.2 - 1.4 246.2 9.0 101

Berea

µCT 20.6 21.8 184.7 10 66
U 18.7 - 9.4 20.0 - 8.3 186.0 8.2 66
C 21.5 + 4.3 22.9 + 5.0 186.2 8.9 72
S 19.6 - 4.9 20.7 - 4.7 186.1 8.3 73

Bentheim

µCT 17.7 17.9 184.6 8.6 64
U 15.6 - 11.9 16.5 - 8.0 185.2 7.8 60
C 19.2 + 8.4 20.1 + 11.8 185.4 8.5 69
S 17.3 - 2.5 17.9 - 0.6 185.4 7.9 71

Only the stress-dependent cementation scheme produces synthetic sandstone samples
with elastic properties comparable to the respective micro-CT scans of the Fontainebleau,
Berea and Bentheim sandstones. A successive contact cementation considerably increases the
coordination number and produces substantially stiffer samples, whereby bulk and shear
moduli are up to 8.4 % and 11.8 % higher than those of their natural equivalents (Table 5.3).
By contrast, uniform mineral growth leads to a lower number of grain contacts, and consequently
to an underestimation particularly at higher porosities, which amount to 11.9 % and 8.3 % in
maximum for bulk and shear moduli, respectively. The stress-dependent scheme combines both
approaches resulting in comparable elastic properties of the synthetic samples and the micro-CT
scans (Figure 5.5a), whereby bulk moduli only slightly deviate by 0.8 %, 4.9 % and 2.5 % for the
Fontainebleau, Berea and Bentheim sandstones, respectively (Table 5.3).

The spatial stress distributions within the sandstone samples visualise the differences
between the three cementation schemes. Generally, high stresses occur very localised, since
the 10 % of the voxels comprising the highest stresses (>90th percentile) cover about
92 % of the entire data range (Figure 5.6c). The contact-preferential cemented samples
exhibit on average higher stresses than the micro-CT scans, since the grain contacts are
enhanced (Figure 5.6a). Consequently, the loads at the contacts are more distributed, what
results in a stiffer microstructure (Figure 5.6b). By contrast, the grain contacts are comparably
less cemented and the stresses more localised in case of uniform mineral growth. Thus, the
entire microstructure behaves weaker. The stress-dependent combination of contact-cement and
quartz overgrowth produces a sample, for which the stress distribution is in good agreement
with the micro-CT scan (Figure 5.6c).

5.3.3 Permeability evolution and pore morphology
The three applied diagenetic schemes lead to particular trends in permeability, whereby

the differences resulting from the cementation approaches are less pronounced, than those
for the elastic rock properties. The calculated porosity-permeability relations are marginally
affected by the initial porosities or hydraulic parameters of the unconsolidated sediments,
even though the Fontainebleau sample exhibits higher permeabilities due to its larger grain
size (Figure 5.7a). The diagenetic trends for three cementation approaches are exemplarily
described for the Fontainebleau sample, since it comprises the highest reduction in porosity.
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Figure 5.7: Evolution of hydraulic and related geometric properties for the three
synthetic samples cemented by the uniform (blue), contact-preferential (orange) and
stress-dependent scheme (red). (a) Diagenetic trends in permeability for the three
investigated sandstones. (b) Pore and (c) throat diameters, (d) connectivities as well as
(e) grains sphericities for the three cementation scenarios (coloured lines), and the micro-CT
scan of the Fontainebleau sandstone (grey-filled) at a porosity of 14.7 %.

Contact-preferential cementation initially causes slightly higher permeabilities than
uniform mineral growth. Nevertheless, the successive filling of grain contacts implies
a progressive clogging of throats, resulting in the highest observed permeability
decrease (Figure 5.7a). At the final porosity of 14.7 %, the number of initial pores and
throats decrease by 4 % and 70 %, respectively, what exhibits the highest reduction of all
scenarios (Figure 5.7b). Particularly smaller throats are clogged, whereby throats larger
than 50 µm are unaffected by successive cementation (Figure 5.7c). Consequently, the
contact-preferential cemented sample shows the highest median throat size of the investigated
cementation schemes with 27.3 µm (Table 5.4), but simultaneously the lowest connectivity
of 2.3 (Figure 5.7d). The mean sphericity of 0.83 is slightly higher and less disperse than the one
determined for the micro-CT scan of 0.81 (Figure 5.7e).

The uniform cementation of the synthetic sample leads to a continuous decrease
in permeability (Figure 5.7a). At the porosity of 14.7 %, the number of pores is slightly
reduced by 0.2 % (Figure 5.7b). Independent of their size, 47 % of the initial throats are
clogged (Figure 5.7c). This results in the lowest median throat size and highest pore network
connectivity of all cementation scenarios (Figure 5.7d). Both, the throat diameter of 19.9 µm
as well as the connectivity of 4.1 are in excellent agreement with the values extracted from
the micro-CT scan (Table 5.4). However, the sphericity of the synthetic sample is considerably
higher with 0.84 than that of its natural equivalent (Figure 5.7e).

The stress-dependent approach initially produces permeabilities, which are similar to
the contact-preferential cementation scheme (Figure 5.7a). However, the successive porosity
reduction leads to a permeability decrease equivalent to the uniform approach due to the
respective change in the cementation pattern. Consequently, the geometric parameters of the
stress-dependent cemented sample are comparable to that of the uniform pattern: the number
of pores is reduced by 0.6 % at a porosity of 14.7 % (Figure 5.7b), while 48 % of the initial throats
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are clogged (Figure 5.7c). The connectivity of the synthetic sample is slightly lower with 4.0
and the median throat diameter slightly higher with 20.6 µm than that of the micro-CT scan.
Moreover, it shows the best agreement in grain shape with a mean sphericity of 0.81 (Figure 5.7e).

Both, the uniform and the stress-dependent scheme produce synthetic samples
with equivalent pore morphologies as the respective micro-CT scan of the Fontainebleau
sandstone, resulting in comparable permeabilities with a slight overestimation of 7 %
and 10 %, respectively (Table 5.4). By contrast, the contact-preferential approach considerably
underestimates the permeability by up to 65 %. For the Bentheim sandstone, the synthetic
samples exceed the permeability by 16 % to 43 % due to significant differences in the pore
network: the pores of the uniformly cemented sample are notably better connected with an
average connectivity of 5.7 compared to 4.6 (Figure 5.7d). Even tough a contact-preferential
cementation exhibits a lower value than the respective micro-CT scan with 4.3 throats associated
to a pore, the remaining throats have a substantially larger diameter of 25.5 µm due to the
progressive closure of smaller throats (Figure 5.7e). The stress-dependent scheme combines both
approaches and results in a connectivity of 5.4 with an average throat diameter of 22.4 µm.

Also, the pore space of the synthetic Berea sandstone samples is either better connected
than those of the respective micro-CT scan (uniform and stress-dependent approach) or exhibit
a significantly higher throat diameter (contact-preferential scheme). The resulting permeabilities
are overestimated by up to a factor of 2.2 in case of the stress-dependent scheme (Table 5.4).
Major differences further arise in grain sphericity, which is described by the surface area ratio
of a regular sphere to the original grain and is thus an indicator for grain shape and surface
roughness. The stress-dependent cemented samples are used in the following to compare the
sphericities of three different sandstones, since these show the best agreement regarding the
mean value and spread of the distribution (Figure 5.7e).

All stress-dependent synthetic sandstone samples exhibit a similar distribution in
sphericity and have the same mean value of 0.81 (Table 5.4). For the Fontainebleau sandstone,
this value matches that one of the micro-CT scan, whereas the sphericities of the natural Berea
and Bentheim samples are considerably lower with 0.73 and 0.77, respectively (Figure 5.8a).
Especially the Berea sample comprises several granulometric irregularities such as cracked
grains, degraded feldspars or carbonate cement patches (Figure 5.8b), which produce lower
grain sphericities (Figure 5.8c), and are not considered in the synthetic samples.

Table 5.4: Hydraulic and related geometric properties of the micro-CT scans (µCT) and
synthetic sandstone samples cemented by the three different schemes (U, C, S).

Samples k (10-12 m2) Deviation (%) Median
dThroat (µm) Connectivity (-) ψ (-)

Fontainebleau

µCT 1.14 19.9 4.1 0.81
U 1.22 + 7 19.9 4.1 0.84
C 0.40 - 65 27.3 2.3 0.83
S 1.25 + 10 20.6 4.0 0.81

Berea

µCT 1.26 17.1 4.2 0.73
U 2.68 + 113 18.9 5.0 0.84
C 2.06 + 63 22.9 3.6 0.83
S 2.75 + 118 19.6 4.9 0.81

Bentheim

µCT 3.58 21.4 4.6 0.77
U 4.74 + 32 20.8 5.7 0.85
C 4.15 + 16 25.5 4.3 0.83
S 5.12 + 43 22.4 5.4 0.81
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Figure 5.8: (a) Distribution of grain sphericities for the Fontainebleau (magenta), Berea
(green) and Bentheim sandstones (blue). (b) Micro-CT scan of the Berea sandstone shows
granulometric irregularities such as cracked grains, degraded feldspars or carbonate cement
patches, which affect the (c) sphericity of the watershed segmented grains and are not
included in the synthetic samples.

5.4 Discussion
5.4.1 Cementation scheme to construct synthetic sandstones

The results clearly demonstrate that a purely uniform cementation does not reflect a
natural sandstone evolution. It leads to systematically lower bulk and shear moduli compared
to the micro-CT scans, what is particularly noticeable at higher porosities as for the Bentheim
sample. The main reason for this discrepancy is the lack of a preferential contact stiffening.
This is indicated by the number of grain contacts and their average diameter, which are lower
here than for the other cementation scenarios. Even though the evolving pore network and
permeability decrease are similar to the stress-dependent approach, the resulting sphericity
of the grains is comparatively high.

The contact-preferential cementation scheme leads to considerably stiffer synthetic
sandstones compared to their natural equivalents, since it considers the initially strong increase
in bulk and shear moduli due to successive filling of grain contacts. Moreover, the preferential
contact cementation implies the progressive closure of throats, resulting in a strong decrease
in permeability and an unrealistic pore network with fewer but larger throats. Bearing in
mind that this is a purely geometrical scheme, it still offers a good approximation for contact
cementation at high porosities, which is comparable to the iteratively computed cementation
around stress peaks.

The stress-dependent cemented samples exhibit granulometric and elastic rock properties,
which are in good accordance with the respective micro-CT scans and show consistent
permeabilities, at least for the Fontainebleau sandstone. This approach combines both: an
initial grain contact cementation until the stress at the contacts is relatively evenly distributed,
followed by a uniform quartz overgrowth. The overestimation of the permeabilities for the Berea
and Bentheim samples can be related to granulometric irregularities as, e.g., cracked grains,

65



Chapter 5 5.4. Discussion

degraded feldspars, carbonate patches or throat-clogging clays (Figure 5.8b), which considerably
affect the morphology of the pore space. The successively lower sphericities of 0.77 for the
Bentheim and 0.71 for the Berea sandstone can be associated to the permeability overestimation
by a factor of 1.4 and 2.2, respectively (Table 5.4). The sphericities are at least an indicator for the
granulometric heterogeneities, which are in turn the result of more complex diagenetic processes
and beyond the scope of the present study.

For the synthetic samples, bulk and shear moduli can be associated with the number
of grain contacts and their respective diameters. As demonstrated by Cook et al. (2015), these
parameters indicate that a greater number of long contacts effectively distributes stress and
enhances the sample stiffness. However, especially the micro-CT scans of the Berea and
Bentheim sandstones have considerably higher coordination numbers than the synthetic samples.
Granulometric irregularities, which are not considered in the synthetic sandstones, can explain
the difference in coordination number and contact diameter to the natural samples. Moreover,
irregular shapes reduce the quality of watershed-based grain separation, and thereby can cause
a higher number of grain contacts. By contrast, grains of the synthetic samples are initially
labelled, therefore the calculated contact number is more reliable, since it does not depend on
image quality.

5.4.2 Comparison to analytical approaches
DRP is known to quantify changes in elastic rock moduli with an increased accuracy

compared to effective medium approaches as, e.g., the Hashin-Shtrikman bounds (Hashin and
Shtrikman 1963), since these depict the microstructural complexity of the rock. In order
to improve the theoretical estimations, Dvorkin and Nur (1996) introduced a contact-cement
model, which captures the strong stiffness increase with small changes in porosity, as cement is
added solely at the contacts of spherical particles. Their model is used to predict elastic properties
of soft sediments and high-porosity sandstones (Avseth et al. 2010; Dvorkin and Nur 1996).
To describe the diagenetic stiffening trend over a broad range of porosities, the contact-cement
scheme is combined with the stiff-sand model (Mavko et al. 2009), which represents a modified
upper Hashin-Shtrikman bound connecting the pure mineral endpoint with the cemented
sand-pack. The effective bulk (Keff) and shear moduli (Geff) are calculated by Equations 5.1
and 5.2, respectively.
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where KCM and GCM are the effective bulk and shear moduli, respectively, calculated by
the contact-cement model assuming a random pack of identical spheres with nine grain contacts
and a critical porosity (φc) of 36 %. Contact cementation is calculated up to a porosity of 30 %,
followed by the uniform grain enlargement determined by the stiff-sand model (Figure 5.9b).
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Figure 5.9: Evolution of the bulk modulus for the three synthetic samples cemented
by the uniform (blue), contact-preferential (orange) and stress-dependent scheme (red)
(a) compared to analytical solutions (black) as the Hashin-Shtrikman upper bound (HS+)
and the combined contact-cement and stiff-sand model (CS). (b) Bulk moduli between
porosities of 30 % and 36 % are calculated by the contact-cement model (Dvorkin and
Nur 1996), while the stiff-sand model is applied for porosities below 30 %.

As expected, the simple Hashin-Shtrikman upper bound clearly overestimates the bulk
moduli by up to a factor of 4.2 for the unconsolidated sediments (Figure 5.9a). By contrast,
the combination of the analytical contact-cement and stiff-sand models shows a diagenetic
trend analogous to the simulated stress-dependent cementation scheme (Figure 5.9a). The slight
differences of 13 % in maximum can be explained by the variations in grain size, sorting
and shape of the synthetic samples as well as the stress peaks definition of the voxel-based
cementation scheme.

To estimate the permeability of a sediment depending on porosity and particle size, the
Kozeny-Carman (Carman 1937; Kozeny 1927) relation is often used (Equation 5.3).

k =
ψ2d2

Grain
180

φ3

(1−φ2)
, (5.3)

where dGrain is the average grain diameter and ψ the sphericity, which is assumed to be 1 for
an ideal sphere pack. Generally, the uniform as well as the stress-dependent scheme produce a
comparable trend of the porosity-permeability relation as the Kozeny-Carman approach with
the same grain size (Figure 5.10a). Again, slight differences can be related to the microstructure
of the analytical sphere pack and realistic variations in grain size, sorting and shape of the
synthetic sample.

The general accordance with the analytical contact-cement model as well as the
Kozeny-Carman approach confirms that the stress-dependent cementation scheme is able to
produce realistic changes in microstructure and physical rock properties over a wide range
of porosities. Plotting the cross-trends for permeability and bulk moduli clearly illustrates the
fundamental differences in the diagenetic steps, captured by the stress-dependent scheme, only:
the initial cementation of grain contacts strongly stiffens the sediment, but has only a limited
effect on its hydraulic behaviour (Figure 5.10b). The subsequent quartz growth equally affects
permeabilities as well as elastic properties.
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Figure 5.10: (a) Permeability evolution of the three synthetic samples cemented by the
uniform (blue), contact-preferential (orange) and stress-dependent scheme (red) compared
to the Kozeny-Carman approach (black) for different grain diameters. (b) Cross-trends for
permeability and bulk modulus emphasise the requirement for the stress-dependent scheme
combining initial contact cementation and subsequent quartz overgrowth.

5.4.3 Advantages and opportunities of synthetic sandstones
The presented process-based approach offers the possibility to generate highly resolved

synthetic sandstones by simulating the gravity-driven deposition of irregular grains as well as
their diagenetic consolidation. The use of synthetic samples can overcome major limitations
and common error sources of micro-CT scans, since the different rock components are initially
labelled and do not need to be extracted by segmentation and image processing. In contrast
to micro-CT images, the resolution of the synthetic sample is definable and can be increased
to properly depict microstructural features such as small pores and grain contacts. This is
of particular importance for an accurate computation of rock stiffness (Saxena et al. 2019a),
which is often consistently higher than in laboratory-measurements (Madonna et al. 2012),
especially for more porous and less consolidated samples (Lee et al. 2017). An improvement
of the image resolution is limited by the computational power and requires a balance of benefits.
Nevertheless, a subset of the synthetic sample can be used to quantify the effect of grain contact
resolution (Kerimov et al. 2018). Moreover, softer material moduli for the amorphous cemented
phase (Sain et al. 2016) or solely the pressure sensitive grain contacts (Saenger et al. 2016a) can
be used to further improve the elastic property prediction and reduce an overestimation.

In the field of DRP, macroscopic rock properties are studied based on a microstructural
representation of the granular rock. A direct upscaling to reservoir scale is still controversial,
since larger scale heterogeneities as fissures, fractures or facies changes are not taken into account.
Nevertheless, the synthetic sandstone samples have the potential to overcome the requirement
to simplify pores or grains by spheres or ellipsoids. The latter is a common assumption in many
analytical solutions predicting petrophysical properties, neglecting substantially mechanical
aspects of natural grain shapes, sizes and arrangements.

The simulated diagenetic cementation systematically modifies the microstructure of rocks
and allows to quantify trends among the geometric, hydraulic and mechanical rock properties,
subsequently affecting the reservoir quality. Using a synthetic sample provides further the
opportunity to investigate various compositions of the grains (e.g., quartz, feldspar, granular
carbonates) or the cemented phase (e.g., silica, carbonate, clay) to assess their effect on physical
rock properties. Moreover, the approach generally enables to alter the microstructure and focus
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on granulometric irregularities as cracked grains, carbonate patches or throat-clogging clays,
what would additionally improve the permeability prediction of reservoir sandstones as the
Berea or Bentheim samples.

The results clearly demonstrate that the granulometric, elastic and hydraulic properties
of the synthetic sandstones are in good agreement with their natural equivalents, especially in
case of the Fontainebleau sample. Hence, the presented approach allows to efficiently generate
sandstone samples over a broad range of porosities with any desired size, sorting and shape
of convex grains. In view of a virtual laboratory, these generated synthetic samples can be further
altered to examine the impact of mineral dissolution (Lesueur et al. 2020; Miller et al. 2017) or
precipitation (Wetzel et al. 2020a; Wetzel et al. 2020b) as well as synthetic fractures (Buckman and
Higgins 2019; Nie et al. 2019). Hence, the understanding of various petrophysical correlations
can be improved by this cost-effective digital approach. Quantifying the impact of different
pore-scale processes on hydraulic and mechanical reservoir properties is of particular importance
for numerous applications related to geological subsurface utilisation, including geothermal
systems (Tranter et al. 2020), energy storage (Fischer et al. 2013; Hassannayebi et al. 2019),
hydrocarbon reservoirs (Moghadasi et al. 2004; Zhang and Okuno 2015), nuclear waste
disposal (Dauzeres et al. 2010) or groundwater resources (Koltzer et al. 2019; Tillner et al. 2016).

5.5 Conclusions
In the present study, micro-CT scans of three reservoir sandstones are reconstructed by a

process-based method, which includes the gravity-driven deposition of irregular grains as well
as their diagenetic cementation. Therefore, the shapes and size distributions of the grains are
extracted from the respective micro-CT scans, whereby three voxel-based approaches are applied
to consolidate the deposited synthetic sediments: a uniform, grain contact-preferential and
stress-dependent scheme. The resulting highly resolved synthetic samples of the Fontainebleau,
Berea and Bentheim sandstones comprise porosities of 14.7 %, 19.6 % and 23.4 %, respectively.

The employed cementation schemes systematically alter the microstructure, what results
in contrasting diagenetic trends in geometrical, transport and mechanical parameters. A uniform
quartz overgrowth continuously alters the pore space resulting in systematically lower
elastic properties compared to the natural samples. This is particularly noticeable for higher
porosities, since grain contacts are comparably less cemented and the stresses are more localised.
By contrast, a successive grain contact cementation initially leads to a rapid stiffening of the
sample with small changes in porosity. The rigorous filling of contacts implies a progressive
clogging of particularly smaller throats, resulting in an unrealistic low-connected pore network
and a strong decrease in permeability. Moreover, contact-preferential cemented samples are
considerably stiffer than the respective micro-CT scans. The stress-dependent scheme combines
both approaches of contact-cement and quartz overgrowth. It comprises also a strong initial
stiffening, since mineral growth around stress peaks effectively cements grain contacts. This
initial contact stiffening, followed by a uniform alteration of the microstructure, is essential to
produce samples with equivalent granulometric and elastic properties as the respective micro-CT
scans. Bulk moduli only slightly differ by 0.8 %, 4.9 % and 2.5 % for the Fontainebleau, Berea
and Bentheim sandstones, respectively. Moreover, with a deviation of 10 % the permeability and
pore network are in a good agreement at least for the Fontainebleau sandstone. The synthetic
Berea and Bentheim samples are considerably better connected and exhibit higher permeabilities,
since these are not considering granulometric irregularities of the respective micro-CT scans
such as cracked grains, degraded feldspars or carbonate cement patches.
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The presented process-based approach is able to produce highly resolved synthetic
samples, comprising the microstructural complexity as well as hydraulic and elastic properties
of representative natural sandstones. Thus, a variety of synthetic samples can be efficiently
generated over a broad range of porosities, considering any desired size, sorting and shape of
grains. The generation of sandstone samples can further overcome major limitations of micro-CT
scans, such as the resolution of complex microstructural features, and further minimise common
error sources related to image processing and filtering. Moreover, the synthetic samples can
be altered by virtual experiments, offering a cost-effective way to examine the impact of, e.g.,
precipitation or dissolution as well as fracturing on various petrophysical correlations. Thereby,
the evolution of physical properties can be determined for specific processes and granular rocks.
Hence, the presented method has the potential to overcome the requirement of simplifying
pores and grains to spheres or ellipsoids, what is the case for numerous analytical approaches.
An accurate quantification of the evolving trends among geometric, hydraulic and mechanical
rock properties is of particular importance to improve the predictive capabilities of reservoir
models, and thereby contributes to a sustainable exploration and utilisation of the geological
subsurface.
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Discussion
Considering thermal, hydraulic, mechanical and chemical interactions is essential for

a successful exploration and sustainable exploitation of the geological subsurface. Since
coupled processes alter the transport and mechanical rock behaviour, they govern the
evolution of many natural and engineered subsurface systems. The presented DRP models
link microstructural changes of reservoir sandstones to their macroscopic behaviour, and
thereby provide fundamental rock property relations. Hence, the presented publications deliver
methodical principles for an improved quantification of hydraulic and mechanical property
alterations resulting from geochemical processes. The main objectives of the present thesis are
(1) assessing the effect of secondary mineral distributions on permeability and (2) stiffness, as
well as evaluating, when analytical approaches are sufficient to estimate property changes or
when the use of pore-scale models is particularly required. (3) Moreover, the capabilities of
future virtual experiments should be improved by variably generated approximations of porous
media. Therefore, the discussion of the main findings is focused on five points:

• Impact of pore space alterations due to mineral precipitation and dissolution on
sandstone permeability (Section 6.1).

• Relevance of different spatial cement distributions in granular rocks regarding
their stiffness evolution (Section 6.2).

• Significance and limitations in predicting rock properties by means of micro-CT
scans and synthetic samples of reservoir sandstones (Section 6.3).

• Upscaling the governing petrophysical properties (Section 6.4).

• Implications of using digital pore-scale models in the context of subsurface
utilisation (Section 6.5).

6.1 Impact of pore space alterations on permeability
In order to adequately represent the interactions between geochemical reactions and

petrophysical rock properties in reservoir models, pore-scale investigations of microstructural
changes resulting from mineral precipitation or dissolution is required (Noiriel et al. 2016). Even
though a virtual alteration of rock samples offers the possibility to assess fundamental property
relations (Berg et al. 2017), it is up to now rarely applied within the context of DRP (Niu and
Zhang 2019; Noiriel et al. 2016). For this reason, the impact of different secondary mineral
distributions within the pore space of typical reservoir sandstones is examined to quantify
resulting changes in hydraulic rock behaviour (Wetzel et al., 2020a, 2020b, 2021).

The investigated spatial alteration patterns presented in Wetzel et al. (2020a) approximate
two principle chemical reaction regimes by correlating precipitation with local flow velocity
magnitude. This simplification presumes that fluid transport is advection-dominated (high
Péclet numbers). Hence, diffusion is implicitly neglected, what is considered as a valid
assumption for many operational subsurface systems. In these settings, two contrasting reaction
regimes can be distinguished using the Damköhler (Da) number, which relates the reaction
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rate to the advective mass transport rate, and hence characterises the relative importance
of chemistry and reactant transport. Low Damköhler numbers (Da « 1) are associated with
surface reaction-controlled processes, which are represented by uniform mineral growth around
grains. Since the reaction rate limits precipitation, the pore space is altered independent
of local fluid flow velocity. By contrast, high Damköhler numbers (Da » 1) characterise
transport-controlled regimes. In these cases, the local flow velocity field is used as a proxy
for solvent flux, since the reaction is constrained by the availability of reactants transported
to the interface. This constitutes a simplified approach, aiming to capture the characteristic
spatial distributions of secondary minerals without the requirement of implementing complex
reactive transport simulations. Both, uniform mineral growth around grains (Baek et al. 2019;
Crandell et al. 2012; Luquot et al. 2012) and preferential throat clogging by a transport-controlled
precipitation (Godinho et al. 2016; Leroy et al. 2017; Tenthorey and Scholz 2002) have been
observed in laboratory experiments. The morphological changes of the pore space, depending
on the reaction regime, are extensively described in Wetzel et al. (2020a) and lead to contrasting
trends in permeability evolution (Figure 6.1).

The Kozeny–Carman relation is often applied to theoretically describe permeability
changes resulting from mineral precipitation or dissolution in reservoir models (Xie et al. 2015;
Yasuhara et al. 2012), even though it was originally developed for grain packs without the
consideration of chemical alteration processes. Since one of its fundamental assumptions is the
uniformity of microstructural changes, it adequately predicts the permeability of homogeneous
porous media, as those of the Fontainebleau sandstone (Bourbie and Zinszner 1985; Figure 6.1).
Also, uniform alterations of the Bentheim sample (Wetzel et al. 2020a) and of synthetic
sandstones (Wetzel et al. 2021) can be approximated by the Kozeny–Carman approach. Similar
findings were obtained by Beckingham (2017), assessing uniform precipitation and dissolution
scenarios by pore network models, where the simulated permeability changes followed this
theoretical relation.

Figure 6.1: Simulated permeability reduction due to transport-controlled (red line) and
reaction-controlled precipitation (black line) compared to porosity-permeability estimates
by Kozeny–Carman (grey line) and the power law with different exponents η (dashed grey)
as well as findings of experimental (dots) and simulation studies (dashed lines).
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By contrast, transport-controlled reactions significantly change the pore structure due
to the throat-clogging behaviour, and lead to a generally steeper permeability decrease.
The Kozeny–Carman approach is unable to reflect the permeability evolution of these
heterogeneous, pore size-controlled reactions (Beckingham 2017). For that reason, the power
law relation with different exponents (η) is often applied to describe porosity-permeability
relationships resulting from geological processes (Bernabé et al. 2003). Published power
law exponents range between 8 and 12 for sedimentary rocks in case of mineral
precipitation (Bernabé et al. 2003). Bartels et al. (2002) performed a core flooding experiment on a
Bentheim sample to study permeability changes as consequence of precipitation and dissolution
of anhydrite. They demonstrated that the strong permeability decrease can be described by
a power law with an exponent above 11.3. In Wetzel et al. (2020b) the transport-controlled
permeability reduction is compared to the data of Bartels et al. (2002). Their experimentally
observed strong decrease in permeability can be approximated by the transport-limited
precipitation, assuming mineral growth in regions of high flow velocities (Figure 6.1).

Niu and Zhang (2019) examined the effect of the chemical reaction regimes for two
DRP samples and concluded that a constant exponent for the power law is not able to
describe the permeability evolution of a transport-controlled precipitation. The calculated
porosity-permeability relationship in Wetzel et al. (2020a) support this observation, since the
permeability decrease can be initially described by an exponent of around 10, which increases
up to 20 due to the clogging of pore throats (Figure 6.1). Niu and Zhang (2019) used a granular
sample of loosely packed ooids with an initial porosity of 30.2 %. Moreover, they applied the
random growth model of Noiriel et al. (2016), resulting in a rougher pore morphology. Their
transport-controlled mineral growth lead to a steeper permeability decrease with an exponent
of 30, but also the reaction-controlled regime results in a higher permeability decrease (Figure 6.1).
Due to the differences in grain shape, porosity and precipitation patterns, the respective
porosity-permeability relations deviate from the results presented in this thesis.

Noiriel et al. (2016) examined effects of pore-scale calcite precipitation on permeability
by experiments and modelling. They observed that permeability is mainly affected by the
narrowing or closure of pore throats. Considering an increased surface roughness of the
precipitated minerals reduced the permeability due to the heterogeneity of the flow field.
Even though the surface roughness of secondary minerals or precipitation depending on
the grain mineralogy is not specifically considered in the present study, the alteration
algorithm of the virtual experiments can be adjusted to focus on these morphological changes.
Moreover, Noiriel et al. (2016) observed different shapes of the precipitates, depending on grain
mineralogy and preferential calcite precipitation on carbonate grains compared to glass beads.
Hence, the preferential location of mineral nucleation and growth is complex, and besides
the transport, controlled by fluid chemistry (Cil et al. 2017; Tartakovsky et al. 2008), rock
mineralogy (Lin and Singer 2005; Lioliou et al. 2007), temperature (Case et al. 2011; Schepers and
Milsch 2013), pore morphology (Emmanuel and Berkowitz 2007; Tenthorey and Scholz 2002)
and the presence of bacterial communities (Fujita et al. 2004; Mitchell et al. 2018). Thus,
microstructural alterations in natural systems can be more complex than the investigated
simplified patterns: precipitation and dissolution of several minerals can occur simultaneously,
and some mineral reactions could be transport-controlled, while others could be reaction-limited.
Nevertheless, in very complex systems, even laboratory experiments reach their limits to
adequately describe the individual processes, their interactions and the resulting effect on
permeability evolution. The presented simplified approach enables to approximate natural
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distributions of secondary minerals. Presuming a general understanding of the involved
processes, digital pore-scale models enable to assess if precipitation or dissolution of a certain
mineral considerably affect the permeability evolution. This improves process understanding
even for complex systems and further offers the opportunity to simplify the system if possible.

In laboratory experiments minerals grow preferentially near the inlet of a column, where
the supersaturation is the highest (Baek et al. 2019; Cil et al. 2017; Godinho and Withers 2018;
Poonoosamy et al. 2020), and consequently the precipitated minerals are often larger and more
numerous (Noiriel et al. 2016). These temporal aspects of precipitation can be investigated by
reactive transport simulations. In contrast to this, the presented approach represents a certain
state of secondary mineral distribution and delivers time-independent porosity-permeability
relations, only.

This thesis examines the effect of precipitated calcite (Wetzel et al. 2018, 2020a),
anhydrite (Wetzel et al. 2020b) and quartz cement (Wetzel et al. 2021) on porosity-permeability
relations by simplified spatial mineral distributions. However, the main findings of this study
are generally applicable to other secondary minerals, since the considered cements do not
affect spatial precipitation patterns, and thus permeability. Certainly, different minerals would
result in characteristic growth-patterns (Figure 6.2), which in turn affect the permeability
evolution. The most common precipitating minerals in sandstones are carbonates, silica,
sulfates and clays (Saripalli et al. 2001). They either grow at grain surfaces (rim cements)
or fill the pore space (occluding cements). Silica cements generally occur as overgrowths on
quartz grains, whereas quartz is the most important porosity destroying cement in sandstone
reservoirs (Giles et al. 2000). Precipitating carbonates commonly comprise aragonite, calcite,
dolomite or siderite, and represent spatially one of the most diverse cement types in clastic
sandstones: They may occur as fine crystals around grains, overgrowths on carbonaceous
seeds, but also fill the pore space with single large patches (Figure 6.2), and thereby
effectively reduce the reservoir quality (Dutton 2008; Worden et al. 2019). Grain-coating
behaviour is further typical for clays, such as chlorite, smectite or illite. These minerals have
generally a large surface-area-to-volume, what increases the pore roughness. Hence, even
small amounts of clays could drastically reduce permeability without significantly affecting
porosity (Wilson and Stanton 1994). In order to reliably predict the effect of clays on the respective
porosity-permeability relations, their mineral-characteristic precipitation patterns, including
high surface areas, must be captured by the precipitation patterns. In the present thesis, the
effect of rim cements with a low surface area is extensively investigated in the context of the
uniform alteration, which is considered in all three publications. The degree to which occluding
cements reduce porosity and permeability is variable and strongly related to the abundance,
crystal size and spatial distribution of a particular cement (Wilson and Stanton 1994). It is partly
examined by the transport-controlled reaction regime, but should be further investigated for the
specific system-dependent geological setting.

The permeability changes in this thesis are discussed within the context of mineral
precipitation. The calculated porosity-permeability relations could be further used to describe a
dissolution process, presuming a homogenous reaction-dependent regime with uniform cement
dissolution (Wetzel et al. 2018). Nevertheless, the published power law exponents for dissolution
processes in sedimentary rocks are significantly higher (> 20) than those for precipitation (8-12),
as discussed by Bernabé et al. (2003). Nevertheless, the reaction regime of mineral dissolution
in the case of precipitation depends on various factors, whereas transport-controlled regimes
are typically related to the development of highly conductive channels (Golfier et al. 2002).
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The evolving wormholes or fingering will strongly increase rock permeability and induce a
significant anisotropy within the microstructure (Luquot et al. 2016). These observed phenomena
particularly occur in carbonates (Lebedev et al. 2017), but have been also observed for
strongly cemented sandstones (Kühn 2004). In order to estimate the permeability increase as
consequence of dissolution, Miller et al. (2017) simulated a transport-controlled dissolution with
the velocity magnitude field as proxy for the solvent flow. The pore wall was adaptively eroded,
whereby narrow pore throats along preferential pathways were enlarged at the beginning,
resulting in a strong permeability increase. Afterwards the pre-existing preferential channels are
successively widened, causing a lower increase in permeability. This characteristic reduction of
the power law exponent has been further observed by Niu and Zhang (2019). They investigated
a transport-controlled reaction regime and determined a strong decrease in the exponent from
~100 to ~20 for a carbonate mudstone. A similar behaviour could be assumed for the dissolution
of cement in the sandstone samples investigated here. However, the effect strongly depends on
the cement distribution, and is probably less pronounced due to the chemically stable granular
structure of quartz.

The initial microstructure of the rock, mineral-characteristic growth patterns and the
chemical reaction regime crucially impact the respective porosity-permeability relation. Hence,
to improve the predictive capabilities of reservoir models the permeability evolution should be
quantified by pore-scale models for the specific investigated system, considering these factors
in particular.

Figure 6.2: The two major categories of cements within the pore space of granular
rocks, adapted from Wilson and Stanton (1994), and the investigated types in this thesis.
Cementation can occur either as rim or occluding cements, whereby the surface area depends
strongly on the respective mineral type.
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6.2 Relevance of spatial cement distributions
for rock stiffness

The impact of spatial cement distributions within the pore space of granular rocks on
the stiffness is less obvious than its effect on hydraulic properties. Three general spatial
cementation patterns are examined by Wetzel et al. (2018) for reservoir sandstones. These
generic cementation patterns are applicable to assess the total range of stiffness changes
and the relevance of using different secondary mineral distributions, since the random
cement distribution significantly stiffens the sample. Shear moduli are up to 16 % higher
for an amount of 10 % calcite cement within the pore space, assuming a random cement
distribution instead of a partial filling. Precipitation patterns depending on specific chemical
reaction regimes exhibit a minor effect on the stiffness trends, where shear moduli vary by
up to 5 %, only (Wetzel et al. 2020a). These overall variations are low compared to the effect
of secondary mineral distribution on hydraulic rock properties, and can be explained by the
previously consolidated microstructure of quartz grains, which remains unaffected by the
considered alterations. In this case, a detailed characterisation of the spatial cementation patterns
is not absolutely necessary, since the location of mineral growth does only slightly affect the
stiffening trend. Variations in bulk and shear moduli could be described either by a technically
easy-to-implement uniform grain coating or by analytical approaches, presuming an adequate
estimation of the initial elastic rock properties (Figure 6.3).

Different cementation patterns substantially affect rock stiffness in case of unconsolidated
sediments or highly porous sandstones, as demonstrated in Wetzel et al. (2021). A grain
contact-preferential cementation of the synthetic Bentheim sample results in bulk and shear
moduli that are up to 67 % higher than those of a uniform grain cementation. Silica
mainly cement grain contacts and occur as overgrowths on grains in reservoir sandstones
that experienced significant burial (McBride 1989). Moreover, quartz is commonly not
dissolved in the context of geological subsurface utilisation. Nevertheless, considering different
cementation patterns can be still relevant in case of early diagenetic cements, which support the
framework of the rock. Dissolving these cements is likely to substantially impact mechanical
properties (Hangx et al. 2015). Rinehart et al. (2016) examined a reservoir sandstone, precluding
strong grain-rimming chlorite cements. These were degradated due to the reaction with CO2-rich
fluids, what resulted in a significant decrease in strength. Besides that, spatial alteration patterns
could be important in case of microbially induced calcite precipitation, usually applied to
increase soil strength and stiffness (Lin et al. 2020; Mujah et al. 2017). Hence, the location of
cements could considerably affect the elastic rock behaviour in these cases, and should be
therefore investigated by suitable microstructural models (Figure 6.3).

Natural sandstones can be more complex than the examined homogenous samples and
may contain cemented fractures, larger cement patches or grain-replacive cements, strengthening
the microstructure of the respective rock (Figure 6.3). The effect of cement dissolution
and precipitation within a fractured sandstone has been assessed by Major et al. (2018).
As consequence of CO2-brine-rock interactions, carbonate cement dissolution reduced fracture
toughness by 30 %, whereas precipitation of carbonates resulted in an increase by up to 200 %.
Moreover, Wu et al. (2020b) demonstrated that dissolution of poikilotopic calcite cements leads
to significant degradation of static moduli and mechanical strength of the investigated sandstone
by disconnecting framework grains. Even though these cementation patterns are not explicitly
investigated here, generating synthetic granular samples (Wetzel et al. 2021) generally provides

76



6.3. Significance of the presented DRP approach Chapter 6: Discussion

the opportunity to investigate the effect of framework-supporting components on elastic rock
properties. Since the synthetic grains are labelled, various rock compositions can be assumed
and grains can be selectively dissolved depending on their mineralogy. Moreover, poikilotopic
or patchy cements as well as synthetic fractures can be randomly or systematically placed within
the granular structure.

The potential effect of chemical processes on rock stiffness strongly depends on whether
the altered minerals considerably contribute to the microstructural framework. This in
turn corresponds to the burial history of the respective reservoir rock (Wu et al. 2020b).
For consolidated homogenous sandstones, the distribution of secondary minerals within the
pore space has a minor impact on the stiffness evolution. Hence, a detailed investigation by DRP
is not absolutely necessary. For unconsolidated sediments or highly porous granular rocks as
well as sandstones comprising framework-supporting features, dissolution or precipitation can
result in stiffness changes, which considerably deviate from those of uniformly altered granular
rocks, and therefore should be examined by digital pore-scale models.

Sediment or 
highly porous sandstone

(We�el et al. 2021)

Permeability

Cementation 
pa�erns 
dominantly 
affect:

Consolidated sandstone
(We�el et al. 2018, 2020a, 2020b)

Permeability
Stiffness

Framework-supporting 
cemented sandstone

Permeability
Stiffness

Quar�

Feldspar

Calcite patch

Figure 6.3: The granular microstructure determines whether the use of digital pore-scale
models is particularly required. Only for unconsolidated sediments as well as sandstones
comprising framework-supporting features, spatial alteration patterns can lead to
contrasting stiffness trends, and therefore should be examined by digital pore-scale models.

6.3 Significance and limitations of the presented
DRP approach

The accuracy in property prediction is restricted by the resolution of micro-CT scans
and the segmentation process, both determining the quality of depicting all relevant
microstructural features. The approach of generating synthetic sandstone samples, comprising
the microstructural complexity of natural rocks (Wetzel et al. 2021) allows to overcome
some major limitations of micro-CT scans: The numerical overestimation of elastic properties
compared to laboratory experiments is commonly related to unresolved microstructural features
such as small pores, micro-cracks and grain-to-grain contacts (Lee et al. 2017; Madonna et al. 2012;
Saxena et al. 2019a). Moreover, the quality of image resolution is controlled by the grain contact
length and image voxel size, whereby poorly resolved images overestimate grain contact
lengths and result in stiffer moduli. Saxena et al. (2019a) propose that an average grain contact
should be represented by at least ten voxels to be sufficiently well resolved for elastic property
prediction. In contrast to micro-CT images, the resolution of synthetic samples is definable
and can be enhanced to properly depict microstructural features. Even if an increase in image
resolution is limited by computational resources, the pressure-sensitive grain contacts can be
easily defined as separate phase as suggest by Saenger et al. (2016a). All grains of the constructed
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samples are initially labelled. Thus, they do not need to be extracted by segmentation and image
processing, inducing further inaccuracies (Figure 6.4). Hence, synthetic samples contribute to an
improvement in elastic property prediction.

Also, the calculated hydraulic property depend on image quality and general grain
structure representativeness. Several studies report good agreements between numerically
and experimentally determined permeabilities (Andrä et al. 2013b; Liu et al. 2017;
Mostaghimi et al. 2013), whereas other find systematic differences (Deng et al. 2015;
Rydzy et al. 2018; Saxena et al. 2017). Saxena et al. (2019b) demonstrated that micro-CT scan
resolution impacts permeability, since a coarser resolution leads to an artificial increase in pore
throat diameters, and thus an overestimation in permeability. The lower bound for an accurate
numerical permeability prediction is around 100 Millidarcy for images with a voxel resolution
of 2 µm. Saxena et al. (2018) proposed that the ratio of sample length to dominant grain size
should be ≥ 5 to provide reliable permeability estimates. For the investigated micro-CT samples
in the present thesis, this criterion is fulfilled by ratios of 9, 15 and 13 for the Fontainebleau, Berea
and Bentheim sandstones, respectively. Moreover, Deng et al. (2015) and Rydzy et al. (2018)
conclude that heterogeneities within the host rocks and an incomplete representation of clay
minerals likely result in differences between simulated and experimental data. Also the results
of the present thesis indicate that not depicted granulometric irregularities are responsible for
the permeability overestimation of the synthetic Berea and Bentheim samples (Wetzel et al. 2021).
This demonstrate the requirement of implementing all relevant microstructural features in
synthetic sandstones.

The quality of the computed rock properties depends further on the representativeness
of micro-CT scans for the respective rock. Since the presented approach of generating
synthetic granular samples allows to construct various realisations of homogenous sandstones
including different grain sizes, sorting and shapes, the representativeness for a specific rock
can be considerably improved compared to analytical models or a single micro-CT scan.
This issue is discussed in more detail within the context of upscaling the governing rock
properties (Section 6.4). Despite all the advantages related to synthetic sandstone samples,
micro-CT scans cannot be replaced in view of a detailed insight into rock microstructures, which
is important to image and understand the characteristic components of a particular rock sample.

Micro-CT scan Synthetic rock

Pore space Grains (labelled)Grain contacts Grains

Figure 6.4: A micro-CT scan compared to a synthetic rock sample of the Fontainebleau
sandstone. All grains are initially labelled in virtually constructed samples. In contrast to
micro-CT scans, these do not need to be extracted by segmentation and image processing,
what avoids associated inaccuracies.
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Synthetic sandstones with different grain sizes and degrees of sorting can be generated,
since the particle size distribution of the sample is initially defined. This further includes a
size-dependent granular framework as a fining upward graded bedding, which commonly
occurs in many depositional environments with temporary decreasing transport energy.
The shape of the synthetic grains is limited to a convex form (Al Ibrahim et al. 2019)
such as well to sub-rounded grains, whereas angular grains or those with a high surface
roughness cannot yet be taken into account. Moreover, the diagenetic lithification of the
unconsolidated sediment is implemented by a virtual grain cementation and the resulting
trends in granulometric, hydraulic and elastic properties exhibit a good accordance with
investigated homogenous reservoir reference rocks. However, diagenetic processes can be
more complex and depend on the respective geological conditions like rate of burial, heat
flow, sediment composition or pore fluids chemistry. Low porous sandstones with a high
degree of mechanical and chemical compaction, including grain dissolution, recrystallisation,
cracking or reorientation (Chapman 1983; Serra 1986) cannot be replicated by the presented
approach. Nevertheless, synthetic samples still provide the opportunity to additionally modify
rock microstructures and examine the effects of more complex pore-scale features by changing
the pore space itself, e.g., by poikilotopic cements, degraded minerals and synthetic fractures.

The predictive capacities of the presented approach on stiffness are limited, if models
comprise a significant amount of components without purely elastic material behaviour,
such as salts. Nevertheless, salt-bearing sediments can be still evaluated regarding their
porosity and permeability changes. An alteration based on micro-CT scans can be further
done for carbonates (Miller et al. 2017; Niu and Zhang 2019), which represent another
important reservoir rock for various subsurface applications and groundwater flow. However,
due to their heterogeneous microstructure, the representativeness of micro-CT images is
challenging (Faisal et al. 2019). Except for grainstones, such as ooliths, a process-based generation
of carbonate samples is not possible. Stochastic reconstruction methods based on morphological
parameters from two-dimensional images may be used instead, and demonstrate a rapidly
evolving method (Mosser et al. 2018; Piasecki et al. 2018; Talukdar et al. 2002). Nevertheless, the
latter approach does not provide a realistic background in terms of sedimentation physics and
often underestimates pore connectivity (Sain et al. 2009; Zhu et al. 2019).

The virtual alteration of digital sandstones and construction of synthetic granular rock
samples are the main objectives of the present thesis. The applied DRP approaches allow for
a quantification of trends in geometric, hydraulic and mechanical rock properties. In view
of a virtual laboratory, hypothetical microstructural changes can be systematically investigated
to isolate effects and provide new insights into the coupled processes relevant to a specific
geoscientific application. Generating synthetic samples can improve the accuracy in property
prediction, since it allows to overcome some major limitations of micro-CT scans regarding image
resolution and segmentation. Both, the presented approaches and main results are generally
transferable and applicable to all granular reservoir rocks, and also other porous materials.
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6.4 Upscaling the governing petrophysical properties
Improving the predictive capabilities of reservoir models by more accurate petrophysical

property correlations is the ambition of the presented virtual pore-scale experiments. In general,
DRP link pore-scale information to macro-scale rock behaviour. This is based on the assumption
that the microstructure of the investigated digital sample is representative for the respective rock.
A representative elementary volume (REV) presupposes the condition of statistical uniformity,
implying that the micro-CT scan represents a reliable average of microscopic heterogeneities
such as individual pores and clusters of pores (Bachmat and Bear 1986). Nevertheless, defining
the REV size becomes increasingly challenging for more heterogeneous microstructures,
since balancing between image resolution and representativeness of the particular subset is
required (Knackstedt et al. 2009).

The analytical and theoretical methods, which are currently applied in reservoir models
to describe the evolution of permeability or stiffness, also suppose to be representative for
the investigated rock. However, they often assume an idealised microstructure and neglect
alterations such as changes in throat sizes or the connectivity of the pore network. In contrast to
this, micro-CT scans accurately depict the complexity of the pore space regarding the size, shape
and roughness of grains. Besides that the presented approach of generating synthetic sandstones
allows to construct samples with specifically defined grain sizes, sorting and shapes over a broad
range of porosities. Thus, uncertainties regarding microstructural and porosity variations can be
quantified, and the representativeness for a specific rock considerably improved compared to
analytical models or a single micro-CT scan. Furthermore, the samples can be altered by virtual
experiments presuming characteristic geometric changes within the pore space. Consequently,
trends in permeability and stiffness calculated by pore-scale models are more accurate than
those estimated by analytical methods, and therefore should be used in reservoir simulations.

Often, numerically simulated elastic properties (Andrä et al. 2013b; Saxena and
Mavko 2016; Shulakova et al. 2013) and permeabilities (Karimpouli et al. 2018;
Mostaghimi et al. 2013; Saxena et al. 2019b) are compared to experimentally determined values.
Sizes of micro-CT scans are generally in the range of millimetres, whereas laboratory samples
have proportions of several centimetres. Depending on the microstructure and the resolution
of the applied imaging technique, the sample can comprise unresolved features below the
resolution of the image or beyond the selected sample size. Nevertheless, upscaling physical rock
properties from micro-scale to reservoir models is a challenge that DRP shares with core-scale
experiments (Aarnes et al. 2007). Since rock heterogeneity may vary over multiple magnitudes,
core samples also do not automatically represent the REV size due to present fissures, fractures,
facies changes or sedimentary structures (Figure 6.5).

In order to predict the mechanical and hydraulic reservoir properties, all relevant
heterogeneities affecting the physical rock behaviour must be considered within the
model (Desbois et al. 2016; Rydzy et al. 2018). Investigating a low porosity sandstone,
Desbois et al. (2016) used complementary microscopy methods to depict sand grains as well as
inter-granular diagenetic clay cements. They concluded that a comprehensive understanding
of porosity and connectivity can only be achieved by multi-scale analysis. Moreover,
sedimentary structures or facies changes can significantly influence flow properties, and thereby
affect reservoir performance (Mishra et al. 2020; Nordahl and Ringrose 2008; Weber 1982).
Rydzy et al. (2018) examined the permeability distribution within a stratified halite-cemented
sand core and demonstrated that physical parameters, calculated from micro-CT samples,
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Figure 6.5: Rock heterogeneity can vary by multiple length scales due to fissures, fractures,
facies changes or sedimentary structures. To integrate all relevant information, considerably
controlling rock property evolution in reservoir models, multi-scale studies constitute a
suitable concept.

are only representative for a section of the core. They concluded that a quantitative analysis
of larger-scale images is a valuable tool for upscaling physical properties. Furthermore,
deformation structures such as fractures or compaction bands considerably influence the
hydraulic and mechanical behaviour of reservoir rocks (Deng et al. 2015; Van Stappen et al. 2018).
Deng et al. (2015) showed that permeability within high-angle compaction bands of the
examined sandstone is consistently three orders of magnitude lower than that in the original host
rock. Van Stappen et al. (2018) investigated the effect of small fractures and found a permeability
drop of more than 90 %, when apertures are reduced by increasing confining pressures. Hence,
the orientation and distribution of deformation bands or fault-related diagenetic bodies may
control flow patterns within sandstone reservoirs (Del Sole et al. 2020), and therefore have to be
considered when assessing uncertainties in physical properties.

There are various length scales at which the system can be considered homogeneous. Thus,
multi-scale studies could be a reasonable approach to integrate relevant information across
different scales (Figure 6.5). Property relations estimated by digital pore-scale simulations could
be included in multi-scale evaluations by characterising a specific subset of the investigated
system. In such assessments applying the results of digital rocks analysis can mitigate
uncertainties of reservoir models.

6.5 Implications for subsurface utilisation
Reservoir simulations often use a simplistic description of the dynamic geochemical

processes that actually take place at the micro scale. Digital pore-scale models have generally
a higher accuracy in predicting petrophysical property relations, since they consider complex
microstructural alterations. Nevertheless, more precise approaches do not necessarily lead to
substantially different results. Hence, a further aim of this work is to evaluate, when analytical
approaches are sufficient to estimate property changes and when the use of pore-scale models is
particularly required. This is of essential interest for various geological subsurface applications.
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The porosity-permeability relation strongly depends on the microstructural evolution,
and can vary over several orders in magnitude depending on the geochemical reaction
regime (Wetzel et al. 2020a). As demonstrated, the frequently applied Kozeny–Carman relation
only provides reliable estimates for homogenous microstructures, such as a sandstones altered
by purely surface reaction-controlled regimes. However, a transport-controlled precipitation
regime will result in a fundamentally stronger permeability decrease due to the preferential
clogging of pore throats. This emphasises the requirement of using micro-scale models to
accurately determine porosity-permeability relationships of reservoir sandstones, whereby
particularly the initial microstructure, mineral-characteristic precipitation patterns as well
as the chemical reaction regime should be considered. An improved property prediction is
relevant in the context of geothermal energy systems, where the reinjection of supersaturated
fluids may lead to secondary mineral precipitation, and thus cause an irreversible loss of
injectivity (Tranter et al. 2020). Moreover, salt precipitation by pore water evaporation is observed
in gas producing wells as reservoir fluid recovery progresses. This can result in a productivity
losses and ultimately in the abandonment of wells (André et al. 2014; Kleinitz et al. 2003).
Pore-scale models can be used to determine the amount of scales leading to a untenable
reduction in productivity or injectivity. Thereby, unwanted effects of mineral precipitation
could be better managed to improve productivity of the respective geological application, what
directly affects its operating efficiency. Furthermore, geological models are used to simulate the
formation of geothermal or mineral resources (Heap et al. 2020; Ingebritsen and Appold 2012).
Pore-scale investigations can provide porosity-permeability relations for dynamically altered
host rocks. Consequently, potential hydrothermal deposits can be more reliable predicted, since
precipitation and dissolution directly affects fluid circulation, and thus occurrence and spatial
distribution of mineral resources.

As mentioned before, detailed micro-scale assessments on the stiffness evolution of
reservoir sandstones are only relevant for specific granular microstructures. Wetzel et al. (2018)
demonstrate that fundamentally different cementation patterns exhibit variations in shear
moduli of 16 % in maximum for consolidated reservoir sandstones, only, since the
grain framework remains unaffected by cementation. Therefore, the stiffness evolution
for homogenous sandstone samples can be also determined analytically, presuming an
adequate initial estimation of the elastic properties, e.g., by the combined contact-cement
and stiff-sand model (Wetzel et al. 2021). Nevertheless, in case of unconsolidated sediments
or highly porous granular rocks as well as sandstones comprising framework-supporting
features (Section 6.2), spatial alteration patterns can lead to contrasting stiffness trends.
In these cases, the elastic rock properties should be examined by digital microstructural
models. Precipitation induced stiffening of granular media can be generally relevant in the
context of soil improvement by microbially induced calcite precipitation (Lin et al. 2020;
Mujah et al. 2017). Here, pore-scale models can quantify the amount of calcite which is
necessary for a considerable soil stabilisation. Mineral dissolution and the resulting reservoir
weakening has been comprehensively investigated for carbon capture and storage, where
acidified pore fluids can lead to significant dissolution effects and porosity increase in
the vicinity of injection wells (Kweon et al. 2014). In this case, mineral dissolution can
significantly degrade the static rock moduli and impact the mechanical strength of the initially
cemented reservoir sandstone by disconnecting framework grains (Lamy-Chappuis et al. 2016;
Wu et al. 2020b). The presented DRP approach can determine the reservoir characteristic
stiffness evolution to mitigate a substantial weakening, which could further lead to a vertical
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compaction of the microstructure (Sun et al. 2018) affecting the injectivity (Khather et al. 2017;
Rathnaweera et al. 2016). Besides that, a resulting transfer of stresses to adjacent strata may
reactivate natural faults and fractures at a large scale (Rinehart et al. 2016; Sun et al. 2018).
Moreover, in the context of reservoir stimulation (Kalfayan 2008; Portier et al. 2009), an improved
quantification of evolving rock properties is crucial to optimise the amount of acid injection
required to enhance permeability while avoiding significant reservoir weakening.

As demonstrated, pore-scale models allow to quantify the evolution of hydraulic and
mechanical rock properties due to geochemical alterations. Thereby, the predictive capabilities of
reservoir models regarding induced short- and long-term effects can be substantially improved.
Assessing the impact and extent of mineral precipitation and dissolution offers the possibility
to evaluate and reduce potential risks, such as productivity or injectivity losses or substantial
reservoir weakening and associated compaction or fault reactivation.
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Conclusions and outlook
The evolution of natural and engineered subsurface systems can be substantially affected

by geochemical processes altering the microstructure of rocks, and thereby changing their
hydraulic and mechanical behaviour. Quantifying these interactions and considering them
in field-scale numerical models is compulsory for a successful resource exploration as well
as a sustainable subsurface utilisation. Analytical methods are currently applied in reservoir
simulations to estimate evolving permeability or stiffness. However, these approaches are unable
to reflect the property evolution especially for complex microstructures or dynamic processes,
since they assume an idealised pore space. Aim of the present thesis is to improve the prediction
of hydraulic and mechanical property changes resulting from pore-scale geochemical alterations
by means of digital rock physics (DRP). For that purpose, three-dimensional microstructural
models of typical reservoir sandstones, obtained from highly resolved micro-computed
tomography (micro-CT), are used to numerically calculate permeability and stiffness. These
samples are systematically modified in order to adequately depict relevant changes of the
pore space. The three main objectives of the accomplished research are (1) assessing the
effect of secondary mineral distributions on permeability and (2) stiffness evolution as well as
(3) improving the capabilities of future virtual experiments by generated sandstone samples.

Characteristic pore space alteration for two contrasting geochemical reaction regimes
are approximated by correlating precipitation with flow velocity magnitudes (Chapter 3):
A purely surface reaction-controlled regime is represented by a uniform modification of the pore
space, whereas transport-controlled precipitation is characterised by the successive clogging
of pore throats and an associated drastic permeability decrease. The proposed simplified
approach enables to capture characteristic spatial distributions of secondary minerals without
the requirement of implementing complex reactive transport simulations, since it is able to
reproduce experimental observations (Chapter 4). Further, it is demonstrated that the frequently
applied Kozeny–Carman relation provides reliable estimates for uniform microstructural
changes. Nevertheless, it is unable to reflect the permeability evolution of dynamic systems
such as transport-controlled mineral precipitation, where permeabilities are up to four orders in
magnitude lower. Hence, pore-scale models have to be used to determine porosity-permeability
relationships for each rock type based on mineral-characteristic precipitation and dissolution
patterns as well as the chemical reaction regime.

The potential effect of chemical processes on rock stiffness strongly depends on whether
the altered minerals considerably contribute to the microstructural framework. Even general
contrasting cementation patterns only slightly impact the stiffness evolution of already
consolidated sandstones, since the main supporting granular framework remains unaffected by
the alterations (Chapter 2). Consequently, the evolving trends for homogeneous sandstones can
be described either by a technically easy-to-implement uniform coating or analytically by the
combined contact-cement and stiff-sand model (Chapter 5). However, geochemical alterations
can result in a contrasting stiffness evolution, for unconsolidated sediments or highly porous
granular rocks as well as sandstones comprising framework-supporting features. In these cases,
digital micro-scale models are required to reliably predict elastic rock properties.
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In order to overcome some general limitations of pore-scale models obtained from imaging
techniques, a process-based approach is proposed for constructing highly resolved granular
samples (Chapter 5). It is demonstrated that the generated sandstones exhibit equivalent
granulometric, hydraulic and elastic properties to those of the respective micro-CT scans. Since
the resolution of the synthetic samples can be increased to properly depict microstructural
features, common error sources related to image processing and filtering can be minimised. The
presented approach offers the possibility to construct various synthetic reservoir sandstones
with defined sizes, sorting and shapes of grains as well as different porosities. Thereby,
uncertainties related to microstructural or porosity variations can be quantified. Moreover,
the samples can be used for further virtual experiments to examine the impact of precipitation
and dissolution as well as fracturing on various rock property relations. Hence, the approach
represents an important complement to laboratory experiments and field tests, which are time
and cost-intensive in preparation and execution.

DRP is a fast evolving field due to the ongoing developments in computational efficiency
and imaging techniques. Future investigation should focus on various aspects, which would
further improve the predictive capabilities for effective rock properties using microstructural
models:

• Simplified voxel-based alteration algorithms should include mineral-characteristic
growth patterns such as the high surface area of clays or preferential precipitation
depending on the seed material.

• Spatial mineral dissolution should be evaluated by pore-scale models, since a
transport-controlled dissolution is typically related to the development of highly
conductive channels inducing a significant anisotropy, which substantially impacts
the mechanical and hydraulic behaviour.

• Including reactive transport in micro-scale models would allow to examine
temporal aspects of precipitation or dissolution. Such assessments would be of
particular benefit in combination with flow-through experiments allowing to
improve mineral-characteristic precipitation patterns and correlate these with a
specific range of Damköhler numbers.

• The generation of synthetic samples can be directed towards more heterogeneous
sandstone structures, considering effects of framework-supporting components such
as selective alterations depending on mineralogy or synthetic cracks and fractures
due to their frequent occurrence and relevance for rock properties.

• Digital pore-scale models can be further applied in multi-scale evaluations,
characterising a specific subset of the examined system. Thus, porosity-permeability
relationships could be determined for reservoir rocks comprising relevant
heterogeneities, such as fissures, facies changes or sedimentary structures.

The presented digital pore-scale investigations provide a methodological foundation for
the quantification of changes in permeability and stiffness resulting from geochemical processes.
Since effective rock properties are directly linked to microstructural alterations in porous media,
pore-scale models have a higher accuracy than the commonly applied analytical approaches.
Fundamental rock property relations resulting from mineral precipitation and dissolution can be
provided for any desired homogeneous reservoir sandstone by generating synthetic samples and
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systematically altering them. This enables to quantify uncertainties in reservoir characterisation
and can improve predictive capabilities of field-scale models. The proposed method has a wide
range of natural and engineered subsurface applications, including geothermal energy systems,
hydrocarbon reservoirs, CO2 and energy storage as well as hydrothermal deposit exploration.
Assessing the impact and extent of precipitation and dissolution on permeability and stiffness
allows to evaluate and reduce potential risks, such as productivity or injectivity losses as well
as reservoir compaction or fault reactivation. Thereby, it contributes to a successful resource
exploration and a sustainable subsurface utilisation.
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