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Abstract

Fractured rock masses are a complex system which demand complex analysis in order to
investigate its hydromechanical characteristics. This thesis presents a workflow and oppor-
tunities, applying empirical, analytical and numerical upscaling techniques on fractured
rock masses for the generation of spatially variable hydraulic and mechanical properties.

To test the practical value of the upscaling concepts applied, two sandstone and a granite
outcrop were investigated. These outcrops were surveyed using a Terrestrial Laser Scanner
(TLS) in order to obtain geometrical properties, i.e., orientation, size and intensity, of the
various fracture sets. It is shown that TLS represents an efficient technique for true-to-
scale 3D visualization and fracture network analysis. Furthermore, the fracture network
statistics derived from outcrop analysis is improved. Mechanical properties of intact rock
and fractures were obtained by laboratory tests.
Unconfined compressive strength and deformation modulus of the fractured rock mass

were determined utilizing empirical relationships based on conventional engineering rock
mass classification schemes. Uncertainties were considered by a probabilistic approach,
utilizing Monte Carlo simulation techniques, for the various input parameters. Empiri-
cal equations, incorporating intact rock properties, consistently produce plausible results
considering isotropic conditions.

A Discrete Fracture Network (DFN) modeling approach was used to integrate the geomet-
rical properties of the fracture network with the mechanical properties of rock and fractures.
Based on analytical DFN-Oda approaches, spatial variable tensors for permeability, deforma-
tion modulus and Poisson’s ratio were computed assuming isotropy and vertical-transverse
isotropy. Results indicate a substantial spatial scatter in hydromechanical properties and
a drastic reduction in deformation modulus of the fractured rock mass in comparison to
the intact rock due to the prevailing fracture networks. It is demonstrated that DFN-Oda
approaches allow to derive anisotropic and spatially varying hydromechanical properties
providing a comprehensive hydromechanical characterization of fractured rock masses.
Utilizing a lattice-spring-based synthetic rock mass (LS-SRM) modeling approach, rep-

resenting a discontinuum method, the complex mechanical behavior during failure of the
rock masses including crack initiation, propagation and coalescence was investigated. The
analysis demonstrates that the behavior of fractured rock masses including the failure mode
is significantly influenced by to the geometry as well as the properties of the prevailing
fracture network.
The concepts for upscaling and the workflows tested in this thesis are applicable to

any rock type. Realistic descriptions capturing the anisotropy and spatial variability of a
fractured rock mass with respect to its hydromechanical characteristics are particularly
achievable using DFN-Oda as well as LS-SRM modeling approaches. This is demonstrated
by the successful application to the case studies.
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Zusammenfassung

Geklüftete Gesteinsmassen stellen komplexe Systeme dar, welche eine komplexe Analyse
erfordern, um ihre hydromechanischen Eigenschaften zu untersuchen. In dieser Arbeit
werden ein Arbeitsablauf sowie Möglichkeiten zur Anwendung empirischer, analytischer und
numerischer Aufskalierungstechniken zur Generierung von räumlich variablen hydraulischen
und mechanischen Eigenschaften für geklüftete Gesteinsmassen vorgestellt.
Anhand von zwei Sandstein- und einem Granitoberflächenaufschluss wurde die prak-

tische Anwendbarkeit dieser Aufskalierungstechniken untersucht. Diese Aufschlüsse wurden
mittels eines terrestrischen Laserscanners (TLS) vermessen, um die geometrischen Eigen-
schaften (Orientierung, Größe und Intensität) der Klüfte zu ermitteln. TLS stellt eine
effiziente Technik für die maßstabsgetreue 3D-Visualisierung und die Analyse von Kluft-
netzwerken dar, die darüber hinaus die Statistik des Kluftnetzwerks optimiert. Die mech-
anischen Eigenschaften des intakten Gesteins und der Klüfte wurden durch felsmechanische
Labortests bestimmt.
Anhand empirischer Beziehungen, die auf konventionellen ingenieurgeologischen Klas-

sifizierungssystemen für Gesteinsmassen basieren, wurden Druckfestigkeiten und Elasti-
zitätsmodule bestimmt. Hierbei wurden Unsicherheiten mittels eines probabilistischen
Ansatzes unter Verwendung von Monte-Carlo-Simulationen für die verschiedenen Eingangs-
parameter berücksichtigt. Plausible Ergebnisse werden durch empirische Gleichungen unter
isotropen Bedingungen erzielt, welche die Eigenschaften des intakten Gesteins berücksichti-
gen.
Es wurde ein DFN-Modellierungsansatz (Discrete Fracture Network) implementiert,

um die geometrischen Eigenschaften des Kluftnetzwerks mit den mechanischen Eigen-
schaften des Gesteins und der Klüfte zu kombinieren. Auf Grundlage von analytischen
DFN-Oda-Ansätzen wurden räumlich variable Tensoren für Permeabilität, anisotrope Elasti-
zitätsmodule und Poissonzahlen unter der Annahme von Isotropie und vertikal-transversaler
Isotropie berechnet. Die Ergebnisse zeigen eine erhebliche räumliche Streuung der hydro-
mechanischen Eigenschaften sowie eine drastische Verringerung des Elastizitätsmoduls der
geklüfteten Gesteinsmasse im Vergleich zum intakten Gestein aufgrund der vorherrschen-
den Kluftnetzwerke. Mit den DFN-Oda-Ansätzen wird die Ableitung von anisotropen und
räumlich variierenden hydromechanischen Eigenschaften und damit eine umfassende hydro-
mechanische Charakterisierung von geklüfteten Gesteinsmassen ermöglicht.
Das komplexe mechanische Verhalten während des Versagens von Gesteinsmassen (ein-

schließlich Rissentstehung, -ausbreitung und -verbindung) wurde anhand numerischer,
synthetischer Gesteinsmassen unter Verwendung eines LS-SRM-Modellierungsansatzes
(Lattice-Spring-based Synthetic Rock Mass) untersucht. Die Analyse zeigt, dass das Verhal-
ten von geklüfteten Gesteinsmassen, einschließlich der Versagensart, wesentlich von der
Geometrie sowie den mechanischen Eigenschaften des vorherrschenden Kluftnetzwerks
beeinflusst wird.
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Die Aufskalierungstechniken und die getesteten Arbeitsabläufe sind auf jeden Gesteinstyp
anwendbar. Realistische Beschreibungen, die die Anisotropie und räumliche Variabilität
eines geklüfteten Gesteins in Bezug auf seine hydromechanischen Eigenschaften erfassen,
sind insbesondere mit DFN-Oda- und LS-SRM-Modellierungsansätzen möglich. Dies wird
durch die erfolgreiche Anwendung in den Fallstudien demonstriert.
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1 Introduction

The work presented in this thesis was conducted at the Institute of Applied Geoscience at the
Technical University of Darmstadt in the Engineering Geology Group as part of the “ReSalt -
Solution and precipitation of salts and the impact on hydraulic and mechanical rock proper-
ties” project. The “ReSalt” project was funded by the Federal Ministry for Economic Affairs
and Climate Action. Project partners include the Helmholtz Centre Potsdam, GFZ German
Research Centre for Geosciences, Geomecon GmbH, Johannes Gutenberg University Mainz,
Ruhr-University Bochum and Technical University of Darmstadt. The aim of the project was
to develop a fundamental understanding of reservoir scaling in fracture-dominated flow
systems of predominantly sedimentary rocks. In this scope, this thesis aimed to upscale
mechanical and hydraulic characteristics determined in the field and in the laboratory to
the reservoir scale by means of various upscaling techniques. In a first step, three outcrop
analogs were analyzed with respect to the geometry of the prevailing fracture network
utilizing terrestrial laser scanning (TLS) as well as laboratory testing on rock samples.
Following, upscaling was performed utilizing engineering rock mass classifications, discrete
fracture network (DFN) modeling and lattice-spring-based synthetic rock mass (LS-SRM)
modeling. The findings as well as challenges encountered during the research are presented
in this thesis.

1.1 Motivation

From a general point of view, rock masses as well as reservoirs in the subsurface are often
considered inherently heterogeneous, since brittle structures such as faults or fracture
networks are found throughout the world regardless of the rock type (e.g., Nelson, 2001).
The presence of distinctive fracture networks significantly affects the hydraulic and me-
chanical behavior of rock masses exposed at the surface and in the subsurface. Therefore,
a comprehensive characterization of the fracture network is of particular importance for
the assessment and development of engineering geological and geotechnical applications
(Fekete and Diederichs, 2013; He et al., 2018; Jiang et al., 2015; Lei et al., 2017b; Scholtès
and Donzé, 2012; Stead and Wolter, 2015), fractured hydrocarbon reservoir characteri-
zation (Bjorlykke, 2010; Gauthier et al., 2000; Gluyas and Swarbrick, 2004), geothermal
energy production (Gan and Elsworth, 2016; Jafari and Babadagli, 2011; Siratovich et al.,
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2014; Watanabe and Takahashi, 1995; Yao et al., 2020), final disposal of radioactive waste
(Blum et al., 2005; Hadgu et al., 2017) as well as CO2 sequestration (Bond et al., 2013;
Iding and Ringrose, 2010; Ogata et al., 2014).

Information on the fracture network is usually gathered from drilling or logging oper-
ations. Apart from the cost aspect, such information is limited to the immediate vicinity
of the borehole and can not capture the spatial variability of the fracture network in high
resolution. A valuable source for characterizing the geometrical parameters of fracture
networks, especially in an early exploration phase of a project, are large surface outcrops. A
prerequisite is that they are representative for the reservoir/host rock in the subsurface be-
longing to the same tectonostratigraphic unit. These surface analogs can either be analyzed
by traditional field methods such as compass and measuring tape or by using point clouds
acquired by contactless surveying technologies such as 3D terrestrial laser scanning (TLS)
and photogrammetry (PGM) (e.g., Laux and Henk, 2015; Monsalve et al., 2019; Riquelme
et al., 2014; Sturzenegger and Stead, 2009; Telling et al., 2017).

Surface exposures additionally offer the possibility to obtain sample material for labora-
tory testing to improve the quality of the rock mass or reservoir characterization, respectively.
Samples taken in the field, analyzed in the laboratory as well as the derived parameters
such as e.g., Young’s modulus, Poisson’s ratio or permeability are frequently based on intact
samples with dimensions in the range of centimeters. However, in numerical large scale
reservoir models, the edge length of the cells, previously assigned with hydraulic and/or
mechanical properties, is usually in the range of meters to kilometers. Thus, there is a
scale-dependent discrepancy between rock vs. rock mass properties as measurements are
frequently carried out solely on intact rock samples or those containing only single frac-
tures. Thereby, input parameters for large-scale models are often derived based upon a
small amount of measurements of a few intact samples, even though the effects of fracture
networks on elastic parameters (deformation modulus and Poisson’s ratio) and permeability
are well documented throughout the literature (e.g., Koudina et al., 1998; Pollard and
Fletcher, 2005; Singhal and Gupta, 2010; Wittke, 2014). The overall presence of fracture
networks creates a high degree of uncertainty that has to be considered. To investigate
these uncertainties, it is essential to perform large scale tests on representative fractured
rock blocks using appropriate stress conditions. However, due to the complexity of fractured
rocks, the available laboratory and field investigation methods are very difficult to imple-
ment as well as associated with high costs. Numerous empirical and numerical methods
have been developed in the past to address this issue. Especially in the field of numerical
simulations, approaches have been developed that attempt to investigate the complexity
and interaction of fracture networks and rock masses. However, these studies are often
based on rock masses with single fractures or a simplified fracture network, which does not
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correspond to the natural conditions. In order to obtain more realistic simulations and to
improve the predictions for the diverse field of applications, it would be of great advantage
to be able to calculate and obtain a spatially variable and anisotropic deformation modulus
or rock mass permeability, respectively, providing a considerable benefit for the accuracy of
input parameters utilized in later numerical models.

The focus of this thesis is on the application of different empirical, analytical and nu-
merical upscaling techniques to transfer the hydraulic and mechanical characteristics of
three fractured reservoir analogs, determined in the field and in the laboratory, to the rock
mass scale. For this purpose two fractured sedimentary and a fractured granite rock mass
were investigated. The two sedimentary quarries were chosen not only because of their
well-defined fracture network. More importantly, they offer the opportunity to study and
compare the influence of differently oriented fracture networks on two otherwise similar
rock formations. In addition, it allows to identify the potential benefits and drawbacks of the
applied approaches. The fractured granite quarry was utilized to test the practical value of
the applied workflow for a different type of rock mass. This thesis shall provide a framework
to improve the knowledge and understanding concerning the influence of fracture networks
on the hydromechanical rock mass properties and to examine the advantages as well as
disadvantages of different upscaling techniques in order to obtain more realistic simulations
with respect to the objectives of the specific study.

1.2 Aim and Objectives

The aim of this thesis was the determination of a representative fracture network and its
impact on the mechanical and hydraulic properties of a corresponding rock mass. In order
to accomplish this, different upscaling concepts were applied to transfer hydromechanical
parameters determined in the field and in the laboratory to the rock mass scale.

The methods applied include empirical equations based on empirical rock mass classifica-
tions, upscaling using discrete fracture network (DFN) models along with the equivalent
continuum approach as well as upscaling using DFN models in combination with a lattice-
spring-based synthetic rock mass (LS-SRM) approach. The workflow developed and applied
in this thesis is shown in Figure 1.1.

The objectives of this research study can be summarized as follows:

• Creation of input data for a representative fracture network using terrestrial laser scan-
ning and comparison with conventional methods for the determination of geometrical
fracture network properties.
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Figure 1.1: Workflow applied in the thesis to investigate empirical, analytical and numerical upscaling
techniques for a hydromechanical characterization of fractured rock masses.

• Evaluation of different methods, i.e., empirical, continuum and discontinuummethods,
for determining the potential anisotropic hydromechanical properties of rock masses
as well as their advantages and disadvantages using real case studies.

• Investigation of the influence of uncertainties on the calculation of mechanical rock
mass properties by empirical relationships based on rock mass classification schemes
using Monte Carlo simulations.
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• Calculation of directional and spatially variable hydromechanical rock mass properties
such as permeability, deformation modulus and Poisson’s ratio, as well as the assess-
ment of the effect of uncertainties regarding the input parameters on the calculated
rock mass properties.

• Investigation of the impact of loading directions on the strength and deformability
of large-scale fractured rock masses, in order to examine a potential anisotropic me-
chanical behavior of a fractured rock mass including the possible interaction between
the prevailing fracture network.

1.3 Thesis Outline

In order to give an overview of the thesis design and the conducted research to achieve the
aims of the thesis as outlined above, a short description of the content of the chapters is
provided in the following:

Chapter 1 provides a brief introduction describing the general motivation behind this
thesis and the importance of fractured rock masses for various geological and geotechnical
applications. Subsequently, the aim and the main objectives as well as the workflow con-
ducted are presented.

Chapter 2 describes the fundamental principles related to fracture networks and their
impact on rock masses. This includes the description of fracture network properties, their
influence on mechanical and hydraulic properties as well as an introduction to the various
approaches available to address this topic.

Chapter 3 introduces the reader to the three utilized case studies. This includes a short
description of the location, the application of the quarried rocks, a short description of the
geological origin and a short macroscopic description of the areas under investigation.

Chapter 4 presents the methods applied for the hydromechanical characterization of
fractured rock masses. This includes the field and laboratory work as well as the empirical
and numerical methods adopted. In this context, the focus is set to the methods used as
well as their underlying principles, formulas and assumptions.

Chapter 5 shows the results of the work carried out in this thesis. The obtained hydraulic
and mechanical results are shown separately for each case study treated.

Chapter 6 presents the discussion and evaluation of the applied methods and correspond-
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ing results. Thereby the focus is set on the advantages and disadvantages of the different
methods regarding their application and outcomes including a comparison of the different
techniques.

Chapter 7 provides the conclusions and overall findings. In addition, future perspectives
including research questions and issues that have emerged from the findings of this thesis
are proposed.
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2 Fundamentals

In this chapter the fundamentals of fracture networks and their constituents, the influence
of prevailing fracture networks on hydraulic and mechanical rock mass properties, as well
as an overview of the available methods to study and characterize the interaction of fracture
networks and rock mass are provided.
In order to understand the characteristics of fracture networks and their effect on the

hydromechanical properties of rock masses, it is necessary to define the term fracture.
In this thesis the terms fracture and discontinuity are treated as the same general term
for the sake of simplicity. According to Gudmundsson (2011) a fracture is defined as follows:

“A rock fracture is a mechanical break or discontinuity that separates a rock body into two
or more parts. The continuity or cohesion of the rock body is lost across a fracture. A fracture
forms in response to stress. More specifically, the rock breaks and forms a fracture when the
applied stress reaches a certain limit, namely the rock strength.”

Hence, fractures represent surfaces where no significant displacement has taken place.
Otherwise, the structure would be considered as a fault (e.g., Fossen, 2010). It is of
significant importance to investigate and quantify the prevailing fracture network in order
to understand the hydromechanical rock mass behavior (e.g., Lee and Farmer, 1993; Lorenz
and Cooper, 2020). According to Singhal and Gupta (2010), the development of fracture
networks can be caused by deformation of the rock as a result of tectonic movement, residual
stresses, volume change due to cooling or desiccation of sediments, unloading processes
during vertical or lateral relaxation, weathering processes or surficial movements such as
landslides.
In general, fractures can be divided into three different modes with respect to their

displacement field (Figure 2.1). Mode I represents the opening mode (extension mode),
in which the displacement is perpendicular to the walls of the fracture. Mode II (sliding
mode) is characterized by a slip (shear) perpendicular to the edge. Mode III (tearing mode)
indicates sliding parallel to the edge of the fracture. A combination of shear cracks (Mode II
or III) and tensile cracks (Mode I) is considered a hybrid crack. Since the theory of fracture
mechanics, especially the fundamentals, is widely covered and available in the literature, it
will not be addressed further in this section. For further information, the reader is referred
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to fundamental works such as those of Fossen (2010) and Gudmundsson (2011) among
others.

Figure 2.1: Schematic illustration of Mode I (a), II (b) and III (c) fractures (modified after Fossen
(2010)).

2.1 Fractured Rock Mass Characterization

In general, large-scale rock masses comprise two components: the intact rock and dis-
continuities. These discontinuities vary from very small scales, which are invisible to the
human eye, to larger-scale structures such as fractures in the range of centimeters to meters.
Furthermore, they can be open or filled. Based on the properties of the intact rock and the
prevailing fracture network, fractured rock masses can be characterized according to these
parameters: number of fracture sets, fracture orientation, fracture spacing, fracture length,
fracture aperture and filling as well as the block size as a result of the fracture spacing (e.g.,
Lee and Farmer, 1993; Singhal and Gupta, 2010). An exemplary illustration of a fractured
rock mass is shown in Figure 2.2.

As mentioned in the introduction, rock masses as well as reservoirs in the subsurface are
often considered inherently heterogeneous due to geological structures such as bedding
planes, fractures, veins, faults and folds, regardless of the rock type (Nelson, 2001). To
be able to provide realistic and representative predictions, irrespective of the field of ap-
plication, it is of utmost importance to investigate the influence of such structures on the
hydromechanical behavior of fractured rock masses. Although such evaluations are essential
to carry out assessments and projects in the best possible way, this issue remains one of the
major challenges in geological and geotechnical applications as well as in the field of rock
mechanics in general.
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Figure 2.2: Illustration of the essential geometrical properties of fracture networks (modified after
Hudson and Harrison (1997)).

2.1.1 Fracture Network Properties

The most important fracture network properties for hydromechanical analysis of a fractured
rock mass include (i) orientation, (ii) size, (iii) intensity and (iv) aperture. In the following,
these parameters are briefly introduced. For further information on the properties, the
available methods and their determination, the reader is referred to the work of Singhal and
Gupta (2010), Zeeb et al. (2013), Zhang and Einstein (2000) and Mauldon et al. (2001).

(i) Orientation

One of the most important parameters in fracture network analysis is the orientation. It
can either be obtained by traditional field methods such as using a geological compass or
can be determined from drill cores. The orientation of a discontinuity is measured in terms
of dip direction and dip angle (e.g., Fossen, 2010; Wyllie, 2017). The dip direction is defined
clockwise from north (0 °) and is given by 0 ° to 360 °. The dip angle is indicated between
0 ° (horizontal surface) and 90 ° (vertical surface). In order to quantify the dispersion of
the mean orientation of the fractures, the Fisher distribution is commonly used (Fisher,
1953). The determined spatial position of the discontinuities can then be displayed in
a stereographic projection (lower hemisphere) by great circles or pole points (e.g., Price
and Cosgrove, 1990) as shown in Figure 2.3. Discontinuities of similar orientation due to
identical genesis are grouped into a set. The segmentation of sets in a fracture network can
be established by a cluster analysis.
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Figure 2.3: Exemplary stereographic projection of an ESE-dipping plane (Fossen, 2010).

(ii) Size

Fracture size, i.e., the length or lateral extent of a fracture, likewise plays a key role in
the description of a fracture network. The fracture size contributes to the connectivity of
the fractures and thus plays an important role for fluid flow and stability (e.g., Singhal and
Gupta, 2010; Wittke, 2014). Since the dimensions of fractures are not visible within a rock
mass, they are often investigated on the basis of the visible fracture traces on the surface of
the rock mass. These fracture traces can be measured directly using their length. The most
common size distributions of fractures are the negative exponential and the log-normal
distributions (Lorenz and Cooper, 2020; Priest and Hudson, 1976; Zeeb et al., 2013). There
are various methods for determining the fracture length in the field. The available methods
are distinguished between the scanline method (Priest and Hudson, 1981), the window
mapping method (Pahl, 1981) and the circular estimator method (Mauldon et al., 2001;
Rohrbaugh et al., 2002). All three methods are described in the following (Section 2.1.2).
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(iii) Intensity

In general, the frequency or number of fractures in relation to the dimension of the area
under investigation is expressed by the fracture intensity. In terms of characterization of
a fractured rock mass, a classification scheme, known as the Pij system (Dershowitz and
Herda, 1992), has been developed to eliminate some of the ambiguities in terminology
and to establish a simple framework to move between different scales and dimensions
(Figure 2.4). The Pij system attempts to describe the fracture network and characterize
fracture intensity in terms of dimensions of the sample (i) and dimensions of the measure
(j). For example, P10 represents the number of fractures per unit length of a scanline
or a borehole and is therefore referred to as linear intensity. P21, characterized as the
length of fractures per unit area represents the areal intensity which can be determined by
the window mapping method (Zeeb et al., 2013, Section 2.1.2). For DFN modeling, the
preferred measure of fracture intensity is known as P32, representing the fracture area per
unit volume. However, this is a non-directional intrinsic value which can only be quantified
mathematically. Available methods to obtain the P32 value that allows the generation
of fracture intensity characteristics providing a starting point for a 3D spatial modeling
approach for a fractured rock mass are further elaborated in Section 4.1.1.

Figure 2.4: Pij system used to derive input parameters for DFN modeling (modified after Dershowitz
and Herda (1992)).

(iv) Aperture

The aperture indicates the opening width, i.e., the distance between the two walls of
open fractures. It is also referred to as the mechanical aperture (Zeeb et al., 2013). The
effective aperture with respect to the cubic law, i.e., the effective aperture for flow within
the fracture, is also referred to as the hydraulic aperture (McClure and Horne, 2013; Zeeb
et al., 2013). The magnitude of the aperture has a significant influence on the hydraulic
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behavior of the fracture itself and thus also of the rock mass (e.g., Singhal and Gupta,
2010). The fracture aperture can either be determined in the field or in the laboratory
using flow-through experiments.

2.1.2 Methods for the Estimation of Fracture Network Parameters

The most commonly used acquisition methods for the determination of fracture network
parameters such as orientation, density (P20 / P30), intensity (P10 / P21) and length are
(i) the scanline method, (ii) the window sampling method and (iii) the circular estimator
method (Zeeb et al., 2013).

(i) Scanline method

The scanline method (Figure 2.5a) is a straightforward technique in which a one-
dimensional scanline is placed across the area under investigation within the outcrop.
This allows to determine the orientation, the size and the intensity (Priest and Hudson,
1981; Zeeb et al., 2013). The P10 value can be determined by using the reciprocal distance
of the intersections. In this context, it should be noted that it is required to conduct a
correction (e.g., Terzaghi, 1965) to the obtained values since there is an orientation bias
as a result of oblique angles between the prevailing fractures and the scanline orientation.
The scanline can also be used to calculate the linear length. For this purpose, the length of
all intersecting fracture traces is measured.

(ii) Window sampling method

The window sampling method (Figure 2.5b) estimates the parameters of a fracture
network based on the characteristics of all fractures within a sampling window (Pahl, 1981).
Using the number and length of the fractures within the window, it is possible to determine
the P20 and P21 value. This method is particularly useful on outcrops. Care should be taken
when using this method as the results may be influenced by orientation, truncation and
censoring bias (Zeeb et al., 2013).

(iii) Circular estimator method

The circular estimator method (Figure 2.5c) applies a combination of circular scanlines
and windows (Mauldon et al., 2001; Rohrbaugh et al., 2002). It estimates the parameters
based on statistical methods rather than directly examining the properties of the predicted
fractures (Mauldon et al., 2001). Based on the number of intersections of the circular
scan line and fractures as well as the number of fracture endpoints in a circular window,
the fracture density (P20), fracture intensity (P21) as well as the fracture length can be
calculated (Zeeb et al., 2013).
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Figure 2.5: Schematic illustrations showing the scanline method (a), the window sampling method
(b) and the circular estimator method (c) in an outcrop (grey area). The applied methods
are shown in green. Purple lines indicate sampled fractures and black lines represent
nonsampled fractures (modified after Laux (2017) and Zeeb et al. (2013)).

2.2 Impact of Fracture Networks on Rock Mass Properties

Fractured rock masses are generally considered to be anisotropic since the existing fracture
network frequently has a non-uniform geometry and distribution in space (e.g., Gudmunds-
son, 2011; Lorenz and Cooper, 2020; Wittke, 2014). This leads to the fact that the elastic
and hydraulic parameters can differ significantly depending on the direction of loading and
the complexity of the fracture network. Various studies (e.g., Cheng et al., 2016; Singh et al.,
2002) investigated the influence of simple or regular distributed fracture networks and
structures on the rock mass properties, however, such investigations are not yet performed
for more complex systems.
Fracture networks have a key role in hydrogeological characterization in rock masses.

Fluid transport and storage primarily occurs along discontinuities (Singhal and Gupta, 2010).
This is especially true for hard rocks or rocks in general with a very low matrix permeability
and porosity. Nevertheless, structures such as faults, dykes or bedding structures can also act
as barriers for water flow due to their geologic properties. Fluids are able to flow considerably
faster and cover greater distances within discontinuities compared to the intact rocks itself
(Murphy et al., 2004). One of the fundamental challenges is the identification of the
fracture geometry and the apertures of the fractures governing the rock mass permeability.
A prevailing network can vary spatially in orientation, size and intensity, which implies
that a representative study of these parameters is essential. The variation of permeability
across fractures can be several magnitudes and spatially very variable. Spatial differences
may also occur if fractures with a particular orientation have been opened by the prevailing
stress field while others have been filled by precipitation processes and thus serve as barriers
(Singhal and Gupta, 2010).

Mechanical failure of any complex system will occur at the weakest component or member
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if the external force applied to the system exceeds its intrinsic strength. Hydromechanical
properties are commonly strongly influenced by the structural geology of the rock. Disconti-
nuities represent planes of weakness in the much stronger, intact rock, so that failure occurs
preferentially along such surfaces (Wyllie, 2017). According to Bastola (2019) there are
three different general failure modes in fractured rock masses: the structure-controlled
failure, which is primarily influenced by discontinuities, the stress-controlled failure, which
is predominantly characterized by the intact rock and it is further possible that both failure
modes occur in conjunction with each other.

2.3 Methods for Hydromechanical Fractured Rock Mass Analysis

In general, the approaches available for the assessment of hydraulic and mechanical prop-
erties of fractured rock masses can be divided into four categories. These include direct
methods, indirect methods, analytical methods and numerical methods. In the following,
the basic principles, advantages and disadvantages of these methods are briefly introduced.

2.3.1 Direct Methods

Direct methods include experimental approaches such as standard laboratory tests or in-situ
mechanical and hydraulic tests. In recent decades, numerous laboratory, i.e., uniaxial and
triaxial tests, have been conducted on pre-cracked rock specimens (Lee and Jeon, 2011;
Miller and Einstein, 2008; Wong and Einstein, 2009a, 2009b, 2009c; Yang et al., 2008)
as well as on rock-like specimens (Cao et al., 2015; Kulatilake et al., 2001; Liu et al.,
2017; Singh et al., 2002; Wong et al., 2001; Zhou et al., 2018) in order to investigate
the strength, deformation behavior and failure modes. In general, it can be stated that
the presence of pre-existing cracks reduces the strength of the rock in dependence on the
complexity, intensity and orientation of the cracks. According to Singh et al. (2002) four
failure modes including splitting, shearing, rotational and sliding or a combination of them
can be observed (Figure 2.6).
An important restriction of such laboratory scale studies is that the evolution of cracks

can be investigated solely on the outer surface of a specimen. Crack propagation inside the
specimen can only be inferred from indirect monitoring tools such as acoustic emission (e.g.,
Stöckhert et al., 2015). Such experiments can be valuable for explicit research questions
or case studies. However, it should be noted that they are not representative for fractured
rock masses. Such small-scale laboratory tests can not account for the potential complex
interaction of a fractured rock mass. To gain a representative knowledge of the overall
behavior of fractured rock masses large volumes of rock samples comprising natural fracture
networks having complex geometries should be tested under site specific conditions. Such
tests are almost impossible to perform in conventional laboratory facilities. In-situ field tests
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Figure 2.6: Failure modes of pre-cracked rocks observed in laboratory experiments (modified after
Singh et al. (2002)).

offer an alternative to conduct such large scale experiments directly in the field comprising
the site specific conditions. However, the use of these methods is time-consuming, associated
with high costs, operational difficulties and frequently produces no unequivocal results
(Hoek and Diederichs, 2006; Shen et al., 2012). Examples of in-situ experiments for the
determination of mechanical properties are Plate jacking tests, Plate loading tests, Goodman
jack test and Flat jack tests (e.g., Bieniawski, 1978; Palmström and Singh, 2001; Pilgerstorfer
et al., 2011; Wittke, 2014). In-situ tests for determining the hydraulic rock mass properties
are Packer tests, Slug tests and Pumping tests (e.g., Hekel and Odenwald, 2012; Shahbazi
et al., 2020; Singhal and Gupta, 2010).

2.3.2 Indirect Methods

Indirect methods comprise empirical (i) and analytical approaches (ii) which do not perform
measurements directly on fractured rocks. In this case, the rock parameters are estimated
using various approaches based on laboratory measurements of intact rocks and field
observations. In the following subsection, mainly mechanical properties are addressed,
since the hydraulic parameters were solely determined numerically in this thesis. For further
information on the determination of permeability the reader is referred to Singhal and
Gupta (2010).

(i) Empirical methods

As described previously, large scale in-situ testing is time-consuming, associated with
high costs and operational difficulties depending on the site specific conditions. Due to the
inherent complexity of local settings, the required decisions during the design and operation
of a specific geotechnical project may be made based on previous experience gained in
similar circumstances. For this reason, several empirical classification schemes have been
developed over the past decades for the assessment of rock masses. The aim was to quantify
the experience gained at various sites and to provide a basis for transferring this experience
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to other geological settings. It was intended to provide a better communication system for
experts on site including planners, geologists and engineers. In order to do so, efforts were
made to assign a numerical value to properties which significantly influence the behavior
of the rock mass. The combination of these properties finally led to an evaluation of the
rock mass quality and a potential correlation to the rock mass behavior. Various rock mass
classification schemes have been developed over the past decades including the Rock Quality
Designation (RQD) (Deere, 1964), Rock Mass Rating (RMR) (Bieniawski, 1973), Q-System
(Barton et al., 1974), Rock Mass index (RMi) (Palmström, 1996) and the Geological Strength
Index (GSI) (Hoek, 1994) among others. For further information regarding the input
parameters and the determination of the specific rock mass classification scheme the reader
is referred to Section 4.3. On the basis of the rock mass classification schemes, empirical
equations were established using in-situ data to calculate an empirical rock mass strength
and deformation modulus (Aksoy et al., 2012; Bahaaddini and Hosseinpour Moghadam,
2019; Genis et al., 2007; Shen et al., 2012; Zhang, 2017). See Section 4.3.5 for further
information on the empirical equations based on rock mass classifications. Although the
rock mass classification schemes and their application are widely accepted throughout the
literature, certain drawbacks should be considered. According to Riedmüller and Schubert
(1999) the main drawbacks are: the classification schemes are universally applied to various
type of rocks not considering the site specific properties, rock mass anisotropy can not be
considered within a single rating, different selection of the various input parameters can
yield identical evaluations, simplified schemes do not account for failure mechanism and
deformation, interaction of complex fracture networks and mechanical fracture properties
is not considered.

An additional empirical method is given by the Hoek-Brown failure criterion (Hoek et al.,
2002). The Hoek-Brown strength criterion utilizes the GSI value for the estimation of the
rock mass strength. By implementing the GSI value, the strength of the rock, the blockiness
as well as the joint condition are taken into account. According to Hoek et al. (2002) the
failure criterion can be defined as follows:
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where �1 and �3 are the major and minor principal stresses, �c is the uniaxial compressive
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strength of the intact rock (UCSrock), mi is a material constant according to Hoek (2007),
mb is a reduced value of mi, D is the disturbance factor and s as well as a are constants for
the rock mass. The advantages of the Hoek-Brown criterion are its non-linear form, which is
consistent with experimental data and the fact that it is based on extensive laboratory tests
conducted on a diverse range of rock types (Eberhardt, 2012). The main disadvantages
are that it is only intended for rock masses where isotropic and homogeneous properties
are present (Eberhardt, 2012). In addition, it does not take into account the intermediate
principal stress �2. As shown in several experimental studies, �2 can have a profound effect
on the mechanical properties of different rock types (e.g., Colmenares and Zoback, 2002;
Mogi, 1981).

(ii) Analytical methods

With the use of analytical methods, the strength and deformability of fractured rock
masses can be derived mathematically using the geometric and mechanical properties
of the intact rock and the prevailing discontinuities. These methods can be particularly
useful as they are able to investigate and highlight the impact of essential parameters.
The prerequisite for achieving this is that the underlying assumptions are representative.
A major advantage of the analytical methods is their computational efficiency and thus
relatively short run times in comparison to complex flow simulations depending on the
complexity of the analysis (Cottereau et al., 2010). A disadvantage regarding the analytical
techniques is that features or processes such as the formation of new cracks in the intact
rock or at existing fractures and their coalescence along a prevailing fracture network are
not taken into account. Limitations can also arise with heterogeneous material distribution
or spatial variations within the fracture network, an important aspect in the consideration
and calculation of the mechanical behavior of fractured rock masses which also influences
the hydraulic characteristics. Over the last decades several attempts have been made using
analytical techniques in order to determine hydromechanical rock mass properties (Oda,
1985, 1986; Oda et al., 1984; Zhang et al., 2012; Zhang, 2010b). Oda’s work is particularly
noteworthy in this respect, as it enables both mechanical and hydraulic calculations to
be carried out. For more information on the Oda approaches, including their underlying
formulas, the reader is referred to Section 4.4.

2.3.3 Numerical Methods

Numerical methods offer an attractive alternative to conventional laboratory and in-situ tests
for estimating the hydromechanical properties of fractured rock masses due to the versatility
of their application and reproducibility of simulation results. According to Jing (2003),
numerical methods can be divided into three categories: (i) continuum, (ii) discontinuum
as well as (iii) hybrid methods. The following section is intended to provide a brief overview
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and an introduction to these methods and software available for this purpose. For more
information on the different methods, the reader is referred to the comprehensive reviews
by Jing (2003), Lisjak and Grasselli (2014) and Berre et al. (2019).

(i) Continuum methods

By using continuum methods, the model domain is divided into a finite number of
elements. The behavior of each element is approximated bymathematical descriptions. Their
properties are treated as continuous and can be obtained by laboratory tests. The prerequisite
is that the components are indeed continuous and macroscopically homogeneous. If this
is not the case and the composites are heterogeneous, such as in a fractured rock mass, it
is also possible to derive them mathematically through homogenization processes (Jing,
2003).

The derived equivalent continuum properties are a function of the geometry of the enclosed
fractures and the properties of the intact rock matrix and the fractures. An example of such
an approach is the Oda approach, which can be used for mechanical (Oda, 1986; Oda et al.,
1984) and hydraulic (Oda, 1985) calculations (see also Section 4.4).

Continuum methods used in geomechanics include the Finite Difference Method (FDM),
Finite Element Method (FEM) and the Boundary Element Method (BEM) with the FEM
method being the most frequently used method in rock mechanics and engineering (Jing,
2003). Examples of commercial continuum software are Flac and Flac3d by Itasca, RS2 and
RS3 by Rocscience and Abaqus by Technia, among others. Over the past years, numerous
studies have been conducted in order to investigate the hydraulic (e.g., Baca et al., 1984;
Chen et al., 2008; Coli et al., 2008; Nazarova and Nazarov, 2016) and mechanical (e.g.,
Cai and Horii, 1993; Cai et al., 2007; Chen et al., 2011; Sitharam et al., 2007; Verma and
Singh, 2010) characteristics of fractured rock masses using FDM and FEM methods.
Conceptually, fractured rock masses consist of two separate media: the fractures and

the matrix. In recent decades, a variety of approaches has been developed and presented
for modeling the hydraulic behavior the fluids flowing through the matrix and fractures of
rocks (e.g., Bourbiaux et al., 1998; Mauldon and Dershowitz, 2000; Reichenberger et al.,
2006; Warren and Root, 1963). Among the most commonly used approaches are equivalent
continuum models. In this approach, equivalent continuum properties assigned to model
cells constitute the combined effects of fractures and matrix. This approach is usually
formulated using a dual-porosity (DP) concept to idealize the reservoir (Gong, 2007). Flow
occurring between matrix and fractures is represented by a transfer function called the
sigma factor (Golder Associates Ltd., 2021). Since DP approaches are more approximate
but require comparatively short computational time, the DP approach is used for most
simulations of fractured reservoirs in the industry (Gong, 2007; Lee et al., 1999). This
concept was first introduced by Barenblatt et al. (1960). In the original model, a slightly
compressible single-phase flow was applied to both the fractures and the matrix, assuming
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that the transfer between them occurs in a pseudo-stationary state. Warren and Root
(1963) later presented a rather simplified model for fractured systems. Using this model,
the authors considered an idealized case consisting of a series of identical rectangular
parallelepipeds representing the matrix blocks separated by fractures. Although there are
considerable simplifications in terms of the geometry of the fracture network in DP models,
they also provide advantages. For equivalent porous media, DP models provide benefits in
terms of the sophistication of the existing multiphase flow solvers as well as advantages in
terms of model size and computational speed (Dershowitz et al., 2000).

Although continuum methods are widely used and have proven their suitability in a large
number of studies, the following limitations also need to be considered: the inability of these
methods to explicitly represent discontinuities and not taking into account processes such
as crack propagation and coalescence, fracture sliding and opening and block detachment
(Jing, 2003).

(ii) Discontinuum methods

The concept of the Discrete Element Method (DEM), introduced by Cundall (1971), is to
represent the model domain of a fractured rock mass as an arrangement of blocks or particles
formed by the underlying fracture network. The underlying principle is that the model
domain is considered as a collection of rigid or deformable blocks and the contacts between
those have to be continuously identified and updated throughout the deformation/movement
process as well as represented by appropriate constitutive models (Jing, 2003; Lisjak and
Grasselli, 2014). The fundamental difference between DEM and continuum methods is
that the contact patterns among the elements of the system in the DEM method will change
continuously according to the deformation process, while in the continuum method the
contact patterns are fixed (Jing, 2003). Therefore, large displacements, block rotation,
fracture opening, fracture propagation and coalescence are straightforward in DEM. An
aspect not treated in the continuum method. Available commercial DEM applications are
PFC and UDEC (2D) as well as the corresponding software PFC3D and 3DEC (3D) by Itasca.
The main difference is that in PFC/PFC3D the intact rock is modeled as bonded particles
(e.g., Esmaieli et al., 2010; Ivars et al., 2011), whereas in UDEC/3DEC the intact material
is represented by discrete polyhedral blocks that can be either rigid or deformable (e.g.,
Le Goc et al., 2014; Min et al., 2004; Turichshev and Hadjigeorgiou, 2017).
An alternative approach which is frequently used within discontinuum and continuum

methods, also employed in this thesis, is provided by discrete fracture network (DFN) mod-
els. DFN models represent the geometrical description of a fracture network and provide
the basis for a hydromechanical rock mass characterization as explained in detail in Section
4.4. This method is especially interesting for fractured rocks having a low rock matrix
permeability compared to the fracture permeability like crystalline hard rocks (Singhal and
Gupta, 2010). In addition, DFN models represent an essential component in the modeling
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of synthetic rock masses (SRM), which will be addressed in more detail below. DFN models
also allow to explicitly model the flow in each fracture (Hadgu et al., 2017; Neuman, 2005;
Zhang and Sanderson, 2002).

Synthetic rock mass approach
The synthetic rock mass (SRM) modeling approach, established by Pierce et al. (2007),

was designed to quantitatively evaluate the impact of fracture networks on the mechanical
behavior by providing an explicit representation of the internal structure of a fractured rock
mass. In general, the SRM modeling approach consists of two components: (a) the intact
rock, represented in 3D by a DEM model and (b) pre-existing discontinuities frequently
represented by a DFN model. Over the years, several DEM such as the bonded particle
method (BPM) introduced by Potyondy and Cundall (2004) or the bonded block model
(BBM) in combination with a DFN model have been used to investigate the mechanical
properties of fractured rock masses (Esmaieli et al., 2010; Farahmand et al., 2015; Ivars
et al., 2011; Poulsen et al., 2015; Scholtès and Donzé, 2012; Turichshev and Hadjigeorgiou,
2017).

Using the BPM approach, intact rock is represented in 2D by circular or in 3D by spherical
grains connected with an assigned bond strength in tension and shear at their contacts
(Potyondy and Cundall, 2004). By calibrating the contact properties, it is possible to obtain
the desired elastic parameters of the rock. It has been demonstrated that BPM models can
represent the brittle behavior of rocks with a very good accuracy (Potyondy, 2015; Potyondy
and Cundall, 2004). Besides the intact properties, it is essential to realistically represent
the fractures. For this purpose, the smooth joint model (SJM) (Ivars et al., 2008) is used,
which addresses the issue that the particle size often does not correspond to the roughness
of the fractures and, thus, influences the mechanical properties. In the SJM, regardless of
the orientation of the particles, the contacts are oriented perpendicular to the orientation of
the fracture, allowing the particles to move smoothly along the fracture surface (Potyondy,
2015). The pre-existing discontinuities may be inserted either deterministically or by using
a stochastic DFN model, which is usually more feasible regarding the large number of
discontinuities in rock masses. Despite the fact that it is one of the most frequently used
approaches, it should be mentioned that the calibration of the microproperties as well as the
simulations involving a large number of particles are very time-consuming (Vallejos et al.,
2016).

In the BBMmodeling approach, the fractured rock mass is represented as an assemblage of
discrete polyhedral blocks bounded by discontinuities and can be either rigid or deformable
(Turichshev and Hadjigeorgiou, 2017). Similar to BPM-based SRM models, discontinuities
can be implemented in BBM-based SRM by means of DFN models. However, besides a long
computational runtime, an extensive calibration of the microparameters is necessary to
achieve the desired deformation behavior.
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In this thesis, the lattice-spring-based synthetic rock mass (LS-SRM) approach is utilized
as an alternative to the BPM and BBM approach (Cundall, 2011). In contrast to alternative
DEM techniques, the LS-SRM approach is more efficient in terms of computational time, since
few parameters are calculated by build-in-factors and most of the required properties can
be directly inserted as input parameters. The lattice-spring-based approach implemented in
SRMTools by Itasca is suitable for bothmechanical and coupled hydromechanical simulations.
In this thesis, however, only the mechanical component is used. In contrast to BPM or BBM
models, the LS-SRM approach considers the intact rock as a random assembly of point mass
particles (nodes) interconnected by massless springs in the 3D space as explained in detail
in Section 4.5.

(iii) Hybrid methods

Hybrid methods (i.e., FEM-DEM) are a combination of the continuum and discontinuum
approaches. Simulations are commonly performed using the commercial software Elfen
by Rockfield. The FEM-DEM method has been used in several studies to investigate the
influence of fracture networks on the hydromechanical rock mass behavior, rock mass
behavior of underground pillars and rock slides (e.g., Eberhardt et al., 2004; Elmo and
Stead, 2010; Latham et al., 2013; Pine et al., 2006; Pine et al., 2007).
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3 Case Studies

In this study three different rock masses from three different quarries are investigated
comprising two fractured sandstone outcrops (Remlingen and Flechtingen) chosen to
study and compare the potential influence of differently oriented fracture networks on two
otherwise similar rock formations. In order to test the practical value of the workflow for
different rock types and rock masses, a large granite quarry (Reinersreuth) located in the
Fichtelgebirge of eastern Germany was selected.

3.1 Remlingen

The quarry Remlingen (Rem) is located in southern Germany, about 20 km west of the city of
Würzburg and southwest of the village Remlingen (Figure 3.1a and b; latitude 49.790297 °,
longitude 9.674520 °). The rock is mined for facade stones and owned by Seidenspinner
Natursteinwerk GmbH.
The sedimentary rock mined is stratigraphically associated to the Plattensandstein, a

sandstone of the Röt formation, an unit of the Upper Buntsandstein (247 - 246Ma), charac-
terized by an alternation of terrestrial deposits of sand-, clay- and siltstones (Loth et al.,
2013; Weinig et al., 1984). Due to the retreat of the Zechstein Sea at the end of the Lower
Buntsandstein, the North German Basin was subdivided in ridge areas and topographic
depressions bounded by remnants of the Variscan orogeny. The equatorial setting provided
a semi-arid to arid climate with occasional, cyclic rainfall resulting in the transport of debris
mass from the surrounding massifs into the basin. The continuous filling of the sedimentary
basin during the Buntsandstein resulted in the gradual flattening of the relief leading to the
formation of large and interconnected river systems. During the Upper Buntsandstein, a
shallow marine environment developed due to a temporary marine connection to the Tethys,
causing the transition of the Plattensandstein to marine clay deposits (Meschede, 2015;
Schwarzmeier et al., 1978).
The sedimentary rocks are characterized by their macroscopic isotropy, homogeneity

and massive structure of up to 6m. The massive sandstone beds are separated by softer
horizontal layers consisting of deposits of up to 3 cm thick clay/siltstone (Figure 3.1c). The
Remlingen sandstone is characterized by a reddish color with a mineral composition of
approximately 70% quartz, 15% clay minerals, 10% feldspar and 5% mica.
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Figure 3.1: (a) Location of the study area Remlingen in southern Germany. (b) Geological map of
the study area (modified after Loth et al. (2013)). (c) Section of the quarry Remlingen
used for surveying by terrestrial laser scanning showing the orthogonal fracture network.
(d) Close-up view of the calcite filled fracture surfaces.

The investigated part of the quarry has an elongated shape with a length of 50m and
outcrop walls up to 6m height. This section exhibits only minimal to no weathering signs
and is only covered with vegetation in a few areas. A widespread fracture pattern can be
recognized, in which vertical fractures are frequently filled with calcite (Figure 3.1d). Due
to the homogeneous and massive structure of this outcrop area, rock samples were drilled
from both intact and fractured rock utilized for rock mechanical testing in the laboratory.
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3.2 Flechtingen

The quarry Flechtingen (Fle) is located in northern Germany, west of the village Bebertal,
near the city of Magdeburg (Figure 3.2a and b; latitude 52.240172 °, longitude 11.306378 °).
The rock was mined for facade stones and the quarry is owned by Magna Naturstein GmbH.
The aeolian-fluvial Upper Rotliegend (Lower Permian) sandstones from Bebertal can be
considered as an analog for geothermal and hydrocarbon reservoir rocks of the North
German Basin (Fischer et al., 2012).

Figure 3.2: (a) Location of the study area Flechtingen in northern Germany. (b) Geological map of
the study area (modified after Awdankiewicz et al. (2004) and Stöckhert et al. (2013)).
(c) Section of the quarry Flechtingen used for surveying by terrestrial laser scanning. (d)
Fracture traces on top of the Flechtingen outcrop.
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The quarry is located in the massif of the Flechtingen High, which was uplifted during
the inversion of the southeastern margin of the North German Basin during the Late Creta-
ceous/Early Cenozoic (Hecht et al., 2005). This uplift was a consequence of a combination
of both crustal property variations and regional compression across the Elbe fault system
(Fischer et al., 2007). The Lower Permian rocks exposed in the Flechtingen High consist
of a sequence of andesites, rhyolitic ignimbrites as well as terrestrial sediments (Stöckhert
et al., 2013). According to Legler (2006) the sedimentary rock mined in the quarry is
stratigraphically associated to the Parchim formation of the Havel subgroup (266 – 265 Ma).
The aeolian-fluvial sedimentary deposits of the Upper Rotliegend of the North German Basin,
are part of the infill of the Southern Permian Basin consisting of four facies associated with
fluvial (wadi), aeolian, sabkha and lacustrine depositional environments (Legler, 2006).
The sediments studied were deposited in a wadi environment (Legler, 2006) and show

a thickness up to 6m (Figure 3.2c). The part of the quarry, investigated in detail, has an
L-shape with a length of about 50m. The quarry shows a heterogeneous structure and
reveals large-scale crossbedding structures and frequent grain size variations (Fischer et al.,
2007). Based on the orientation of the exposed surfaces and fracture traces (Figure 3.2d),
three vertically orientated fracture sets can be recognized. The outcrop reveals only few
signs of weathering and shows only rare vegetation cover. The mineral composition of the
Flechtingen sandstone consists of 64% quartz, 25% feldspar, 7% illite, 3% calcite as well
as 1% hematite.

Since the quarry is no longer active, it was unfortunately not possible to drill rock samples
directly from the outcrop wall. Therefore, several larger blocks already extracted from
the outcrop wall were selected and utilized for the extraction of cores for rock mechanical
testing in the laboratory.

3.3 Reinersreuth

The Reinersreuth granite quarry (Rei) is located near the village Markt Sparneck in north-
eastern Bavaria, Germany (Figure 3.3a and b; latitude 50.140766 °, longitude 11.857239 °).

The study area is located in the north-western part of the Bohemian Massif and belongs
to the so-called Saxothuringian zone of the Variscan orogen. The intrusions can be divided
into two phases. The first phase occurred about 350 to 325 million years ago. The second
intrusion took place 305 to 295 million years ago (Siebel et al., 1997). The resulting
granite varieties characterize the Waldstein-complex as well as the quarry near Reinersreuth
(Siebel et al., 1997). Goeman (1972) divided the Waldstein-complex into an eastern
complex together with the Epprechtstein and a western part south of Reinersreuth. The
latter was used for the study of this work. According to Goeman (1972) the western
Waldstein complex is a dome-shaped intrusion. The intrusive dome is composed of fine- to
small-grained, granitic porphyritic to porphyritic granites, which solidified relatively fast.
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It was intruded by a granitic melt of similar composition, which formed the medium- to
coarse-grained main granites due to slower cooling.

Figure 3.3: (a) Location of the study area in Germany. (b) Geologic map of the study area (modified
after Peterek et al. (2003)). (c) Section of the quarry Reinersreuth used for surveying by
terrestrial laser scanning. (d) Close-up view of an outcrop wall.

The rock quarried is a medium-grained, isotropic granite consisting of approximately
40% quartz, 55% plagioclase and alkali feldspars, as well as 5% muscovite and biotite. Due
to different degrees of iron oxidation, its color varies between light grey and light beige.

The part of the quarry, which was investigated in detail (Figure 3.3c), has an U-shape with
edge lengths of 90, 35 and 40m, as well as outcrop walls up to 30m height (Figure 3.3d).
The rock mass in the upper part of the quarry shows a slight degree of weathering and is
partly overgrown with vegetation. In the lower part, rocks with no signs of weathering
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are exposed from which the samples for the laboratory measurements were taken. In the
part of the outcrop used for TLS, as large blocks as possible of granite are mined for facade
stones following the already existing natural fracture system.
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4 Methodology

4.1 Terrestrial Laser Scanning (TLS)

Terrestrial Laser Scanning (TLS) represents a contact-free and automated measurement
technology for 3D detection of objects and surfaces. Starting from one or more stationary
locations, referred to as scan positions, the laser scanner is usually placed on a tripod
and the laser beams are emitted to a target, allowing spatial detection of the object using
range measurements. The use of this method, irrespective of the application, is entirely
contact-free, does not lead to any alteration of the scanned surfaces and is independent of
the prevailing lighting conditions.
The basic principle of range measurements used in TLS is to capture the time required

for the laser light to travel to the target and return to the scanner. In general, two types of
3D laser scanner can be distinguished based on the measurement techniques used. Pulse
measurements, also referred to as time-of-flight measurements, are based on the acquisition
of emitted pulses and their travel time to the object and back. In a pulse-based system, a
short laser pulse is emitted from the scanner and the round-trip time of the pulse is measured
by a precise internal timing circuit within the laser scanner (Lemmens, 2011; Telling et al.,
2017). Instead of a short pulse of laser light, phase-based systems utilize continuous wave
modulation, with a continuous stream of laser light modulated in amplitude (Lemmens,
2011; Vosselman andMaas, 2010). The travel time and return time is obtained by comparing
the emitted and reflected beams while measuring the phase difference between them (phase
shift) (Telling et al., 2017). This phase difference is used to calculate the distance.

TLS is a measurement technique which captures 3D points one after the other resulting in
a point cloud on a 1:1 scale. For each reflection point of the laser beam, spatial coordinates
(xyz) (Ge et al., 2018; Riquelme et al., 2014) are recorded either in a local coordinate system
or in a global coordinate system (after georeferencing the scanner position via an internal
GNSS). This 3D point cloud can be displayed using suitable software (e.g., CloudCompare,
2020). In contrast to photogrammetry, which only generates a third spatial dimension via
further calculations from 2D images, this is a considerable advantage in terms of information.
High-resolution remote sensing surveying techniques have beneficial properties compared
to traditional surveying methods, such as using compass and measurement tape which are
limited by accessibility and a much smaller number of measurements (Slob et al., 2005;
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Strouth and Eberhardt, 2006; Sturzenegger and Stead, 2009). In contrast, TLS enables to
capture the scene with regularly spaced points with high density, providing highly detailed,
spatial homogeneous and statistically more significant data sets (Hodgetts, 2013; Telling
et al., 2017). Inaccessible or dangerous sites can be safely captured from a distance. The
fieldwork can be carried out in a relatively short time, but the postprocessing is often tedious,
because occluding objects and objects which are irrelevant to the task at hand have to be
removed by visual inspection of the point cloud.

The use of LiDAR (Light Detection and Ranging) technologies, such as TLS, has increased
significantly in the last decade with applications not limited to discontinuity analysis as used
in this thesis. It is applied to a wide range of topics treated in earth sciences including fault
analysis, rock slope instabilities, landslides and geomorphology, among others (Abellán
et al., 2014; Candela et al., 2009; Hodgetts, 2013; Jaboyedoff et al., 2012; Jones et al.,
2009; Telling et al., 2017). The spatial resolution for geological applications in quarries
and open pit mines is typically in the range of millimeters to centimeters. To minimize data
gaps, point clouds from different scanner locations are combined into a single cloud. The
resulting TLS point cloud of an outcrop typically consists of several million to tens of millions
of points (Ge et al., 2018; Gigli and Casagli, 2011). If a digital camera is connected to the
TLS, each point can be assigned a color value, such as an RGB value, providing advantages
for visual analysis.

The laser scanner utilized in this thesis was the VZ400 manufactured by Riegl LMS GmbH
(Figure 4.1). It allows a maximum range of 600m with up to 122,000 measurements per
second. It has an accuracy of 5mm and a precision of 3mm within a range of 100m (RIEGL
GmbH, 2017). In this context, accuracy refers to the degree of conformity of a measured
quantity to its true value whereas precision, also called reproducibility, is the degree to
which further measurements show the same result. The scan angle range is 360 ° horizontal
and 100 ° vertical due to the rotation of the device upon itself. The time required for a scan
is dependent on the dimensions of the target and the selected resolution of the scan. The
scanner VZ400 belongs to laser class 1 and is therefore generally safe for the human eye
and operates in the near infrared range. The VZ400 utilizes the pulse measurements, also
referred to as time-of-flight, method. In general, two modes are provided to the user. The
“High Speed Mode” with lower range but increased operational speed and the “Long Range
Mode” for distances up to 600m. The technical specifications of the utilized VZ400 are
shown in Table 4.1. The VZ400 enables the stationary and orientated attachment of a DSLR
camera. A Nikon D700 was used in this thesis, permitting the subsequent assignment of an
RGB color value to each individual measurement point of the point cloud. This enables the
acquisition of a realistic and scaled 3D representation of the target under investigation.
The key properties required for modeling a fracture network using the DFN approach

include the orientation, size and intensity of each individual fracture set. These fracture
network characteristics were obtained by semiautomatic analysis of the 3D point cloud data
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Figure 4.1: (a) Photograph showing the laser scanner VZ400 utilized in this thesis including the
attached camera (Nikon D700), GPS receiver and WLAN antenna. The interface located
on the rear panel of the scanner enables the user to operate the device. (b) Schematic
representation of the generation of a point cloud using the quarry of Flechtingen as an
example. The utilized TLS, mounted on the tripod including an attached battery, is based
on the pulse measurement method and for each reflection point of the laser beam (red
line) spatial coordinates (xyz) are recorded constituting the 3D point cloud (red dots).

of the fracture surfaces generated by TLS. In addition, the required input parameters were
also determined using conventional geological field methods like compass and measuring
tape in order to compare and validate them against the results obtained from the point
cloud analysis. Processing of the raw data generated using the laser scanner was carried out
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utilizing the RiSCAN Pro software (RIEGL GmbH, 2020), which is the in-house software
of the Riegl company. Initially, the raw data was implemented into RiSCAN Pro, georefer-
enced, registered and cleaned from vegetation and occluding objects. Georeferencing was
accomplished by using the integrated GNSS. The registration of the point cloud, i.e., the
merging of the different point clouds from the various scan positions into a single point
cloud, is carried out automatically and can be checked manually by the user. Cleaning of
the point cloud may be performed automatically by integrated filters or manually by the
user. The adjusted point cloud can be used to segment the point cloud and to determine
the orientation of the fractures, fracture size and fracture intensity. Since this parameter
analysis provides the framework for creating a DFN model as well as for the subsequent
simulations, the approaches applied are described in the following. The point cloud analysis
regarding the fracture network characteristics provides probability density functions for
each of the fracture parameters, which can be used as stochastic input for generating the
DFN model later-on.

Table 4.1: Technical specifications of the utilized TLS VZ400 (RIEGL GmbH, 2017).
High Speed Mode Long Range Mode

Scan Angle Range 360 ° horizontal and 100 ° vertical
Laser Pulse Repetition Rate (peak) 300 kHz 100 kHz

Effective Measurement Rate 122,000 42,000
Max. Measurement Range
Natural Targets R � 90% 350m 600m
Natural Targets R � 20% 160m 280m
Max. Measurement Range 545 778

Accuracy 5mm
Precision 3mm

Minimum Range 1.5m
Laser class 1

Laser Wavelength near infrared
Laser Beam Divergence 0.3mrad

4.1.1 Assessment of Fracture Network Properties Using TLS

Orientation
In general, several approaches can be distinguished for the evaluation of the spatial

orientation of fracture networks using point clouds. Those that are performed directly on
the point cloud and methods that require a prior triangulation of the point cloud. These
can be further distinguished whether the analysis is carried out point-by-point or individual
triangles respectively (Single-Point), or whether points or triangles of equal orientation
are merged to form areas of equal orientation (Multi-Point) (Laux, 2017). The analysis
of individual points or triangles generates a large amount of data, resulting in a time-
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consuming calculation process that impedes a subsequent straightforward evaluation. A
further drawback is that not only the orientation of potential fractures will be detected, but
also any structures that appear in the point cloud are subsequently incorporated into the
analysis. Those values can mask the fracture surfaces and complicate the evaluation process.
However, if the orientation of the fractures is not of main interest and other parameters such
as fracture roughness are under investigation, this approach can be very efficient (Laux,
2017). For this reason, in this thesis a Multi-Point approach was selected that provides a
fast and accurate semi-automatic orientation assessment of the point clouds as described in
the following.

The algorithm used to identify the orientation of surfaces is called ”plane patch filter” and
is integrated into the RiSCAN Pro software (RIEGL GmbH, 2020). It is directly applicable
to point clouds with up to several million points and does not require the generation of
a TIN (Triangular Irregular Network) beforehand. The approach is based on the use of
search cubes, whereby the point cloud is initially divided into cubes of arbitrarily chosen
size to detect surfaces of equal orientation. In this process, the box size can be adapted
precisely to the size of the fracture network under investigation. The identification process
of the plane patch filter is controlled by three distinct parameters: cube size, maximum
plane error and minimum number of points. These parameters can be adjusted by the user
to suite the requirements of the study and to ensure that the surfaces can be identified
accurately. Initially, the entire point cloud is divided into cubes of a chosen size. Within
each cube, a surface is fitted according to the method of the least squares (Figure 4.2).
The first controlling parameter for the cube fitting is the maximum plane error, i.e., the

standard deviation of the normal distances between the fitted surface and all points. In
this context, the minimum number of points parameter is important as well. It defines, in
conjunction with the other two controlling parameters, the minimum number of points that
are taken into account for the generation of the surface. The identified planes covering the
surface of the outcrop model are each represented by a normal vector starting at the centroid
of the plane. The computed centroids and normal vectors can be visualized together with
the point cloud for an initial review and quality check by the operator. This is useful to verify
that all relevant planes are indeed recognized by the approach and to support clustering
into different fracture sets (Figure 4.3). Dip direction and dip angle of the detected normal
vectors are derived automatically and can be exported as ASCII files for visualization of the
orientation data, performing a cluster analysis and identification of prevailing fracture sets,
e.g., using the software Dips (Rocscience, 2020).
Since the results are strongly dependent upon the three input parameters, care should

be taken in selecting these parameters, depending on the study under consideration. E.g.,
the cube size can also have a range of values instead of a constant size. The algorithm will
start with the largest selected cube size and if the other two parameters are satisfied, a
surface with the corresponding normal vector will be generated. However, if this is not the
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Figure 4.2: Illustration showing the working principle of the plane patch filter from RiSCAN Pro
software using an artificial point cloud (modified after Laux (2017)). Search cubes of
constant size are distributed evenly over the entire point cloud (orange dots). Within
each cube, a best fit plane is fitted (green plane), taking into account the minimum
number of dots and the maximum plane error. Blue dots represent those points of
the point cloud that are used within the box to generate the plane. In the centroid of
each generated surface a normal vector (yellow) is provided which can be exported to
determine the dip direction and dip angle.

case, the cube is divided into eight smaller cubes and successively reduced until a surface
can be identified or the minimum value is reached. It is recommended, as applied in this
thesis, to select a constant cube size. In this way it can be ensured that the distribution of
the normal vectors is homogeneous over the point cloud and accordingly larger areas are
represented with a larger quantity of vectors compared to smaller ones. This results in a
direct weighting of the generated orientations.
Care should also be taken when using high-resolution point clouds, as they may cover

extremely small areas with a high point density. The minimum number of points used
should therefore not be chosen too small, as otherwise randomly distributed points or small
areas may be included in the computation and falsify the result. Since the maximum plane
error represents the tolerance of the fitted surface, it is important to note that high values
can also take irregular surfaces into account. This may include natural irregularities as well
as smaller vegetation. Identifying and considering them in the analysis is undesirable. For
this reason, the appropriate selection of parameters, as mentioned above, will be dependent
on the conditions of the scanned surface as well as the investigated characteristics of the
particular study.
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Figure 4.3: Exemplary application using the plane patch filter for the point cloud of the quarry
from Remlingen. (a) Subsection of the point cloud under investigation. (b) Colored
centroids (red and yellow squares) within the plotted planes inside each search cube
with respect to their orientation. (c) Calculated normal vectors (white lines) generated
on the centroids of the search cubes which can later be exported for orientation analysis
of the fracture network. (d) Application of the plane patch filter to the entire point cloud.
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Size
Whenworking in the field, the size of prevailing fractures in outcrops is commonly assessed

using techniques such as the scanline method, windowmapping or circular windowmapping
as described in Section 2.1.2. The question arises how these methods can be transferred to
the application of point clouds in order to obtain the distribution of the fracture sizes as
automatically as possible. If fracture traces are present in the outcrop, it is indispensable
that the point clouds contain an RGB color scheme for analyzing fracture sizes. Since point
clouds are discontinuous, i.e., they do not form a coherent surface and therefore contain
data gaps, it is difficult or almost impossible to identify an exact fracture trace length using
solely the point cloud data (Fekete and Diederichs, 2013). The resolution of point clouds
frequently does not contain or adequately represent tiny irregularities of fracture traces,
while photographs may contain this information and can be added to the point cloud. This
implies that a visual assessment of the results is essential and that the determination of the
fracture length from point clouds is often dependent on a manual evaluation. An alternative
approach, if the natural geometry of the outcrop is suitable, involves the evaluation of
the so-called “exposed fracture size”. This is achieved by identifying exposed areas of a
corresponding fracture and determining its extension (Strouth and Eberhardt, 2006). In
this context, an RGB color scheme of the point cloud is likewise of great advantage in order
to be able to identify the surfaces. It is assumed that the exposed planar surfaces have
a rectangular shape and the maximum extension is estimated by the area of the exposed
fracture surface. The dimension of this fracture surface most likely corresponds to the lower
range of true fracture surface size.
Given the natural geometric conditions of the outcrops investigated in this thesis, the

fracture size was determined using the software CloudCompare (CloudCompare, 2020)
utilizing the “exposed fracture size” approach. For this purpose, a plane detection was carried
out with the RANSAC shape detection tool (Schnabel et al., 2007) that is implemented
in the point cloud processing software. Similar to the plane patch filter algorithm, this
approach can be directly applied to the point cloud without the need to generate a TIN
through Delaunay triangulation beforehand. Adjacent points of the same orientation are
grouped into representative areas and outlined by polygons (Figure 4.4). The advantage
of this approach is the direct detection of planes in the point cloud itself, which can be
immediately verified visually. The algorithm offers the possibility to export the orientation,
information on the length and height of the polygon that frames the surface as well as the
xyz coordinates of the projected planes. Based on these parameters, the equivalent fracture
radius can be calculated. The identification process of the RANSAC tool is controlled by six
distinct parameters (CloudCompare, 2020):

• primitives: Defines which shapes will be identified by the algorithm within the point
cloud. Available options are Plane, Sphere, Cylinder Cone and Torus.
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• min support points per primitive: Minimum number of points that should constitute
the previously selected shape. It is particularly influenced by the initial point density
of the point cloud.

• max distance to primitive: Maximum distance of a point to the selected shape, i.e.,
the maximum distance to an ideal plane. Equivalent to the maximum plane error
used in the plane patch filter.

• sampling resolution: Sampling resolution of the algorithmwhich should approximately
correspond to the density of the point cloud.

• max normal deviation: Maximum deviation between the orientation of the normal
vector of the investigated point and the ideal plane.

• overlooking probability: Probability that the algorithm did not miss a superior point
during the process, with lower values yielding better results.

Figure 4.4: Application of the RANSAC algorithm for the detection of planes using the Remlingen
quarry as an example. This approach is directly applicable to the point cloud and
groups neighboring points having the same orientation into representative areas and
subsequently outlines these areas with polygons. The information on height and length
can then be exported to calculate the equivalent radius of each plotted surface. (a) 3D
point cloud of the quarry in Remlingen. (b) Results obtained by the RANSAC shape
detection algorithm for Remlingen.

The RANSAC algorithm provides a distinct advantage as it does not require triangulation
resulting in a time efficient assessment of the fracture size distribution. However, it is also
important to point out that the algorithm reacts sensitive to the selected input parameters.
It is mandatory that the results are always checked visually by the operator despite the
automatic execution. In the area of smaller surfaces with a low resolution, the RANSAC
algorithm tends to fail to identify these surfaces. Therefore, the highest possible resolution
of the TLS should be set in the field if various fracture sizes are prevalent.
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Intensity
Similar to the determination of the fracture size, there are several field methods to assess

the intensity of the prevailing fracture network as mentioned in Section 2.1.2. In the
following, three methods are presented that can be used to identify the spacing between
fractures by transferring traditional field methods to the analysis using point clouds. All
three methods are based on the scanline approach used to determine the intensity parameter
P10. In this thesis, virtual constructed scanlines, the so called virtual boreholes, were used
to determine the intersection points utilizing previously generated polygons based on the
fracture surfaces of the outcrop. It is mandatory that the P10 values are corrected by Terzaghi
which is subsequently used to obtain the P32 value either directly from the scanline results
or via a conversion factor C13, respectively. The P32 value represents the most important
intensity parameter with regard to DFN modeling.
The approach to determine intensity, utilized in the analysis of the Remlingen and

Flechtingen quarry, is based on the work of Wang (2005), where a conversion factor is
needed to transform the determined P10 value into the P32 value. According to Dershowitz
and Herda (1992) and Mauldon (1994), P10 and P32 are related as follows with respect to
linear sampling:

P10 = P32

Z ⇡

0
| cos↵|fA(↵)d↵ (4.1)

where ↵ is the angle between the sampling line, i.e., virtual borehole, and the fracture
normal (Figure 4.5a) and fA(↵) represents the probability density function of ↵. The angle
↵ is a function of geological orientation characteristics, i.e., dip direction and dip angle,
and can be obtained by the fracture normal or the sampling, respectively (Wang, 2005).
Information about the fracture normal was provided by the previously conducted RANSAC
algorithm.

Based on Equation 4.1 a conversion factor, called C13, can be obtained as follows (Wang,
2005):

C13 =

Z ⇡

0
| cos↵|fA(↵)d↵

��1

(4.2)

so that

C13P10 = P32 (4.3)

The integral in Equation 4.2 gives a value between 0 and 1, resulting in C13 ranging
between 1 and 1. Furthermore, it can be concluded that the C13 value solely depends
on the relative angle between the sample line and the fracture normal. However, if a
uniform orientation distribution of the prevailing fracture network is present, the following
simplification can be made (Dershowitz, 1985):
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P10 =
1

2
P32 (4.4)

Figure 4.5: (a) Illustration showing the angle ↵ between a sampling line and the fracture normal.
(b) Spherical triangle formed by a sampling line (s), fisher mean pole (m) and fracture
normal (n). The spherical angles between s and m, s and n as well as n and m are ⇢, ↵
and �, respectively (modified after Wang (2005)).

The approach described here is specific to fracture networks that follow an univariate
fisher distribution and is not applicable to alternative distributions such as the Bingham
or bivariate normal distribution. In order to determine the conversion factor (C13), it is
essential to know the probability density function of the angle ↵ between the sample line
and the fraction normal. According to Wang (2005), the theoretical probability density
function (fA(↵)) is given by the geometry of the spherical triangle formed by the fraction
normal (n), the Fisher mean pole (m) as well as the sampling line (s) (Figure 4.5b):

fA(↵) =
1

⇡

Z

R�

sin↵q
sin2 � sin2 ⇢� (cos↵� cos � cos ⇢)2

e
 cos � sin �
e � e�

d� (4.5)

where  represents the fisher constant (Fisher, 1953), � is the angle between the fracture
normal and the fisher mean pole and ⇢ the angle between the fisher mean pole and the
sampling line. For ↵ in the range |� � ⇢|  ↵  � + ⇢, where the range of integration (R�)
is given by Wang (2005):

R� = [⇢� ↵, ⇢+ ↵] , if ↵  ⇢, or

R� = [0, 2↵� ⇢] , if ↵ > ⇢

(4.6)

However, the integral in Equation 4.5 can not be expressed in closed form, hence Wang
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(2005) carried out numerical simulations to determine a set of values for the conversion
factor as a function of the fisher constant and the angle ⇢. The resulting factor 1/C13 (Figure
4.6), can be fitted according to the regression coefficients a, b and c for >1. If this require-
ment is not fulfilled, an uniform distribution is assumed leading to the conversion factor
shown in Equation 4.4. In order to determine fracture intensity (P32) using Equation 4.3,
virtual boreholes were positioned through the point cloud using the software CloudCompare.
By using the coordinates of the virtual boreholes and the previously obtained information
of the projected fracture surfaces the fracture intensity was obtained using the information
provided in Figure 4.6.

Figure 4.6: Diagram showing the coefficient functions a, b and c as a function of the Fisher constant
 > 1 in order to calculate the conversion factor C13 (Wang, 2005).

Another approach to determine intensity is based on the work of Chilès et al. (2008)
and Hekmatnejad et al. (2020) which allows for a direct calculation of the P32 value along
virtual boreholes:

P32 =
1

L

NX

i=1

1

| < !i,↵d > | (4.7)

where L is the length of the virtual borehole, N is the number of fractures it cuts, < ,>
is the scalar product of the unit vector ↵d representing the virtual borehole direction and !i

represents the direction of the pole of the surface of the i-th fracture. In practice, this ap-
proach is straightforward in implementation and does not require any specific assumptions
concerning other parameters of the fracture network or conversion of the intensity measures.
This approach was used for the fracture network analysis of the Reinersreuth quarry. In
order to determine fracture intensity, virtual boreholes were positioned through the point
cloud using the software CloudCompare. By using the coordinates of the wells and the
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previously obtained information of the projected fracture surfaces, the length of the well, the
unit vector ↵d as well as !i were used to calculate the P32 value according to Equation 4.7
for each individual virtual borehole. For this purpose, the previously generated planes by the
plane patch filter were used as they represent the fracture surfaces. An additional advantage
to the straightforward implementation of this approach is the possibility to determine P10

values for the individual virtual boreholes, i.e., the number of fractures per length of the
virtual boreholes, that can later be validated using virtual boreholes and corresponding P10

values of the generated DFN model.

The third approach to determine intensity is based on the transformation of P10 to P32

values using numerical DFN simulations. In a first step, DFN models are created based upon
orientation and size information of the fracture sets as well as an assumed predetermined
linear interval of P32 values. Subsequently, virtual boreholes are generated in each model
and the corresponding P10 value is determined. This process is performed several times for
increasing P32 values. Following, a linear relationship between the specified P32 values and
the resulting P10 values can be obtained that allows subsequent determination of the P32

value for the respective fracture set (Figure 4.7).

Figure 4.7: Simulation of a single fracture set (yellow) embedded in an artificial DFN model in order
to determine the specific conversion factor necessary for the estimation of a P32 value.
For this purpose, several simulations for different P32 values (ranging from zero to five)
are carried out, followed by virtual drilling (black lines in the DFN models) through the
DFN model to determine the specific P10 value. Finally, this can be utilized to establish a
linear relationship between P10 and P32 for the specific fracture set.

It should be noted that it is necessary to perform this procedure for each specific fracture
set individually as the orientation and size distribution influences the determined P10 value
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of the generated DFN model. In addition, multiple models should be created for each P32

value to account for the stochastic nature of DFN models. Due to the time-consuming
workload and the larger error compared to the first approach as shown by Hekmatnejad
et al. (2020), this approach was not applied in this thesis.

4.2 Laboratory Work

Besides the presence of a fracture network, the mechanical properties of the intact rock
and the fractures have a significant influence on the later calculated properties of fractured
rock masses. Therefore, the measurement program used to characterize the properties of
the intact rocks and the fractures, incorporating uniaxial, triaxial and direct shear tests,
is described below. For this purpose, large representative blocks were collected in the
respective quarry, which were subsequently used to prepare rock cores utilized in the
laboratory testing. This was achieved by drilling the cores from the large blocks with
different diameters depending on the respective mechanical test and subsequently cutting
the cores to fit the particular test apparatus and smoothing the end surfaces to ensure that
they did not exhibit any irregularities.

4.2.1 Uniaxial Compression Test

In an uniaxial test, a cylindrical test specimen is loaded axially in a compression testing
apparatus. The load is increased under unloading-reloading cycles until failure occurs.
The uniaxial tests, providing uniaxial compressive strength (UCSrock), Young’s modulus
and Poisson’s ratio of the rock matrix are conducted in accordance with the suggested
methods by ISRM (Bieniawski and Bernede, 1979). The cylindric samples used have a
diameter of 55mm and a length of 110mm. In this context, it is important to note that the
specimen length must be at least 1.5 times or at most 2.5 times the diameter. The upper
and lower surfaces of the specimen need to be perpendicular to the specimen axis in order
to ensure an even distribution of compressive stress. During the unloading-reloading cycles,
the axial load, the experimental time, the piston displacement as well as the longitudinal
and transverse strains are documented which can later be plotted in a stress-strain plot
(Figure 4.8). The axial stress (�) equals the quotient of a force (F ) and the initial specimen
cross-sectional area (A). Since the UCSrock (�max) is the maximum axial stress a cylindrical
sample can withstand before failing, it can be calculated as follows:

�max =
Fmax

A
(4.8)

The following equations are based on the work of Bieniawski and Bernede (1979). The
axial strain ("a) equals the quotient of an axial change in length (�l) divided by the initial
specimen length (l0) and is calculated as follows:
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"a =
�l

l0
(4.9)

The diametric strain ("d) is defined as the quotient of a change in length normal to the
specimen axis and the initial length:

"d =
�d

d0
(4.10)

where �d is the change in diameter and d0 is the initial diameter. It is then possible
to calculate the Young’s modulus, the stiffness of a solid material, using the slope of the
stress-strain line as follows:

E =
��

�"a
(4.11)

where E is the Young’s modulus and �"a is the slope of the middle segment of the stress-
strain line (Figure 4.8). The Poisson’s ratio (v), the expansion of the specimen perpendicular
to the applied load, can be calculated by dividing the increment of the axial strain (�"a) by
the increment of the diametric strain (�"d):

v =
�"a

�"d
(4.12)

Figure 4.8: Schematic illustration showing a stress-strain diagram of conducted uniaxial compression
experiments to determine the UCSrock and Young’s modulus.

The uniaxial tests were carried out using the DIGIMAXX C-20 compression testing machine
from the company Form+Test Prüfsysteme. First, a specimen for each rock was continuously
loaded to failure. The purpose of this test was to obtain the UCSrock value and to identify
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the elastic range of the rock in order to be able to define the unloading and reloading cycles
for the following specimens. The loading rate applied in all experiments performed was
0.5 kN/s and the unloading rate 1.0 kN/s. The specimens were subsequently centered in
the compression testing machine and fixed with an initial load equal to 1% of the UCSrock.
In addition, three longitudinal strain transducers and three transverse strain transducers
were placed on each sample. In the experiments performed, two reloading cycles were
performed as shown in Figure 4.8. During the initial loading, the specimens were loaded to
40% of the expected UCSrock value. In the second reloading cycle, a load up to 60% of the
UCSrock was applied. Between the loading cycles, a five-minute holding time of the built-up
force was incorporated before the specimens were unloaded to a vertical force of 10 kN.
Prior to the second reloading cycle, the longitudinal strain and transverse strain transducers
were removed. Subsequently, the specimens were loaded until failure occurred.

4.2.2 Triaxial Compression Test

In addition to the uniaxial tests, triaxial tests were carried out to obtain the shear strength,
the cohesion and the internal friction angle. The cylindrical specimens with a diameter of
55mm and a length of 110mm used were likewise subjected to axial stress until failure
occurred. In contrast to uniaxial tests, the specimen is placed in a Hoek-cell, allowing
the application of a lateral confining pressure to the sample (Figure 4.9). This applied
confining pressure is intended to simulate in-situ environments and allows the influence of
such conditions on the mechanical behavior of the specific rock to be investigated. In the
conducted experiments only two of the three principal stress components can be adjusted
independently of each other (�2 = �3), hence the experiment is considered to be a biaxial
experiment.

For the conducted experiments, the rock characterization method proposed by ISRM was
applied (Ulusay, 2015). During the experimental run, the vertical force, the vertical defor-
mation and the lateral pressure were recorded in frequent time intervals. The experiments
were evaluated by means of the Mohr-Coulomb failure criterion. Using the applied lateral
pressure (�3), the normal stress (�1) and the shear stress (⌧), Mohr circles representing
each individual test can be visualized in the normal stress-shear stress plot. For each rock
type, at least three individual tests are required to construct a linear line tangent to the
Mohr circles and describing the failure criterion as follows (Jaeger et al., 2007):

⌧ = C + �n ⇥ tan (') (4.13)

where ⌧ is the shear stress representing the required force to cause slippage parallel to
the applied stress, C the cohesion, �n the effective normal stress and ' the angle of internal
friction. Using this straight line, it is possible to determine the friction angle and cohesion
of the rock under investigation. A schematic normal stress-shear stress plot illustrating
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corresponding shear parameters is shown in Figure 4.10.

Figure 4.9: Schematic illustration of a Hoek-cell (modified after Fossen (2010)).

Figure 4.10: Schematic illustration showing the analysis of the triaxial experiments using the Mohr-
Coulomb failure criterion generated by increasing confining pressures of 10, 20 and
30MPa in order to determine the cohesion and internal friction angle of a rock specimen.

To determine the shear parameters by means of a triaxial test, the UL 1000-HP/2 triaxial
press from Wille Geotechnik was utilized. The experiment was controlled by the software
GeoSys. Initially, the cell had to be vented to ensure proper pressure build-up by the
hydraulic oil. The test specimen was subsequently installed in the Hoek-cell and sealed with
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two pistons, which were fixed in place with a slight lateral pressure. The Hoek-cell was then
placed in the testing apparatus and loaded with an initial confining pressure of 2MPa. In a
last step, the vertical force closure, mounting of the external displacement transducer and
adjustment of the desired confining pressures were accomplished. Displacement-controlled
tests were carried out with a rate of 0.5mm/min and the confining pressures used for
triaxial testing ranged from 5 to 30MPa.

4.2.3 Direct Shear Test

In general, direct shear tests are carried out in order to obtain the shear strength charac-
teristics of rocks and fractures. Among these are both intact as well as residual cohesion,
friction angle and shear strength. In this thesis, direct shear tests were carried out, placing
the sample to be tested between two superimposed frames. The experiments performed,
following the rock characterization methods proposed by ISRM (Ulusay, 2015), yield the
strength of the fracture surfaces. The size of the shear gap, the normal load and the shear
rate are defined before conducting the experiment. The upper frame of the unit is moved
horizontally at the specified shear rate. Since the lower frame is fixed, the specimen shears
once the maximum shear strength of the test specimen is exceeded (Figure 4.11a).

Figure 4.11: (a) Schematic illustrating showing the setup of the conducted direct shear tests (modified
after Ulusay (2015)). The shear load direction is indicated with the green arrow. (b)
Rock sample of the Remlingen sandstone placed in the lower part of the specimen
holder. The fracture is indicated in white.

As the experiment proceeds, the applied shear force required to maintain the specified
shear rate, settlement of the shear box and the shear displacement are recorded. It is
important to ensure that the fracture of the sample is positioned exactly in the shear gap. If
no fractured core is available, an intact specimen is centered.
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The initial failure of the specimen can be used to obtain further statistical data besides
the residual shear strength parameters by carrying out further testing cycles. It should be
noted that a change in specimen height occurs while shearing the fracture, as the upper
part of the specimen is shifted along the lower part of the specimen. Subsequently, further
cycles with varying normal stresses can be performed. The last cycle is performed with the
initial normal load in order to take into account the effect of abrasion and thus the loss of
roughness of the shear surface due to the previous shear cycles (Figure 4.12).
Since only a few samples containing filled fractures were available for the Remlingen

sandstone, the tests for the other two quarries were carried out on intact cores. For this
purpose, the intact cores were brought to failure initially followed by the experiments on
the then fractured cores.

Figure 4.12: Schematic illustration of the sequence for the direct shear tests carried out to determine
the residual cohesion and friction angle. The ⌧peak value of the initially intact core was
not used since the triaxial tests provided the strength of the intact rock.

Initially, the specimen was mounted in a prefabricated frame in the shear box and inserted
into the shear frame (Figure 4.11b). Two 2.5mm thick spacers, (thickness of the shear
gap), ensured that the shear gap was centered on the specimen. The spacers were removed
after installation and the shear frame was connected to an axial piston. Once the sensors
were calibrated, the normal load was applied. The experiment was conducted until the
shear displacement of 10mm was achieved. At the end of the first cycle, the axial load was
removed and 5mm thick spacers were positioned between the two shear frames. In this
way, contact of the specimen tips was prevented, so that repeated shearing did not occur
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when the shear frame was driven back to its initial position. The second cycle was then
performed in the same way as the first cycle with increased normal stress. After completion
of the fourth cycle, the specimen was removed. The shear rate applied in the direct shear
test was 0.5mm/s and selected normal stresses ranged between 1.5 and 6.5MPa. Once the
experiments were completed, the obtained results were exported and subsequently used
to generate shear stress vs. shear displacement plots (Figure 4.12) as well as shear stress
vs. normal stress plots to obtain the intact as well as the residual shear stress. The ⌧peak

value of the initially intact core obtained from the direct shear tests was not used since the
triaxial tests provided the strength of the intact rock.

4.3 Rock Mass Classification Schemes

It is beneficial when assessing the mechanical strength and deformability properties of
surface outcrops or underground excavations to be able to perform geomechanical in-situ
tests, such as the plate jacking or the plate loading test (Pilgerstorfer et al., 2011), directly
on site involving as large specimens as possible in order to obtain a representative evaluation
(Brady and Brown, 2006). However, the use of these methods is time-consuming, associated
with high costs, operational difficulties, limited to small volumes and frequently produces
no unequivocal results (Bieniawski and Van Heerden, 1975; Hoek and Diederichs, 2006;
Palmström and Singh, 2001; Shen et al., 2012). Damage caused by blasting and drilling
operations or the test procedure also represent considerable uncertainties that can affect
the measured values. Given the mentioned uncertainties and the variability of nature, a
large number of in-situ tests would be necessary to be able to give a reliable estimation by
an average value. Unfortunately, this is frequently not an option. Due to the inherent com-
plexity of local settings, the required decisions during the design and operation of a specific
project may be made based on previous experience gained in similar circumstances. For this
reason, several empirical classification schemes for the assessment of rock masses have been
developed over the past decades. The aim was to quantify the experience gained at various
sites and to provide a basis for transferring this experience to other geological settings. They
should also provide a better communication system for experts on site including planners,
geologists and engineers. In order to do so, efforts were made to assign a numerical value to
the properties which significantly influence the behavior of the rock mass. The combination
of these properties finally leads to an evaluation of the rock mass quality and a potential
correlation to the rock mass behavior. The most commonly used classification schemes for
rock masses, also adopted in this thesis, such as the RQD, RMR, GSI and Q-System are briefly
outlined in the following. For each classification scheme various empirical relationships
exist in order to transfer the corresponding value to mechanical rock mass properties (see
Section 4.3.5).
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4.3.1 Rock Quality Designation (RQD)

The Rock Quality Designation (RQD) parameter was first established by Deere (1964)
as a quality indicator for drill cores and indicates the length of core pieces (Lp) longer
than 10 cm as a percentage of the entire core length (Lcore). It provides an index for the
degree of rock mass fracturing and constitutes an important component of other rock mass
classifications schemes. Artificial fractures should not be taken into account, which can be
verified by closely aligning the core pieces. The determination of the RQD value by means
of a recovered core is illustrated in Figure 4.13.

Figure 4.13: Procedure for the assessment of the RQD using drill cores. Strongly fractured sections
that do not satisfy theminimum length of 10 cmwill not be considered in the calculations
(modified after Deere and Deere (1989)).

Besides the use of direct measurements on drill cores, a variety of indirect methods such
as empirical equations are available to assess the RQD value taking into account the available
data and different statistical distribution functions for the discontinuity spacing (Şen, 1984;
Zhang, 2016). E.g., Priest and Hudson (1976) use a negative exponential relationship
according to:

RQD = 100e�0.1�(0.1�+ 1) (4.14)

where � is the average number of discontinuities per meter. It can be obtained by
boreholes with different orientations or by using the scanline method (Section 2.1.2) in the
field. In addition to the linear fracture frequency, the RQD can likewise be approximated by
the volumetric fracture frequency, i.e., the number of joints per unit volume (Palmström,
1982). A further approach is the use of seismic velocity measurements. Using the P-wave
velocity of the rock mass under investigation and the P-wave velocity of intact cores of the
identical rock mass measured in the laboratory, it is possible to establish the RQD (Bery and
Rosli, 2012).
Although the RQD is a rapid and straightforward method, there are several sources of

error such as the strength of the material being drilled and core recovery (Brady and Brown,
2006). While using cores in order to determine the RQD, issues like improper handling
of cores, drilling rate, drilling equipment, personal experience, the orientation of cores in
relation to the fracture network orientation as well as geological features such as bedding
or foliation may impact an obtained RQD value (Pells et al., 2017). While applying the
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scanline method to estimate the linear fracture intensity, similar to the P10 value (Section
2.1.2), it is important to consider the orientation of the scanlines relative to the fracture
orientations as these may significantly influence the results, as shown in the work of Choi
and Park (2004). Therefore, care should be taken regarding the estimation of the RQD
value and if possible, it is recommended to validate it by using further methods or equations.
It should not be considered as the only parameter for an adequate description of the rock
mass, but should rather be used as one input parameter among others for other rock mass
classification schemes which will be described in the following.

4.3.2 Rock Mass Rating (RMR)

The Rock Mass Rating (RMR) was established by Bieniawski (1973). The aim of the
classification scheme is to identify parameters influencing the behavior of a rock mass, to
provide a basic understanding of the rock mass characteristics and to derive quantitative
data for engineering design in order to supply the communication between geologists and
engineers (Bieniawski, 1989).

The RMR comprises six main indicators. I1 to I6 (Bieniawski, 1989):

RMR = I1 + I2 + I3 + I4 + I5 + I6 (4.15)

with the UCSrock (I1) which should be investigated on cores consistent with the specific site
conditions, the RQD (I2), the discontinuity spacing (I3) considering not only fractures but
also minor faults, shear zones and geological structures such as bedding, the joint condition
(I4) includes factors like roughness, weathering and infilling (gouge), the groundwater
condition (I5) that can be described either in liters per 10m tunnel length, water pressure
or the general prevailing conditions and the discontinuity orientation (I6) incorporating
orientation of the discontinuities as a qualitative description based on the application. Each
indicator is evaluated using a point rating scheme and the individual ratings are summed
up to the final RMR score which ranges between 0 (very poor) and 100 (very good).

For the application of RMR in the field, the area under investigation can, if necessary, be
subdivided into a series of geological units, allowing each occurring rock mass unit to be
represented by a unique geological description (Singh and Goel, 2011). If the investigated
area contains sections of different quality, the section most relevant for stability should be
selected. E.g., fault zones, as these influence the stability to a large extent, regardless of the
strength of the surrounding rock (Bieniawski, 1993).

The RMR classification is a well-established tool in engineering geology for assessing the
mechanical characteristics of fractured rock masses, e.g., for tunnel and cavern construction
or rock slope stability (Aksoy, 2008). Using the computed RMR value, the rock mass can be
classified as very good, good, fair, poor and very poor which can further be used to obtain an
approximation for the unsupported span time, the cohesion as well as the internal friction
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angle of the rock mass (Bieniawski, 1989). However, it should be noted that the RMR has
not proven reliable in the application and analysis of poor quality rock mass (Singh and
Goel, 2011). It is important to point out, that the RMR was designed as a tool for predesign
and to reduce doubts from individual assessments, the scores for the individual parameters
may be assigned to a range rather than to individual values since assigning the scores is
based on personal experience and therefore often involves subjective decisions.

4.3.3 Geological Strength Index (GSI)

Hoek (1994) introduced the Geological Strength Index (GSI) as a rock mass characterization
tool for engineering geological applications. It can be applied to both, strong and weak rock
masses, as a method to classify a jointed rock mass considering how fractures influence
its strength and deformability. It was originally developed to overcome the limitation of
the RMR regarding the characterization of very poor rock masses (Bertuzzi et al., 2016;
Marinos et al., 2007).
The GSI value varies between 0 and 100. One possible approach to determine the GSI

in a qualitative way is to descriptively use the GSI-Chart introduced by Hoek and Marinos
(2000) shown in Figure 4.14. Similar to the scores for the RMR, the GSI value should be
assigned to a range rather than to individual values since assigning the scores is based on
personal experience and therefore involves subjective decisions. The characterization of the
rock mass is straightforward and based on a visual assessment of rock masses in outcrops
and surface excavations in terms of blockiness and surface condition of the discontinuities
represented by joint roughness and alteration (Hoek et al., 2013). The combination of these
two parameters provides a convenient framework to describe a range of six rock mass types
with a broadly diverse rock structure, ranging from intact or massive rock masses containing
only a few, widely spaced fractures to intensively fractured and highly disintegrated or
sheared rock masses.

As the GSI-Chart represents a more qualitative description depending on the experience
and knowledge of the user, Hoek et al. (2013) introduced a quantitative approach to
determine the GSI value. The joint condition property according to Bieniawski (1989), also
applied in the RMR, was added to the surface quality x-axis while the RQD was added to the
y-axis on the GSI-Chart. This allows to calculate the GSI according to Hoek et al. (2013):

GSI = 1.5JCond89 +
RQD

2
(4.16)

where JCond89 represents the joint condition indicator utilized in the RMR scheme.
A further approach to estimate the GSI can be performed by means of the quotient

Jr/Ja introduced by Barton et al. (1974). The quotient is applied in the Q-system (see the
following section) in order to represent the roughness and the frictional properties of the
joint walls or fillings (Barton, 2002). If this parameter is substituted for the JCond89 in
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Equation 4.16, the GSI can be obtained according to Hoek et al. (2013) as follows:

GSI =
52Jr/Ja
1 + Jr/Ja

+
RQD

2
(4.17)

where Jr is the joint roughness number and Ja the joint alteration number according to
Barton (2002).

Figure 4.14: GSI-Chart for jointed rock masses (Hoek and Marinos, 2000).
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Although the GSI classification scheme is a well-established tool in engineering geology
for assessing the design of underground structures it should be noted that there are some
limitations. Since the application of the GSI-Chart is rather descriptive, the evaluation of the
obtained value might be subjective depending on the experience of the operator. A further
issue that should be taken into account is that the assessment of the rock mass should not
be carried out on areas created by blasting, as these are not representative and may give a
misleading result. While using these empirical equations, the uncertainties regarding the
input parameters outlined above should be carefully considered.

4.3.4 Q-System

Using underground excavation case studies, Barton et al. (1974) proposed the Q-System
based on the data of 212 tunnel cases. The goal of the classification scheme is to evaluate
the rock mass quality and to provide a preliminary design system for the selection of suitable
methods for the support and reinforcement of tunnels and underground excavations (Barton,
2002). The Q-System is a quantitative rock mass classification scheme and varies on a
logarithmic scale from 0.001 (exceptionally poor) to 1000 (exceptionally good). According
to Barton (2002), it can be obtained based on six parameters grouped together into three
quotients:

Q =
RQD

Jn
⇥ Jr

Ja
⇥ Jw

SRF
(4.18)

with the RQD (see Section 4.3.1), the joint set number (Jn) representing the number of
joint sets in the rock mass under investigation. This parameter is often influenced by bedding
structures or schistosity. If such structures are available and strongly developed they should
be considered as a joint set and if they occur only occasional they should be counted as a
random joint set. The parameters joint roughness number (Jr) and joint alteration number
(Ja) represent the roughness and the degree of alteration or filling material, respectively.
In this context, it is necessary to examine the weakest fracture which is most critical for
stability. The joint water reduction factor (Jw) is a measure of water pressure which impacts
the shear strength of the discontinuities and may also lead to the outwash of filling material.
The stress reduction factor (SRF ) describes faulting, the ratio between stress and rock
strength around an underground opening as well as squeezing or swelling in incompetent
rocks.

The first term in Equation 4.18 is the ratio between the RQD and the joint set number (Jn)
indicating the size of the intact rock blocks within the rock mass formed by the prevailing
discontinuity sets. The second term, i.e., the ratio between the joint roughness number (Jr)
and the joint alteration number (Ja), refers to the shear strength of the discontinuities and
the inter-block shear strength. The third term is an empirical description of the active stress
conditions and is calculated according to the joint water reduction factor (Jw) divided by
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the stress reduction factor (SRF).
Similar to the classifications described previously, it is important to consider the uncer-

tainties associated to the input parameters when determining the Q-value. This is also
essential if the input parameters can not be accurately defined due to the given environment.
Likewise, it should be noted that the Q-value is not representative for large areas. E.g.,
the Jn value could change spatially because of inhomogeneities, which would significantly
impact the calculated results. Furthermore, it should be emphasized that the majority
of the case studies on which the Q-System was derived are based on hard jointed rocks
including weakness zones. Hence, caution should be taken with the application for soft
rocks exhibiting little fracturing (Palmström and Broch, 2006).

4.3.5 Empirical Relationships

For each classification scheme (described above), various empirical relationships exist in
order to transfer the corresponding descriptive value to a rock mass strength (UCSmass, �cm)
(Table 4.2) and rock mass deformation modulus (Em) (Table 4.3), respectively.

Table 4.2: Empirical relationships based on rock mass classification schemes for the determination
of the rock mass strength (�cm = UCSmass, �ci = UCSrock, � = unit weight of rock mass in
t/m3).

Publication Scheme Equation

Ramamurthy (1986) RMR + intact rock �cm = �ci ⇥ e
(RMR�100

18.75 )

Yudbhir et al. (1983) �cm = �ci ⇥ e
7.65(RMR�100

100 )

Kalamaras and Bieniawski (1995) �cm = �ci ⇥ e
(RMR�100

24 )

Hoek et al. (2002) GSI + intact rock �cm = �ci ⇥ s
a

Zhang (2010a) �cm = �ci ⇥ 0.036e(
GSI
30 )

Singh et al. (1997) Q-System �cm = 0.7⇥ � ⇥Q
1/3

Available empirical equations, derived on the basis of data obtained from in-situ investi-
gations or based on analytical calculations are commonly estimated by means of statistical
methods such as regression analysis (Bahaaddini and Hosseinpour Moghadam, 2019; Shen
et al., 2012). Thus, the reliability of such equations relies on the quantity and quality of the
data involved within the statistical analysis. Consequently, significant discrepancies in the
predicted values may arise using different empirical relationships, which will be discussed
in more detail in upcoming sections.

As mentioned previously, larger rock masses are rarely homogeneous and, like many things
in nature, exhibit a considerable degree of variability. However, the input parameters for
the calculation of the rock mass classification schemes require singular values that however,
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Table 4.3: Empirical relationships based on rock mass classification schemes for the determination of
the rock mass deformation modulus (Em = deformation modulus, Ei = Young’s modulus).

Publication Scheme Equation

Bieniawski (1978) RMR Em = 2⇥RMR� 100 RMR>50
Read et al. (1999) Em = 0.1(RMR

10 )3

Mitri et al. (1994) RMR + Em = Ei

⇥
0.5

�
1� cos

�
⇡RMR
100

� ⇤

Nicholson and Bieniawski (1990) intact rock Em = Ei
100

h
0.0028RMR

2 + 0.9e(
RMR
22.82 )

i

Galera et al. (2007) Em = Eie
(RMR�100

36 )

Shen et al. (2012) Em = 1.14Eie
�(RMR�116

41 )2

Sonmez et al. (2006) Em = Ei10
(RMR�100)(100�RMR)

4000e(�RMR/100)

Lowson and Bieniawski (2013) Em = 14 + (Ei � 14)
h
1�

⇥
100�RMR

44

⇤RMR
70

i

Gokceoglu et al. (2003) GSI Em = 0.1451e0.0654GSI

Sanei et al. (2013) Em = 0.0222GSI
2 � 2.1172GSI + 54.24

Hoek and Brown (1997) GSI + Em =
p

�ci
100 10

(GSI�10)
40

Sonmez et al. (2004) intact rock Em = Ei (sa)0.4

Hoek and Diederichs (2006) Em = Ei

⇣
0.02 + 1�D/2

1+e(60+15 D�GSI)/11

⌘

Carvalho (2004) Em = Ei (s)0.25

Barton (2002) Q-System Em = 10Qc
1/3

Qc = Q�ci/100

Ajalloeian and Mohammadi (2014) Em = �0.016Q2 + 1.581Q+ 0.961

Zhang and Einstein (2004) RQD Em
Ei

= 100.0186RQD�1.91

Gardner (1987) Em
Ei

= 0.0231RQD � 1.32

do not reflect the variability of nature. The rock mass classification scores inevitably
include a certain variability as the various input parameters are themselves associated with
uncertainties as described in the previous sections. Therefore, a probabilistic approach
was used in this thesis to account for the uncertainties in the underlying variables, which
subsequently affect the probability density functions in the rock mass classification schemes
as well as in the derived rock mass deformation modulus. In a probabilistic approach it is
possible to consider the entire range of data regarding the specific random characteristics
using probability distributions. Monte Carlo simulations (e.g., Sari et al., 2010) were utilized
as a probabilistic approach. For this purpose, uncertainties of strength for the intact rock
and discontinuities were incorporated into a self-developed Python script whereby the input
parameters for the classification schemes were considered as random variables instead of
assigning a single value (Figure 4.15).
To define the range of each variable, probability density functions were assigned based

on field data and observations as well as laboratory work following a normal distribution.
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The normal distribution was chosen based on the underlying data and for simplification
reasons. However, if the source data follows alternative probability density functions, it is
straightforward to modify this aspect in the script. Each input parameter can be assigned a
separate and different probability density function. The intention of this approach was to
obtain not only a certain value, but a possible range including a quantitative assessment of
the uncertainties of the predicted rock mass classification score and resulting deformation
modulus, thus, a more comprehensive description of the rock mass behavior. The empirical
equations utilized in the Monte Carlo simulations are based on Table 4.2 and Table 4.3.

Figure 4.15: Schematic flowchart of the probabilistic modeling approach used to calculate the
UCSmass and the rock mass deformation modulus based on empirical relationships put
forward for the various rock mass classification schemes.
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4.4 Discrete Fracture Network Modeling (DFN)

4.4.1 DFN Modeling

A Discrete Fracture Network (DFN) model can explicitly represent fracture networks in 3D
space. The approach allows to consider geologically realistic fracture descriptions based
on site investigations providing a deterministic-stochastic representation of a naturally
fractured rock mass (Elmo et al., 2014; Elmo and Stead, 2010; Lei et al., 2017a; Miyoshi
et al., 2018; Pan et al., 2019). The goal is to quantify the hydromechanical properties of
a rock mass, i.e., the combined effects of rock and fractures on fluid flow and strength.
Thereby, faults and large fractures can be implemented as distinct deterministic features
at their true position honoring their specific dip direction and dip angle. However, small-
to medium-size fractures, representing the vast majority in a fractured rock mass, can not
be incorporated in a deterministic manner simply due to their sheer quantity. Instead, a
stochastic approach is adopted, which describes the fracture network based on statistical
properties. Thus, an individual (small- to medium-size) fracture in the stochastic DFN model
has no exact counterpart in reality. The bulk properties of these fractures in a representative
volume exhibit the same statistical characteristics as observed in nature.

The deterministic and stochastic approaches are combined to create the DFN model, that
can be used for further calculations (Figure 4.16). If large-scale persistent discontinuities are
absent, the DFN model can be generated solely stochastically using small- to medium-scale
fractures.
Primary input data for a DFN model are orientation, size and intensity of the fracture

sets as well as the mechanical properties of the rock mass derived from site investigations
(Bisdom et al., 2014; Golder Associates Ltd., 2021; Miyoshi et al., 2018). This data
constitutes the geometrical framework for the generation of the fracture network in the
DFN model. In addition, it is essential to define probability density functions for each
stochastic parameter used in the DFN model considering the range and distribution of the
values observed. The final DFN model provides a statistical representation of the real state,
whose accuracy depends on the uncertainties of the probability density functions. These
statistical geometrical properties of the fracture network can be determined either in the
field using manual measurements (compass and tape), terrestrial laser scanning (TLS) and
photogrammetry (PGM) of outcrop data (e.g., Laux and Henk, 2015; Monsalve et al., 2019)
or, by using borehole data like cores and image logs.
Using probability density functions for orientation, size and intensity of each fracture

set, the geometry of the stochastic part of the fracture network can be generated providing
a starting point for a 3D spatial modeling approach for a fractured rock mass (Figure
4.16). Utilizing the geometrical information, fractures are distributed uniformly in space as
polygons throughout the model domain. If necessary, it can be complemented by adding
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Figure 4.16: General workflow showing the Discrete Fracture Network (DFN) modeling approach.
Faults and large fractures are defined as distinct features while small- to medium scaled
fractures are incorporated based on a stochastic approach, i.e., a statistical description.
The two approaches are combined to a deterministic-stochastic representation of the
fracture network geometry. Subsequently, hydraulic and mechanical properties are
assigned to the individual fracture sets and the rock matrix and upscaled to voxels
having the same dimensions as used for subsequent numerical simulation later-on.
Using, e.g., the Oda-Permeability (Oda, 1985) or Oda-Geomechanics (Oda et al., 1984)
approaches, tensors for permeability (left) and deformation modulus (right) can be
calculated for each voxel which leads to a hydromechanical model of the fractured rock
mass with spatially variable parameters.
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deterministic features like large-scale fractures and faults. It is mandatory to verify the
geometry of the fracture network by comparing the data measured in the field and generated
in the DFN model ensuring an accurate representation of the true fracture pattern.

Following the parametrization of the fracture sets, the DFN modeling workflow involves
the transfer of the mechanical and/or hydraulic properties to a grid of voxels ideally having
the same geometry as the discretized numerical model used for further calculations. In this
manner, DFN models consider the interaction among individual fractures and their impact
on the hydraulic and mechanical properties of the entire rock mass. The upscaled material
properties assigned to each voxel vary spatially and can be used for further numerical
calculations with finite difference and finite element methods addressing, e.g., deformation
of or fluid flow through fractured rock masses. The generated DFN model can in addition,
be used in various applications and workflows from fragmentation to block size analysis,
kinematics and stability analysis (Golder Associates Ltd., 2021).

In this thesis, input parameters were generated from point cloud data as described in
Section 4.1.1. Utilizing the orientation, size and intensity obtained, the fractures were
distributed uniformly in space as polygons throughout the model domain using the en-
hanced Baecher model by applying a Poisson process (Golder Associates Ltd., 2021). The
superimposed grid was used for the subsequent calculation of the tensors for permeability,
Young’s modulus as well as Poisson’s ratio varying spatially in the model domain based on
the previously generated DFN model. Methods applied for this upscaling process and the
resulting output parameters utilized in this work are elaborated in detail in Section 4.4.2
and 4.4.3.

4.4.2 Oda-Geomechanics Approach

Using the software FracMan, the geomechanical properties such as the deformation modulus
and the Poisson’s ratio were estimated as a function of a prevailing fracture network. In
order to do so, the Oda-Geomechanics approach was used which relies on the calculation of a
descriptive compliance tensor derived from the fabric tensor defined by the orientation, size
and volume density of the fractures (Oda, 1986; Oda et al., 1984). The spatial resolution of
the tensor depends on the voxel size selected for upscaling and the subsequent numerical
simulation, respectively. This approach, based on Oda’s crack tensor theory (Oda, 1986),
represents an analytical method, which enables the calculation of a descriptive compliance
tensor computed by the combination of the fracture compliance tensor along the matrix
compliance tensor within a fractured medium (Oda, 1986; Rutqvist et al., 2013). According
to this assumption, the intact rock is defined by the elasticity tensor (Mijkl) as a function
of the intact Young’s modulus (E), Poisson’s ratio (v) and the Kronecker’s delta (�ik) as
follows (Oda, 1986; Rutqvist et al., 2013):
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Mijkl =
(1 + v) �ik�jl � v�ij�kl

E
(4.19)

The fracture compliance tensor (Cijkl) is calculated as a function of the fracture normal
stiffness (Kn), the fracture shear stiffness (Ks) and the fracture diameter (Df ) as follows
(Oda, 1986; Rutqvist et al., 2013):

Cijkl =
NCRX ✓

1

KnDf
� 1

KsDf

◆
Fijkl +

1

4KsDf
(�ikFjl + �jkFil + �ilFjk + �jlFik)

�

(4.20)
where NCR is the number of fractures and according to Rutqvist et al. (2013) Fij and

Fijkl are the basic crack tensors defined as:

Fij =
1

Ve

⇡

4
D

3
fninj (4.21)

Fijkl =
1

Ve

⇡

4
D

3
fninjnknl (4.22)

where Ve is the element volume and n is the unit normal to each fracture. Based on the
matrix as well as the fracture compliance tensor the total elastic compliance tensor (Tijkl)
is defined as (Oda, 1986; Rutqvist et al., 2013):

Tijkl = Cijkl +Mijkl (4.23)

The computed tensor is subsequently inverted in order to obtain the corresponding
stiffness tensor for the combination of rock matrix and fracture sets. For upscaling and
computation of the elastic rock mass characteristics, the Oda-Geomechanics approach was
used assuming isotropy (Golder Associates Ltd., 2021) as well as vertical-transverse isotropy
(VTI) (Browaeys and Chevrot, 2004). When selecting the isotropic behavior, an isotropic
deformation modulus and an isotropic Poisson’s ratio are calculated. Using VTI symmetry, a
longitudinal and a vertical deformation modulus as well as the Poisson’s ratio in the xy- and
xz-direction are calculated. It is possible to adopt a complete anisotropic symmetry which
allows the computation of the complete anisotropic stiffness tensor. However, this approach
was not utilized in the study. Honoring the dimensions of the voxel and the fractures within
each voxel, elastic rock mass properties such as deformation modulus and Poisson’s ratio
were computed and visualized for each voxel.

4.4.3 Oda-Permeability Approach

Fluid flow in fractures is commonly modeled assuming a laminar flow between two parallel
plates (Figure 4.17) using the Navier-Stokes equations leading to the cubic law (Klimczak
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et al., 2010; Sarkar et al., 2004; Snow, 1965; Tsang and Witherspoon, 1981).

Figure 4.17: Schematic illustration of the fluid flow (Q) between two parallel plates with aperture
(b), plate height (H) and plate length (W) (Klimczak et al., 2010).

The cubic law is defined as follows:

Q =
�⇢fgb3rh

12µ
(4.24)

where Q is the flow between two plates, ⇢f is the fluid density, g represents the gravita-
tional acceleration, b is the aperture, rh is the hydraulic gradient and µ is the fluid viscosity.
The resulting fluid flow for a fracture with a defined height (H), according to Figure 4.17,
is based on Equation 4.24 defined by Klimczak et al. (2010):

Q =
�⇢fgb3rhH

12µ
(4.25)

Using the simplification of the parallel plate model to represent the fracture surface it is
possible to obtain the hydraulic conductivity (kf ) of a fracture throughout a derivation of
the cubic law (Sarkar et al., 2004):

kf =
(2b)2 ⇢fg

12µ
(4.26)

Subsequently, neglecting the fluid properties, the permeability of a fracture (kp) can
be determined by combining the hydraulic conductivity (Equation 4.26) and Darcy’s law
(Sarkar et al., 2004):

kp =
b
2

12
(4.27)
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The product of the permeability and the area of the fracture (A) equals the transmissivity
(T ) as follows (Sarkar et al., 2004):

T ⌘ kp =
Wb

2

12
(4.28)

In order to investigate the impact of prevailing fracture networks on a preferential flow
direction throughout the model domain, spatially variable tensors for permeability can be
calculated according to the analytical Oda-Permeability approach (Oda, 1985). Utilizing
a simplification of Darcy’s law for laminar flow through an isotropic porous medium, the
isotropic fracture permeability is projected onto the fracture plane and scaled according to
the ratio between the volume of the voxel and the fracture volume (Golder Associates Ltd.,
2021; Oda, 1985). The benefit of the Oda-Permeability approach is its ability to directly
provide equivalent continuum properties for voxels based on the geometry and properties
of the fractures contained inside these voxels.

The Oda-Permeability approach considers a specific voxel with known fracture areas (Ak)
and transmissivities or permeabilities generated by the DFN model. This information is used
to calculate an empirical fracture tensor for every voxel by adding the individual fractures
weighted by their area and transmissivity as follows (Golder Associates Ltd., 2021):

Pij =
1

V

NvX

k=1

AkTkniknjk (4.29)

where Pij is the fracture tensor, V the voxel volume, Nv is the total number of fractures
within a voxel, Ak is the area of fracture k, Tk represents transmissivity of fracture k and
nik as well as njk are components of a unit normal to the fracture k. The Oda-Permeability
tensor (kij) can be derived from Pij by considering that Pij expresses the fracture flow as
a vector along the unit normal of the fracture (Dershowitz et al., 2000). In addition, it is
assumed that fractures are impermeable in a direction parallel to their unit normal and
therefore Pij has to be rotated into the planes of permeability (Dershowitz et al., 2004):

kij =
1

12
(Fkk�ij � Pij) (4.30)

where Fkk is the trace of the fracture tensor matrix. Thus, an equivalent permeability
tensor is calculated for each voxel. While DFN-based flow simulations are generally limited
to about 105 fractures, the Oda-Permeability approach can process up to 107 fractures and is
commonly used as rapid algorithm technique in commercial modeling software (Dershowitz
et al., 2004). However, a disadvantage of the approach is the assumption that all fractures
are connected leading to an overestimation of the calculated permeability (Dershowitz
et al., 2004; Ghahfarokhi, 2017). To overcome this drawback, the Oda-Gold method was
developed that considers the connectivity and termination criteria of the fracture network
more accurately and approximates the flow-based method as closely as possible without
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reducing the processing time (Golder Associates Ltd., 2021). Within this approach, an
additional connectivity check, incorporating the termination criteria, on each grid voxel
is conducted excluding fractures that are not part of a connected path (Golder Associates
Ltd., 2021). Once the calculations are completed, permeability tensors are provided in
six directions (xx, xy, yy, yz, zx, and zz). Furthermore, it is possible to merge the fracture
permeability with an imported matrix permeability called the Total-Oda-Gold-Permeability
method. The latter approach was applied in this thesis.

4.4.4 DFN Modeling Workflow

The DFN models generated in this work were obtained using the software FracMan 8.0 by
Golder Associates Ltd. (2021). The DFN modeling workflow applied in this thesis is shown
by a flowchart describing the various steps to determine rock mass properties (Figure 4.18).
It includes the field work and laboratory tests required to provide the input data for the
various approaches.

Figure 4.18: General workflow for determining rock mass properties using a DFNmodeling approach.

Field work was performed to obtain the fracture network properties and to collect samples
for rock mechanical testing in the laboratory. Laboratory work was conducted to determine
mechanical and hydraulic rock and fracture properties. Once the DFN model was created,
the geometry was verified by comparing it with the initial data and adjusted, if necessary.
This mandatory calibration stage ensures an accurate representation of the true fracture
pattern. Following the geometrical validation process, mechanical and hydraulic parameters,
i.e., cohesion, friction angle, normal and shear stiffness as well as aperture and permeability
were assigned to the various fracture sets. Furthermore, values for Young’s modulus and
Poisson’s ratio as well as for porosity and permeability were assigned to the rock matrix.
Upscaling processes, as described above, led to equivalent continuum models with spatially
variable tensors for deformation modulus, Poisson’s ratio and permeability. These tensors
can then be used as input parameter for further numerical modeling.
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The geometry of the fracture network should ideally be derived from an outcrop or
excavation having multiple faces with different orientations to avoid sampling bias for
fracture surveys. For the generation of the input parameters, several options are available
at this point, e.g., manual measurements, TLS, PGM and borehole data (core and image
logs). Thereby, TLS and PGM and the corresponding 3D point clouds present methods that
allow for incorporation of a large and sound statistical data base for DFN definition (e.g.,
Laux, 2017; Pan et al., 2019; Xu et al., 2020). In case borehole data like cores and image
logs are used, care should be taken to consider possible errors caused by the orientation of
the borehole relative to the fracture network.
Further practical aspects for the selection of outcrops are a good accessibility alongside

limited vegetation cover to enable easy rock sampling and fracture mapping using contact-
free methods like TLS and PGM. Intact rock and fracture parameters should be determined
as far as possible by standard laboratory work on project-specific samples as outlined above
and can be backed up by literature data, if necessary.

4.4.5 Block Shape Analysis

Block shape and size analysis plays an important role in geotechnical applications. Besides
considering the average size, weight and volume distribution of the blocks, an assessment
of the predominant shape of the blocks encountered is important, as block shape can
considerably affect the permeability and stability of fractured rock masses (Kalenchuk et al.,
2006). Methods commonly used to examine the size distribution of blocks include, e.g.,
the application of the RQD value (see Section 4.3.1) or the volumetric joint count (Jv)
introduced by Palmström (1982). Application of these methods provides basic information
regarding the dimensions of the blocks and yields limited information about the volumes of
the blocks, while obtaining information concerning the shape of the blocks is not possible.
Thus, a quantitative assessment using a matrix block analysis is desirable to provide models
with the best possible and most realistic data set in terms of the distribution of block size,
volume and shape.

Using existing DFN models, it is comparatively straightforward and efficient to perform
an analysis regarding the aforementioned characteristics. FracMan provides three possible
algorithms to accomplish this task including (i) the Fragmentation Grid, (ii) the Multi-
Dimensional Spacing as well as (iii) the Ray Cast Volume approach.

(i) Fragmentation Grid approach

In the Fragmentation Grid approach, the DFN model is superimposed by a grid of voxels.
This grid is used to map the fractures within each voxel followed by the assembly of
connected voxels to create rock blocks if no bounding interfaces occur within these voxels.
The voxel size of the superimposed grid is limited by the intensity, as the voxel size should
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be approximately 25% of the mean fracture spacing (Golder Associates Ltd., 2021). In
addition to the calculated values for block volume, size and weight, this approach provides
two key parameters. The parameter ↵s representing the flatness of an object, describes
the relationship between the volume and the surface of an object and the average distance
between the vertices of the object. The shape factor �s indicates the elongation of an object
by using the collinearity of the maximum distance between vertices of the object. The
parameters are defined as follows (Kalenchuk et al., 2006):

↵s =
Aslavg

7.7Vs
(4.31)

�s = 10

" P
(as ⇥ bs)

2

P
k as k2k bs k2

#2
(4.32)

with As being the surface area, Vs representing the volume, lavg the average distance
between the vertex points, as well as as and bs representing the vectors of the most widely
spaced vertices of the identified block. The numerical factor 7.7 was introduced in order
to normalize ↵s to a value of one for a cube (Kalenchuk et al., 2006). Once the shape
parameters are determined, they can be plotted in a block shape diagram in order to identify
the predominant block shape (Figure 4.19).

Figure 4.19: Block shape diagram (modified after Kalenchuk et al. (2006)).

(ii) Multi-Dimensional Spacing approach

The Multi-Dimensional Spacing approach (MDS) utilizes a quantitative analysis based
on the fracture intensity to calculate the block volume. For this purpose, multiple points
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are distributed in space within the DFN model which serve as a starting point for randomly
arranged lines in a previously user-defined direction. Following, the position of each
intersected fracture is logged leading to a probability distribution of the spacing in various
directions. The obtained probability distributions for the distances are multiplied using
Monte Carlo sampling techniques to yield a final probability distribution of the block volumes
and areas.

(iii) Ray Cast Volume approach

The Ray Cast Volume approach operates in a similar way as the MDS approach (Golder
Associates Ltd., 2021). This algorithm randomly distributes points throughout the DFN
model and subsequently sends rays starting from those points in random or user-defined
directions until they intersect the present fractures. The average length of the rays is then
used to estimate the volume of the blocks.

Since the Fragmentation Grid approach represents the only method that allows to obtain
information about block shape in addition to block volume, size and weight, it was utilized
in this thesis in spite of the comparatively higher computational effort.

4.5 Lattice-Spring-Based Synthetic Rock Mass Modeling (LS-SRM)

The lattice-spring-based synthetic rock mass (LS-SRM) modeling approach represents a
discontinuummethod (see Section 2.3.3). In general, the SRMmodeling approach considers
two components, the intact rock, represented in 3D by a DEM model and pre-existing
discontinuities frequently represented by a DFN Model. The utilized lattice-spring-based
approach implemented in SRMTools by Itasca is suitable for both mechanical and coupled
hydromechanical simulations. In this thesis, however, only the mechanical component was
used. In contrast to BPM or BBM models, the LS-SRM approach considers the intact rock as
a random assembly of point mass particles (nodes) interconnected by massless springs in
the 3D space (Figure 4.20a). Each node is connected by two springs, one representing the
normal contact stiffness and the second the shear contact stiffness (Cundall, 2011). The
force changes in the springs are calculated by utilizing the relative displacements of the
nodes and the displacement of a lattice node is calculated using Newton’s second law of
motion by a linear force-displacement relationship for the springs (Cundall, 2011).

4.5.1 Key Formulations

Using the LS-SRM approach it is possible to capture the failure behavior of jointed rock
masses, including intact rock fracturing as well as opening and sliding along pre-existing
fractures (Bastola and Cai, 2018; Bastola et al., 2020; Damjanac and Cundall, 2016). The
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following equations are based on the work of Bastola and Cai (2019) and Itasca Consulting
Group, Inc. (2010). Simulations performed use an explicit solution scheme. For each node,
the law of motion consists of the following central difference formulas:

u̇
(t+�t/2)
i = u̇

(t��t/2)
i +

X
F

(t)
i �t/mn (4.33)

u
(t+�t)
i = u

(t)
i + u̇

(t+�t/2)
i �t (4.34)

where u̇
t
i and u

t
i are the velocity and position of component i (I = 1,2,3) at time t, PFi

is the sum of all force-components acting on the node mass (mn) within the timestep �t.
After Equations 4.33 and 4.34 are applied to all nodes within the model domain, a scan of
all springs is carried out. For an unbroken spring, the calculations at time t are as follows:
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where the superscript rel indicates relative, A and B indicate the two particles connected
by a spring, N represents normal, S represents shear and ni denotes the unit normal vector.
Subsequently normal and shear forces are updated as follows:
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where k
N and k

S are the spring normal and shear stiffnesses, respectively. Finally, the
new spring forces are added to the force sums of the corresponding nodes:
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If the spring is part of the intact rock, the vector ni represents the unit normal from node
A to node B. However, if a fracture passes the spring, ni represents the unit normal to the
fracture plane. Once the applied force exceeds the calibrated spring strength in tension or
in shear, the spring breaks and a micro-crack develops which can later coalesce with further
cracks leading to the formation of macroscopic failure planes. The effective Poisson’s ratio
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of the lattice model is a function of the ratio of normal to shear stiffness so that for instance
a ratio of kN/kS equals one corresponding to a Poisson’s ratio of zero.

Figure 4.20: (a) Synthetic rock mass model utilizing the lattice-spring-based approach using Voronoi
tessellation in combination with the Flat Joint Model (FJM). (b) General buildup using
the LS-SRM modeling approach. Left: Rock mass model utilizing the lattice-spring-
based approach using Voronoi tessellation in combination with the FJM and a DFN.
Right: LS-SRM model showing the coupling of the lattice spring model with the DFN
model. Joint springs created by the DFN model are shown in blue.

4.5.2 Contacts

Discontinuities in the LS-SRM model are realized as parallel bond contacts or by using
the Flat Joint Model (FJM) similar to the SJM adopted in the BPM approach. However,
lattice springs using the parallel bond contact approach have two major limitations. If a
parallel bond breaks, particles can roll relative to each other without resistance due to the
compressive to tensile strength ratio (�c/�t) which is less than four being uncharacteristic
for rock-like materials and the peak friction angle is only about 30 ° (Bastola and Cai, 2018).
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In the FJM formulation, each spring splits into sub-springs (Figure 4.20a), allowing
resistance against rotation by means of normal forces in the sub-springs even after the
springs are broken (Bastola and Cai, 2019). Therefore, it is possible to properly simulate
an appropriate �c/�t ratio and UCSrock. Force-displacement behavior of a FJM intersection
show a fully bonded state to a fully unbonded and frictional state after the contact is broken
(Potyondy, 2015). If a sub-contact breaks, the residual flat joint friction angle is assigned to
the broken sub-contacts and the peak flat joint friction angle is assigned to the unbroken
sub-contacts. The resulting normal and shear forces are calculated according to the normal
and shear displacements at the sub-contacts. Breakage, sliding or opening can result at any
sub-contact if forces reach the limits of shear and tensile strength.
While selecting the FJM, the ratio of kN/kS equals one. The desired shear strength is

assigned using a built-in relation between the assigned ratio of UCSrock and tensile strength
ratio as well as a contact shear strength multiplier (Bastola and Cai, 2019). Using SRMLab,
pre-existing discontinuities can be imported into the lattice structure either deterministically
or as smooth joints of a DFN model as performed in this thesis (Figure 4.20b).
Spatial orientation of the lattice springs passing a fracture generated by the DFN model

equals the orientation of the particular fracture causing these springs to be called jointed
springs (Cundall, 2011). Mechanical behavior of the jointed rock mass within the LS-SRM
approach is thus characterized by the interaction of resulting force and displacement of the
intact lattice springs and the joint springs generated by the DFN model.

4.5.3 LS-SRM Modeling Workflow

For the implementation of the numerical experiments, the software SRMLab from Itasca
(implemented in the software SRMTools by ITSACA) was chosen, offering advantages
regarding calibration of the model and computational efficiency in comparison to BPM
models. A flowchart describing the various steps to determine rock mass properties based
on a LS-SRM approach including a feasible validation of the results obtained as applied in
this thesis is shown in Figure 4.21. The LS-SRM approach was applied to the Remlingen
and Flechtingen sandstone. In order to investigate the influence of fracture networks on
the rock mass by using the LS-SRM approach, it is necessary to calibrate the intact rock
in a first step to ensure that the mechanical characteristics of the later models are indeed
representative.

Intact rock calibration
The model of the intact rock used to determine the input parameters in order to match

the target values, i.e., the lab test results, was generated with similar dimensions as the
laboratory samples. Following, a sufficient lattice resolution was defined for which the
calculated parameters did longer change. Triaxial tests using various confining pressures
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Figure 4.21: General workflow applied in this thesis for determining fractured rock mass properties
using the LS-SRM approach and comparison with the DFN-Oda-Geomechanics approach
as well as empirical equations based on rock mass classification schemes.

were performed to determine the desired input parameter. First, the UCSrock and Young’s
modulus of the intact rock was calibrated at zero confining pressure, followed by multiple
runs at increasing confining pressures to calibrate the friction angle and cohesion. The
vertical and lateral confining pressures were applied simultaneously during the triaxial tests.
Measurement points were attached to the synthetic rock to monitor the vertically applied
force, vertical and lateral displacements as well as the number of cracks to evaluate the
strength and deformation properties. The calibration of the intact sandstones consisted of
three steps. In a first step, the lattice elastic modulus (Emic) was evaluated to match the
measured Young’s modulus obtained in the laboratory. This was followed by adjusting the
peak friction angle of the flat joint (�fjp) to obtain the desired angle of internal friction. The
residual friction angle of flat joint contact (�fjr) was set to zero. During the third and last
step, the lattice compressive strength (�mic) was adjusted to obtain the required UCSrock
and cohesion. Simulations were carried out using the FJM at a constant loading rate of
0.01m/s.

Rock mass calibration
The dimensions of the synthetic rock mass model were 50m × 50m × 50m (width

× length × height) to adequately compare it to the results obtained by the DFN-Oda-
Geomechanics approach. Using these large-scale models, numerical tests were performed
to investigate the impact of the fracture network on the rock mass using the LS-SRM ap-
proach. Since the dimensions were significantly larger than those of the intact rock at
laboratory scale, which can impact the mechanical properties, calibration and adjustment
of the input parameters for the rock mass scale was required prior to the consideration
of fractures. According to Cai and Kaiser (2014), the value of the peak in-situ strength,
i.e., the UCSmass of a massive intact rock, is about 80% of the UCSrock of the laboratory
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scale samples. Therefore, the calibration target for �mic was set to 80% of the laboratory
UCSrock value. Since the UCSmass and the cohesion are controlled by the lattice compressive
strength (�mic) during calibration, the target value of cohesion was also set to 80% of the
value measured in the laboratory. Due to computational limitations, the synthetic rock
mass model could not have the same lattice resolution as the laboratory scale model, and
therefore the lattice resolution had to be adopted as well. Again, a Voronoi-shaped lattice
was used, since sensitivity analyses showed that there is no significant scale effect on the
UCSmass and the deformation modulus for massive intact and fractured rocks if a sufficient
lattice is applied. A lattice resolution of 1.1m was adopted using the FJM.

After the calibration was successfully completed, the intact rock mass model was combined
with the DFN model. The DFN model had the same dimensions as the SRM model, i.e.,
50m × 50m × 50m. Once the SRM and the DFN model were combined, unconfined
pressure experiments were performed to obtain the UCSmass and the deformation modulus
of the fractured rock mass, respectively. Initially, three experiments were conducted using
the same fracture properties considered as most likely in order to investigate the potential
computed range within the software. Subsequently, a sensitivity analysis regarding poorly
constrained input parameters was carried out which resulted in ten additional models.
The various model scenarios were used to investigate the impact of fracture intensity,
fracture size as well as fracture stiffness on the rock mass properties derived from the
LS-SRM approach. The findings obtained by the sensitivity analysis were then compared to
predictions resulting from the DFN-Oda-Geomechanics as well as the empirical approaches.
By means of this validation, it was possible to assess whether the mechanical properties of
the DFN model needed to be recalibrated and adjusted in order to match the results and to
achieve representative outcomes.
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5 Results

5.1 Remlingen

5.1.1 Terrestrial Laser Scanning

The Remlingen quarry (Figure 5.1a) was surveyed using the TLS VZ400 (RIEGL GmbH,
2017) and a mounted camera (Nikon D700). The survey provided a comprehensive and
colored 3D representation of the outcrop walls by means of a point cloud, i.e., the xyz-
coordinates of the reflection points. In order to survey the outcrop in an adequate resolution
and accuracy as well as avoiding shadow areas, the outcrop was measured from 11 set-up
positions. The scans obtained in the field were subsequently processed using the software
RiSCAN Pro (RIEGL GmbH, 2020).
In a first step, the individual scans were registered, georeferenced and combined to a

common point cloud (Figure 5.1b). Points that were reflected on occluding objects and
vegetation were removed from the point cloud. The resulting adjusted point cloud consists
of 27,196,466 points for the area under investigation in the Remlingen quarry (Figure 5.1c).
The adjusted point cloud was segmented (Figure 5.1d) and utilized to determine fracture
orientation, fracture size and fracture intensity, as described in Section 4.1.1.
Dip direction and dip angle of the discontinuities were derived automatically using the

plane patch filter of the RiSCAN Pro software. The data obtained was exported as ASCII
files for visualization of the orientation data as lower hemisphere plots. The orientation
of the fracture network was determined by means of a cluster analysis. The predominant
fracture network is characterized by three distinct discontinuity sets. Two vertical sets (R1
and R2) and one horizontal discontinuity set (R3), see Table 5.1. Discontinuity set R1
strikes ENE-WSW and set R2 forms a conjugate discontinuity set that strikes NNW-SSW.
Discontinuity set R3 strikes E-W, is nearly horizontal and consists of an up to 3 cm thick
weaker layer of clay/siltstone (see Section 3.1). As indicated in Figure 5.2, the point cloud
analysis resulted in three distinct clusters. This confirms that the analysis did indeed use
surfaces associated with the prevailing natural fracture network, as an irregular distribution
of pole points (”background noise”) superimposed on the clusters would indicate that
randomly oriented surfaces created by blasting were also recognized.

In order to determine the size of the discontinuity sets, the point cloud was analyzed using
the RANSAC shape detection tool (Schnabel et al., 2007) of the software CloudCompare
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Figure 5.1: (a) Part of the Remlingen sandstone quarry located in southern Germany used for TLS
and rock sampling. (b) Colored point cloud derived from TLS including scan positions.
(c) Colored point cloud of outcrop with vegetation removed. (d) Segmented point
cloud indicating the different discontinuity sets grouped and colored according to their
orientation using the software DSE and CloudCompare (CloudCompare, 2020; Riquelme
et al., 2014).

(CloudCompare, 2020). This tool detects and plots surfaces in the point cloud data, allowing
a subsequent export of length and height information for the calculation of the equivalent
fracture radius for each discontinuity set. The results of the size analysis of the fractures
show a mean radius for set R1 and set R2 of 7.63 and 6.97m, respectively, following a
log normal distribution (Table 5.1). Set R3 could unfortunately not be captured with the
laser scanner due to the orientation as well as the natural conditions on site. Since this set
continuously crosses the sandstone beds throughout the quarry, a size of 50m was selected
based on measurements in the field.

As described in Section 4.1.1, fracture intensity can be determined semi-automatically in
the CloudCompare software by plotting virtual boreholes across the 3D point cloud. The
coordinates of the start and end point of the boreholes are defined by the user. Subsequently,
the number of intersecting fractures, their orientation as well as the length of the virtual
borehole are calculated. This information is used to determine the P10 value for each
individual virtual borehole and the corresponding P32 value needed as input for the DFN
models. In order to determine fracture intensity, ten virtual boreholes were analyzed to
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Table 5.1: Geometrical properties of the discontinuity sets for the Remlingen sandstone (R1-3)
obtained in the field and by TLS point cloud analysis.

Orientation [°] Equivalent radius [m] P10 [m-1] P32 [m-1]
Field TLS TLS Field TLS TLS

R1 164/87 168/90 7.63 ± 0.56 (lognormal) 0.20 0.21 0.28
R2 071/85 073/88 6.97 ± 0.89 (lognormal) 0.19 0.18 0.24
R3 174/03 175/05 50.00 ± 5.00 (lognormal) 0.16 0.16 0.20

Figure 5.2: Stereonet (lower hemisphere plot) showing the fracture network orientation of the
Remlingen sandstone.

compute the P10 and the corresponding P32 value (Table 5.1). Set R1 shows a P32 value of
0.28m-1 resulting in the highest intensity. Set R2 exhibits a slightly lower value of 0.24m-1,
while set R3 has the lowest intensity of 0.20m-1. Analysis of fractures with respect to
orientation, size and intensity was performed for Remlingen on 15 fracture surfaces. In
addition to the above mentioned surveys, further measurements were carried out in the
field using compass, tape and contour gauge for validation of the TLS point cloud analysis
(Table 5.1) as well as providing the input required for the empirical rock mass classification
schemes.

5.1.2 Laboratory

The mechanical input parameters required for DFN modeling and partly, for the rock mass
classification schemes were determined in the laboratory using uniaxial, triaxial and direct
shear tests (see Section 4.2) based on samples taken from the outcrop. The uniaxial tests,
providing uniaxial compressive strength (UCSrock), Young’s modulus and Poisson’s ratio of
the rock matrix, were conducted in accordance with Bieniawski and Bernede (1979). For
the triaxial and direct shear tests, the rock characterization methods proposed by ISRM

73



(Ulusay, 2015) were applied. Triaxial tests provide the strength of the intact rock while
direct shear tests yield the strength of the fracture surfaces. While the confining pressures
used for triaxial testing ranged from 5 to 30MPa, the applied normal stress used in the
direct shear tests ranged between 1.5 and 6.5MPa. Values for normal and shear stiffness
of the fractures were defined according to Barton (2007) and Malkowski (2015) as the
average slope up to the peak of the strength-displacement curve. The results of the various
rock mechanical tests are shown in Table 5.2.
No samples from the horizontal discontinuity set (R3) of the Remlingen sandstone, i.e.,

the up to 3 cm thick weaker layer consisting of clay/siltstone, could be taken. Therefore,
laboratory measurements could not be performed. The mechanical input parameters for the
DFN model for set R3 were taken from Ernst et al. (2016): a residual cohesion of 0.025MPa,
a residual friction angle of 25 °, a shear stiffness of 0.015MPa/mm and a normal stiffness of
1MPa/mm.

Table 5.2: Rock mechanical parameters including mean and standard deviation determined in the
laboratory for the Remlingen sandstone (number of tests: Nu=uniaxial test, Nt=triaxial
test, Ns=direct shear test).

Parameter Remlingen
Nu=9 / Nt=6 / Ns=5

UCSrock [MPa] 98.9 ± 8.0
Young’s modulus [GPa] 15.8 ± 0.8

Poisson’s ratio [-] 0.30 ± 0.07
Cohesionintact [MPa] 23.6
Friction angleintact [°] 42.6

Cohesionfracture 0.4
Friction anglefracture 37.9

Normal stiffness [MPa/mm] 7.1 ± 2.3
Shear stiffness [MPa/mm] 0.7 ± 0.2

Hydraulic rock and fracture parameters for the Remlingen sandstone were determined by
a ReSalt project partner (Frank et al., 2020a; Frank et al., 2020b). Values for matrix and
fracture permeability, matrix porosity as well as fracture aperture are presented in Table
5.3.

Table 5.3: Hydraulic parameters including mean and standard deviation for the Remlingen sandstone
(provided by Frank et al., 2020a; Frank et al., 2020b).

Parameter Remlingen
Permeabilitymatrix [m2] 5.50•10-17 ± 8.24•10-18
Permeabilityfracture [m2] 7.00•10-10 ± 1.89•10-10

Porosity [%] 12.9 ± 0.3
Aperturefracture [µm] 90 ± 20
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5.1.3 Rock Mass Classification Schemes

The results of the rock mass classification schemes determined in the field, laboratory and by
means of the equations described in Section 4.3 are shown in Table 5.4. Since no boreholes
were available, the RQD value was calculated by means of Equation 4.14 using the results
given in Table 5.1. The work of Şen (1984) demonstrated that the calculation of an empirical
RQD value is not only dependent on the spacing of the fractures but also on the underlying
probability density function of the discontinuity spacing. Therefore, the RQD calculation
based on Equation 4.14 was compared to estimates using other probability density functions
for validation. It was found that the obtained RQD value of 100 is essentially independent
of the underlying probability density function. This results from the large spacing of
the orthogonal fracture network. However, especially in cases of a smaller discontinuity
spacing, the appropriate statistical distribution function and hence, formula for computing
an empirical RQD value, should always be carefully evaluated.

Table 5.4: Results for the input parameters for the various rock mass classification schemes for the
Remlingen sandstone (GW = Groundwater, Q = Q-System).
RQD J89 Jr Ja UCS Spacing Condition GW Orientation Jn Jw SRF

RMR 10 20 18 10 -2
GSI 100 18 2 1
Q 100 2 1 9 1 5

The results of the Monte Carlo simulation conducted for the rock mass classification
schemes are shown in Table 5.5. As described above, a constant value of 100 was obtained
for the RQD. The simulations provide an average value of 76 for the RMR, 77 for the GSI
and 5 for the Q-system. It should be noted that for the rock mass classification schemes
a range rather than a precise value should be given in order to take the variability of
natural exposures into account (Barton et al., 1974; Genis et al., 2007; Singh and Goel,
2011). Therefore, a range of ±5 was chosen for the RMR and GSI and ±4 for the Q-
System, respectively, which is similar to the calculated standard deviation of the Monte
Carlo simulation described below.

Table 5.5: Results and corresponding range from Monte Carlo simulation of the calculated rock mass
classification schemes for the Remlingen sandstone.

RQD RMR GSI Q-System
Remlingen 100 76 ± 5 77± 5 5 ± 4

Results obtained by the Monte Carlo simulation to evaluate the empirical equations for the
rock mass strength are illustrated in Figure 5.3. Irrespective of the underlying classification,
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a significant reduction of the rock mass strength is predicted in comparison to the intact
value. Estimates of rock strength based on RMR including intact rock strength exhibit a
slight variation and yield estimates ranging from 20% to 40% of the intact rock strength.
Among the formulas based on GSI along with intact properties, one formula matches results
gained with previous equations, while the others predict a reduction of approximately 55%.
The equations based solely on the Q-system predict a drastic reduction in rock mass strength
which is consistent with formulas based on GSI. However, the range of values is the most
pronounced.

Figure 5.3: Results of the Monte Carlo simulation for the UCSmass using empirical relationships based
on rock mass classification schemes in relation to the initial UCSrock (yellow) for the
Remlingen sandstone. The results are allocated to the different rock mass classification
schemes comprising RMR + intact rock (light blue), GSI + intact rock (light green) and
the Q-System (red).

Based on the results given in Table 5.5, the deformation modulus including the corre-
sponding probability functions was calculated according to the empirical relationships given
in Table 4.3. In general, the simulation results reveal a considerable scatter (Figure 5.4).
Estimates of the rock mass deformation modulus which are based on the RMR only, i.e.,
do not incorporate information of the Young’s modulus of the intact rock, are considerably
larger than the Young’s modulus actually measured. Some empirical relationships, that are
based on the RMR including intact rock parameters, display only a minimal reduction of the
rock mass deformation modulus in comparison to the Young’s modulus, whereas others lead
to a reduction by almost 50%. Similar results were obtained by relationships using the GSI.

Empirical formulas for the rock mass deformation modulus based solely on the GSI show
numbers exceeding those of the intact rock. Empirical equations incorporating intact
rock parameters indicate a significant decrease in the predicted rock mass deformation
modulus. One exception is the formula proposed by Hoek and Brown (1997), which gives a
deformation modulus that is significantly higher than the Young’s modulus. Likewise, the
empirical equations based on the Q-system show one rock mass value equal to the intact
Young’s modulus and another considerably reduced. Formulas applying the RQD indicate a
marginal decrease of the rock mass deformation modulus compared to the intact value. In
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general, empirical formulas based purely on the empirical classifications show partly higher
but mainly slightly lowered or somewhat equivalent values to the intact rock, whereas
formulas incorporating intact rock parameters predict a certain reduction and, in some
cases, a significant decrease in the deformation modulus.

Figure 5.4: Results of the Monte Carlo simulation for the deformation modulus using empirical
relationships based on rock mass classification schemes in relation to the intact Young’s
modulus (yellow) for the Remlingen sandstone. The results are allocated to the different
rock mass classification schemes comprising RMR (dark blue), RMR + intact rock (light
blue), GSI (dark green), GSI + intact rock (light green), Q-System (red) and RQD
(magenta).

5.1.4 Discrete Fracture Network Modeling

The DFN models were set up using the software FracMan Version 8.0 (Golder Associates
Ltd., 2021). The model domain comprises a cube of 50m edge length positioned at the
center of the case study (Figure 5.5a). This single voxel model allows for a straightforward
comparison to rock mass properties derived from the various empirical relationships based on
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rock mass classification schemes. The one-voxel grid was further used in a sensitivity analysis
comprising 18 additional models to investigate the influence of various input parameters
such as matrix Young’s modulus, shear- and normal stiffness and fracture intensity on the
mechanical upscaled modeling results based on Table 5.1 and Table 5.2. It was intended to
improve the ability to compare results based on the Monte Carlo simulation, since it will
account for uncertainties in the underlying input parameters of the DFN models.

Figure 5.5: (a) Verified DFN model (50 x 50 x 50m3) showing the stochastic fracture network
including two vertical and one horizontal fracture set for the Remlingen sandstone. (b)
Top view of the DFN model. (c) Rem1 model showing the superimposed 1 x 1 x 1 grid
(50 x 50 x 50m3) and the fracture traces of the underlying DFN model. (d) Rem10
model showing the superimposed 10 x 10 x 10 grid (5 x 5 x 5m3) and the fracture traces
for each voxel.

In a first step, the fracture sets were generated based on the probability density distribu-
tions of orientation, fracture size and fracture intensity previously determined using the
TLS data (Table 5.1). The fracture network implemented in the DFN model was subse-
quently verified using the original field and TLS data to ensure that it is indeed a proper
representation of the reality (see below).
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Once the geometry of the model was verified, the cohesion, friction angle, normal stiffness
and shear stiffness were assigned to the corresponding fractures as well as permeability
and fracture aperture, previously determined in the laboratory, for hydraulic calculations
(Table 5.2 and Table 5.3). In this basic model (Rem1), the mechanical rock and fracture
properties were upscaled to a grid of 1 x 1 x 1 voxels (Figure 5.5c), i.e., to a volume of
50 x 50 x 50m3. For the additional DFN model (Rem10), a finer grid with 10 x 10 x
10 voxels, each having a volume of 5 x 5 x 5m3, was used (Figure 5.5d). For upscaling
and computation of the elastic rock mass characteristics, the Oda-Geomechanics approach
(Oda et al., 1984) was used assuming isotropy (Golder Associates Ltd., 2021) and vertical-
transverse isotropy (VTI) (Browaeys and Chevrot, 2004). The approach is based on the
calculation of a descriptive compliance tensor which is computed by the combination of the
fracture compliance tensor along the matrix compliance tensor within a fractured medium
(Oda et al., 1984) as described in Section 4.4.2. Subsequently, this was used to compute an
isotropic as well as anisotropic elasticity tensor for each voxel of a given grid. Honoring
the dimensions of the grid voxel and the fractures within each voxel, elastic rock mass
properties such as deformation modulus, Poisson’s ratio were computed and visualized for
each voxel.
The DFN model was used for hydraulic calculations by applying the Oda-Permeability

approach (Oda, 1985). It is based on a simplification of Darcy’s law for laminar flow through
an isotropic porous medium. It projects the isotropic fracture permeability onto the fracture
plane and scales it according to the ratio between the fracture volume and the volume of
the grid voxel (Golder Associates Ltd., 2021; Oda, 1985), (see Section 4.4.3). Upscaling
was performed for both the Rem1 model and the Rem10 model. For this purpose, the input
parameters were selected according to Table 5.3. Thus, tensors of elastic and hydraulic
properties, i.e., deformation modulus, Poisson’s ratio and permeability were calculated for
each voxel of the given grid, taking both the matrix and the fracture characteristics into
consideration.

Validation of DFN model
In order to validate that the DFN model provides a statistical representation of the real

state, the geometrical characteristics were compared to the results obtained from the
point cloud analysis regarding fracture orientation, size and intensity (Figure 5.6, Table
5.6). Validation of fracture orientation was achieved by mapping all fractures generated in
the DFN model in a stereonet (Figure 5.6a) for comparison with the fracture orientation
obtained from the TLS measurements (Figure 5.2). The mean directions obtained show
good agreement. Validation of the fracture intensity was achieved by determining P10 values
for 27 virtual boreholes across the DFN model (Figure 5.6b) in comparison to P10 values
obtained from the point cloud data (Table 5.1). Again, good agreement is observed with
a maximum difference of 12.5%. As a third characteristic, the size distribution of each
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fracture set (Figure 5.6c) was compared against the RANSAC algorithm results (Table 5.1).
Considering the calculated mean values, good agreement can be observed with a maximum
difference of 4%.

Figure 5.6: Validation of the geometric properties of the DFN model for the Remlingen sandstone.
Results of set R1 are shown in red, set R2 in blue and set R3 in white. (a) Stereogram of
the fracture network of the DFN model. (b) Exemplary drilling across the DFN model.
(c) Size distribution of the fracture sets.

Table 5.6: Validation of the geometric analysis of the DFN model in terms of orientation, intensity
and size of the fracture sets compared to the TLS analysis for the Remlingen sandstone.
Dip direction / Dip angle [°] Intensity P10 [m-1] Equivalent radius [m]
DFN TLS DFN Field DFN TLS

R1 169/89 168/90 0.22 0.21 7.61 ± 0.86 7.63 ± 0.56
R2 075/88 073/88 0.18 0.18 7.03 ± 0.78 6.97 ± 0.89
R3 175/05 175/05 0.16 0.16 50.38 ± 6.48 50.00 ± 5.00

Hydraulic upscaling of the Remlingen sandstone using the Total-Oda-Gold-Permeability
approach
Calculation and upscaling of rock and fracture properties according to the Total-Oda-

Gold-Permeability approach (Section 4.4.3) led to a (second-order) permeability tensor
comprising six parameters for each voxel. Permeabilities in the W-E, N-S and vertical
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direction are termed Kxx, Kyy and Kzz, respectively. Furthermore, three diagonal spatial
directions termed Kxy, Kyz and Kzx were derived. Negative permeability values resulted
for these parameters if negative components of the normal vectors of the fracture surfaces
occurred (Ghahfarokhi, 2017). Figure 5.7 illustrates the permeability distribution for the
Rem10 model including Kxx, Kyy and Kzz.

Figure 5.7: Hydraulic modeling results of the Rem10 model showing the permeability tensor cal-
culated from the DFN model using the Total-Oda-Gold-Permeability approach for the
Remlingen sandstone. (a) Kxx, i.e., permeability in W-E direction. (b) Kyy, i.e., perme-
ability in N-S direction. (c) Kzz, i.e., permeability in vertical direction. The figures show
an oblique view towards the NE of the model domain.

The calculated mean, minimum and maximum values of the 1000 voxels for each of the
components of the permeability tensor as well as the calculated rock mass permeabilities
for the Rem1 model domain are provided in Table 5.7. Permeabilities in the Kxx and Kyy
directions differ only marginally. The mean values for Kxx and Kyy are 1.44•10-14 m2 and
1.14•10-14 m2, respectively. The permeability in the Kzz direction is slightly higher with
an average value of 2.44•10-14 m2 and exhibits a maximum value of 1.00•10-13 m2. The
calculated permeabilities for the Rem1 model are nearly identical to the corresponding
directions of the Rem10 model (Table 5.7).

Table 5.7: Mean, minimum andmaximum values of the calculated permeabilities using the Total-Oda-
Gold-Permeability approach for the Rem10 as well as the Rem1 model for the Remlingen
sandstone.

Rem10 Rem1
Mean Minimum Maximum Mean

Kxx[m2] 1.44•10-14 3.82•10-17 5.85•10-14 1.48•10-14
Kyy[m2] 1.14•10-14 3.90•10-17 5.44•10-14 1.18•10-14
Kzz[m2] 2.44•10-14 3.82•10-17 1.00•10-13 2.51•10-14
Kxy[m2] -2.60•10-16 -1.55•10-14 1.48•10-14 -2.85•10-16
Kyz[m2] 2.01•10-16 -5.30•10-15 6.69•10-15 2.00•10-16
Kzx[m2] 1.88•10-16 -3.67•10-16 5.86•10-15 1.81•10-16

81



Mechanical upscaling of the Remlingen sandstone using the Oda-Geomechanics ap-
proach
The application of the Oda-Geomechanics approach (Section 4.4.2) for the Remlingen

sandstone and the assumption of VTI symmetry yielded slightly different elastic parameters
in longitudinal (vertical) and transverse (horizontal) direction. The corresponding modeling
results for the deformation modulus are shown in Figure 5.8a and Table 5.8. The transverse
deformation modulus ranges from 3.5 to 7.8GPa, while the longitudinal deformation
modulus ranges between 1.3 and 8.1GPa. Similarly, the mean value of the transverse
deformation modulus is 5.6GPa compared to a mean value of 4.1GPa for the longitudinal
deformation modulus. Upscaling using the isotropic approach led to a mean value of
4.6GPa. It is noticeable that, regardless of the approach used, a significant reduction in the
deformation modulus of fractured rock mass is observed compared to the Young’s modulus
of the intact rock, which is 15.8GPa for Remlingen (Table 5.2).

Figure 5.8: (a) Results for the calculated deformation modulus using the VTI and isotropic upscaling
approaches for the Rem1 model of the Remlingen sandstone. (b) Corresponding results
for the calculated Poisson’s ratio.

Table 5.8: Results of DFN modeling including mean and standard deviation for the deformation
modulus and Poisson’s ratio using the VTI and isotropic approach on the Rem1 model (1
x 1 x 1 grid voxel) for the Remlingen Sandstone.

VTI transverse / xy VTI longitudinal / xz Isotropic
Deformation modulus [GPa] 5.6 ± 1.6 4.1 ± 2.5 4.6 ± 1.5

Poisson’s ratio [-] 0.56 ± 0.02 0.10 ± 0.05 0.32 ± 0.02

The corresponding modeling results for the Poisson’s ratio in both transverse (xy) and
longitudinal (xz) direction are shown in Figure 5.8b and Table 5.8. It should be noted
that Poisson’s ratios in excess of 0.5 can occur in the case of VTI symmetry. Depending
on the orientation of the fractures relative to the tensor axes, the upper bound for the
Poisson’s ratio of VTI rocks is one (Christensen, 2005; Yan et al., 2013). For Remlingen,
the transverse Poisson’s ratio ranges between 0.53 and 0.59, while the longitudinal ratio
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ranges between 0.04 and 0.19. This discrepancy is also reflected in the mean values. The
transverse Poisson’s ratio is 0.56, while the longitudinal is 0.10. The isotropic upscaling
approach indicates a mean value of 0.32 for the Remlingen sandstone.

Mechanical upscaling of the Remlingen sandstone using the Oda-Geomechanics ap-
proach with higher spatial resolution

In order to investigate the contribution of fracture networks on the mechanical properties
of the rock mass with respect to its spatial variability the rock and fracture properties were
upscaled to a grid of 10 x 10 x 10 voxels (Rem10 model), i.e., each voxel has a volume of 5
x 5 x 5m3, while the overall geometry of the basic DFN model with an edge length of 50m
remained unchanged. The corresponding modeling results for the deformation modulus and
Poisson’s ratio are given in Table 5.9 and Figure 5.9. The longitudinal deformation modulus
varies between 1.1 and 15.8GPa and is slightly lower than the transverse deformation
modulus, which displays values in the range of 2.9 to 15.8GPa. This is also shown in the
mean values with the longitudinal deformation modulus being 6.3GPa compared to a mean
value of 6.8GPa for the transverse deformation modulus. Although the mean values for
the two deformation moduli are rather similar, a distinct spatial variability is observed
which is more pronounced for the longitudinal deformation modulus. The spatial variability,
illustrated by the grid voxels, becomes even more pronounced if the minima and maxima
are considered. Some model parts only show a rock mass deformation modulus of 1 to
3GPa, while in other parts it is equal to the isotropic intact Young’s modulus without any
reduction.

Table 5.9: Results of DFN modeling including mean and standard deviation, minimum as well
as maximum values of the deformation modulus and Poisson’s ratio for the Remlingen
sandstone using the Rem10 model (10 x 10 x 10 voxels).

Mean Minimum Maximum
Longitudinal deformation modulus [GPa] 6.3 ± 5.1 1.1 15.8
Transverse deformation modulus [GPa] 6.8 ± 2.1 2.9 15.8

Poisson’s ratio xz [-] 0.14 ± 0.11 0.03 0.37
Poisson’s ratio xy [-] 0.52 ± 0.08 0.20 0.70

Isotropic deformation modulus [GPa] 5.9 ± 1.9 2.2 15.5
Isotropic Poisson’s ratio [-] 0.32 ± 0.01 0.28 0.36

Likewise, upscaling using the isotropic approach resulted in a mean value of 5.9 GPa
showing similar spatial variability. The Poisson’s ratio in the longitudinal (xz) direction is
0.14 on average and values range between 0.03 and 0.37. In the transverse (xy) direction,
values calculated for the various grid voxels range between 0.20 and 0.70 with an average
of 0.52. It can be observed, as shown in Figure 5.9, that the elevated Poisson’s ratios
correspond mainly to the grid voxels located in the vicinity of the weaker horizontal layer.
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Consequently, substantially higher Poisson’s ratios are observed in the horizontal than in
the vertical direction. The isotropic upscaling approach indicates a mean value for the
Remlingen sandstone of 0.32.

Figure 5.9: DFN modeling results for the Rem10 model (10 x 10 x 10 voxels) based on the Oda-
Geomechanics approach. (a) Deformation modulus with its associated Poisson’s ratio in
longitudinal direction and (b) transverse direction assuming VTI symmetry. (c) Isotropic
deformation modulus with its associated Poisson’s ratio.
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Comparison between rock mass deformation moduli derived from DFN modeling and
from empirical relationships based on rock mass classification schemes

Comparing the results obtained for the deformation modulus from the empirical relation-
ships with those generated by the Rem1 DFN models, it becomes apparent that the output
of the empirical equations, which incorporate intact rock parameters, coincides with the
results of the DFN models or covers a comparable range of values (Figure 5.10).

Figure 5.10: Results of the Monte Carlo simulation for the deformation modulus based on empirical
relationships using rock mass classification schemes and the Rem1 DFN models in
relation to the initial Young’s modulus (yellow) for the Remlingen sandstone. The
results are allocated to the different rock mass classification schemes comprising RMR
(dark blue), RMR + intact rock (light blue), GSI (dark green), GSI + intact rock (light
green), Q-System (red), RQD (magenta) and DFN models (grey).

This is true with respect to both, the VTI as well as the isotropic approach of the DFN
models for the Remlingen sandstone. Nevertheless, it is observed that the results of the DFN
models are in the lower range of the values calculated by the empirical equations. However,
the range of possible outcomes is considerably smaller compared to the predicted outcomes
of the empirical relationships based on the rock mass classification schemes.
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Block shape analysis
The block shape analysis for the Remlingen sandstone resulted in an ↵s value, that

describes the flatness of the blocks, of 1.35 on average ranging from 1 to 5.6. Analysis
regarding the elongation of the blocks yielded a �s value of 3.66. In this case, the calculated
range of 1 to 9.8 is more pronounced. The analysis was performed on 1086 blocks. In
addition to the shape parameters, an average block volume of approximately 117m3 and a
resulting average weight of about 268 tons was determined.

5.1.5 Lattice-Spring-Based Synthetic Rock Mass Modeling

Calibration of intact rock properties for Remlingen on the laboratory scale
The model of the intact rock used to validate the laboratory results was generated with a

dimension of 0.055mm × 0.055mm × 0.01mm (width × length × height), thus having
similar dimensions as the laboratory samples. However, the shape of the models differs
as only rectangular models can be generated in SRMLab, whereas cylindrical cores were
investigated in the laboratory. A resolution of 2.3mm using a Voronoi tessellation was
chosen, based on the observations of Bastola and Cai (2018) in combination with the FJM
resulting in a sample containing 38,000 lattice nodes connected by 192,436 lattice springs
and 25 lattices in the shortest dimension. Numerical triaxial tests using various confining
pressures were performed to determine the desired input parameters. First, the UCSrock
and Young’s modulus were calibrated at zero confining pressure, followed by multiple
runs at increasing confining pressures to calibrate the friction angle and cohesion. The
applied LS-SRM modeling workflow for the intact rock calibration on the laboratory scale
is described in Section 4.5.3. Simulations were carried out using the FJM at a constant
loading rate of 0.01m/s. The applied lattice input parameters are given in Table 5.10.

Table 5.10: Lattice input parameters used for the intact rock calibration for the Remlingen sandstone.
Input parameter LS-SRM Intact rock (laboratory scale)
Young’s modulus [GPa] 13

UCSrock [MPa] 51
Tensile strength [MPa] 6.5

Density [kg/m3] 2296
Porosity [%] 12

Peak friction angle of flat joint [°] 41
Residual friction angle of flat joint [°] 0

Radius multiplier [-] 0.9
Loading rate [m/s] 0.01

Calibration of intact rock on laboratory scale resulted in good agreement with the results
obtained by rock mechanical testing as presented in Figure 5.11 and Table 5.11. In order to
determine the UCSrock and Young’s modulus unconfined compression tests were performed
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using the input parameters presented in Table 5.10. As shown in Figure 5.11a, the numerical
unconfined compression experiments yielded an UCSrock value of 100MPa and Young’s
modulus of 16GPa. The stress-strain curves from the intact sandstone in the laboratory test
and the numerical model do not coincide due to the initial elastoplastic stage caused by
initial crack closure of the laboratory specimens, which is not accounted for in the LS-SRM
models. However, the maximum stress level (UCSrock) as well as the slope in the elastic part
of the curve are very similar.

Figure 5.11: Results of the intact rock models on laboratory scale for the Remlingen sandstone. (a)
Stress-strain curve for the intact rock measured in the laboratory and the LS-SRMmodel
including the evolution in the number of cracks. (b) Results of triaxial experiments at
various confining pressures from the LS-SRM models.

Since the FJM was used, the tensile strength remained unchanged at the input value
of 5.7MPa. In order to determine the cohesion and the angle of internal friction of the
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intact rock, several tests at increasing confining pressure were performed as described in
Section 4.5.3. The confining pressures applied ranged between 2.5 and 20MPa, resulting
in a cohesion of 23.4MPa and an angle of internal friction of 41 ° using the Mohr-Coulomb
theory. A good correlation was achieved compared to the results of the triaxial experiments
carried out in the laboratory (Figure 5.11b).

Table 5.11: Results of the intact rock calibration for the intact laboratory scale LS-SRM samples for
the Remlingen sandstone.

Parameter Output value LS-SRM Target value laboratory
Young’s modulus [GPa] 16.0 15.8

UCSrock [MPa] 100.1 98.9
Cohesion [MPa] 23.4 23.6

Peak friction angle of flat joint [°] 41 42.6

Calibration of intact rock properties for Remlingen on the rock mass scale
The dimensions of the synthetic rock mass model were set equal to the DFN model domain,

i.e., 50m × 50m × 50m (width × length × height), in order to adequately compare it
to the previously obtained results. Since the dimensions of the LS-SRM models on the
rock mass scale are significantly larger than those of the intact rock at laboratory scale,
calibration and adjustment of the input parameters for the rock mass scale are required
prior to the consideration of fractures. The applied LS-SRM modeling workflow for the
intact rock mass calibration is described in Section 4.5.3.

The work of Bastola et al. (2020) has shown that there is no significant scale effect on the
UCSmass and the deformation modulus for massive intact and fractured rocks if a sufficient
lattice resolution is adapted. In order to investigate the influence of the lattice resolution on
the strength of the intact rock mass as well as the deformation modulus, several simulations
with resolutions ranging from 300 to 80 cm using the input parameters given in Table 5.10
were carried out. As shown in Figure 5.12, the parameters do not change significantly
beyond a lattice resolution of 120 cm and remain at a constant level. Therefore, a lattice
resolution of 110 cm was adopted using the FJM. The applied lattice input parameters for
the rock mass models are shown in Table 5.12.
As shown in Table 5.13, the calibration of the intact rock on the rock mass scale, i.e.,

a massive cube of 50m edge length, was accomplished by slightly adjusting the input
parameters. Again, unconfined pressure tests were performed to determine the UCSmass
and the deformation modulus of the intact rock mass (Figure 5.13). An UCSmass of 80.3MPa
(about 80% of the intact material at laboratory scale) and 16GPa for the deformation
modulus were obtained. The calibration utilized increasing confining pressures from 2.5 to
10MPa resulting in a cohesion of 18.3MPa and a friction angle of 40.8 °, which are matching
the target values (Figure 5.13, Table 5.13).
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Figure 5.12: Sensitivity analysis for the rock mass strength and the deformation modulus depending
on the lattice resolution for the Remlingen sandstone. The dotted black line marks the
adopted lattice resolution of 110 cm.

Table 5.12: Lattice input parameters used for the rock mass calibration for the Remlingen sandstone.
Input parameters LS-SRM Intact rock (rock mass scale)
Young’s modulus [GPa] 16.3

UCSrock [MPa] 53
Tensile strength [MPa] 6.5

Density[kg/m3] 2296
Porosity [%] 12

Peak friction angle of flat joint [°] 41
Residual friction angle of flat joint [°] 0

Radius multiplier [-] 0.9
Loading rate [m/s] 0.01

Table 5.13: Results of the intact rock mass calibration for the Remlingen sandstone.
Parameters Output value LS-SRM Target value rock mass

Young’s modulus [GPa] 16.0 15.8
UCSrock [MPa] 80.3 79.1
Cohesion [MPa] 18.3 18.9

Peak friction angle of flat joint [°] 40.8 42.6

Rock mechanical upscaling for Remlingen using the LS-SRM approach
After the calibration was successfully completed, the intact rock mass model was combined
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Figure 5.13: Results of the intact rock models on rock mass scale, i.e., a massive cube of 50m edge
length for the Remlingen sandstone. (a) Stress-strain curve for the intact rock including
the evolution of number of cracks. (b) Results of triaxial experiments using various
confining pressures.

with the DFN model utilized in the Oda-Geomechanics approach (see Section 5.1.4). Hence,
the DFN model as well as the SRM model were set to the same dimension, i.e., 50m ×
50m × 50m. Once the SRM and the DFN model were combined, unconfined pressure
experiments were performed to obtain the UCSmass and the deformation modulus of the
fractured rock mass, respectively. As described in Section 4.5.3, three experiments were
conducted in order to investigate the potential computed range using the same input
parameters followed by a sensitivity analysis regarding poorly constrained input parameters
(Table 5.14). The findings obtained were then compared to predictions resulting from the
empirical approaches (Section 5.1.3) as well as from the DFN-Oda-Geomechanics approach
(Section 5.1.4) in order to investigate if the input parameteres needed to be recalibrated
and adjusted (Section 4.5.3).
Considering the modeling results obtained by combining the SRM model with the DFN
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Table 5.14: Input parameters for the sensitivity analysis of the DFN properties for the LS-SRM
rock mass models for the Remlingen sandstone. Colored boxes indicate which fracture
parameter was changed.

Model Intensity P32 [m-1] Fracture stiffness
Kn/Ks [MPa/mm] Equivalent radius [m]

1 0.28 / 0.24 / 0.20 7.1 / 0.7 7.63 / 6.97 / 50.00
2 0.28 / 0.24 / 0.20 7.1 / 0.7 7.63 / 6.97 / 50.00
3 0.28 / 0.24 / 0.20 7.1 / 0.7 7.63 / 6.97 / 50.00
4 0.28 / 0.24 / 0.20 17.1 / 1.7 7.63 / 6.97 / 50.00
5 0.28 / 0.24 / 0.20 3.5 / 0.4 7.63 / 6.97 / 50.00
6 0.25 / 0.21 / 0.17 7.1 / 0.7 7.63 / 6.97 / 50.00
7 0.31 / 0.27 / 0.23 7.1 / 0.7 7.63 / 6.97 / 50.00
8 0.28 / 0.24 / 0.20 7.1 / 0.7 9.00 / 8.5 / 55.00
9 0.28 / 0.24 / 0.20 7.1 / 0.7 6.00 / 5.50 / 45.00
10 0.25 / 0.21 / 0.17 17.1 / 1.7 7.63 / 6.97 / 50.00
11 0.31 / 0.27 / 0.23 3.5 / 0.4 7.63 / 6.97 / 50.00
12 0.31 / 0.27 / 0.23 17.1 / 1.7 7.63 / 6.97 / 50.00
13 0.25 / 0.21 / 0.17 3.5 / 0.4 7.63 / 6.97 / 50.00

model, significantly lower values emerge, along with a different stress-strain curve pattern
compared to the models of the intact specimens on the laboratory as well as on the rock mass
scale (Figure 5.14). The calculated rock mass strength indicates a reduction of approximately
75% of the fractured rock mass compared to the intact material with an average value of
23.2MPa (Table 5.15). The computed values range from 16 to 31MPa. A similar picture
emerges with respect to the deformation modulus of the fractured rock mass. The calculated
deformation modulus, having an average value of 2.9GPa, is almost 80% lower than the
Young’s modulus of the intact rock (Table 5.15).

Figure 5.14: (a) Stress-strain curve for the fractured rock mass including the evolution of number of
cracks for the Remlingen sandstone. (b) Displacement field of the calculated model
with fracture traces of the incorporated DFN model shown in black.
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Table 5.15: Results of the rock mass properties using the LS-SRM model in combination with the
DFN model compared to the intact rock properties determined in the laboratory for the
Remlingen sandstone.

Parameter Value
UCSrock [MPa] 98.9 ± 8.0
UCSmass [MPa] 23.2 ± 4.1

Young’s modulus [GPa] 15.8 ± 0.8
Deformation modulus [GPa] 2.9 ± 1.0

Results of the sensitivity analysis indicate that the increase or reduction of fracture size,
according to Table 5.14, has no significant impact on the calculated rock mass parameters.
The computed results are only slightly different from those of the standard case. Varying the
intensity and the fractures stiffness in the DFN model comparatively affects the rock mass
strength and the deformation modulus to a larger extent. Models with low intensity and high
fracture stiffness as well as models with high intensity and low fracture stiffness display the
greatest influence on the rock mass characteristics. Utilizing these two cases, the calculated
rock mass strength ranges from approximately 18 to 31MPa while the deformation modulus
ranges from 1.3 to 4.5GPa.

Comparison of the LS-SRM approach with the DFN-Oda-Geomechanics approach and
empirical relationships based on rock mass classification schemes

Comparison of rock mass strength. A validation of the calculated UCSmass values by
the LS-SRM models of the fractured rock mass was performed by comparison to results
gained by empirical formulations based on various rock mass classification schemes (Table
5.16). For this purpose, five different formulas based on the RMR and the GSI were chosen
to cover a wide range of possible empirically calculated outcomes. Comparing the UCSmass
values calculated using the LS-SRM approach with those derived from the empirical rock
mass classifications, a good agreement was achieved. The empirical formulas as well as
the LS-SRM approach predict a significant reduction of the UCSmass (Table 5.16). The
calculated values range from 16 to 47% of the intact rock strength. The calculated UCSmass
using the LS-SRM approach of 23.2MPa is therefore consistent with this range confirming
that the results are reasonable (Figure 5.15). As mentioned previously, the comparison
was further used to determine if the mechanical properties of the DFN model need to be
adjusted. To achieve a better agreement, several models were selected according to the
sensitivity analysis showing the greatest impact on the results. Within these models, the
fracture normal stiffness and shear stiffness were increased by a factor of three (labeled
as LS-SRM adapted). The increase in fracture stiffness had only minor implications on the
rock mass strength resulting in a slightly better fit as shown in Table 5.16 and Figure 5.15.
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Table 5.16: Comparison of the rock mass strength using the LS-SRM approach and empirical equa-
tions based on empirical rock mass classification schemes for the Remlingen sandstone.

Source Approach or formula UCSmass [MPa]

LS-SRM 23.2 ± 4.1
LS-SRM (adapted) 28.0 ± 4.5

Hoek et al. (2002) �cm = �ci ⇥ s
a 27.6 ± 3.8

Ramamurthy (1986) �cm = �ci ⇥ e

⇣
RMR�100

18.75

⌘

27.6 ± 3.7
Zhang (2010a) �cm = �ci ⇥ 0.036 e

�
GSI
30

�
46.4 ± 4.9

Yudbhir et al. (1983) �cm = �ci ⇥ e
7.65

⇣
RMR�100

100

⌘

16.0 ± 2.8
Kalamaras and Bieniawski (1995) �cm = �ci ⇥ e

(RMR�100)
24 36.5 ± 4.3

Figure 5.15: Comparison of measured intact rock and calculated rock mass strengths using the
different upscaling approaches for the Remlingen sandstone.

Comparison of deformation modulus. Validation of the calculated values for the de-
formation modulus by the LS-SRM models of the fractured rock mass were achieved by
comparing them to predicted outcomes of empirical formulations based on rock mass classi-
fications and the results of the DFN-Oda-Geomechanics approach (Table 5.17 and Figure
5.16). Five different formulas based on the RMR, GSI and Q-system were selected since
they cover a wide range of classifications and, as already shown above, provided plausible
results in comparison to the DFN-Oda-Geomechanics approach.
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Table 5.17: Comparison of the rock mass deformation modulus using the LS-SRM approach, DFN-
Oda-Geomechanics approach and empirical equations based on empirical rock mass
classification schemes for the Remlingen sandstone.

Source Approach or formula Deformation
modulus [GPa]

LS-SRM 2.8 ± 1.0
LS-SRM (adapted) 5.1 ± 1.9

DFN-Oda-Geomechanics 4.1 ± 2.5
Nicholson and Bieniawski (1990) Em = Ei

100

h
0.0028RMR

2 + 0.9e(
RMR
22.82 )

i
6.6 ± 0.6

Shen et al. (2012) Em = 1.14Ei e
�
⇣

RMR�116
41

⌘2

6.9 ± 0.8
Sonmez et al. (2006) Em = Ei10

(RMR�100)(100�RMR)

4000e(�RMR/100) 7.8 ± 0.9
Sonmez et al. (2004) Em = Ei (s)0.25 9.5 ± 0.6

Ajalloeian and Mohammadi (2014) Em = �0.016Q2 + 1.581Q+ 0.961 8.4 ± 2.1

Figure 5.16: Comparison of calculated deformation moduli using the different upscaling approaches
for the Remlingen sandstone.

In general, it can be observed that the results of the SRM models are in the lower range
with respect to the values obtained by the other approaches. The empirical equations
estimate an average value for the deformation modulus of about 6GPa, corresponding to
a reduction of about 60% compared to the intact material. However, the LS-SRM model
calculations predict a mean value of 2.9GPa, which is about half of the empirically calculated
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values. A better agreement is found by comparing the calculated values with those obtained
by the DFN-Oda-Geomechanics approach. The results of the LS-SRM models plot in the
middle to lower range of the values derived from this upscaling technique (Figure 5.16).
The DFN-Oda-Geomechanics approach shows a larger range, but the average values differ
only marginally. The increase in fracture stiffness by the factor three has a pronounced
effect on the deformation modulus predicted by the LS-SRM models. The calculated values
consequently correspond better to the calculated range of outcomes obtained by other
approaches applied (Table 5.17 and Figure 5.16).

5.2 Flechtingen

5.2.1 Terrestrial Laser Scanning

The outcrop in the Flechtingen quarry (Figure 5.17a) was surveyed from 11 set-up positions
(Figure 5.17b) in order to survey the outcrop in an adequate resolution. Following the
combination into a common point cloud and the removal of points that were reflected on
occluding objects and vegetation, the resulting adjusted point cloud consists of 18,057,301
points for the area under investigation (Figure 5.17c). The adjusted point cloud was
segmented (Figure 5.17d) and utilized to determine fracture orientation, size and intensity.
The predominant fracture network is characterized by three distinct discontinuity sets.

All three discontinuity sets (F1-F3) are aligned vertically (Table 5.18). Discontinuity set F1
strikes NE-SW and set F2 forms a conjugate fracture set that strikes NW-SE. Discontinuity
set F3 strikes N-S and the orientation thus deviates only slightly from set F1. The stereonet
of the Flechtingen outcrop is shown in Figure 5.18. No superimposed background noise
on the clusters was recognized. The orientation of the discontinuity sets was validated by
the fracture traces on a plane surface on top of the outcrop. Size analysis of the fractures
show a mean radius for set F1 and set F2 of 3.44 and 4.08m, respectively, following a
normal distribution (Table 5.18). Set F3 reveals an equivalent radius of 3.54 m following a
lognormal distribution. In order to determine fracture intensity, 18 virtual boreholes were
analyzed to compute the P10 and the corresponding P32 value (Table 5.18). Set F1 shows a
P32 value of 0.29m-1. Set F2 exhibits a slightly lower value of 0.23m-1, while set F3 shows
a P32 of 0.38m-1 resulting in the highest intensity. Analysis of fractures with respect to
orientation, size and intensity was performed for Flechtingen on 51 fracture surfaces.

5.2.2 Laboratory

The results of the laboratory tests are given in Table 5.19. Uniaxial tests, conducted in
accordance with Bieniawski and Bernede (1979), provided an UCSrock of 103.3MPa, a
Young’s modulus of 17.7GPa and Poisson’s ratio of 0.38 for the rock matrix. Triaxial tests
provided the strength of the intact rocks while direct shear tests yielded the strength of

95



Figure 5.17: (a) Part of the Flechtingen sandstone quarry located in northern Germany used for TLS
and rock sampling. (b) Colored point cloud derived from TLS including scan positions.
(c) Colored point cloud of outcrop with vegetation removed. (d) Segmented point
cloud indicating the different discontinuity sets grouped and colored according to their
orientation. In this study, only the vertical fractures were taken into account, since the
horizontal surfaces were created by the internal structure of the rock during excavation.

Table 5.18: Geometrical properties of the discontinuity sets for the Flechtingen sandstone (F1-3)
obtained in the field and by TLS point cloud analysis.

Orientation [°] Equivalent radius [m] P10 [m-1] P32 [m-1]
Field TLS TLS Field TLS TLS

F1 121/87 119/89 3.44 ± 1.78 (normal) - 0.21 0.29
F2 022/89 018/89 4.08 ± 2.29 (normal) - 0.17 0.23
F3 177/85 175/84 3.54 ± 1.51 (lognormal) - 0.28 0.38
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Figure 5.18: Stereonet (lower hemisphere plot) showing the fracture network orientation of the
Flechtingen sandstone.

the fracture surfaces (see Section 4.2). While the confining pressures used for triaxial
testing ranged from 5 to 30MPa, the applied normal stress used in the direct shear tests
ranged between 1.5 and 6.5MPa. The experiments yielded a cohesion of 24.5MPa as well
as friction angle of 40.1 ° for the intact rock. The cohesion and friction angle of the fractures
are 0.4MPa and 39 °, respectively. Based on these experiments, a fracture shear stiffness of
0.75MPa/mm and a normal stiffness of 7.5MPa/mm were obtained.

Table 5.19: Rock mechanical parameters including mean and standard deviation determined in the
laboratory for the Flechtingen sandstone (number of tests: Nu=uniaxial test, Nt=triaxial
test, Ns=direct shear test).

Parameter Flechtingen
Nu=13 / Nt=18 / Ns=16

UCSrock [MPa] 103.3 ± 8.4
Young’s modulus [GPa] 17.7 ± 4.4

Poisson’s ratio [-] 0.38 ± 0.05
Cohesionintact [MPa] 24.5
Friction angleintact [°] 40.1

Cohesionfracture 0.4
Friction anglefracture 39.0

Normal stiffness [MPa/mm] 7.5 ± 2.8
Shear stiffness [MPa/mm] 0.8 ± 0.3

Hydraulic rock and fracture parameters for the Flechtingen sandstone were determined
by a ReSalt project partner (Frank et al., 2020a; Frank et al., 2020b). Values for matrix and
fracture permeability, matrix porosity as well as fracture aperture are presented in Table
5.20.
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Table 5.20: Hydraulic parameters including mean and standard deviation for the Flechtingen sand-
stone (provided by Frank et al., 2020a; Frank et al., 2020b).

Parameter Flechtingen
Permeabilitymatrix [m2] 4.96•10-17 ± 1.01•10-18
Permeabilityfracture [m2] 1.30•10-9 ± 2.38•10-10

Porosity [%] 9.60 ± 0.10
Aperturefracture [µm] 130 ± 20

5.2.3 Rock Mass Classification Schemes

The results for the rock mass classification schemes determined in the field and the laboratory
are given in Table 5.21. As stated in Section 5.1.3, the RQD was set to 100 according
to Equation 4.14 for both sandstones treated in this thesis. Results of the Monte Carlo
simulation for the empirical rock mass classifications are presented in Table 5.22. Results
obtained for the Flechtingen sandstone exhibit a RMR of 73 and a GSI of 77. The Q-system
shows a value of 4. A range of ±5 was chosen for the RMR and GSI and ±4 for the Q-
System, respectively, which is similar to the calculated standard deviation of the Monte
Carlo simulation.

Table 5.21: Results for the input parameters for the various rock mass classification schemes for the
Flechtingen sandstone (GW = Groundwater, Q = Q-System).
RQD J89 Jr Ja UCS Spacing Condition GW Orientation Jn Jw SRF

RMR 12 15 18 10 -2
GSI 100 18 1.5 1
Q 100 1.5 1 9 1 5

Table 5.22: Results and corresponding range from Monte Carlo simulation of the calculated rock
mass classification schemes for the Flechtingen sandstone.

RQD RMR GSI Q-System
Flechtingen 100 73 ± 5 77± 5 4 ± 4

Results obtained by the Monte Carlo simulations for the empirical equations based on
the rock mass classification schemes for the rock mass strength are shown in Figure 5.19.
A significant reduction of the rock mass strength is predicted in comparison to the intact
value irrespective of the underlying classification scheme. Estimates of rock strength based
on RMR including intact rock strength show a slight variation and range from 15% to
approximately 40% of the intact rock strength. Among the formulas based on GSI along
with intact properties, the formula introduced by Hoek et al. (2002) matches the equations
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based on the RMR, while the equation presented by Zhang (2010a) predicts a reduction
of 55%. The equation introduced by Singh et al. (1997), solely based on the Q-system
without intact rock characteristics, estimates a drastic reduction in rock mass strength
similar to other equations. However, it should be noted that the range of values is the most
pronounced.

Figure 5.19: Results of the Monte Carlo simulation for the UCSmass using empirical relationships
based on rock mass classification schemes in relation to the initial UCSrock (yellow)
for the Flechtingen sandstone. The results are allocated to the different rock mass
classification schemes comprising RMR + intact rock (light blue), GSI + intact rock
(light green) and the Q-System (red).

Results of the Monte Carlo simulation for the empirical calculations of the deformation
modulus generally show an even more pronounced scattering compared to the empirical
calculations of the rock mass strength (Figure 5.20). Estimates of the rock mass deformation
modulus based solely on the RMR are found to be significantly larger than the actual
measured Young’s modulus of the intact rock in the laboratory. Some empirical relationships
based on the RMR including intact rock parameters reveal a reduction of nearly 50%,
whereas others predict only a minimal reduction of the deformation modulus. Similar
findings are derived by relationships employing the GSI. Empirical formulas for the rock
mass deformation modulus relying solely on the GSI exhibit values that are higher than
those of the intact rock. Empirical equations that incorporate intact rock parameters
indicate a substantial reduction in the predicted deformation modulus of the rock mass. An
exception is the equation proposed by Hoek and Brown (1997), that yields a deformation
modulus significantly higher compared to the Young’s modulus of the intact rock. Empirical
equations based on the Q-system show one value corresponding to the intact Young’s
modulus and the other one significantly reduced. Equations using the RQD scheme indicate
a slight decrease in the deformation modulus of the rock mass compared to the intact value.
Empirical equations based purely on the empirical classification schemes partly show higher,
but mainly slightly lower or somewhat equivalent values to the intact rock. By contrast,
equations incorporating intact rock properties predict a certain reduction, or in some cases
even a substantial reduction of the deformation modulus.
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Figure 5.20: Results of the Monte Carlo simulation for the deformation modulus using empirical
relationships based on rock mass classification schemes in relation to the initial Young’s
modulus (yellow) for the Flechtingen sandstone. The results are allocated to the
different rock mass classification schemes comprising RMR (dark blue), RMR + intact
rock (light blue), GSI (dark green), GSI + intact rock (light green), Q-System (red)
and RQD (magenta).

5.2.4 Discrete Fracture Network Modeling

The model domain of the DFN models for the Flechtingen case study comprises a cube with
an edge length of 50m positioned in the center of the quarry (Figure 5.21). After the DFN
model for Flechtingen was generated and validated based on the field and laboratory work
(see below), simulations were performed by using a 1 x 1 x 1 model (50 x 50 x 50m3 voxel
volume, Fle1) and a 10 x 10 x 10 (5 x 5 x 5m3 voxel volume, Fle10) model. The workflow
applied was equal to the workflow described in Section 5.1.4 and is therefore not further
explained in this section.
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Figure 5.21: (a) Verified DFN model (50 x 50 x 50m3) showing the stochastic fracture network
including three vertical fracture sets for the Flechtingen sandstone. (b) Top view of the
DFN model. (c) Fle1 model showing the superimposed 1 x 1 x 1 grid (50 x 50 x 50m3)
and the fracture traces of the underlying DFN model. (d) Fle10 model showing the
superimposed 10 x 10 x 10 grid (5 x 5 x 5m3) and the fracture traces for each voxel.

Validation of DFN model
The validation of the geometric characteristics of the generated DFNmodel for Flechtingen

is presented in Figure 5.22 and Table 5.23. The generated stereonet (Figure 5.22a) as well as
the obtained orientation of the fractures in the DFN model indicate a good agreement with
data generated by TLS and field work (see Section 5.2.1). Validation of fracture intensity is
performed by plotting 15 virtual boreholes across the underlying DFN model (Figure 5.22b)
comparing the corresponding P10 value to the P10 values obtained from the point cloud
data (Table 5.23). Good agreement is observed with a maximum deviation of 10%. The
size distribution of each generated fracture set (Figure 5.22c) was compared against the
results of the RANSAC algorithm (Table 5.23). Considering the computed mean values, a
good agreement with a maximum difference of 3% can be observed.
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Figure 5.22: Validation of the geometric properties of the DFN model for the Flechtingen sandstone.
Results of set F1 are shown in green, set F2 in yellow and set F3 in red. (a) Stereogram
of the fracture network of the DFN Model. (b) Exemplary drilling across the DFN model.
(c) Size distribution of the fracture sets.

Table 5.23: Validation of the geometric analysis of the DFN model in terms of orientation, intensity
and size of the fracture sets compared to the TLS analysis for the Flechtingen sandstone.
Dip direction / Dip angle [°] Intensity P10 [m-1] Equivalent radius [m]
DFN TLS DFN Field DFN TLS

F1 118/89 119/89 0.23 0.21 3.38 ± 1.73 3.44 ± 1.78
F2 018/88 018/89 0.18 0.17 4.03 ± 2.04 4.08 ± 2.29
F3 178/84 175/84 0.30 0.28 3.48 ± 1.41 3.54 ± 1.51

Hydraulic upscaling of the Flechtingen sandstone using the Total-Oda-Gold-Permeability
approach
Results of the hydraulic upscaling and the corresponding permeability distribution for

the Fle10 model including Kxx, Kyy and Kzz are illustrated in Figure 5.23. The calculated
mean, minimum and maximum values of the 1000 voxels for each of the components of the
permeability tensor as well as the calculated rock mass permeabilities for the Fle 10 and
Fle1 model domain is provided in Table 5.24. For the Flechtingen sandstone permeabilities
in the Kxx and Kzz direction differ only marginally. The mean values for Kxx and Kzz are
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1.13•10-13 m2 and 1.56•10-13 m2, respectively. The permeability in the Kyy direction is
lower by one magnitude with an average value of 4.46•10-14 m2. The maximum value of
3.97•10-13 m2 is obtained for the Kzz direction. The calculated permeabilities for the Fle1
model are nearly identical to the corresponding directions of the Fle10 model (Table 5.24).

Figure 5.23: Hydraulic modeling results of the Fle10 model showing the permeability tensor cal-
culated from the DFN model using the Total-Oda-Gold-Permeability approach for the
Flechtingen sandstone. (a) Kxx, i.e., permeability in W-E direction. (b) Kyy, i.e., perme-
ability in N-S direction. (c) Kzz, i.e., permeability in vertical direction. The figures show
an oblique view towards the NE of the model domain.

Table 5.24: Mean, minimum and maximum values of the calculated permeabilities using the Total-
Oda-Gold-Permeability approach for the Fle10 as well as the Fle1 model for the Flechtin-
gen sandstone.

Fle10 Fle1
Mean Minimum Maximum Mean

Kxx[m2] 1.13•10-13 4.57•10-17 3.24•10-13 1.17•10-13
Kyy[m2] 4.46•10-14 4.47•10-17 1.56•10-13 4.75•10-14
Kzz[m2] 1.56•10-13 4.52•10-17 3.97•10-13 1.59•10-13
Kxy[m2] 1.55•10-14 -4.54•10-14 9.66•10-14 1.56•10-14
Kyz[m2] -6.00•10-15 -3.67•10-14 1.08•10-14 -6.12•10-15
Kzx[m2] 1.39•10-15 -1.24•10-14 1.48•10-14 1.38•10-15

Mechanical upscaling of the Flechtingen sandstone using the Oda-Geomechanics
approach
The application of the Oda-Geomechanics approach for the Flechtingen sandstone and

the assumption of VTI symmetry yielded slightly different elastic parameters in longitudinal
as well as transverse directions. The corresponding modeling results for the deformation
modulus are shown in Figure 5.24a and Table 5.25. The transverse deformation modulus
ranges from 2.2 to 8.5GPa, while the longitudinal deformation modulus is significantly
larger and ranges between 9.2 and 18.9GPa. A similar trend is observed in the mean value
of the transverse deformation modulus being 4.8GPa compared to a mean value of 13.6GPa
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for the longitudinal deformation modulus. Upscaling using the isotropic approach led to
a mean value of 6.1GPa. It is noticeable that a significant reduction in the deformation
modulus of fractured rock mass is only observed for the transverse deformation modulus
compared to the Young’s modulus. However, the longitudinal deformation modulus exhibits
minor reduction leading to an anisotropic behavior.

Figure 5.24: (a) Results for the calculated deformation modulus using the VTI and isotropic upscaling
approaches based on the Fle1 model of the Flechtingen sandstone. (b) Corresponding
results for the calculated Poisson’s ratio.

The corresponding modeling results for the Poisson’s ratio in both transverse (xy) and
longitudinal (xz) direction are shown in Figure 5.24b and Table 5.25. The transverse
Poisson’s ratio ranges between 0.52 and 0.59, while the longitudinal ratio ranges between
0.33 and 0.44. This discrepancy is also reflected in the mean values. The transverse Poisson’s
ratio is 0.56, while the longitudinal is 0.39. The isotropic upscaling approach indicates a
mean value for the Flechtingen sandstone of 0.36.

Table 5.25: Results of DFN modeling including mean and standard deviation for the deformation
modulus and Poisson’s ratio using the VTI and isotropic approach on the Fle1 model (1
x 1 x 1 grid voxel).

VTI transverse / xy VTI longitudinal / xz Isotropic
Deformation modulus [GPa] 4.8 ± 2.1 13.6 ± 3.1 6.1 ± 2.2

Poisson’s ratio [-] 0.56 ± 0.03 0.39 ± 0.03 0.36 ± 0.02

Mechanical upscaling of the Flechtingen sandstone using the Oda-Geomechanics
approach with higher spatial resolution
Considering the Flechtingen case study, the contribution of the fracture network on

the mechanical properties and their spatial variability was investigated by upscaling the
properties to a grid of 10 x 10 x 10 voxels (Fle10) while the overall geometry of the
DFN base model with an edge length of 50m remained unchanged. The corresponding
modeling results for the deformation modulus and Poisson’s ratio are shown in Table 5.26
and Figure 5.25. The longitudinal deformation modulus ranges from 8.9 to 17.6GPa, which
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is significantly higher than the transverse deformation modulus. The latter exhibits values
in the range of 2.1 to 11.4GPa. This is also reflected in the mean values, with a longitudinal
deformation modulus of 14.3GPa compared to a mean value of 5GPa for the transverse
deformation modulus.

Table 5.26: Results of DFN modeling including mean and standard deviation, minimum as well as
maximum values of the deformation modulus and Poisson’s ratio for the Flechtingen
sandstone using the Fle10 model (10 x 10 x 10 voxels).

Mean Minimum Maximum
Longitudinal deformation modulus [GPa] 14.3 ± 1.6 8.9 17.6
Transverse deformation modulus [GPa] 5.0 ± 1.5 2.1 11.4

Poisson’s ratio xz [-] 0.39 ± 0.01 0.36 0.42
Poisson’s ratio xy [-] 0.55 ± 0.04 0.40 0.64

Isotropic deformation modulus [GPa] 6.5 ± 1.4 3.4 12.1
Isotropic Poisson’s ratio [-] 0.36 ± 0.01 0.23 0.39

In addition to this anisotropy, a noticeable spatial variability can be observed, which is
approximately the same for both directions. This spatial variability, illustrated by the grid
voxels, becomes more pronounced when the minima and maxima are considered. Some
model parts display a rock mass deformation modulus of 2 to 4GPa, while in other parts
it corresponds to the isotropic intact Young’s modulus without any attenuation. Likewise,
upscaling with the isotropic approach yields an average value of 6.5GPa, that reveals a
certain spatial variability. The Poisson’s ratio in the longitudinal direction (xz) averages
0.39, whereas in the transverse direction (xy) it averages 0.55. The isotropic upscaling
approach yielded a mean value of 0.36 for the Flechtingen sandstone.

Comparison between rock mass deformation moduli derived from DFN modeling and
from empirical relationships based on rock mass classification schemes
The results obtained from the empirical classifications with respect to the deformation

modulus were compared against the results derived from the DFN models. It was demon-
strated that the results of the empirical equations, that include intact rock parameters, are
in agreement with the results of the DFN models or cover a comparable range of values
(Figure 5.26). Results for the Flechtingen sandstone exhibit similar results for the transversal
and isotropic deformation modulus of the DFN models. Only the calculated longitudinal
deformation modulus exhibits elevated values. However, it is still in agreement with the
results of the empirical equations, being lower than the intact Young’s modulus. The range
of possible outcomes appears to be clearly reduced in comparison to the predicted outcomes
of the empirical relationships on the basis of the rock mass classification schemes.
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Figure 5.25: DFN modeling results for the Fle10 model (10 x 10 x 10 voxels) based on the Oda-
Geomechanics approach. (a) Deformation modulus with its associated Poisson’s ratio
in longitudinal direction and (b) transverse direction assuming VTI symmetry. (c)
Isotropic deformation modulus with its associated Poisson’s ratio.
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Figure 5.26: Results of the Monte Carlo simulation for the deformation modulus based on empirical
relationships using rock mass classifications and the DFN models in relation to the initial
Young’s modulus (yellow) for the Flechtingen sandstone. The results are allocated to
the different rock mass classification schemes comprising RMR (dark blue), RMR +
intact rock (light blue), GSI (dark green), GSI + intact rock (light green), Q-System
(red), RQD (magenta) and DFN models (grey).

Block shape analysis
By analyzing 1361 blocks, the block shape analysis for the Flechtingen sandstone produced

an average ↵s of 1.1 and �s value of 4.1. The computed range for ↵s of 1 to 4.3 is smaller
compared to the range from 1 to 9.7 obtained for �s. The average volume of the blocks is
91.8m3.

5.2.5 Lattice-Spring-Based Synthetic Rock Mass Modeling

Calibration of intact rock properties for Flechtingen on the laboratory scale
For the application of the LS-SRM approach for the Flechtingen sandstone, the same

procedure as described for the Remlingen sandstone in Section 5.1.5 was applied. The
intact laboratory scale rock was calibrated having the same dimensions as the laboratory
samples, i.e., 0.055m × 0.055m × 0.01m (width × length × height). A resolution of
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2.3mm was applied using the Voronoi tessellation, resulting in a number of 38,000 lattice
nodes and 192,436 lattice springs. The input parameters and the resulting mechanical
properties on the intact laboratory scale of the LS-SRM simulations are given in Table 5.27.
Good agreement with the laboratory tests was achieved.

Table 5.27: Results of the intact rock calibration for the intact laboratory scale LS-SRM samples for
the Flechtingen sandstone.

Parameter Input value Output value Target value laboratory
Young’s modulus [GPa] 14.0 17.4 17.7

UCSrock [MPa] 53 104.0 103.3
Cohesion [MPa] - 24.6 24.5

Peak friction angle flat joint [°] 40 39.7 40.1

Calibration of intact rock properties for Flechtingen on the rock mass scale
Following the successful calibration of the intact rock on the laboratory scale, the model

was calibrated on the rock mass scale. The workflow carried out for this purpose is described
in detail in Section 4.5.3. For the rock mass model, a cube was selected with an edge length
of 50m. The resolution was set to 110 cm based on the sensitivity analysis described in
Section 5.1.5. The model exhibits 116,429 lattice nodes and 815,478 lattice springs. The
input parameters and mechanical properties of the intact rock mass scale model are shown
in Table 5.28.

Table 5.28: Results of the intact rock mass calibration for the Flechtingen sandstone.
Parameter Input value Output value Target value rock mass

Young’s Modulus [GPa] 18.0 17.5 17.7
UCSrock [MPa] 55 81 82.6
Cohesion [MPa] - 19.5 19.6

Peak friction angle of flat joint [°] 40 38.8 40.1

Rock mechanical upscaling for Flechtingen using the LS-SRM approach
Once the calibration of the intact rock mass was completed, it was merged with the DFN

model described in Section 4.5.3. Subsequently, unconfined pressure experiments were
performed in order to determine the rock mass strength and the deformation modulus. A
sensitivity analysis was performed to investigate the influence of fracture intensity, fracture
size and fracture stiffness (see also Section 5.1.5). In addition, based on the results obtained
by the SRMmodels from Flechtingen, simulations were carried out by increasing the fracture
stiffness by the factor three. Modeling results indicate on the one hand, a pronounced
reduction in mechanical properties and, on the other hand, a different stress-strain curve
pattern compared to the models of the intact specimens, both at laboratory and rock mass
scales (Figure 5.27).
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Figure 5.27: (a) Stress-strain curve for the fractured rock mass including the evolution of number of
cracks for the Flechtingen sandstone. (b) Displacement field of the calculated model
with fracture traces of the incorporated DFN model shown in black.

The calculated strength of the rock mass exhibits a reduction of approximately 82% of
the fractured rock mass compared to the intact specimen with an average value of 18.8MPa
(Table 5.29). The calculated values range from 14 to 25MPa. The deformation modulus of
the fractured rock reveals a similar behavior. The calculated deformation modulus, with a
mean value of 8.7GPa, is approximately 50% lower than the Young’s modulus of the intact
rock (Table 5.29).

Table 5.29: Results of the rock mass properties using the LS-SRM model in combination with the
DFN model for the Flechtingen sandstone.

Parameter Value
UCSrock [MPa] 103.3 ± 8.4
UCSmass [MPa] 18.8 ± 3.8

Young’s modulus [GPa] 17.7 ± 4.4
Deformation modulus [GPa] 8.7 ± 0.8

Results of the sensitivity analysis indicate that the change in stiffness by itself does not
significantly affect the calculated values. The increase or decrease in stiffness only has an
effect when combined with other parameters. The fracture intensity and the fracture size
show a larger influence on the calculated rock parameters. Models with high intensity and
low fracture stiffness, as well as models with a small size and high fracture stiffness show
the greatest influence on the rock mass properties. Using these two cases, the calculated
strength of the rock ranges from 14 to 25MPa while the deformation modulus ranges from
7.5 to 10.1GPa.
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Comparison of the LS-SRM approach with the DFN-Oda-Geomechanics approach and
empirical relationships based on rock mass classification schemes

Comparison of rock mass strength. Comparing the rock mass strengths computed
using the LS-SRM approach with those derived by the empirical relationships based on the
empirical rock mass classifications, a good level of agreement is demonstrated as shown in
Table 5.30 and Figure 5.28. Both, the empirical equations and the LS-SRM approach predict
a significant reduction in rock mass strength. The calculated values vary from 15 to 53%
of the strength of the intact rock. The UCSmass of 18.8MPa calculated using the LS-SRM
approach agrees well with this range and verifies that the obtained results are reasonable.
The increase in fracture stiffness by a factor of three (LS-SRM adapted) has a minor effect
on the rock mass strength by an increase of 2MPa.

Table 5.30: Comparison of the rock mass strength using the LS-SRM approach and empirical equa-
tions based on empirical rock mass classification schemes for the Flechtingen sandstone.

Source Approach or formula UCSmass [MPa]

LS-SRM 18.8 ± 3.8
LS-SRM (adapted) 20.7 ± 4.1

Hoek et al. (2002) �cm = �ci ⇥ s
a 28.9 ± 4.0

Ramamurthy (1986) �cm = �ci ⇥ e

⇣
RMR�100

18.75

⌘

24.6 ± 3.3
Zhang (2010a) �cm = �ci ⇥ 0.036 e

�
GSI
30

�
48.5 ± 5.1

Yudbhir et al. (1983) �cm = �ci ⇥ e
7.65

⇣
RMR�100

100

⌘

13.2 ± 2.3
Kalamaras and Bieniawski (1995) �cm = �ci ⇥ e

(RMR�100)
24 33.6 ± 3.9

Comparison of deformation modulus. The validation of the deformation modulus
calculated by the LS-SRM models for the fractured rock mass was carried out by comparison
with results derived from empirical formulations based on rock mass classifications as well
as with the results obtained by the DFN-Oda-Geomechanics approach (Table 5.31). In
general, it can be observed that the results of the SRM models plot in the upper range
compared to the values of the empirical estimates (Figure 5.29). The empirical equations
predict an average value of about 7.5GPa for the deformation modulus, that corresponds
to a reduction of about 57% compared to the intact material (Table 5.19). In this case,
the SRM model simulations predict a mean value of 8.7GPa, which is slightly higher than
the mean value of the empirical calculations. However, the comparison with the DFN-Oda-
Geomechanics approach indicates a higher deviation. The results of the LS-SRM models
plot in the lower range of the values derived from this upscaling technique. In addition, the
DFN-Oda-Geomechanics approach shows a significantly larger span. Increasing the fracture
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stiffness by a factor of three has almost no effect on the calculated deformation modulus
from the LS-SRM models. The calculated values differ by 0.2GPa.

Figure 5.28: Comparison of measured intact rock and calculated rock mass strengths using the
different upscaling approaches for the Flechtingen sandstone.

Table 5.31: Comparison of the rock mass deformation modulus using the LS-SRM approach, DFN-
Oda-Geomechanics approach and empirical equations based on empirical rock mass
classification schemes for the Flechtingen sandstone.

Source Approach or formula Deformation
Modulus [GPa]

LS-SRM 8.7 ± 0.8
LS-SRM (adapted) 8.9 ± 0.8

DFN-Oda-Geomechanics 13.6 ± 3.1
Nicholson and Bieniawski (1990) Em = Ei

100

h
0.0028RMR

2 + 0.9e(
RMR
22.82 )

i
6.6 ± 1.0

Shen et al. (2012) Em = 1.14Ei e
�
⇣

RMR�116
41

⌘2

6.7 ± 1.1
Sonmez et al. (2006) Em = Ei10

(RMR�100)(100�RMR)

4000e(�RMR/100) 7.4 ± 1.3
Sonmez et al. (2004) Em = Ei (s)0.25 10.6 ± 1.5

Ajalloeian and Mohammadi (2014) Em = �0.016Q2 + 1.581Q+ 0.961 7.0 ± 1.7

Investigating the influence of the fracture network orientation
Utilizing the Flechtingen sandstone, the effect of the fracture network orientation upon

the rock mass strength and the deformation modulus was studied using the LS-SRM method.
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Figure 5.29: Comparison of calculated deformation moduli using the different upscaling approaches
for the Flechtingen sandstone.

For this purpose, the model was subjected to loading from x-, y- and z- direction, respectively,
resulting in three different configurations of the fracture network exhibiting a different
amount of vertical and horizontal orientated fractures (Figure 5.30). For each orientation
(x,y,z), the simulations were performed applying the standard values (Table 5.18 and Table
5.19) as well as the increased fracture stiffness (by factor three) in order to obtain the
influence of the fracture stiffness in relation to the fracture network orientation.
Results derived from the simulations are shown in Figure 5.31. Loading in x-direction

shows the lowest calculated rock mass strength in comparison to DFN realizations in y-
and z-direction. Using the input parameters considered as most likely, the estimated rock
mass strength is 7MPa. An increase in fracture stiffness led to an increase of the rock mass
strength up to 12.7MPa indicating an increase of approximately 75%. The greatest impact
in terms of increasing the fracture stiffness was observed for loading in y-direction. The
standard rock mass strength is 11.7GPa, however, the increase in stiffness almost doubled
the strength and yielded a value of 23.1GPa. This value also represents the maximum value
obtained for the three DFN realizations. The influence of the fracture stiffness upon the DFN
model in z-direction is relatively low. The estimated rock mass strength merely increases
from 15.7 to 17.1MPa.

A similar behavior was observed for the deformation modulus. The calculated values for
the x- and y-direction appear to behave similarly as described above. The increase in fracture
stiffness for the DFN model in the x-direction yielded almost a doubling of the deformation
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Figure 5.30: Generated DFN models for the respective loading directions and the corresponding dip
angles of the various fracture sets for the Flechtingen sandstone. (a) DFN model in the x-
direction showing one vertical fracture set, one almost as well as one horizontal fracture
set. (b) DFN model in the y-direction comprising one vertical and two horizontal
fracture sets. (c) DFN model in z-direction showing three vertical orientated fracture
sets.

modulus from 2.8 to 5.7GPa. The strongest increase was observed in the DFN model in
y-direction. In general, the derived values are lower than the corresponding values of the
fracture network realizations in x- and y-direction. Using the input parameters considered
as most likely, a deformation modulus of about 1.7GPa was obtained. The increase in
fracture stiffness by a factor of three similarly increased the calculated deformation modulus
by nearly the same factor and thus reveals the largest influence by the fracture stiffness.
The impact of increasing the fracture stiffness observed in z-direction is significantly lower
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compared to the x- and y-direction. The deformation modulus in z-direction increases from
8.2 to 8.6GPa and hence remains more or less the same.

Figure 5.31: Results obtained using DFN models with different loading directions for (a) the rock
mass strength as well as (b) the deformation modulus for the Flechtingen sandstone.
The abbreviation std indicates the standard fracture stiffness obtained in the laboratory
experiments and x3 represents the increase in fracture stiffness by the factor three.

5.3 Reinersreuth

5.3.1 Terrestrial Laser Scanning

The Reinersreuth granite quarry (Figure 5.32a) was surveyed with the TLS VZ 400 (RIEGL
GmbH, 2017) combined with a mounted camera (Nikon D700). Seven set-up positions of
the laser scanner were required to capture the outcrop in sufficient detail and minimize
shadow areas. The data obtained in the field was processed and brought into one common
coordinate system through registration and georeferencing (Figure 5.32b). Vegetation and
points that were reflected on occluding objects were removed from the TLS data (Figure
5.32c). The adjusted point cloud was used to segment the point cloud (Figure 5.32d) and to
determine the orientation of the fractures, fracture size and fracture intensity as described
in Section 4.1.1.
Dip direction and dip angle of the normal vectors detected by the plane patch filter are

visualized as lower hemisphere plots in Figure 5.33. By means of a cluster analysis the
orientation of the main discontinuity sets was determined (Table 5.32). The predominant
fracture network is characterized by three distinctive discontinuity sets: two subvertical
discontinuity sets (A and B) and one sub-horizontal set (C). Discontinuity set A strikes
NW-SE and is dominating. Set B forms a conjugate fracture set striking NE-SW and is least
abundant. Discontinuity set C is sub-parallel to the earth’s surface.
As shown in Figure 5.33a, three distinct clusters were detected by the point cloud anal-

ysis. This confirms that the analysis has indeed utilized surfaces related to the prevalent
natural fracture network, since an irregular distribution of pole points (‘background noise’)
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Figure 5.32: (a) Part of the Reinersreuth granite quarry in eastern Germany used for TLS and
rock sampling. (b) Colored point cloud derived from TLS including scan positions.
(c) Colored point cloud of outcrop with vegetation removed. (d) Segmented point
cloud indicating the different discontinuity sets grouped and colored according to their
orientation.

superimposed by the clusters would indicate that arbitrarily oriented surfaces resulting,
e.g., from blasting operations, are detected as well. This is further supported by comparing
the obtained measurements from the case study to fracture patterns observed in various
outcrops in the surrounding of the Fichtelgebirge (Vollbrecht et al., 1991). The correspond-
ing stereonet (Figure 5.33a) of the TLS measurements with over 7,000 measurement points
detected for fracture orientation, shows prominent maxima up to 20% exactly in those
directions that are known from regional studies. The general regional fracture pattern
(Figure 5.33b) as detected by Vollbrecht et al. (1991) of the rock mass fits very well with
the pattern observed locally. Thus, it can be concluded that the vast majority of the frac-
ture surfaces detected by TLS in the outcrop follow natural regional trends and does not
represent arbitrarily produced fractures.

The results of the size analysis of the fractures show a mean radius of 8.52m for set A and
6.80m for set B, following a log normal distribution (Table 5.32). Set C displays a normal
distribution with an average radius of 6.83m.
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Figure 5.33: (a) Stereonet (lower hemisphere plot) showing the fracture network orientation result-
ing from the point cloud analysis. (b) Stereonet showing the regional joint pattern of
granites in the Fichtelgebirge (modified after Vollbrecht et al. (1991)).

Table 5.32: Geometric properties of the various discontinuity sets for the Reinersreuth granite ob-
tained by TLS point cloud analysis.

Fracture Set A B C
Dip direction / Dip angle [°] 054/87 323/89 020/07

Equivalent radius [m] 8.52 ± 4.37
(lognormal)

6.80 ± 2.66
(lognormal)

6.83 ± 0.54
(normal)

P10 [m-1] 0.36 ± 0.17 0.26 ± 0.01 0.33 ± 0.08
P32 [m-1] 0.50 ± 0.12 0.36 ± 0.12 0.47 ± 0.13

In order to determine fracture intensity, 15 virtual boreholes were analyzed according
to Section 4.1.1 to calculate the P10 and the corresponding P32 value (Table 5.32). Set A
exhibits a P32 value of 0.5m-1 and thus the highest intensity. Set C shows a slightly lower
value of 0.47m-1, whereas set B is the least abundant with 0.36m-1.

5.3.2 Laboratory

In addition to fracture geometry, the mechanical properties of rocks and fractures are
required for DFN modeling. These parameters were determined using uniaxial, triaxial and
direct shear tests on granite samples from the Reinersreuth quarry. Uniaxial tests providing
Young’s modulus, Poisson’s ratio and UCSrock were carried out according to Bieniawski
and Bernede (1979). For the triaxial and shear tests, the ISRM suggested methods for
rock characterization (Ulusay, 2015) were used, which provide initial and residual shear
parameters. The results of the various tests are listed in Table 5.33.

For those hydromechanical rock and fracture properties for which no values specific to the
Reinersreuth case study could be derived by laboratory measurements, literature data for
granite was used. Table 5.34 lists different values for matrix permeability, compressibility as
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Table 5.33: Mean values and standard deviation of the rock mechanical parameters determined in the
laboratory for the Reinersreuth granite (number of tests: Nu=uniaxial test, Nt=triaxial
test, Ns=direct shear test).

Parameter Reinersreuth
Nu=15 / Nt=18 / Ns=18

UCSrock [MPa] 154.4 ± 35.2
Young’s modulus [GPa] 45.0 ± 5.7

Poisson’s ratio [-] 0.20 ± 0.10
Cohesionintact [MPa] 35.5
Friction angleintact [°] 48.5
Cohesionresidual [MPa] 0.7
Friction angleresidual [°] 34.9

well as fracture normal and shear stiffness. Due to the extremely low matrix permeability
of unweathered granites, the fracture properties are decisive for the overall permeability.
In the present study, a fracture aperture of 0.1mm and a fracture permeability of 10-11 m2

was used based on Blumenthal (2007) and Pratt et al. (1977).

Table 5.34: Compilation of literature values for hydromechanical granite properties for which no
site-specific parameters were available. Colored cells indicate the utilized values.

Permeabilitymatrix [m2] Compressibilityfracture [1/Pa] Kn [GPa/m] Ks [GPa/m]
7.0•10-18 1.1 – 5.2•10-12 0.7 – 9.3 1.8 – 4.3

(Kranz et al., 1979) (Lama and Vutukuri, 1978) (Singh and Pathak, 2013) (Rechitskii, 1998)
1.6 – 4.0•10-19 10-15 – 10-13 2-20 1.7

(Selvadurai et al., 2005) (Zisman, 1933) (Evans and Wyatt, 1984) (Barton and Bandis, 1982)
4.0•10-20 3-10 1.2 – 6.5

(Trimmer et al., 1980) (Evans et al., 2003) (Kamonphet et al., 2015)
10-19 10-13 9 3

5.3.3 Rock Mass Classification Schemes

The results for the rock mass classification schemes determined in the field and the laboratory
are shown in Table 5.35. Since the fracture spacing is similar to the Remlingen and
Flechtingen sandstone, the RQD was also set to 100. Results of the Monte Carlo simulation
for the empirical rock mass classifications are presented in Table 5.36. Results obtained for
the Reinersreuth granite exhibit a RMR and a GSI of 79. The Q-system exhibits a value of
4. A range of ±5 was chosen for the RMR and GSI and ±4 for the Q-System, respectively.
Results obtained for the empirical equations based on the rock mass classifications for the
rock mass strength by Monte Carlo simulations are shown in Figure 5.34. A significant
reduction of the rock mass strength is predicted in comparison to the intact value irrespective
of the underlying classification scheme. Calculated results for the UCSmass based on RMR
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including intact rock strength range from 31 to 64MPa. This represents a reduction from
56 to 79% compared to the intact rock.

Table 5.35: Results for the input parameters for the various rock mass classification schemes for the
Reinersreuth granite. (GW = Groundwater, Q = Q-System).
RQD J89 Jr Ja UCS Spacing Condition GW Orientation Jn Jw SRF

RMR 12 20 19 10 -2
GSI 100 19 1.5 1
Q 100 2 1 9 1 5

Table 5.36: Results and corresponding range from Monte Carlo simulation of the calculated rock
mass classification schemes for the Reinersreuth granite.

RQD RMR GSI Q-System
Reinersreuth 100 79 ± 5 79 ± 5 4 ± 4

Figure 5.34: Results of the Monte Carlo simulation for the UCSmass based on empirical relationships
using rock mass classifications in relation to the initial UCSrock (yellow) for the Rein-
ersreuth granite. The results are allocated to the different rock mass classification
schemes comprising RMR + intact rock (light blue), GSI + intact rock (light green)
and the Q-System (red).

Among the formulas based on the GSI, the formula introduced by Hoek et al. (2002)
matches equations based on the RMR with an estimated value of approximately 47MPa.
The equation established by Zhang (2010a) predicts a value of 76MPa, representing a
reduction of about 50%. The estimate based on the Q-system calculates the most significant
reduction in rock mass strength. Applying this empirical formula, a rock mass strength of
19MPa on average is derived, equivalent to a reduction of almost 87%.

Generally, the results of the Monte Carlo simulation for the empirical analysis of the
deformation modulus demonstrate an observable scattering (Figure 5.35). In the case study
from Reinersreuth, no clear boundary can be observed between formulas based solely on
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the empirical schemes and those that incorporate intact rock parameters. Some empirical
relationships based on the RMR including intact rock parameters reveal a reduction of nearly
50% whereas others predict only a minimal reduction of the deformation modulus.

Figure 5.35: Results of the Monte Carlo simulation based on empirical relationships for the deforma-
tion modulus using rock mass classification schemes in relation to the initial Young’s
modulus (yellow) for the Reinersreuth granite. The results are allocated to the different
rock mass classification schemes comprising RMR (dark blue), RMR + intact rock (light
blue), GSI (dark green), GSI + intact rock (light green), Q-System (red) and RQD
(magenta).

The derived deformation moduli based solely on the RMR are at a similar to slightly
higher level compared to the intact rock. Considering the formulas containing the RMR
along with rock parameters, almost the entire range predicts a reduction of 45 to 55% of
the intact rock. The exception is the formula by Mitri et al. (1994), predicting a value of
40GPa, and thus in the lower level of the intact rock. Both equations solely relying on the
GSI as well as formulas incorporating rock properties remain at a similar level. An exception
is given by the formula of Hoek and Brown (1997), which yields a deformation modulus
that is significantly higher than the intact rock and displays the widest range. Empirical
equations based on the Q-system predict the most pronounced reduction. The formulas
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introduced by Barton (2002) and Ajalloeian and Mohammadi (2014) yield a deformation
modulus of approximately 17 and 7GPa, respectively. The equations based on the RQD
predict values that are similar to the intact rock. The predicted deformation moduli are 40
and 45GPa resulting from the formulas developed by Zhang and Einstein (2004) as well as
Gardner (1987), respectively.

5.3.4 Discrete Fracture Network Modeling

The utilized model domain is a cube of 50m edge length centered within the case study.
Three discrete fracture sets (A, B, C; see Table 5.32) were generated based on mean
orientation, fracture size and fracture intensity previously determined from the 3D point
cloud data measured in the Reinersreuth quarry (Figure 5.36a).

The fracture network implemented in the DFN model was verified by comparing it to the
original field data (see below). Its geometrical properties were kept constant for all modeling
scenarios. A base model called Rei10 was defined, which serves as reference scenario to
assess the impact of variable grid dimensions and fracture properties. For scenario Rei10,
values for fracture permeability, compressibility, normal stiffness, shear stiffness, fracture
aperture, friction angle and cohesion considered as most likely were assigned to the three
fracture sets. For the matrix, a permeability of 10-19 m2 as well as a Young’s modulus of
45GPa and a Poisson’s ratio of 0.2 were assumed and kept constant for all scenarios. For
the base model, hydromechanical rock and fracture properties were upscaled to a 3D grid
of 10 x 10 x 10 voxels (Figure 5.36b), i.e., each voxel has a volume of 5 x 5 x 5m3.
In order to study the effect of voxel size on the upscaled parameters derived from the

DFN model, two coarser grids with 5 x 5 x 5 voxels (10 x 10 x 10m3, model Rei5) and 1
x 1 x 1 voxel (50 x 50 x 50m3, model Rei1) were investigated (Figure 5.36). For these
three cases, the geometry of the fracture network and the properties assigned to rock and
fractures remained unchanged. The one voxel of model Rei1 was further used to study the
impact of different fracture parameters onto the upscaled modeling results. Eight additional
models (Rei1/2 – Rei1/9) were investigated. These models each differ from the Rei1 model
in one value for fracture aperture, permeability, fracture intensity or fracture stiffness (Table
5.37). All other parameters were kept constant. This resulted in a total of eleven model
scenarios studied.

Validation of DFN model
In order to validate that the generated DFN Model provides indeed a statistical represen-

tation of the real state, its geometrical characteristics were compared to the results obtained
from the point cloud analysis of the TLS data regarding fracture orientation, size and
intensity (Table 5.38, Figure 5.37). Validation of the orientation was achieved by mapping
all fractures generated in the DFN model in a stereonet (Figure 5.37a). A first validation

120



Figure 5.36: (a) Verified DFN model (50 x 50 x 50m3) showing the stochastic fracture network
including two vertical and one horizontal fracture set for the Reinersreuth granite.
(b) Rei10 model showing the superimposed 10 x 10 x 10 grid (5 x 5 x 5m3) and the
fracture traces for each voxel. (c) Rei5 model showing the superimposed 5 x 5 x 5 grid
(10 x 10 x 10m3) and the fracture traces for each voxel. (d) Rei1 model showing the
superimposed 1 x 1 x 1 grid (50 x 50 x 50m3) and the fracture traces of the underlying
DFN model.

was performed visually by verification using the stereonet generated from the point cloud
analysis (Figure 5.33). In addition, the mean directions were obtained, indicating good
agreement, similar to the visual assessment.

To verify the intensity, a total of 27 virtual boreholes were aligned across the DFN model
and the intersecting fractures identified to derive a P10 value for comparison against the
P10 value calculated from the point cloud (Figure 5.37b). Good agreement is observed with
a maximum deviation of 8%.

As a third characteristic, the size distribution of the generated fracture sets (Figure 5.37c)
was compared against the RANSAC algorithm results (Table 5.32). Set A and B follow
a lognormal distribution and set C follows a normal distribution which is in agreement
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Table 5.37: Overview of the eleven model scenarios studied for the Reinersreuth granite. Colored
boxes indicate which fracture parameter is changed in comparison to the Rei1 model.

Model Voxel size Fracture
aperture [mm]

Fracture
permeability [m2]

P32 set
A/B/C [m-1]

Kn/Ks
[GPa/m]

Rei10 5 x 5 x 5 0.1 10-11 0.5 / 0.36 / 0.47 9 / 3
Rei5 10 x 10 x 10 0.1 10-11 0.5 / 0.36 / 0.47 9 / 3
Rei1 50 x 50 x 50 0.1 10-11 0.5 / 0.36 / 0.47 9 / 3

Rei1/2 50 x 50 x 50 0.011 10-11 0.5 / 0.36 / 0.47 9 / 3
Rei1/3 50 x 50 x 50 1 10-11 0.5 / 0.36 / 0.47 9 / 3
Rei1/4 50 x 50 x 50 0.1 10-15 0.5 / 0.36 / 0.47 9 / 3
Rei1/5 50 x 50 x 50 0.1 10-7 0.5 / 0.36 / 0.47 9 / 3
Rei1/6 50 x 50 x 50 0.1 10-11 0.45 / 0.33 / 0.42 9 / 3
Rei1/7 50 x 50 x 50 0.1 10-11 0.55 / 0.39 / 0.51 9 / 3
Rei1/8 50 x 50 x 50 0.1 10-11 0.5 / 0.36 / 0.47 4.5 / 1.5
Rei1/9 50 x 50 x 50 0.1 10-11 0.5 / 0.36 / 0.47 18 / 6

Figure 5.37: Validation of the geometric properties of the DFN model for the Reinersreuth granite.
Results of set A are shown in blue, set B in red and set C in green. (a) Stereogram of
the fracture network of the DFN Model. (b) Exemplary drilling across the DFN model.
(c) Size distribution of the fracture sets.

with the data obtained from the point cloud. Looking at the calculated mean values, good
agreement with a maximum deviation of 9% is observed.
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Table 5.38: Validation of the geometric analysis of the DFN model in terms of orientation, intensity
and size of the fracture sets compared to the TLS analysis for the Reinersreuth granite.
Dip direction / Dip angle [°] Intensity P10 [m-1] Equivalent radius [m]
DFN TLS DFN Field DFN TLS

A 055/86 054/87 0.39 0.36 8.15 ± 3.94 8.52 ± 4.37
B 321/88 323/89 0.28 0.26 6.69 ± 2.46 6.80 ± 2.66
C 022/10 020/07 0.34 0.33 6.24 ± 0.54 6.83 ± 0.54

Hydraulic upscaling of the Reinersreuth granite using the Total-Oda-Gold-Permeability
approach
Calculation and upscaling of rock and fracture properties according to the Total-Oda-

Gold-Permeability approach led to a (second-order) permeability tensor with six parameters
for each voxel. Permeabilities in the W-E, N-S and vertical direction are termed Kxx, Kyy
and Kzz, respectively. Furthermore, three diagonal spatial directions termed Kxy, Kyz and
Kzx were derived. Negative permeability values resulted for these parameters if negative
components of the normal vectors of the fracture surfaces occurred (Ghahfarokhi, 2017;
Lang et al., 2014).
Figure 5.38 shows the permeability distribution of scenario Rei10 for Kxx, Kyy and Kzz

while Table 5.39 provides the mean, minimum and maximum values of the model scenario
Rei10, Rei5 and Rei1 for each of the components of the permeability tensor. There are
some differences depending on direction, but in general permeabilities in the model domain
range between 9•10-16 and 2•10-14 m2.

Figure 5.38: Hydraulic modeling results of the Rei10 model showing the permeability tensor cal-
culated from the DFN model using the Total-Oda-Gold-Permeability approach for the
Reinersreuth granite. (a) Kxx, i.e., permeability in W-E direction. (b) Kyy, i.e., perme-
ability in N-S direction. (c) Kzz, i.e., permeability in vertical direction. The figures show
an oblique view towards the NE of the model domain.
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Table 5.39: Mean, minimum and maximum values of the permeabilities, deformation moduli and
Poisson’s ratios for model scenarios Rei10, Rei5 and Rei1 for the Reinersreuth granite.

Rei10 Rei5 Rei1

Mean Minimum Maximum Mean Minimum Maximum Mean
Kxx[m2] 7.69•10-15 9.26•10-16 2.29•10-14 7.69•10-15 3.32•10-15 1.33•10-14 7.70•10-15
Kyy[m2] 8.12•10-15 1.00•10-18 2.87•10-14 8.13•10-15 3.37•10-15 1.46•10-14 8.13•10-15
Kzz[m2] 8.08•10-15 1.00•10-18 3.13•10-14 8.09•10-15 2.72•10-15 1.92•10-14 8.09•10-15
Kxy[m2] -3.59•10-16 4.93•10-15 -1.24•10-14 -3.59•10-16 -4.05•10-15 2.85•10-15 -3.59•10-16
Kyz[m2] 6.14•10-16 -9.77•10-16 2.76•10-15 6.14•10-16 4.83•10-17 1.29•10-15 6.14•10-16
Kzx[m2] 3.05•10-16 -1.93•10-15 2.48•10-15 3.05•10-16 -4.59•10-16 1.36•10-15 3.05•10-16

Longitudinal
deformation

modulus [GPa]
16.63 5.14 43.41 14.87 8.80 30.64 14.03

Transverse
deformation

modulus [GPa]
10.78 4.35 31.80 9.73 5.71 16.62 9.12

Poisson’s
ratio xz [-] 0.11 0.05 0.24 0.11 0.07 0.19 0.10
Poisson’s
ratio xy [-] 0.39 0.17 0.62 0.39 0.29 0.48 0.38

Mechanical upscaling of the Remlingen sandstone using the Oda-Geomechanics ap-
proach
Application of the Oda-Geomechanics approach to model scenario Rei10 and assuming

VTI symmetry led to different elastic parameters in longitudinal and transverse direction.
The corresponding modeling results for the Young’s modulus are shown in Figure 5.39 and
Table 5.39. The transverse deformation modulus is in the range of 4.35 to 31.80GPa and is
lower than the longitudinal deformation modulus, showing values in the range of 5.14 to
43.41GPa. Likewise, the mean value of the transverse deformation modulus is 10.78GPa
in comparison to a mean value of 16.63GPa for the longitudinal deformation modulus.
These values indicate a significant reduction of the moduli of the fractured rock mass in
comparison to the Young’s modulus of the intact rock which is 45GPa.

Modeling results for the second elastic parameter, i.e., Poisson’s ratio, are shown in Figure
5.39. In the horizontal (xy) direction, values calculated for the various voxels range between
0.17 and 0.62 with an average of 0.39. It should be noted that in case of the VTI symmetry
Poisson’s ratios in excess of 0.5 can occur depending on the orientation of the fractures rela-
tive to the tensor axes (Christensen, 2005). The Poisson’s ratio in the vertical (xz) direction
is 0.11 on average and values range between 0.05 and 0.24. Consequently, substantially
higher Poisson’s ratios are observed in the horizontal than in the vertical direction.

Results of Parameter Studies
Impact of voxel size. In order to assess the effect of voxel size on the upscaled hy-

dromechanical parameters, the model scenarios Rei10, Rei5 and Rei1 were analyzed. The
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Figure 5.39: DFN modeling results for the Rei10 model (10 x 10 x 10 voxels) based on the Oda-
Geomechanics approach. (a) Deformation modulus with its associated Poisson’s ratio
in longitudinal direction and (b) transverse direction assuming VTI symmetry. (c)
Isotropic deformation modulus with its associated Poisson’s ratio.
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resulting permeabilities, deformation moduli and Poisson’s ratios of this comparison are
listed in Table 5.39. It becomes apparent that coarser grids narrow the range of the upscaled
permeabilities, while the mean for each of the three grid sizes is the same. The same trends
are observed for the Poisson’s ratio. For the deformation modulus, however, the comparison
indicates a smaller range, but the mean values decrease with increasing voxel size.

Impact of fracture properties. Utilizing model scenario Rei1, variations in some poorly
constrained fracture properties were carried out to analyze their impact onto the modeling
results. For ease of comparison, the one voxel grid (Rei1) was used for this parameter study.
Modeling results regarding permeabilities, deformation moduli and Poisson’s ratios are listed
in Table 5.40. A change in fracture aperture by an order of magnitude altered the components
of the permeability tensor in the same manner. A similar relationship was observed for
changes in fracture permeability. As expected, the elastic rock mass properties essentially
remained the same for these parameter variations. Reducing the fracture intensity led to
a small increase in deformation modulus and a decrease in permeability, while increasing
the intensity produced the opposite behavior. In contrast, modeling results, particularly
deformation moduli, reacted rather sensitive to changes in fracture stiffness. Bisecting the
values, thus maintaining the ratio between fracture normal and shear stiffness, resulted in
about 45% decrease in deformation moduli in both transverse and longitudinal direction.
Doubling the corresponding values with respect to the Rei1 model led to an increase in
deformation moduli by about 60%. The upscaled Poisson’s ratios were hardly affected by
changes in fracture stiffness.

Table 5.40: Results of model scenarios Rei1 to Rei1/9 analyzing the effect of different fracture
properties. See Table 5.37 for actual parameter values used.

Model Permeability [m2]
Kxx/Kyy/Kzz

Deformation modulus [GPa]
transverse/longitudinal

Poisson’s ratio [-]
xy / xz

Rei1 7.70•10-15 / 8.13•10-15 / 8.09•10-15 9.12 / 14.03 0.38 / 0.10
Rei1/2 7.92•10-16 / 8.45•10-16 / 8.65•10-16 9.08 / 14.08 0.38 / 0.10
Rei1/3 7.99•10-14 / 8.39•10-14 / 8.64•10-14 9.04 / 13.99 0.38 / 0.10
Rei1/4 8.03•10-19 / 8.36•10-19 / 8.68•10-19 9.03 / 13.99 0.38 / 0.10
Rei1/5 7.93•10-11 / 8.47•10-11 / 8.66•10-11 9.09 / 14.01 0.38 / 0.10
Rei1/6 7.21•10-15 / 7.74•10-15 / 7.85•10-15 9.84 / 14.99 0.37 / 0.10
Rei1/7 8.64•10-15 / 9.17•10-15 / 9.44•10-15 8.43 / 13.21 0.39 / 0.10
Rei1/8 7.87•10-15 / 8.50•10-15 / 8.63•10-15 5.07 / 8.31 0.40 / 0.08
Rei1/9 7.91•10-15 / 8.50•10-15 / 8.63•10-15 15.09 / 21.33 0.35 / 0.13

Comparison between rock mass deformation moduli derived from DFN modeling and
from empirical relationships based on rock mass classification schemes
The comparison of the deformation moduli calculated by the DFN approach with the
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empirical formulas based on the empirical rock mass classifications is shown in Figure 5.40.
In general, it can be observed that formulas based solely on the RMR or RQD predict values
that are either equal to or higher compared to the intact value. Striking for the Reinersreuth
quarry is the fact that only equations based on the Q-system agree well with the values of the
DFN models. This is true for both the transverse and longitudinal deformation modulus. In
addition, the formulas based exclusively on the GSI are at a similar level or lower compared
to formulas based on the GSI including intact parameters. Nevertheless, it can be observed
that the results of the DFN models plot in the lower range and in most cases slightly below
the values calculated using the empirical equations. However, the range of possible results
is considerably smaller compared to the results of the empirical relations based on the rock
mass classification schemes.

Figure 5.40: Results of the Monte Carlo simulation for the deformation modulus based on empirical
relationships using rock mass classification schemes and the Rei1 DFNmodels in relation
to the initial Young’s modulus (yellow) for the Reinersreuth granite. The results are
allocated to the different rock mass classification schemes comprising RMR (dark blue),
RMR + intact rock (light blue), GSI (dark green), GSI + intact rock (light green),
Q-System (red) and RQD (magenta).
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6 Discussion

This section presents the discussion and evaluation of the applied methods as well as the
corresponding results. Emphasis is given to the advantages and disadvantages of the
various methods in terms of their application and outcomes. Aspects discussed include the
application of TLS and the determination of fracture network properties, hydraulic and
mechanical analysis using the DFN-ODA approaches, block shape analysis and the findings
obtained by the LS-SRM approach. In the end, a comparison of the different upscaling
techniques is presented.

6.1 Determination of the Fracture Network Geometry by TLS

In order to investigate the geometric characteristics of the fracture networks of surface
outcrops, contactless approaches such as laser scanning have been found to be superior to
traditional field methods using compass and tape. The latter tend to be time-consuming as
well as highly dependent and limited by the accessibility of the outcrop and the number
of measurements performed. Potential limitations of TLS include the dependence of the
maximum range (several hundred meters) on the color of the rock mass and the condition
of the surfaces, whether they are wet or dry. In addition to the potential range limitations
of a TLS system, the number and especially the location of the scan positions leading to the
composed point cloud is important as the angle of incidence of the laser beam affects the
point accuracy of the targeted surface (Sturzenegger and Stead, 2009). The presence of
occlusions, such as vegetation, may also require multiple scan positions from different angles
to eliminate data gaps in the final point cloud. Thereby, the physical environment of the
area, such as inaccessible or unsecure terrain, may dictate which scan positions, vertically
and horizontally, are possible which in turn affects the quality of the composed point cloud.
The Flechtingen quarry can be mentioned in this context as an example. Although the
quarry was scanned numerous times it was impossible to capture the quarry without any
shadow areas. This was due to the fact that the terrain did not allow the successful detection
of all fracture surfaces, especially those positioned higher in the quarry. Furthermore, the
analysis is dependent on the technical functionality of the device. For example, it was
observed that scanning carried out in the field was performed without any error notification
of the scanner. However, in rare cases the RGB values of the mounted camera were not
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transferred or were transferred incorrectly to the corresponding scans. Thus, it can occur
that only part of the point cloud is provided with RGB values and the corresponding scans
therefore can either be visualized non-colored or they can not be included at all resulting in
gaps within the point cloud.

TLS still requires sophisticated and costly equipment as well as expertise with respect to
field measurements and data processing. A promising new low-cost approach was recently
presented by Ozturk et al. (2019), which utilizes smartphone images and photogrammetric
approaches for the analysis of fracture orientation in large and inaccessible terrain.
It is important to point out that the quality of the analysis is significantly dependent on

the quality of the underlying data, i.e., the resolution of the point cloud. A defective or
low quality point cloud directly influences the subsequent analysis of the fracture surfaces
as well as the following analyses. Structures that have a resolution below the resolution
of the equipment employed are not taken into account in the analysis. In this work, the
resolution is 5 respectively 3mm and has therefore no influence on the determined results
due to the size of the considered structures. Errors and inaccuracies in the initial evaluation
steps are inevitably transferred to the resulting DFN model. Hence, a validation of the data
is necessary separately for each processing step and is often depending on the experience of
the operator. The methods employed are dependent on the quality of the point cloud data
models. The registration of the point clouds has to have a high accuracy, otherwise artificial
irregularities on the surface will occur, potentially causing surface detection algorithms to
fail. Failure is also caused by insufficient cleaning of the surfaces from artifacts and vegeta-
tion. A key aspect of the point cloud analysis is the question whether the displayed surfaces
are actually fracture surfaces or structures that may have been created by quarrying or simi-
lar processes. This issue must always be taken into account in order to allow a representative
analysis. Local fracture traces, as used in the Flechtingen case study, offer one possibility
for validation (see Section 3.2). If available, the data obtained can be compared with re-
gional data from the literature, as demonstrated for Reinersreuth granite (see Section 5.3.1).

6.1.1 Methods for the Determination of Fracture Network Geometry

Orientation
The orientation was determined using the plane patch filter of the software RiSCAN

Pro by means of the determination of normal vectors. This method is characterized by a
minor expenditure of time, the advantage of the visual examination by the operator, the
straightforward export of the orientation as ASCII file as well as the subsequent evaluation.
An additional advantage is the application on the point cloud directly without the necessity
of a previous triangulation. By choosing a constant box size, a weighting of the orientation
in the model can be achieved. However, such a weighting can also entail disadvantages. For
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instance, if a fracture set within an outcrop having a certain orientation is more frequently
exposed than other sets due to natural conditions, this set will be mapped with a very high
intensity. It is possible that other fracture sets still have a considerably high intensity but
are merely shown, since the surfaces are comparatively smaller and fewer normal vectors
are generated on them. It is important to note that the controlling parameters directly
influence the results while calculating the orientations using RiSCAN Pro. The selected
cube size is related to the size of the surfaces to be analyzed. Small surfaces require a
small cube size, otherwise they will not be considered in the analysis. As described before,
a cube size selected too small leads to the fact that large surfaces are predominant, so
that small surfaces are superimposed. These structures are then no longer visible in the
stereonet. The proper choice of the remaining parameters (minimum number of points and
maximum plane error) is in the responsibility of the user, since this is strongly dependent on
the resolution of the point cloud as well as the condition of the outcrop. The choice of the
minimum number of points within a box correlates with the initial resolution of the point
cloud. Here, a certain threshold value should not be undercut, otherwise irregularities in
the outcrop that do not belong to the fracture network will also be taken into account. The
surface structure of the fractures in the outcrop determines the selection of the maximum
plane error. Irregular surfaces require higher values compared to planar surfaces.

Nevertheless, the use of the plane patch filter is well suited for determining the orientation
of the prevailing fracture network. However, the user should take the issues discussed above
into account when selecting the input parameters as well as in the subsequent analysis
of the results. For the determination of the orientation of predominant fracture sets and
subsequent cluster analysis, this method has been found to be both very robust and well
suited.

Size
In order to apply the RANSAC shape detection tool, it is generally required that outcrops

exhibit a high relief when surveyed by a laser scanner, since only surfaces can be detected,
but not fracture traces. This has been the case in all three quarries investigated. If the
investigated outcrop has a low relief, the analysis becomes more difficult. Thus, the applica-
bility as well as the accuracy of the results strongly depends on the relief of the investigated
outcrop. The RANSAC algorithm has the advantage, similar to the plane patch filter, that
no triangulation is required before the algorithm can be applied. Nevertheless, it should
be mentioned that already in the field a high point density of the point cloud should be
ensured. The algorithm reacts highly sensitive to changes in the various input parameters,
which in some cases significantly influences the results. It is mandatory that the results
are subsequently checked visually by the operator and, if necessary, adjusted manually.
Especially in quarries with exposed fractures of varying size, the analysis of the RANSAC
algorithm can be very time consuming until accurate and representative results can be
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obtained as experienced for the Flechtingen case study. The application of this method needs
time and experience of the operator depending on the investigated point cloud. Moreover, it
is important to mention that the values obtained are an approximation of the true fracture
size of the different fracture sets. The parameter utilized in this work does not represent a
fracture trace length, instead it reflects the maximum extent of the fractured surfaces in the
outcrop. In addition, it should be noted that the areas generated by the RANSAC algorithm
slightly overestimate the actual surface area, since rectangles are created that enclose the
entire points of a surface and thus inevitably include areas around the edges for which no
point data are available.
Despite the difficulties mentioned in the application of the RANSAC shape detection

tool, it is found to be effective and was successfully applied to all three quarries treated
after having gained some experience in its application. The main advantage is that the
generated polygons can be displayed directly within the point cloud and can thus be checked
directly by the operator. Furthermore, it is advantageous that the geometric properties of
the polygons, including their coordinates as well as the height and length information can
be exported and subsequently analyzed with respect to their size distribution and intensity
of the fracture sets as described in the following.

Intensity
In this thesis two semi-automatic methods are presented in order to determine the

intensity of fracture sets by means of 3D point clouds. Both are based on the scanline
method (by using virtual boreholes) and consequently on the estimation of the P10 value.
The way of converting the P10 value into the P32 value differs between the methods. For
both approaches, it can be concluded that a high number of virtual boreholes significantly
improves the results, since outliers can frequently occur during the analysis. However, the
number of virtual boreholes should be adapted to the complexity of the prevailing fracture
network and the dimensions of the area under investigation. Care should be taken to ensure
that the virtual boreholes are aligned according to the orientation of the fracture surfaces
and not according to the outcrop surfaces. In this context, the virtual boreholes should also
be positioned with an angle as high as possible (> 30 °) to the fractures, as the Terzaghi
correction can otherwise be ineffective. Since both methods rely on the generated surfaces
provided by the RANSAC algorithm, it is important to carefully verify that each fracture
surface within the outcrop has been mapped with only one surface in the RANSAC algorithm,
otherwise the results may be significantly falsified.
The first method used in this work is based on the work of Wang (2005) and the con-

version of the P10 value to the P32 value using the conversion factor C13. For this purpose,
the detected areas were imported into an Excel script developed by Laux (2017) and a
corresponding P32 value was calculated for each well using the orientation of the fracture
surfaces, the orientation of the boreholes along with the Terzaghi correction. Subsequently,
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the resulting factor C13 and the P32 value were calculated using the obtained results and the
calculation of the coefficient functions a, b and c (see Section 4.1.1). In general, this method
provides satisfactory results, as shown in the examples for Remlingen and Flechtingen (see
Section 5.1.1 and 5.2.1). Nevertheless, each borehole needs to be checked manually by
the user, because in a few examples it was not possible to detect surfaces that are clearly
intersected by the borehole. In addition, the intensity validation of the DFN models showed
that in rare cases the calculated P32 values were slightly too high in comparison to the P32

value of the generated DFN model and had to be adjusted in order to match the P10 value.
Another minor disadvantage associated with this method is that the calculated P10 values
can potentially have a high standard deviation. However, since only one specific P32 value is
required as input parameter in the DFN models, this standard deviation will be lost during
the conversion and has to be taken into account later in the models by means of a sensitivity
analysis of the P32 values. In summary, the method of Wang (2005) provides satisfactory
results, but requires a certain amount of experience and validation by the operator.

The second method utilized in this work for the DFN model of Reinersreuth is based on the
work of Chilès et al. (2008) and Hekmatnejad et al. (2020), which allows a direct calculation
of the P32 value along boreholes (Section 4.1.1). Using the length of the borehole, the
number of fractures it intersects and the orientation of the virtual borehole as well as the
fracture surfaces, it is possible to determine the P32 value directly. In practice, this approach
is straightforward to implement and does not require any specific transformation of the
intensity measures. To determine the P32 value, the coordinates of the virtual boreholes
in CloudCompare as well as the orientations of the fracture surfaces generated by the
RANSAC algorithm were employed. In addition to the direct calculation of the P32 value,
this method offers the advantage of determining a P10 value for each virtual borehole,
which can later be validated against virtual boreholes and corresponding P10 values of the
generated DFN model (Section 5.1.4). Besides the fact that the P32 value was determined
more conveniently with this method, it also provides more accurate results as was observed
during the validation of the DFN models (Section 5.3.4). In contrast to the two sandstone
case studies, the P32 values for Reinersreuth did not have to be adjusted to match the P10

value. Due to the more straightforward implementation as well as the improved results, the
method of Chilès et al. (2008) and Hekmatnejad et al. (2020) is considered to be superior
to the method of Wang (2005).

6.1.2 Summary on Using the TLS

Although TLS field measurements are extremely fast (e.g., up to 122,000 measurements per
second for the hardware used in this study), the clearing of the point cloud from occluding
objects can be quite time-consuming. However, the advantages of TLS with extremely
fast measurements in the field as well as the subsequent semi-automated analysis of the
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point cloud outweigh the disadvantages. Although TLS and/or PGM should always be
supplemented by traditional field work, these measurement techniques provide a more
comprehensive and statistically relevant data base improving the quality of the input required
for the probability density functions of the DFN models. This results in a more realistic
description of the fracture network observed in nature. Therefore, it is worth taking the
time to extract the intrinsic fracture characteristics from TLS point clouds for such outcrop
analog analysis. Another important aspect is that each individual orientation measurement
obtained from TLS data is linked to a precise spatial information, which is a prerequisite for
straightforward import into further modeling software.

It is essential to distinguish, especially in artificial outcrops, which fractures were created
by excavation and which occur naturally. It ensures that the analyzed surfaces are extracted
from the natural fracture geometry excluding those surfaces that have been generated by
blasting methods or block extraction. If further constraints like persistent fracture traces of
the natural fracture network within the outcrop or the regional fracture pattern as shown
in this study are taken into account, it can be ensured that the natural fracture system is
used for a further representative analysis of the rock mass.

6.2 Upscaling Using Rock Mass Classification Schemes

6.2.1 General Observations for Rock Mass Classification Schemes

The application of rock mass classification schemes is a common practice in mining applica-
tions, underground works like tunneling and other fields (e.g., Barton, 2002; Brady and
Brown, 2006; Singh and Goel, 2011). In addition to an initial assessment of the rock mass
quality, such as poor, good or excellent, they also offer the possibility of calculating specific
mechanical rock mass properties using empirical formulas. In general, it is possible to iden-
tify positive as well as negative aspects regarding the rock mass classifications. Among the
positive aspects is the fact that the rock mass classifications include the rock, the fractures
as well as external influences such as stress and water. Thus, in addition to the geometric
aspects, they also deal with geological qualitative aspects and consequently take into account
numerous factors that can influence the rock mass properties (Vibert and Vaskou, 2011).
Although the characterization of a rock mass into a single value or description such as good
or poor seems to be an almost impossible task, it offers the possibility to compare different
sites under investigation in a relatively simple way and to transfer experiences gained.
In addition to the mentioned positive aspects, some disadvantages or difficulties in the

determination of rock mass classification schemes can be identified. As mentioned, it is
often almost impossible to characterize a spatially extensive fractured rock mass and its
spatial variability with a single value or description. The determination of the parameter is
frequently dependent on the expertise of the operator and is therefore often not reproduce-
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able. Various operators may obtain quite diverse results for the same area of application,
e.g., the detection of swelling minerals depends on the expertise of the individual (see
Section 4.3). Another challenging issue is the determination of the input parameters. E.g.,
the calculation of the RQD proved to be difficult in this work based on the fracture systems
with a low fracture intensity and thus had to be determined empirically. In addition, the
determination of the RQD depends on the orientation of the borehole or scanline. Another
example is the determination of the parameter SRF. In case there is insufficient experience
or no quantifiable data available, the SRF parameter has to be approximated which can be
difficult due to the large variety of available options.
A further disadvantage is that many input parameters are assigned a single value that

represents a range. For example, rocks having a UCSrock between 100 and 250MPa are
assigned a value of 12 in the RMR system. Any fracture pattern with an offset of more than
2m will be assigned a value of 20.

Based on the classification schemes, different types of rocks yield similar ultimate scores
even though they may behave differently. This was demonstrated by Vibert and Vaskou
(2011) where a compact claystone yielded a very similar value for the RMR and Q-system
as a strong but highly fractured granite with sand-infilled joints. Hence, two different types
of rock obtained similar values, but would naturally show different behavior during tunnel
excavation. Another factor is scale dependency. The RMR or Q-System value for a tunnel
section of 5m is not representative for a section of 50m. Hence, they should always be
determined individually for representative sections. It is also important to mention if the
input parameters are really representative. Values like the UCSrock can also be spatially
variable.

6.2.2 Application of Empirical Equations

In general it can be observed for all treated rocks in this thesis that the rock mass properties
obtained from empirical relationships based on classification schemes show a significant
scatter as can be seen (Figure 6.1).
The evaluation utilizing Monte Carlo simulations indicates, that the incorporation of

uncertainties in input parameters by means of probabilistic simulations is a useful im-
provement. In general, the simulation output is similarly distributed for both sandstones
according to the various empirical equations. However, the Remlingen sandstone exhibits
on average slightly reduced values and a lower range of results. This can be explained by
the varying mechanical properties as well as the more pronounced inhomogeneity of the
Flechtingen sandstone. The Reinsersreuth granite reveals a similar distribution pattern.
However, it shows the highest range and in distinct parts it deviates significantly from the
two sandstones. The ‘RMR only’-based equations by Bieniawski (1978) and Read et al.
(1999) significantly overestimate the rock mass deformation modulus and consequently do
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Figure 6.1: Results of the Monte Carlo simulation for the deformation modulus based on empirical
relationships using rock mass classification schemes in relation to the initial Young’s
modulus (yellow) for (a) the Reinersreuth granite, (b) the Remlingen sandstone and
(c) the Flechtingen sandstone. The results are allocated to the different rock mass
classification schemes comprising RMR (dark blue), RMR + intact rock (light blue), GSI
(dark green), GSI + intact rock (light green), Q-System (red) and RQD (magenta) as
well as the DFN models (grey).
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not provide reliable results. This is true for all three treated rocks. However, the values of
the granite are much closer to those of the intact rock. Empirical formulas, such as Galera
et al. (2007), Nicholson and Bieniawski (1990), Shen et al. (2012) and Sonmez et al. (2006)
involving intact rock characteristics predict a considerably stronger decrease in the deforma-
tion modulus. Exceptions are the formulas developed by Mitri et al. (1994) and Lowson and
Bieniawski (2013), predicting only a slight reduction compared to the intact rock. A similar
finding is achieved with respect to the GSI for the two sandstones. Formulas by Gokceoglu
et al. (2003) and Sanei et al. (2013) overestimate the rock mass deformation modulus,
whereas the formulas by Carvalho (2004), Hoek and Diederichs (2006) and Sonmez et al.
(2004), which include intact parameters, predict a significant decrease in the deformation
modulus. Striking for the Reinersreuth granite is, that formulas based exclusively on the
GSI are at a similar level or lower compared to formulas based on the GSI including intact
parameters. The formula of Hoek and Brown (1997) represents an exception for all three
treated rocks as it significantly overestimates the rock mass deformation modulus. For the
two sandstones, formulas by Barton (2002), Gardner (1987) as well as Zhang and Einstein
(2004) based on the Q-system and the RQD, reveal calculated deformation moduli in the
range of the Young’s modulus. A different picture emerges for the treated granite. Formulas
based on the Q-system predict a drastic reduction of the deformation modulus, whereas
formulas based on the RQD remain at a similar level as the intact rock.
The significant scatter of computed outcomes may be explained by the high sensitivity

of the empirical equations with respect to their input parameters. For example, if a GSI
value of 77, used in the empirical formula of Hoek and Brown (1997) is reduced by 10,
a deformation modulus of 27GPa instead of 48GPa results. This indicates that the input
parameters for the empirical correlations have to be selected with great care in order to
obtain reliable results. The sensitivity towards the selected input parameters should always
be taken into account (Somodi et al., 2018). In general, it can be observed that the formula
introduced by Ajalloeian and Mohammadi (2014) as well as the RMR and GSI formulas
containing intact properties, show the highest consistency and similar range of values
compared to the results of the DFN models for the two sandstones. A truly high agreement
for the granite is only shown by the formulas based on the Q-system. For the remaining
equations, the high strength and the high Young’s modulus of the intact rock leads to higher
computed values compared to the calculated results of the DFN models. Since the Q-system
was developed based on case studies involving hard rocks, this may be an indication that
the rock mass classifications are most appropriate for the rock types on which they were
developed. However, since it is often not possible and even similar rocks, as shown in the
example of Remlingen and Flechtingen, can differ significantly in their spatial variability it
is suggested to apply a wide range of formulas if possible.

The various empirical relationships based on rock mass classification schemes have proven
to be a reliable and convenient method for estimating rock mass properties. Nevertheless, it
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is important to note that the choice of equations in combination with their underlying param-
eters should be made with caution and might reach its limits when describing anisotropic
rock masses and the spatial variation of rock properties (Riedmüller and Schubert, 1999;
Vibert and Vaskou, 2011). Furthermore, it is important to ensure that the input parameters
are representative and to gather as much data as possible to obtain a representative result.
In addition, as shown for the three quarries, it is useful to consider the variability of the
underlying parameters using a Monte Carlo simulation or similar methods to account for
the range of outcomes. Furthermore, the progress in the field of numerical geotechnical
modeling could lead to the improvement of empirical classifications and derived empirical
formulas for the calculation of mechanical properties.

6.3 Upscaling Using the DFN-Oda Approaches

In the study, the DFN models of both sandstone and the granite quarries were exclusively
built from stochastic parameters, since no large-scale deterministic features such as faults
are present within the investigated areas. Three fracture sets were identified for the two
sandstone outcrops, with the Remlingen sandstone comprising two vertical and one hor-
izontal fracture sets while the Flechtingen sandstone shows three vertical fracture sets.
For the case study of the Reinersreuth granite, similar to the Remlingen sandstone, three
different fracture sets which trend almost orthogonal to each other were identified. For
each treated case study, the resulting fracture geometry and fracture distribution, generated
by the TLS point cloud analysis, in the DFN models agrees well with the point cloud analysis
as shown in the corresponding Sections 5.1.4, 5.2.4 and 5.3.4. The mechanical character-
istics for the Remlingen and Flechtingen sandstone of the rock matrix and fractures are
derived from a series of laboratory experiments which are consistent with published data
for sandstones in general (Heap et al., 2019; Stöckhert et al., 2013). Similar, the values
determined for UCSrock, Young’s modulus, Poisson’s ratio, cohesion and friction angle for
the Reinersreuth granite agree with published data on granites in general (Arzúa et al.,
2014; Irfan and Dearman, 1978; Lama and Vutukuri, 1978). Subsequent combination of
the fracture network geometry and the mechanical properties of matrix and fractures using
the DFN modeling approach allowed to derive hydromechanical properties of the rock mass
such as deformation modulus, Poisson’s ratio and permeability. The spatial variability of
these parameters can be addressed by the size of the calculation voxels used for numerical
simulations later-on. The following sections first analyze and outline the results obtained
for the two sandstones, followed by a discussion of the achieved results for the Reinersreuth
granite. Following, a brief general conclusion is drawn on the application of the DFN-Oda
approaches including its benefits and drawbacks.
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6.3.1 Upscaling for the Remlingen and Flechtingen Sandstone

Permeability
The calculated permeabilities for the Rem10 as well as the Fle10 models reveal that the

components of the permeability tensor differ by almost three orders of magnitude with
respect to their minimum and maximum values even at a voxel size of 5 x 5 x 5m3. This
spatial scatter would increase evenmore while usingmore detailed grids. Permeabilities were
calculated using the Total-Oda-Gold-Permeability approach, that incorporates a connectivity
check as well as the contribution of thematrix permeability. Even for the Rem10model, minor
directional differences were observed. The calculated mean values for the permeabilities
in the Kxx and Kyy directions are 1.44•10-14 and 1.41•10-14 m2 and differ only marginally,
whereas the permeability in the Kzz direction is 2.44•10-14 m2 and therefore about 70%
higher. This spatial difference can be explained on the one hand by the horizontally oriented
clay/siltstone layers which have a lower permeability compared to the fractures within
the sandstone and on the other hand by significantly higher fracture intensity of vertically
oriented fractures in the z-axis. The finding that the permeability is still higher in the Kzz
direction, despite the horizontal layer, can be explained by the fact that the DFN approach
does not provide continuous horizontal fractures throughout the whole model based on the
probability function of the input parameters. This may lead to the generation of voxels that
do not contain a horizontal fracture, and thus the influence of the vertical fractures may
significantly increase the permeability within these voxels.

The spatial scatter, caused by the geometry of the prevailing fracture network, becomes
even more apparent in case of the Flechtingen sandstone based on the Fle10 model. The
lowest permeability, with a mean value of 4.46•10-14 m2, is modeled in the Kyy direction.
This can be explained by the fact that only one fracture set (F1) trends parallel to this
direction. The two remaining fracture sets are almost perpendicular to this direction. As a
result, the permeabilities in Kxx as well as Kzz direction are almost one magnitude higher.
The mean values for the Kxx and Kzz directions are 1.13-13 and 1.56•10-13 m2. The highest
permeability values in the Kzz direction are related to the vertical arrangement of the
three fracture sets and the associated high fracture intensity along this axis. The fact that
the permeability in Kxx direction is only marginally smaller in comparison to Kzz can be
explained by the fact that the fracture sets F2 and F3 are almost parallel to the x-direction
and fracture set F3 has additionally the highest intensity among all three sets. An increase of
the voxel size used for the upscaling of the model Rem1 as well as Fle1 leads to a calculated
mean value for the one-voxel model which is almost identical to the mean value of the
Rem10 as well as Fle10 models. This aspect will be further investigated for granite in the
following section.

In general, it can be observed that the rock mass permeability of the Flechtingen sandstone
is higher in comparison to the Remlingen sandstone as a consequence of the higher fracture
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aperture and the corresponding higher fracture permeability (Figure 6.2). Thus, the average
permeabilities for both investigated sandstones are between 1.14-10-14 and 2.44•10-14m2

for Remlingen and 4.46•10-14 and 1.56•10-13 m2 for Flechtingen. This corresponds to
permeability coefficients in the range of 1.12•10-7 to 2.39•10-7 m/s for the Remlingen
sandstone and 4.38•10-7 to 1.53•10-6 m/s for the Flechtingen sandstone, respectively.
Typical permeability coefficients for fractured sandstone rockmasses exhibit a range between
10-3 and 10-11 m/s, depending on the degree of fracturing, matrix as well as fracture
permeability and porosity (Appel and Habler, 2002; Singhal and Gupta, 2010). It can thus
be stated that the geometry is decisive for the variability of the permeability throughout the
model. The intensity determines the magnitude of the permeability, while the orientation
indicates the preferred directions of the fluid flow.

Figure 6.2: Comparison of the results obtained by the Tota-Oda-Gold-Permeability approach for the
Rem10 model (blue), Fle10 model (red) and Rei10 model (green).

Using the Remlingen sandstone as case study, the working principle of the various Oda
methods for the permeability determination can be demonstrated. Table 6.1 presents the cal-
culated permeabilities for the main components of the permeability tensor according to the
Oda-, Oda-Gold- and Total-Oda-Gold-Permeability approach. As described in Section 4.4.3,
the Oda-Gold method, in contrast to the conventional Oda method, performs a connectivity
check of the fractures within the voxels in advance and considers only fractures connected
to each other. In addition, the Total-Oda-Gold-Permeability method also calculates the
influence of the matrix permeability. The minor difference in the calculated results obtained
by the three methods can be explained by the high connectivity of the fracture network,
which can be seen with the naked eye.

As shown in Table 6.1, the calculated permeability based on the Odamethod is consistently
slightly higher compared to the Oda-Gold method. This can be explained by the fact that,
despite the high connectivity, several fractures were not taken into account by the Oda-Gold
method due to a lack of connectivity. If one examines the results of the Total-Oda-Gold
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approach, it is noticeable that the values are slightly increased compared to the Oda-Gold
method. This implies that the matrix permeability is indeed taken into account. The fact
that the increase is very low can be explained by an extremely low matrix permeability. Thus,
it can be concluded that the Total-Oda-Gold method should be preferred, as it provides the
closest approximation to flow simulations. In this case study, the impact of the different
approaches is relatively small, however, considering other conditions of fracture geometry
and fractures as well as matrix permeability, the impact can be significantly higher (Elfeel
et al., 2013; Miernik, 2020).

Table 6.1: Comparison of the results obtained by the Oda-, Oda-Gold- and Total-Oda-Gold approaches
with respect to the main components of the permeability tensor using the Remlingen
sandstone as an example.

Oda Oda-Gold Total-Oda-Gold
Kxx[m2] 1.47648•10-14 1.47090•10-14 1.47548•10-14
Kyy[m2] 1.17273•10-14 1.17072•10-14 1.17530•10-14
Kzz[m2] 2.50870•10-14 2.50131•10-14 2.50590•10-14

Geomechanics
In order to allow for a proper comparison of the estimated rock mass properties derived

from empirical relationships based on rock mass classification schemes to the results obtained
by DFNmodeling, the DFNmodels Rem1 as well as Fle1 utilize a voxel size of 50 x 50 x 50m3.
This is assumed as a reasonable representative element volume with respect to engineering
geology applications in tunneling and mining as well as fractured rock mass characterization
of hydrocarbon and geothermal reservoirs. The results achieved by the DFN models for
both sandstones investigated underline the weakening effect fractures have on rock mass
properties in terms of elastic parameters. The upscaled DFN models using the VTI approach
indicate a significant decrease of the transversal deformation modulus to approximately
5GPa caused by the predominant vertical fracture sets for both sandstones (Figure 6.3).
Slightly lower values for the Flechtingen sandstone can be explained by the larger number
of vertical fracture sets resulting in an increased fracture intensity. For the longitudinal
deformation modulus, a different pattern is observed. The Flechtingen sandstone shows a
minor reduction relative to the intact value as a consequence of the absence of horizontal
fractures leading to a discernible anisotropy. In contrast, the longitudinal deformation
modulus of the Remlingen sandstone exhibits a noticeable reduction creating an almost
isotropic behavior of the rock mass. It is noteworthy that despite the smaller number and
lower intensity of the horizontal fracture set, the reduction of the rock mass deformation
modulus is comparable to the longitudinal deformation modulus. The implication is that a
single mechanical weak fracture set has a greater impact on the deformation modulus than
the two, mechanical stronger vertical fracture sets including a higher intensity.
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Figure 6.3: Comparison of the results obtained for all three investigated case studies using the Oda-
Geomechanics approach applying the VTI-symmetry. The corresponding DFN models
are shown above the respective deformation moduli for the Rem1, Fle1 and Rei1 models.

These findings are also reflected in the upscaling results bymeans of the isotropic approach.
Mean values gather around 5GPa for the Remlingen sandstone once more showing slightly
lower values caused by the mechanical properties associated to the fractures in combination
with a slightly lower intact Young’s modulus. Mean values of the computed deformation
moduli are considerably lower than those of the isotropic Young’s modulus of the intact rock,
i.e., only 26 to 35% of the 15.8GPa assigned to the sandstones for Remlingen and 17.7GPa
for Flechtingen, respectively. This reduction is consistent with values obtained by Beiki
et al. (2010) and Pollard and Fletcher (2005). These studies demonstrate sandstone and
fractured rock mass deformation moduli in the range of 20 to 75% of the corresponding
values of the intact rock. In addition, the orthogonal fracture network is responsible for the
transverse Poisson’s ratio being larger than the longitudinal one in case of the Remlingen
sandstone. Values in each direction vary by a factor of up to five. In this context, it is
necessary to consider the impact of the mechanically weaker clay/siltstone layer, as the
elevated values predominantly correspond to the location of these horizontal layers. Besides
causing a separation of the sandstone beds, these layers also lead to an anisotropic elastic
behavior. This is especially evident within the models using an increased number of voxels.
For Flechtingen, the missing horizontal fracture set results merely in an increase of the
transverse Poisson’s ratio, thus keeping the longitudinal almost equal to the intact value.
Parameter studies on mechanical input characteristics of the DFN models reveal that fracture
intensity, intact Young’s modulus, as well as fracture normal and shear stiffness, significantly
influence the upscaled results. This emphasizes the importance of site-specific stiffness
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parameters and corresponding mechanical tests on fractures.
Results obtained for the Rem10 and Fle10 models in terms of their mechanical properties

indicate varying results. The model Rem10 demonstrates that the analysis of the mechanical
rock mass properties exhibits a considerable spatial variability at a voxel size of 5 x 5 x 5m3

due to the horizontal fracture set. This can be observed in all spatial symmetries calculated
as shown in Figure 5.9. The voxels which are intersected by the horizontal fracture provide
the minima and maxima of the corresponding properties. The fact that the Rem10 model
has a significantly higher spatial variability becomes likewise apparent when considering
the calculated mean values for the deformation modulus. E.g., the calculated mean value for
the longitudinal deformation modulus is 6.3GPa showing a significantly increased standard
deviation compared to the Rem1 model. The scatter also becomes clear if the minima and
maxima values are considered. Here, the calculated values of the respective voxels vary
between 1.1 and 15.8GPa. In contrast, the findings for the Flechtingen sandstone yield
a relatively homogeneous distribution of the properties throughout the model despite the
smaller voxel size due to the geometry of the fracture network which is also characterized
by a low standard deviation. In addition, the mean values differ only slightly compared to
the mean values derived from the Fle1 model. In this case, the spatial variability is less
dependent on the chosen voxel size.

6.3.2 Upscaling for the Reinersreuth Granite

Permeability
The permeability distribution derived for the base model Rei10 indicates that for a voxel

size of 5 x 5 x 5m3 the components of the permeability tensor vary by almost two orders of
magnitude – a spatial scatter which would further increase for more detailed grids. There
are no substantial directional differences, i.e., range and mean values are rather similar,
because the three fracture sets in the granite case study are almost orthogonal to each
other and parallel to the axes of the DFN model. An increase in the voxel size used for
upscaling (models Rei5 and Rei1) minimizes the scatter until permeabilities ultimately
reach the mean and one-voxel value, respectively. These mean values for the two horizontal
and the vertical direction range between 7.70•10-15 and 8.13•10-15 m2 which corresponds
to permeability coefficients in the range of 7.54•10-8 to 7.96•10-8 m/s. Depending on
the degree of weathering and fracturing, permeability coefficients actually measured for
granite show a range between 10-15 to 10-1 m/s (Appel and Habler, 2002; Singhal and
Gupta, 2010). Hydraulic parameter studies (models Rei1 to Rei1/5) indicate that changes
in fracture aperture and fracture permeability linearly affect the resulting bulk permeability.
These observations are in accordance with Laux (2017) and Miernik (2020). This results
from the Total-Oda-Gold-Permeability approach treating the fractured rock as a homoge-
neous dual porosity - dual permeability medium, i.e., with different hydraulic properties
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volume-averaged for rock matrix and fractures. For the granite studied, the contribution
from the matrix is negligible, so the bulk permeability tensor essentially changes in the
same manner as the hydraulic fracture properties.

Geomechanics
The results for model Rei10 with respect to elastic parameters underline the weakening

effect fractures have on rock mass properties. For the voxel size of 5 x 5 x 5m3, deformation
moduli vary spatially by a factor of seven to nine, whereby the longitudinal values are
always larger than the transverse ones. With respect to the mean values, the longitudinal
deformation modulus is about 35% larger. This anisotropy results from the orthogonal
fracture network with two vertical sets affecting the transverse deformation modulus and
only one horizontal set affecting the longitudinal one. The mean value of the two moduli
is substantially lower than the isotropic deformation modulus of the intact rock, i.e., 23
and 37% of the 45GPa assigned to the granite. Such a reduction is in agreement with a
comparison of laboratory tests on intact samples with in-situ plate load tests by Pollard and
Fletcher (2005) which shows crystalline rock mass deformation moduli in the range of 12
to 75% of the corresponding intact rock value. Although the fracture network geometry
is comparable to that of the Remlingen sandstone, the one voxel model Rei1 exhibits
a clear anisotropy which could not be observed to the same extent in the Rem1 model
(Figure 6.3). This supports the above mentioned hypothesis regarding the influence of
the mechanical properties of the respective fracture sets. In the granite case study, the
same hydraulic and mechanical parameters for all three fracture sets were utilized. The
orthogonal fracture network is responsible for Poisson’s ratios in the transverse being larger
than in the longitudinal plane. Values in both directions differ by a factor of four to five.
With increasing voxel size (models Rei5 and Rei1) the range in upscaled deformation moduli
and Poisson’s ratios decreases. While the mean values for the Poisson’s ratio remain the
same, deformation moduli decrease with larger voxel sizes as progressively more fractures
weaken the rock. Tests with even larger voxels than used for model Rei1 indicate that
deformation modulus do not decrease linearly but ultimately reach a minimum constant
value. Parameter studies with respect to mechanical properties (models Rei1, Rei1/6 –
Rei1/9) show, that fracture normal and shear stiffness have a significant effect on the
upscaled elastic properties, in particular the deformation modulus. This underlines the need
for site-specific stiffness parameters and corresponding mechanical tests on fractures as
they have a significant influence on the mechanical behavior.

6.3.3 General Considerations on Upscaling Using the DFN-Oda Approaches

In the study, the same hydraulic and mechanical input parameters for all three fracture sets,
except for the Remlingen sandstone, were used. However, DFN modeling and the upscaling
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approaches used can account for variable fracture set properties, e.g., different apertures
and fracture permeabilities depending on how the fracture is oriented relative to the recent
stress field. Likewise, different mechanical properties can be considered, e.g., in case of
differences in fracture filling and fracture alteration. Application of the workflow applied to
a surface outcrop as an analog for subsurface conditions like it is done in this study inevitably
leads to two basic aspects - differences in ambient conditions and model validation. E.g.,
the bulk poro-perm properties of a fractured crystalline rock with essentially no matrix
porosity and very low matrix permeability, fracture aperture and fracture permeability are
pivotal. These properties are not only difficult to measure, but substantial uncertainties
exist on how to transfer the values observed in a surface outcrop to subsurface conditions.
While the geometrical characteristics of the fracture network may be transferable if the
surface analogue has been properly selected, fracture aperture and fracture permeability
will certainly change with depth due to the increase in confining pressure and temperature.
These changes could be constrained if corresponding borehole data, i.e., cores and image
logs, are available. In any case, the proper selection of hydraulic parameters for the DFN
model and the upscaled permeability distribution can be validated by comparing fluid flow
simulation results to hydraulic test data, e.g., water-pressure, slug and pulse tests (Hekel
and Odenwald, 2012; Shahbazi et al., 2020; Singhal and Gupta, 2010). A similar validation
for the upscaled mechanical parameters remains difficult. In situ tests like plate load and
large flat jack tests (e.g., Palmström and Singh, 2001; Pilgerstorfer et al., 2011; Wittke,
2014) are an option but still limited to a rather small rock mass volume. The use of seismic
P- and S-wave velocities may be an alternative to cover larger volumes (e.g., Guerra et al.,
2019; Herwanger and Koutsabeloulis, 2011) but requires a transformation from dynamic to
static elastic properties.

A benefit of the approach applied is that the overall size of a DFN model as well as the size
of the individual grid voxels used for upscaling can be adapted to the scale and requirements
of the particular study. However, care should be taken, that the underlying data acquisition
has similar dimensions as the resulting DFN model as parameters such as P10, P21 or P32

are scale-dependent. In this context, the rock mass classifications and the corresponding
empirical relationships can not, by nature, represent the anisotropy of the rock mass being
investigated, as is shown in the Flechtingen and Reinersreuth example (Figure 6.1 and
Figure 6.3). At this point, the additional benefits of the DFN-Oda-Geomechanics modeling
approach becomes apparent. It can provide anisotropic values for deformation modulus and
Poisson’s ratio of a rock mass, which may result from lithological layering as well as fracture
geometry. An aspect not treated by the rock mass classifications schemes. In the study the
scale used for both, measurements in the quarries and the DFN models, is 50m. This allows
to consider spatial variations in elastic rock mass properties on the scale of a geotechnical
project, an additional aspect not considered by rock mass classifications schemes.
Nevertheless, it is necessary to take into account that the equivalent properties of the
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DFN-Oda-Geomechanics approach voxels are computed by means of an analytical technique
based on the crack tensor theory (Oda, 1986; Oda et al., 1984; Oda, 1983). The crack
tensor theory calculates the volumetric average properties of all fractures with respect to
their geometrical and mechanical properties, such as orientation, length, aperture or the
fracture stiffness of the discontinuities in the respective voxels. Features or processes such as
the formation of new cracks in the intact rock or at existing fractures and their coalescence
along a prevailing fracture network are thus not taken into account. An important aspect
in the consideration and calculation of the mechanical behavior of fractured rock masses
which could also influence the hydraulic characteristics.

In summary the DFN-Oda approaches offer an interesting method to upscale hydrome-
chanical rock mass properties to the voxel size of reservoir- and regional-scale models which
typically is in the range of tens to hundreds of meters.

6.4 Block Shape Analysis

The block shape evaluation, carried out for the two sandstone case studies, demonstrates an
additional advantage associated with the analysis of fractured rock masses using the DFN
modeling approach. The resulting properties - block shape, volume, size and weight - can
offer additional information to improve the subsequent assessment of calculated mechanical
properties. This knowledge can assist in the evaluation and prediction of mining operations
in terms of extraction, depending on the demands of a specific project. The analysis was
conducted using the Fragmentation Grid approach (Golder Associates Ltd., 2021). A grid
of voxels is superimposed on the DFN model which is used to map fractures within each
voxel. Following, voxels with no bounding fracture are combined to form rock blocks. The
algorithm detected 1068 blocks for the Remlingen sandstone with an average block volume
of 117m3. The Flechtingen sandstone comprised 1361 blocks which could be explained by
the higher fracture intensity forming a higher number of blocks. The higher intensity is also
reflected in the lower average block volume of 92m3. Although the fracture intensity in
Flechtingen is noticeably higher, the mean calculated volumes of the blocks do not differ to
a great extent. This could be explained by the prevailing fracture network geometry. Due
to the higher fracture intensity for the Flechtingen sandstone, the blocks are indeed smaller
in their horizontal extent. However, due to the absence of a horizontal fracture set, their
lateral extent is more pronounced in comparison to the blocks in the Remlingen sandstone
which leads to an increase in size.

This issue can be verified by the shape analysis of the blocks. By applying the Fragmen-
tation Grid approach, the shape factors ↵s and �s were calculated (see Section 4.4.5). In
this context, ↵s represents the flatness of an object while �s indicates the elongation of an
object. Following the calculation of these parameters, they can be plotted within the block
shape diagram, introduced by Kalenchuk et al. (2006), in order to visualize the average
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block shape as shown in Figure 6.4. In general, both case studies appear in the cubic section
(Cu) in the lower left which is consistent with the orthogonal fracture network geometries.
If one considers the calculated values for ↵s and �s as well as their distribution more closely,
it becomes apparent that despite the relatively similar mean values, greater variations are
evident.

Figure 6.4: (a) Block shape diagram for the Remlingen and Flechtingen sandstone (modified after
Kalenchuk et al. (2006)). (b) Histogram for the block shape parameters ↵s and �s for
the Remlingen sandstone (green) and Flechtingen sandstone (red).

For the Remlingen sandstone, higher ↵s values of up to 5.6 can be observed, which extend
to the platy-cubic (PC) and slightly into the platy (Pl) section. These are related to the
horizontal layer. The narrower the spacing of the horizontal fracture in the corresponding
voxels, the more platy the shape of the resulting block. However, the fraction of such blocks
is rather small compared to the cubic blocks, as shown in Figure 6.4. The calculation for
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�s yielded an average value of 3.66 ranging from 1 to 9.8. In this case, the distribution
shows that a majority of the blocks are found in the cubic (Cu) section. However, there is
a certain number of blocks that can be considered in the cubic-elongated (CE) as well as
in the elongated (El) section. This pattern of blocks can be explained by voxels without a
horizontal fracture and the vertical arrangement of the two residual fracture sets leading to
the elongated shape.
The block shape analysis for the Flechtingen sandstone exhibits an average ↵s value of

1.1 which is slightly reduced to those obtained for the Remlingen sandstone. The computed
range for ↵s is 1 to 4.3. As can be seen in the distribution, the number of blocks assigned to
the platy-cubic section is very small in comparison to the rest of the blocks, which means
that the majority of the blocks is assigned to the cubic section. The computed range for the
�s value ranges from 1 to 9.7 with an average of 4.1. Consequently, the mean block shape
of the Flechtingen sandstone is located in the lower part of the cubic-elongated section
as a result of the vertical orientated fracture network. Likewise, the amount of blocks in
the higher part of the cubic-elongated section (> 6) as well as the amount of blocks in the
elongated section (> 7) is much more distinctive compared to the Remlingen sandstone
which is consistent with the fracture network geometry.

The results described above demonstrate that, in addition to hydraulic and mechanical
analysis, DFN models can provide a considerable benefit in terms of block size and shape
analysis for various geotechnical applications.

6.5 Upscaling Using the LS-SRM Approach

6.5.1 Upscaling for the Remlingen Sandstone

The LS-SRM modeling approach adopted in this study is characterized by a comparatively
straightforward and short calibration process of the input parameters as well as computa-
tional efficiency. This distinguishes it from other SRM approaches. The analysis carried out
demonstrates that by using the selected LS-SRM approach, insights about the mechanical
properties as well as the fracturing behavior of intact rocks and also fractured rock masses
can be obtained and investigated. In the first step of the LS-SRM workflow, the input
parameters for the intact rock were calibrated. This was achieved quickly and efficiently due
to the built-in calibration factors. By performing unconfined compression experiments, a
good fit of the UCSrock as well as the intact Young’s modulus with the previously performed
laboratory tests was obtained. Although the calculated values of the intact rock agree with
the target values, the stress-strain curves for the intact sandstone in the laboratory test and
in the numerical model do not coincide exactly (Figure 5.11). Firstly, the initial deformation
stage differs from each other, which can be explained by the initial crack closure in the
laboratory specimens, a behavior that is not taken into account in the LS-SRM models.
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However, this does not have an effect on the resulting UCSrock and Young’s modulus. The
slight flattening of the stress-strain curve before failure of the specimen typically observed
for laboratory experiments, caused by the formation and initial coalescence of microcracks
leading to an initial weakening of the rock before the specimen fractures, is not observable
(Figure 5.11). The linear stress-strain response before the peak strength in the model is
a consequence of using the lattice based Voronoi tessellation. Such a lattice reduces the
force-stress dispersion, resulting in spring breakage taking place for a relatively narrow
range of stresses (Itsaca, personal communication, 2021). In addition to the unconfined
compression experiments, models with various confining pressures were used to calibrate
the internal friction angle and the cohesion. Results obtained from the calibration of the
intact sandstone show that the LS-SRM approach is well suited to perform numerical labo-
ratory tests, reproduce the rock properties previously determined in the laboratory and can
consequently be used as a virtual laboratory.
Based on these findings, the input parameters for the intact massive rock mass were

adjusted, whereby the rock mass strength was reduced to 80% of the intact laboratory value
according to Cai and Kaiser (2014). A voxel size of 50 x 50 x 50m3 for the rock mass was
adopted in order to allow for a proper comparison to estimated rock mass properties derived
from empirical relationships and the DFN-Oda-Geomechanics approach. The calibrated
intact rock mass model was combined with the DFN model and unconfined compression
experiments were conducted to derive the UCSmass and the deformation modulus of the
fractured rock mass. The results achieved by the numerical simulations of the fractured
sandstone underline the weakening effect existing fracture networks have on rock mass
properties in terms of strength and elastic parameters. The SRM models of the fractured
rock mass predict a UCSmass of approximately 23MPa exhibiting a reduction by almost
76% compared to the value of the intact rock. Those values were validated and compared
to empirical formulas based on rock mass classification schemes such as the RMR or the
GSI yielding a high level of agreement (Figure 5.15). The UCSmass values calculated from
the empirical relationships predict a strength range from 16 to 46MPa, which covers the
calculated values of the SRM models. Considering the calculated deformation modulus of
the SRM models, a similar picture emerges regarding the reduction by the fracture network
compared to the intact value. The deformation modulus obtained from the SRM models
indicate a value of approximately 3GPa, representing a significant reduction in comparison
to the intact rock showing a Young’s modulus of 15.8GPa. Such a reduction is in agreement
with the work of Beiki et al. (2010) and Pollard and Fletcher (2005) which indicated
that sandstone and fractured rock masses in general can exhibit a reduction of up to 75%
compared to the intact rock. Sensitivity studies (see Section 5.1.5) on the characteristics
of the DFN models including fracture size, fracture intensity as well as fracture normal
and shear stiffness, significantly influence the upscaled results leading to a range of 1.4
to 4.5GPa. This emphasizes the importance of site-specific characterization and stiffness
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parameters including corresponding mechanical tests on fractures to optimize the accuracy
of the models and resulting predictions.

However, by comparing the calculated deformation moduli of the LS-SRM models with the
corresponding values of the DFN-Oda-Geomechanics approach and the empirically calculated
values a somewhat larger deviation can be observed (Figure 5.16). Although the LS-SRM
models indicate a good level of agreement with the DFN-Oda-Geomechanics approach
in terms of the mean value, the range is reduced and the values tend to be in the lower
part of the range calculated by the continuum (DFN-Oda-Geomechanics) approach. In the
DFN-Oda-Geomechanics approach, the entire model domain of the DFN model is segmented
into a predefined number of voxels. The equivalent properties like the deformation modulus
are computed with analytical techniques based on the crack tensor theory (Oda et al., 1984;
Oda, 1983). Features or processes such as the formation of new cracks in the intact rock
or at existing fractures and their coalescence along a prevailing fracture network are thus
not taken into account. In this context, the discontinuum approach of the LS-SRM models
offers an advantage, as it allows to investigate fracture initiation and propagation within
the fractured rock mass. An exemplary sequence of the formation and coalescence of newly
formed microcracks, which could ultimately lead to the failure of the rock mass, is shown in
Figure 6.5. It can be observed that at the beginning of the loading stage isolated microcracks
form at the tips of the already existing fractures distributed over the entire model domain
(Figure 6.5a-b). With increasing loading and stress, the amount of microcracks increases
and the microcracks begin to coalesce at locations with a high fracture density (Figure
6.5c). If the stress is increased further, the number of microcracks increases and additional
microcracks form in the intact rock, causing more and more fractures to appear (Figure
6.5d-e). Subsequently, as the experiment progresses, more and more microcracks will
connect, using the prevailing fracture network as a pathway to form larger fracture planes
that will ultimately lead to the failure of the rock mass (Figure 6.5f).

Results obtained from the calculation of the deformation modulus based on rock mass
classifications show a range of 3 to 14GPa with a mean value of 8.6GPa, thus differing
clearly from the results of the LS-SRM models (1.3 to 4.5GPa). The lower values can be
explained by the ability of the LS-SRM models to allow for fracture initiation and fracture
propagation. The fracture initiation in the LS-SRM models of the fractured rock mass
occurs significantly earlier compared to the intact rock as shown in Figure 5.11 and Figure
5.13. In addition, the empirical equations are rather sensitive to the input parameters,
adding a factor of uncertainty to the results obtained. Nonetheless, results derived from the
adapted LS-SRM models with increased fracture stiffness demonstrate that it is mandatory
to compare and validate different approaches. The models show that it is necessary to
modify the mechanical properties of the fracture network model rather than using the
laboratory results directly.
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Figure 6.5: Exemplary sequence of the formation and coalescence of newly formed microcracks using
the LS-SRM model with top view of the fractured rock mass. Predominant fractures,
represented by the DFN model, are shown in gray shades. Newly formed microcracks
are shown in green (33% broken), yellow (66% broken) and red (100% broken) using
the flat joint model for the Remlingen sandstone.

6.5.2 Upscaling for the Flechtingen Sandstone

Similar to the Remlingen sandstone, the calibration of the input parameters for the intact
rock on laboratory scale as well as the intact rock on rock mass scale was completed
successfully matching the results obtained in the laboratory (see Section 5.2.5).
The calculated UCSmass of the fractured rock mass using the LS-SRM approach yielded

approximately 19MPa exhibiting a reduction by almost 82% compared to the value of the
intact rock. Thus, showing slightly lower values compared to the Remlingen sandstone
despite the higher intact compressive strength. The results obtained show a good agreement
with the values obtained by empirical formulas based on rock mass classification schemes
such as the RMR or the GSI (Figure 5.28). The fractured rock mass strength calculated
from the empirical relationships predict a mean value of about 29MPa and a strength range
from 13 to 48MPa. A similar picture emerges regarding the reduction of the deformation
modulus by the fracture network in comparison to the intact Young’s modulus. The defor-
mation modulus obtained from the LS-SRM models indicate a value of approximately 9GPa,
representing a significant reduction in comparison to the intact rock showing a Young’s
modulus of 17.3GPa. The calculated mean value of the empirical equations is about 8GPa
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demonstrating a good agreement. However, the reduction is not as pronounced as observed
for the Remlingen sandstone. The comparison with the DFN-Oda-Geomechanics approach
indicates a higher deviation. The results of the LS-SRM models are in the lower range of
the values previously obtained by the DFN-Oda upscaling technique which also exhibits a
significantly larger span. A possible explanation for this observation could again be the fact
that processes such as the formation of new cracks in the intact rock or at existing fractures
and their coalescence along a prevailing fracture network are not consider in the DFN-Oda
approach leading to a higher reduction in the LS-SRM models.

Further differences compared to the Remlingen sandstone were identified by the exami-
nation of the sensitivity analysis on the geometrical as well as mechanical characteristics
of the underlying DFN model. As shown in Section 5.2.5 a change in stiffness by itself
does not change the computed vales significantly. This was also observed for the adopted
LS-SRM models. Even an increase in fracture stiffness by the factor of three does change
the deformation modulus solely by 0.2GPa. For comparisons, the deformation modulus of
the Remlingen sandstone was increased from 2.8 to 5.1GPa by the adaption of the fracture
stiffness. Fracture intensity and the fracture size show a larger influence on the Flechtin-
gen case study and the resulting rock mass properties. Variation of these two parameters
comparatively influence the rock mass strength and the deformation modulus to a greater
extent. The increase or decrease in stiffness indicates an effect on the rock mass properties
when combined with other parameters. Models including a high intensity and low frac-
ture stiffness, as well as models containing a small size and high fracture stiffness show
the greatest influence on the computed properties. Using these two cases, the calculated
strength of the rock ranges from 14 to 25MPa while the deformation modulus ranges
from 7.5 to 10.1GPa. Nonetheless, it is noticeable that the range remains relatively narrow,
especially for the deformation modulus, despite the varying characteristics of the DFNmodel.

Influence of the fracture network geometry on the mechanical rock mass behavior
Since the two sandstones are very similar in terms of their mechanical properties of the

intact rock, it can be observed from the results of the DFN-Oda-Geomechanics method as
well as the LS-SRM models that the fracture network geometry can substantially influence
the mechanical properties of a fractured rock mass. To verify this in more detail and to
investigate how the fracture network geometry affects the properties of the fractured rock
mass, the Flechtingen DFN model was utilized. For this purpose, the DFN model, that was
loaded along the z-axis in the initial LS-SRM simulations, was loaded along the x- and
y-axis. In order to do so, the orientation of the fracture sets was adjusted (Figure 5.30).
The remaining geometric properties and mechanical properties remained unchanged. The
generated DFN model for the x-direction contains one vertical and one horizontal fracture
set as well as one set dipping around 60 °. The DFN model in the y-direction contains one
set dipping around 60 ° and two horizontal fracture sets. The z-direction is characterized by
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three vertical fracture sets. All three DFN scenarios were subsequently investigated with the
standard input parameters as well as the adapted fracture stiffness in unconfined pressure
experiments. The results of the simulations are shown in Figure 6.6. The simulations
reveal not only differences with respect to the UCSmass and the deformation modulus for
the different loading directions, but also significant differences regarding the stress-strain
curves. These differences are not only related to the loading direction. The adaptation of
the stiffness also provides different effects with respect to the different directions. Results
for the DFN model in x-direction indicate a substantial effect due to the increase in fracture
stiffness (Figure 6.6a). In addition, it is shown that in the case of the standard model
(Fle X), more deformation takes place until the specimen fails. Loading in the x-direction
exhibits the lowest calculated rock mass strength with a mean value of 7 and 12.7MPa for
the standard and adapted model, respectively. The increase in fracture stiffness by a factor
of three increases the UCSmass by approximately 75% and almost doubles the deformation
modulus from 2.8 to 5.7GPa. The most significant difference between the standard and
the adapted model is shown for the DFN realization in y-direction (Figure 6.6b). The
obtained UCSmass for the standard model yields 11.7MPa, however, the increase in stiffness
almost doubles the strength resulting in a value of 23.1MPa. This value also represents the
maximum value obtained for the three different DFN realizations. A similar behavior can be
observed for the deformation modulus. For the y-direction the increase in fracture stiffness
increases the calculated deformation modulus by nearly the same factor and thus reveals
the largest influence of the fracture stiffness. The influence of the fracture stiffness in this
DFN realization is also evident while looking at the corresponding stress-strain curves. The
stress-strain curve for the standard model is significantly flatter, exhibits a significantly
higher deformation in contrast to the other models and remains at a similar level for a
certain period until failure occurs. An explanation for this behavior is that the numerous
horizontally aligned fractures are initially closed during the compression and carry the
applied axial stress for a certain amount of time. During this stage, the matrix is increasingly
damaged until failure occurs, followed by strain-softening. A behavior, which was indicated
for the x-direction, but to an extent that it can only be observed in the y-direction as the
amount of almost horizontal fractures is less pronounced in x-direction.
As stated previously, the change in fracture stiffness affects the model scenarios in z-

direction only to a minimal extent (Figure 6.6c). The UCSmass increases from 15.7 to
17.1MPa while the deformation modulus increases only by 0.4GPa.

For all model scenarios it can be observed that at a point where a similar number of
cracks is achieved the residual strengths are approximately the same regardless of the
fracture stiffness. From the results obtained, it can be concluded that the fracture stiffness
only has a significant influence when the fracture sets are oriented perpendicular to the
loading direction. This is particularly evident in y-direction, where the majority of the
fractures are oriented horizontally. If the fracture sets are orientated parallel to the loading
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Figure 6.6: Stress-strain relationships including the number of cracks using the Flechtingen sandstone
according to the x- (a), y- (b) and z- (c) loading direction.

direction the influence of the fracture stiffness is almost negligible as can be observed for
the z-direction. The maximum value of the stress-strain curves as well as the shape and
the corresponding deformation modulus therefore depends on the mechanical properties of
matrix and fractures, failure type, the number of fractures as well as the orientation of the
fracture sets to the prevailing stress field.

In order to further investigate the mechanical behavior and the failure behavior of all three
DFN scenarios, a cross-section was generated in the center of each model along the vertical
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axis for each realization. Subsequently, the standard unconfined pressure experiments
were performed again and the formation, position and coalescence of microcracks was
investigated. The results for a lateral strain ranging from 0.001 to 0.005 are shown in Figure
6.7. It should be noted that these are cross-sections along the vertical axis in the center of
the models to study the evolution of the microcracks. This cross-section can not represent
the failure in 3D space. Therefore, it may occur that the model is marked as already failed
although this is not visible within the cross-section. In this case, the failure has occurred at
a different location within the model.
For the x-direction, it can be observed that at the beginning of the simulation, isolated

microcracks form near horizontal orientated fractures and at the tips of the fractures
distributed over the entire model domain (Figure 6.7a). As the stress and strain increase,
the number of microcracks is also increased and the microcracks begin to coalesce at
locations of high fracture density and along horizontal fractures. At 0.004 and 0.005 strain,
when the specimen has already failed, there are noticeably more microcracks and possible
failure planes formed by the coalescence of the microcracks. The fractures connect mostly
at locations with high fracture density and along the fracture network. Areas with low
fracture density and the surrounding matrix often remain intact. The prevailing fracture
network provides explicit stress concentration points for the coalescence of microcracks.
The fracture sets, which dip at angles of approximately 20, 60 and 80 °, serve as planes
of weakness and due to their orientation they provide a basis for local failure paths that
coalesce causing the failure of the specimen. In rock masses containing a medium dip angle
fracture network, as is the case in the DFN-model in x-direction, sudden failure along the
fractures occurs as the shear stress approaches the shear strength of the prevailing fractures.
As the shear strength of the fractures is generally lower compared to the intact rock, the
strength of a specimen with a medium dipping fracture network is likewise controlled by
the stiffness of the discontinuities. Shearing and sliding on the fractures ultimately leads to
failure. These observations fit the stress-strain curves obtained in (Figure 6.7a) and explain
the lowest obtained UCSmass for the x-direction.

Considering the development of the microcracks in y-direction (Figure 6.7b), a different
behavior is observed. As the experiment progresses, the number of microcracks increases, but
is considerably lower compared to the other realizations at a similar stage. At 0.003 strain,
the number of microcracks increases more strongly as they develop along the fractures in
areas with a high fracture density. At 0.004 and 0.005 strain, significantly more microcracks
form throughout the model. It is noticeable that the microcracks do not only form along
the fractures but also within the intact matrix and thus start to coalesce with clusters of
microcracks. However, at 0.005 strain the sample is still intact and no larger continuous
failure planes can be observed. This finding supports the hypothesis, that the horizontal
fractures closed during compression in the initial stage of the experiment and carry the
applied axial stress for a certain amount of time. Following, the deformation is distributed
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Figure 6.7: Cross-sections in order to investigate the formation, position and coalescence of mi-
crocracks using the LS-SRM approach for the x- (a), y- (b) and z- (c) direction for the
Flechtingen sandstone. Predominant fractures, represented by the DFN-model, are
shown in gray. Newly formed microcracks are shown in green (33% broken), yellow
(66% broken) and red (100% broken) using the flat joint model. The strain is labeled
in the upper left corner with a green and red background indicating if the rock mass is
still intact (green) or failure already occurred (red).
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throughout the matrix until the specimen subsequently fails. The specimen will probably
fail either by shearing or splitting. This observation is an explanation for the high impact of
the increased fracture stiffness for the DFN realization in y-direction.
The DFN realization in z-direction exhibits a different behavior (Figure 6.7c). At the

beginning of the simulation, only a few microcracks appear at the fracture tips of the
vertically oriented fractures. With continuing deformation, the number of microcracks
increases in areas that have already been broken, resulting in significantly more microcracks
throughout the model, which are predominantly found at the fracture tips. At 0.003 strain,
the number of microcracks increases significantly and the specimen has already failed. In
particular, as the simulation progresses, it can be observed that approximately vertical
failure planes have developed along the fractures through the model and segments of the
matrix remain intact. The specimen will subsequently, similar to the DFN realization in
y-direction, fail either by shearing or splitting. Although both DFN realizations may fail by
the same failure mode, the failure mechanism up to this critical point are quite different.

The data and observations obtained regarding the anisotropic behavior of the rock mass
and the different failure modes are in agreement with various studies based on laboratory
experiments as well as numerical modeling that investigated the influence of orientation,
intensity, stiffness and aperture of fractures (e.g., Cheng et al., 2016; Davy et al., 2018; Singh
et al., 2002; Zhang et al., 2017). Furthermore, consistency was found with studies investi-
gating the influence of non-persistent fractures on the mechanical behavior of fractured rock
mass (e.g., Fan et al., 2015; Prudencio and Van Sint Jan, 2007; Yang et al., 2016). However,
in this context it should be mentioned that these studies were partly performed in 2D on a
smaller scale and therefore the failure modes were sometimes determined specifically for
the respective orientations. As shown in this work, on the rock mass scale in a 3D domain
the mechanical behavior including the failure modes is considerably more complex and can
show a combination of several failure modes and a significant anisotropy.

6.6 Comparing the Upscaling Approaches

Investigated aspects in this workwere on the one hand the comparison of different approaches
to determine the mechanical properties of fractured rock masses and on the other hand
the investigation which approach is most suitable to determine potential input parameters
for reservoir-scale numerical models. The various empirical calculations based on the rock
mass classification schemes have proven their reliability and convenience in estimating the
properties of rock masses. They provide plausible results if their uncertainties are taken
into account (e.g., Sari et al., 2010) which was confirmed by the results of the Monte Carlo
simulation. However, they have their limitations if anisotropic rock masses and the spatial
variation of rock properties have to be described. Furthermore, they are depending on the
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experience of the operator and the mechanical input parameters. As shown for the Reiner-
sreuth case study they might only be suitable if the classification was developed for a similar
rock type. However, this is not always possible and one should take several classifications
into consideration. In this context, it is important to mention that the evaluation of the
empirical rock mass classifications was carried out with respect to their suitability for the
calculation of empirical mechanical properties of fractured rock mass and not their general
suitability with respect to geotechnical applications.

Considering the DFN-Oda-Geomechanics approach, these issues can be addressed. Using a
superimposed 3D grid, the DFNmodel is subdivided into arbitrarily chosen voxel sizes and by
means of the crack tensor theory spatial variations as well as anisotropic elastic properties
of the rock mass can be determined. A valuable aspect in the context of geotechnical
projects which is not taken into account by the rock mass classification schemes. Moreover,
this continuum approach offers the possibility to perform block size analysis that can be
used for further engineering geological applications. However, it can not address crack
initiation, propagation and coalescence. An additional benefit of DFN modeling is, that
the fracture network geometry used for mechanical analysis can be used for hydraulic
applications if hydraulic properties are assigned to the fractures. In this manner a spatially
variable permeability tensor is computed which can be utilized for flow simulations of
the fractured rock mass. A major advantage of the DFN-Oda approaches, whether for
mechanical or hydraulic analyses, is its computational efficiency. Although they represent
an analytical method, they provide plausible results regarding the mechanical properties
of the fractured rock mass, that were verified with results reported in the literature. In
the work of Chesnaux et al. (2009) it was proven, that the Oda-Permeability approach can
produce reliable results in comparison to in-situ data. In this study, the permeability of a
fractured aquifer was calculated using the Oda method and validated with several pumping
tests performed in the field. The results are less than one magnitude apart and thus provide
good accuracy. An issue often addressed in the literature is that the Oda-Permeability
approach frequently overestimates permeability due to the assumption that all fractures
are connected (e.g., Dershowitz et al., 2000; Elfeel et al., 2013). Therefore, the Oda-Gold
or Total-Oda-Gold method provide a considerably improved and attractive alternative to
complex flow simulations, which can be very time-consuming for large-scale models.

The main difference and advantage of LS-SRM models is the consideration of the intact
rock of a fractured rock mass using a discontinuum approach. Utilizing this technique, crack
initiation, propagation and coalescence can be considered and investigated depending on
the prevailing type of rock and geometrical properties of the fracture network. Furthermore,
it is possible to perform confined compression experiments on the fractured rock mass in
order to investigate the influence of existing stress conditions on the UCSmass and elastic
properties. The discontinuum approach is therefore, due to its capabilities, well suited to
test several realizations of rock mass samples and is better suited to study the mechanical
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properties more realistically and closer to the behavior encountered in nature. Furthermore,
as shown in the work of Damjanac and Cundall (2016) and Damjanac et al. (2016) it is
also possible to conduct hydraulic fracturing simulations. However, a possible disadvantage
is the computational time of the simulations of the LS-SRM models compared to the DFN-
Oda-Geomechanics approach. Depending on the selected resolution and size of the model,
it can take several hours or even days for a simulation. Nevertheless, both approaches
can be used to upscale rock mass properties to the voxel size of reservoir- and regional-
scale geomechanical models, which typically is in the range of tens to hundreds of meters
containing a large amount of pre-existing discontinuities.
It should also be mentioned that both approaches as carried out in this thesis, do not

take into account the effect of stress, the orientation of the stress field, depth, temperature
and pore pressure change which also influence the hydromechanical properties of the
intact rock, the fractures and therefore also the fractured rock mass (e.g., Brace, 1978;
Fossen, 2010; Konecny and Kozusnikova, 2011; Moore et al., 1994; Zoback, 2007). The
transferability of the results obtained to the subsurface, taking into account such parameters,
is an important aspect that should be considered. While a comprehensive understanding
of fracture networks is obtained from surface outcrops, the underlying workflow of this
thesis is also applicable using associated borehole data, such as image logs and cores. The
basic DFN model and all subsequent considerations can likewise be developed based on
adequate borehole data. In this case, it is possible to integrate subsurface conditions since
borehole data provides, e.g., information on the aperture as a function of the prevailing stress
conditions. Thus, the workflow presented is not necessarily limited to surface outcrops.
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7 Conclusions and Perspectives

7.1 Conclusions

In accordance with the workflow and methods applied, the main findings are separated into
four parts (i) Terrestrial Laser Scanning, (ii) Empirical relationships based on engineering
classification schemes, (iii) DFN-Oda approach and (iv) LS-SRM approach.

(i) Terrestrial Laser Scanning (TLS)

The study areas under investigation were surveyed in the field using TLS and the geomet-
rical properties of the various fracture sets were derived from the generated point clouds.
In this context, the following main findings are:

• TLS represents an efficient technique for the true-to-scale 3D visualization of surfaces
for geological investigations including fracture network analysis. Furthermore, it
improves the fracture network statistics derived from outcrop analysis.

• Manual geological measurements are likewise rather time-consuming and are further
limited by accessibility. Fracture network analysis of 3D point clouds provides a tool
to overcome all these issues.

(ii) Empirical relationships based on engineering classification schemes

The first approach used to determine the mechanical characteristics of a fractured rock
mass utilized empirical relationships based on conventional engineering rock mass classifi-
cations. The following main findings were identified:

• Modeling results indicate, that the incorporation of Monte Carlo simulations provides
an useful improvement. It allows to account for both the ambiguities in parameter
determination and range of properties typically encountered in nature.

• It is shown that empirical equations, incorporating intact rock properties, consistently
produce plausible results and were able to successfully predict the deformation moduli
computed by the DFN modeling approach.
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• The various rock mass classification schemes and their corresponding empirical rela-
tionships have proven their value as a reliable and convenient technique. However,
limitations are encountered if anisotropic rock masses and the spatial variation in
rock mass properties have to be described.

(iii) DFN-Oda approach

The main part of the thesis involved the hydromechanical characterization of a fractured
rock mass using the DFN-Oda approaches. Based on these methods, spatial variable tensors
for permeability, deformation modulus and Poisson’s ratio were computed. The following
main findings were observed:

• Modeling results illustrate, that a fractured rock mass exhibits substantial spatial
variations in hydraulic and mechanical parameters if fracture geometry and properties
are incorporated by means of a stochastic discrete fracture network model.

• The spatial scatter decreases with increasing voxel size used for upscaling. While
the components of the permeability tensor and the Poisson’s ratios thereby approach
the corresponding mean values, the mean deformation moduli gradually decrease for
larger voxel volumes.

• The DFN-Oda approaches offer, besides computational efficiency, the possibility to
populate hydromechanical simulations with properties which capture the anisotropy
and spatial variability of a fractured rock mass regarding permeability, deformation
modulus and Poisson’s ratio. This allows for a more realistic description and hence,
more reliable simulation results than the assumption of uniform and/or isotropic
model parameters.

• A disadvantage is the analytical calculation of the elastic parameters.

(iv) LS-SRM approach

The LS-SRM modeling approach, representing a discontinuum method, was used to
investigate the mechanical behavior of fractured rock masses. By means of unconfined
pressure experiments conducted on the fractured rock mass samples the main findings can
be defined as follows:

• The LS-SRM approach can be used as a virtual laboratory specific to the prevailing
rock and fracture properties within the project and the surrounding conditions.

• The analysis demonstrates that the mechanical behavior including the failure mode
can differ significantly due to the geometry as well as the properties of the prevailing
fracture network.

160



• The LS-SRM approach can analyze the complex mechanical behavior during failure
of rock masses, including crack initiation, propagation and coalescence. However,
the computation can be rather time-consuming depending on the selected size of the
model domain and the lattice resolution.

This thesis presents a workflow and opportunities for the generation of representative
fracture networks and spatially variable hydraulic and mechanical properties providing a
comprehensive characterization of anisotropic fractured rock masses. Based on 3D point
cloud analysis and laboratory work, empirical, analytical and numerical upscaling techniques
were applied on fractured rock masses for the generation of spatially variable hydraulic and
mechanical properties regarding permeability, deformation modulus and Poisson’s ratio.
This allows for a more realistic description compared to the assumption of uniform and/or
isotropic model parameters. This may enable predictions to be made that are tailored to
the interaction of rock mass and fractures, thus, offering interesting possibilities for refined
fractured rock mass characterization and the design of geotechnical applications.

7.2 Future Perspectives

The applied methods and workflows in this thesis have provided interesting results and
conclusions. Hence, the outcome of this thesis provides the basis for further investigations
and research. Interesting topics are, among others:

(i) The application of the presented workflow to alternative rock types such as carbonates,
commonly exhibiting a higher fracture intensity compared to the presented case stud-
ies. Alternatively, it could be applied to claystones which naturally show a pronounced
anisotropy. In this context, the influence of a fracture network on the anisotropic
behavior could be investigated. It should be attempted to select rock formations that
already provide in-situ data in order to validate the results.

(ii) Analyzing the geometry of fracture networks is automated to a certain extent, but still
requires manual input by the operator. In addition, several programs are required to
determine the various parameters. It would decrease the workload significantly if the
entire process of analyzing the point cloud could be performed in a single application.

(iii) An interesting aspect to investigate is the consideration of changes in material pa-
rameters over time due to precipitation or dissolution. One example could be the
aperture and its effect on the hydraulic and mechanical properties. In this way, 4D
DFN models can be developed which consider temporal changes with respect to their
input parameters.
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(iv) The Total-Oda-Gold-Permeability method may provide an interesting and efficient
alternative to time-intensive flow simulations. Sensitivity analyses could be performed
followed by a comparison against flow simulations conducted for the same case study.
This would enable predictions to be made or criteria to be set, such as a minimum
intensity or connectivity, at which the results of the twomethods would no longer differ
significantly. In such cases, a complex flow simulation would not be necessary and
could be effectively performed by using the Total-Oda-Gold-Permeability approach.

(v) Systematic analysis could establish new empirical equations or failure criteria incor-
porating specific rock properties by means of numerical experiments.

(vi) The results obtained for the LS-SRM models are based on unconfined pressure experi-
ments of the rock mass. It would be interesting to investigate how different confining
pressures, especially anisotropic conditions, affect the mechanical properties and the
failure behavior of fractured rock masses.
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