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Abstract

The method of percussive rotary drilling is recognized as the most efficient method
for hard rock drilling. Despite the clear advantages over conventional rotary meth-
ods, there are still uncertainties associated with percussive rotary drilling. For
geothermal applications, it is estimated that 50 % of the total cost per installed
megawatt of energy is associated with drilling and well construction, with drill bit
wear being a predominant cost factor. Numerical modelling and simulation of rock
drilling, calibrated and validated towards rigorous experiments, can give insight
into the rock drilling process. This thesis is focused on the prerequisites of numer-
ical simulations of rock drilling, i.e. the development of a numerical model and
experimental characterization of rock materials. A new approach for modelling
brittle heterogeneous materials was developed in this work. The model is based
on the Bonded Particle Method (BPM) for the Discrete Element Method (DEM),
where heterogeneity is introduced in two ways. Firstly, the material grains are rep-
resented by random, irregular ellipsoids that are distributed throughout the body.
Secondly, these grains are constructed using the BPM-DEM approach with mi-
cromechanical parameters governed by the Weibull distribution. The model was
applied to the Brazilian Disc Test (BDT), where crack initiation, propagation,
coalescence and branching could be investigated for different levels of heterogene-
ity and intergranular cement strengths. The initiation and propagation of the
cracks were found to be highly dependent on the level of heterogeneity and cement
strengths. In the experimental study, the static and dynamic properties of two
rock materials - Kuru grey granite and Kuru black diorite - were obtained from
uniaxial compression and indirect tension tests. A Split-Hopkinson Pressure Bar
was used to obtain the dynamic properties. Using high-speed photography with
frame rate 663,000 fps, the crack initiation and propagation could be studied in de-
tail, and the full-field exterior deformation fields of the samples were evaluated by
using digital image correlation. From the high-speed images, the onset of unstable
crack growth was detected. The crack-damage stresses, associated with unstable
crack growth, was approx. 90 % of the peak strength in the dynamic compression
tests, whereas the tensile crack-damage stress was approx 70 % of the tensile peak
strength.
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Thesis

This is a compilation thesis consisting of a synopsis and the following scientific
articles:

Paper A:
Albin Wessling, Simon Larsson, Pär Jonsén, Jörgen Kajberg. A statistical DEM
approach for modelling heterogeneous brittle materials. Submitted to Computa-
tional Particle Mechanics, Springer

Paper B:
Albin Wessling, Jörgen Kajberg. Static and Dynamic Properties of Kuru Black
Diorite and Grey Granite Using Full-Field Deformation Measurements. To be sub-
mitted

Contributions by the present author

The thesis author was responsible for the main part of the work regarding ex-
periments and modelling with support from the co-authors.
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Chapter 1

Introduction

The purpose of this first chapter of the thesis is to introduce the reader to the
content of the appended papers. This includes background and motivation, the
scientific background, objective and scope and limitations. The general context,
of which the thesis aims to contribute to, is also described.

1.1 Background and motivation

Percussive drilling can be traced back 2000 years to the Sichuan province, China,
where it was used for drilling salt wells. By using man powered percussive drilling
rigs made from iron and bamboo pipes, the salt miners were able to reach an
impressive depth of 140 m. For these larger wells, it could take two to three gener-
ations of workers to complete the work. Even today, farmers in rural China use this
ancient drilling method for drilling water wells [1]. In the 19th and 20th century,
steam powered and pneumatic drilling tools were invented, which revolutionized
the industry [2].

Today, percussive rotary drilling (PRD) is still recognized as the most efficient
for hard rock excavation, surpassing conventional rotary methods. The most com-
mon version of PRD is the down-the-hole (DTH) method, where the drill bit is
typically made from high-strength low-alloy steel with cemented carbide inserts
situated at the face of the bit. A piston strikes the tail of the drill bit, generat-
ing a compressive stress wave that propagates through the bit body and pushes
the button inserts into the rock surface. Initially, microcracks are formed and a
crushed zone of small particles is created directly underneath the contact point.
When the button inserts penetrate the rock further, major cracks begin to de-
velop. For spherical intenders, these cracks are initiated just outside the contact
area. The crack growth is, however, still restricted. As the inserts penetrate even
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4 Introduction

deeper and the critical energy level for full crack propagation is reached, rapid
and spontaneous crack propagation occurs. When the crack tip reaches a depth
where the tensile driving force is not large enough to allow for propagation, the
crack becomes stable and is said to be well developed. As the force generated
from the indentation reaches a sufficient level, rock cuttings are created by lateral
cracks propagating from the indenter tips to the rock surface, typically forming
an angle between 120◦ and 150◦ [3]. These rock cuttings are then flushed from
the hole, typically using compressed air or water. The drill bit is then rotated
and the process is repeated at a new rock surface. It is well understood that this
initiation, propagation and coalescence of cracks are the governing factors for the
rock excavation process [4–7].

It has been shown that PRD is between 2.3 to 7.3 times faster than rotary drilling
when drilling in medium-hard rock [8]. Other advantages of the PRD method in-
cludes lower weight-on-bit and decreased abrasive wear due to less contact time
with the rock. Despite the clear advantages, there are still some uncertainties with
this method. For example, by increasing the impact energy of the drill bit an in-
crease in ROP may be obtained but the potential increase in wear rate of the drill
bit may not be economically motivated. For geothermal applications, the wear of
the drill bits has always been a dominant cost factor, not only due to the direct
material and personnel costs associated with a broken down bit, but also due to
the loss off drilling efficiency as the drill bit has been worn out [9]. This loss in
efficiency due to wear is especially true for the cemented carbide inserts that play
a central role in the initation of cracks. Thus, there is a trade-off between ROP
and wear rate. Further, the optimal drilling parameters change with drilling depth
since the confining pressure and subsequently rock strength increases [10]. These
optimal drilling parameters often rely on the field experience of the operator and
is seldom based on scientific theory or numerical simulations. By evaluating the
process of rock fracture, both experimentally and numerically, insights about rock
drilling can be gained. These insights can in turn aid in obtaining these optimal
drilling parameters.

1.2 Scientific background

The thesis is focused on experimental and numerical studies of the rock fracture
process. This topic is of vital importance for several rock excavation applications,
such as drilling in mining and geothermal applications. The rock fracture process
has been studied for a long time, and with recent experimental and numerical
advances, it is still an active area of research today.

The perhaps oldest method for experimental characterization of rock is the Uni-
axial Compression Test (UCT) [11], which has been widely used to study rock
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materials in quasi-static conditions [12–14]. For tensile testing of rock materials,
the Brazilian Disc Test (BDT) is most commonly used [15, 16]. Although only
being an indirect measurement of the tensile strength, the BDT is preferred over
direct methods due to its simplicity [17] and its validity and applicability have
been studied extensively [18–21]. More recently, the BDT has been used for esti-
mation of the tensile elastic modulus [22], tensile Poisson’s ratio [23] and confined
tensile strength [24] of rock materials.

The fracture process of rock materials has been found to be significantly differ-
ent at dynamic loading. Once the required stress for crack initiation is reached in
a static test, the weakest crack starts growing and the stored elastic energy contin-
ues to rapidly drive the crack forward. For dynamic loading, however, the inertia
associated with crack tip opening limits the propagation, and as the load is rapidly
increasing, new cracks are initiated before previous cracks are unstable [25]. In
this way, the dynamic fracture process of rock is characterized by multiple cracks
initiating almost simultaneously. The Split-Hopkinson Pressure Bar (SHPB) [26]
is commonly used to study the dynamic behaviour of rock materials, and has been
used to study uniaxial compression [27], confined compression [10, 28], indirect
tension [29] and other rock related experiments [30]. The use of High-Speed Pho-
tography (HSP) in combination with the SHPB dates back to Perkins and Green
[31] in 1968 and can complement the strain gauge data with information about
fracture initiation and propagation. More recently, HSP has been used to evaluate
the crack initiation and propagation in the dynamic BDT [32–35]. Furthermore,
by combining HSP with Digital Image Correlation [36, 37], the exterior full-field
measurements of sample deformation can be obtained. The HSP-DIC approach
has been used to evaluate the crack propagation speed in red sandstone [38] and
the UCT, BDT and Notched Semi-Circular Bend (NSCB) of marble [39].

With regards to numerical modelling of rock fracture, the methods can be di-
vided into two groups - direct and indirect methods - depending on how damage is
represented. The traditional Finite Element Method (FEM) is an indirect method,
where the material is idealized as a continuum and various constitutive and dam-
age models are employed in order to model the fracture process. As an example,
[40] investigated the fracture of granite with FEM with a damage model in tension,
a plasticity model in compression and a weakest link approach based on Weibull
[41] to distribute defects in the model. This model has later been used to study
the tensile response of granite subjected to high strain rates [42].

In contrast to the indirect approaches, direct approaches represents damage di-
rectly by tracking the formation and propagation of each microcrack. The Bonded-
Particle Model (BPM) [43] for the Discrete Element Method [44] is an example of
a direct method. Here, the damage is represented by the breakage of linear-elastic
bonds between rigid spheres that constitute the rock material. Cracks initiate
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spontaneously on a micromechanical scale through the breakage of these bonds,
and propagate in the media through more broken bonds and coalesce with other
cracks to form macroscopic fracture planes. In this way, the BPM is able to nat-
urally describe the initiation, propagation, branching and coalescence of cracks in
rock materials. The BPM has been applied to a wide range of industrial problems
involving brittle fracture, such as rock indentation [45, 46] and rock cutting [47,
48]. A challenge with the original formulation of BPM is the low amount of grain
interlocking from spherical grains, resulting in unrealistically low compression to
tension strength ratios, making it impossible to match both the compressive and
tensile strength for some cases. Previous authors have suggested solutions to this
problem, such as utilizing clumped particles [49], increasing the interlocking range
[50], using a displacement-softening contact law [51] and employing smooth-joint
interfaces that allow sliding along specified joint directions [52]. Also, the BPM
has later been extended to the Grain-Based Model [53] that incorporates polygonal
elements and smooth-joint interfaces.

1.3 Objective and scope

The objective of this thesis is to contribute to the knowledge of the rock frac-
ture process, using both numerical and experimental methods. To this end, two
research questions can be formulated: ”How can particle-based methods increase
our knowledge about the rock fracturing processes?” and ”How can experimental
techniques be used to characterize rock at conditions found in rock drilling?”. The
work can be viewed as the prerequisites of a numerical simulation of rock drilling.
Therefore, the scope of this thesis work is to develop the numerical approach for
describing the heterogeneous nature of rock as well as experimentally character-
ising rock materials subjected to high loading rates. The experimental work is
limited to two types of rock materials, Kuru grey granite and Kuru black diorite,
that are commonly encountered during geothermal rock drilling. The numerical
model developed within this thesis was not calibrated or validated towards a spe-
cific rock material. Instead, the focus was to demonstrate the capability for brittle
and heterogeneous materials in general.



Chapter 2

Rock materials

The wear of rock drilling bits is highly dependent on the target material - rock.
The word rock is a wide term that may refer to everything from single minerals
to compositions of several minerals with a wide range of grain sizes (µm to dm)
The rock can be divided into three main groups depending on its origins; Igneous,
sedimentary and metamorphic rocks [3, 54, 55]. Igneous rocks are formed by the
solidification of magma from the earth crust. Depending on where the solidification
takes place, the igneous rock is either intrusive or extrusive. Intrusive rocks are
formed when the magma is solidified slowly underneath the earth surface, typically
resulting in rock with coarse mineral grains visible to the naked eye. On the other
hand, extrusive igneous rocks are formed when the magma is cooled quickly at the
earth surface, which produces fine-grained rock with very small crystals (if any
at all). Granite and diorite are examples of intrusive igneous rocks, while basalt
is an example of extrusive igneous rock. Sedimentary rocks are formed from the
accumulated deposition of minerals. These minerals have been transported, e.g.
via wind, ice, water and glaciers, from a source area. The different sediments are
transformed into rock via the process of cementing, typically by calcite or silica, of
the different fragments followed by lithification. The sedimentary rocks are formed
in layers known as strata or layers. Depending on the sediment source, the grain
size varies from very fine to very coarse. As a rock type is subjected to heat and
pressure, a severe change in chemical composition and structure may occur, giving
rise to metamorphic rock. The original rock type may be igneous, sedimentary or
metamorphic. For example, quartzite is formed by the metamorphic transforma-
tion of sandstone, or marble that is formed by the metamorphic transformation of
limestone.

In geothermal applications, borehole depths of several hundred metres are com-
mon [57], and with connection to what was stated above, a wide range of rock
materials may be encountered during the drilling process. With regards to the
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8 Rock materials

Table 2.1: Mohs scale of hardness for some minerals [56].

Mohs hardness Mineral
1 Talc
2 Gypsum
3 Calcite
4 Fluorite
5 Apatite
6 Orthoclase Feldspar
7 Quartz
8 Topaz
9 Corundum
10 Diamond

Table 2.2: Mineral composition of Kuru Grey Granite (KGG).

Mineral Plagioclase Quartz Potassium
feldspar

Biotite Muscovite Other

wt % 32.6 31.0 30.8 3.5 1.2 0.9

wear of drilling bits, the problematic rock materials are those with hard con-
stituent minerals. A common measurement of hardness for minerals is Mohs scale,
as created by Friedrich Mohs in 1812. The minerals are ranked in a qualitative
manner, according to which mineral is able to scratch which other mineral, see
Table 2.1. Although diamond and corundum are ranked the highest, the mineral
most frequently associated with wear in drilling bits is quartz [3, 9, 54]. Kuru grey
granite (KGG), which is one of the rocks subject to experimental characterization
in this thesis, contains 31 % quartz and 32.6 % plagioclase, which is a mineral
within the feldspar group, see Table 2.2. The other rock material investigated
in this thesis, Kuru black diorite, does not contain any quartz, but contains 57
% plagioclase, see Table 2.3. Thus, both of the investigated rock materials are
problematic with regards to the rock drilling process.

Table 2.3: Mineral composition of Kuru Black Diorite (KBD).

Mineral Plagioclase Biotite Amphibians Ilmenite ClimopyroxeneOther

wt % 57.0 21.0 10.0 6.4 6.0 4.0



Chapter 3

Experimental methods

Due to the dynamic nature of rock drilling, the loading rate dependencies of the
rock materials have to be determined. For this, two experiments - Uniaxial Com-
pression Test (BDT) and Brazilian Disc Test (BDT) - are employed. Further, the
initation, propagation and coalescence of cracks also need to be investigated. It
is important to note, however, that besides the direct mechanical response, dis-
continuities are present in the rock which greatly affects the behaviour. On a
microscopic scale, these discontinuities are made up of microcracks, pores and the
grain boundaries cementing the different mineral grains together. Further, the
grains can exhibit geometrical heterogeneities due to grain size, shape and distri-
bution, but also mechanical heterogeneity due to different strengths and elastic
properties. On a much larger scale, up to a few hundred meters, joints, faults,
bedding planes and large cracks are examples of discontinuities. Aside from af-
fecting the strength, these discontinuities will of course also introduces anisotropic
behaviour in the rock mass [11]. This chapter covers the experimental procedures
used to characterize the rock, both in static and dynamic loading.

3.1 Failure of rocks

By considering a stress vs strain curve from a UCT, Brace et al. [58] among
others have shown that the response can be divided into five regions according to
Figure 3.1. The initial region represents closure of any existing microcracks. The
second region is considered to be homogeneous and elastic. At approx. 50 % of
the peak strength, the third region is entered and dilation initiates causing axial
cracks, i.e. cracks parallel to the loading direction. This stress level is usually
referred to as the crack-initiation stress. In the third region stable crack growth
is present. Generally, the cracking turns unstable at a stress level between 70

9



10 Experimental methods

Figure 3.1: Stress vs strain diagram for a Uniaxial Compression Test (UCT) and
definition of five stages of deformation, damage and failure.

to 85 % of the peak strength. This level of stress, so-called crack-damage stress,
marks the onset of the last stage (region IV) before the final failure and onset of
post-peak behaviour (region IV). The crack-damage stress and the peak strength
will be determined by the experimental set-ups desribed in the following sections.

3.2 Static uniaxial compression test

Testing of a rock materials resistance to compression is the oldest and most
straightforward test for rock [11]. The most common version is the uniaxial com-
pression test where a cylinder is compressed axially until failure. A schematic view
of this experiment can be seen in Figure 3.2a. The cylinder is loaded along the ax-
ial direction until failure, and the compressive strength is defined as the maximum
stress obtained during the test [59]

σc =
F

A0

(3.1)

where F is the applied load and A0 is the initial cross-sectional area of the sample.
Furthermore, if strain gauges are mounted along the vertical and lateral, see Fig-
ure 3.2a, directions, the compressive elastic modulus and Poission’s ratio can be
measured as well. The sample may fail due to axial splitting, multiple fracturing
or shearing along one or several planes. For metamorphic rocks, the preferred fail-
ure mode has been reported to be along the foliations, while for granite, multiple
fracturing and axial splitting were reported to be most common [13].
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(a) (b)

Figure 3.2: The uniaxial compression test (a) and Brazilian disc test (b).

3.3 Static Brazilian Disc Test

The diametral compression test, or Brazilian Disc Test (BDT), is an experimental
method for measuring the indirect tensile strength of brittle materials such as rocks
and concretes and was formulated independently by Carneiro [15] and Akazawa
[16] in 1943. In the BDT, a circular disc is compressed diametrically over an arc
of length 2α, see Figure 3.2b, inducing an indirect tensile stress field in a region
around the centre part of the disc. The induced tensile stress close to the center
is given by [60, 61]

σt =
2F

πDt
= 0.636

P

Dt
(3.2)

where F is the load distributed over a finite arc of the disc with diameter D
and thickness t. In order for the BDT to give a tensile measurement that equals
what is measured from direct methods, the main crack splitting the sample has
to initiate at the exact disc centre. However, this is seldom the case, as the crack
is known to deviate from the centre and even initiating from the loading contact
[62, 63]. Therefore, it is important to note that the BDT is an estimation of the
tensile strength. However, due to its simplicity, it is still the preferred approach
for measuring the tensile strength of rock materials [17]. In order to reduce the
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Figure 3.3: The SHPB configuration used for the dynamic testing. Here the set-up
is shown for BDT.

stress concentrations at the loading contact, and by extension the amount of cracks
initiating from there, curved loading jaws and a cushioning material is often used.
For rock materials, it is well known that the elastic modulus and Poission’s ratio is
different when loading in compression and tension [23]. By measuring the indirect
tensile strain at the centre of the BDT and utilizing elastic relationships, [22]
demonstrated that the tensile elastic modulus Et can be obtained as

Et = EsA
∗ (3.3)

where Es is the modulus as measured from the indirect tensile stress versus indirect
tensile strain curve and A∗ is the correction factor given by

A∗ =

{(
1 − D

L
arctan

2L

D

)
(1 − v) +

2D2(1 + v)

4L2D2

}
(3.4)

where D is the disc diameter, νc is the compressive Poission’s ratio and L is the half
length of the strain gauge. With the compressive elastic modulus Ec and Poission’s
ratio νc obtained from the UCT, and the tensile elastic modulus obtained from
Eq. 3.3, the tensile Poission’s ratio can be given as [23]

νt = Et
νc
Ec

(3.5)

3.4 Split-Hopkinson Pressure Bar

The Split-Hopkinson Pressure Bar (SHPB), or Kolsky bar [26], has over the years
been applied to dynamic characterization of various materials at high strain rates
(101 − 104 s−1). Extensive reviews of the SHPB for a wide range of testing of
brittle materials can be found in [25, 30]. Within this thesis, the SHPB was used
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for the dynamic uniaxial compression and indirect tensile tests.
The SHPB in the Solid Mechanics Laboratory at Lule̊a University of Technology

consists of a 3 m long incident bar and a 2 m long transmitted bar, and the
sample is sandwiched between these bars, see Figure 3.3. The bars are made
from maraging steel with diameters 25 mm. Thus, the length-to-diameter ratio
is 80 and one-dimensional wave theory applies [64]. A cylindrical projectile of
length 150 mm and the same material as the bars is accelerated by an air gun and
impacts the incident bar, generating a compressive wave that propagates through
the incident bar and is partly reflected and transmitted through the sample. The
strain histories εi(t), εr(t) and εt(t) of the incident, reflected and transmitted
waves are recorded by strain gauges mounted on both bars. In order to capture
the initiation and propagation of cracks, a high speed camera, Phantom vision
v2512 with a microscopic lens, was used to record the tests.

From one-dimensional wave theory and the definition of one-dimensional strain,
the forces at the bar-sample interface are expressed as [64]

Pi = AE (εi(t) + εr(t)) (3.6)

and
Pt = AEεt(t) (3.7)

where Pi and Pt are the forces in the incident and transmitted bar, respectively.
A and E are the cross-sectional area and elastic modulus of the bars, respectively.
If equilibrium can be assumed, the stress in the UCT can be obtained as

σ(t) =
AEεt(t)

As
(3.8)

where As is the cross-sectional area of the sample. The strain rate in the UCT is
obtained from

ε̇ =
2cbεr(t)

ls
(3.9)

where cb is the longitudinal wave velocity in the bars and l is the length of the UCT
sample. Please note the strain convention used here, i.e. a compressive strain is
positive. From numerical integration of Eq. 3.9, the strain in the UCT sample is
obtained as

ε =

∫ tend

tstart

ε̇ dt (3.10)

For the dynamic BDT, the strain rate and strain cannot be obtained through
wave theory. Instead, Digital Image Correlation (DIC) was used for measuring
the strain, see section 3.5. The indirect tensile stress at the center of the disc,
however, can be obtained from Eq. 3.2 if dynamic force equilibrium is assumed.
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(a) Quasi-Static BDT. (b) Dynamic BDT. (c) Dynamic UCT.

Figure 3.4: Examples of applied speckle pattern for the three samples a-c). Region
of interest surrounded by red dashed circle or rectangle. Virtual strain gauge - blue
line a). Area for averaging of strain measures blue dashed rectangle b)

3.5 Digital image correlation

Digital Image Correlation (DIC) is a non-contact optical method for full-field ex-
terior measurements of deformations. A key aspect of the DIC is the unique and
random black and white pattern on the sample surface that is used to track the
displacement of subimages, or facets, between two frames. This random speckle
pattern can be obtained by applying a thin layer of black spray paint followed by
a thin layer of white spray paint. For more detailed description and applications
of the DIC method, see [36, 37].

Within this thesis, the DIC was applied to three experiments - the static and
dynamic BDT as well as the dynamic UCT - and the corresponding Region of
Interest (ROI) for each experiment is shown in Figure 3.4.



Chapter 4

Modelling

With increased computational power, the use of numerical modelling and simula-
tion in industry and academia has increased the past decades. These numerical
models and simulations can be used to study phenomena that would otherwise be
expensive, difficult or even impossible to study otherwise, such as rock drilling in
geothermal applications. The purpose of this chapter is to present the numerical
model that has been developed within this thesis. The first section covers the
conventional Bonded-Particle Method (BPM) for the Discrete Element Method
(DEM). The BPM for DEM forms the foundation of the newly developed statis-
tical model for heterogeneous brittle materials, presented in the second section of
this chapter.

4.1 The Bonded Discrete Element Method

A widely popular numerical tool for modelling the mechanical behaviour of granu-
lar assemblies is the Discrete Element Method (DEM). In the original formulation
by Cundall and Strack [44], the granular material is modelled using several dis-
crete, rigid spheres. A key feature about the DEM is the individual treatment of
each element - the motion of each sphere is resolved through the integration of
Newtons second law,

mi
dvi
dt

= F i (4.1)

where mi and vi are the mass and velocity of particle i, respectively. The total
force acting on particle i may be expressed as

15



16 Modelling

F i = F ext
i + F damp

i +

nj∑
j=1

F ij (4.2)

where F ext
i is the external forces, F damp

i is the damping forces and F ij is the
contact forces between particles i and j. Typically, the integration of Eq.(4.1) is
done explicitly, from which the acceleration, velocity and position is obtained for
each time step. The angular motion is governed by

I i
dωi

dt
=
∑
j

M ij (4.3)

where I i and ωi is the moment of inertia and angular velocity of particle i re-
spectively and M ij is the applied torque from particle j. In the present work,
the contact forces are represented by a linear spring-dashpot model for both the
normal and shear direction [65, 66]. In total, there are five governing DEM param-
eters that are relevant for the particle-particle interactions in this study: normal
and shear spring constants, kn and ks, normal and tangential damping coefficients,
cn and ct, as well as sliding friction µ.

An important milestone in the development of the DEM is the Bonded Parti-
cle Model (BPM) for rock, formulated by Potyondy and Cundall [43]. Here, the
rock is approximated as an assembly of cemented particles. This cementing, or
bonding, of the particles works in parallel with the standard DEM formulation.
These bonds exists at contact points and breaks instantaneously and permanently
once the stress state in the bond reaches a prescribed maximum value. The failure
criteria is expressed as

σ̄max =
−F̄ n

A
+

∣∣M̄ s
∣∣ R̄
I

≥ σc (4.4)

τ̄max =

∣∣F̄ s
∣∣

A
+

∣∣M̄n
∣∣ R̄
J

≥ τc (4.5)

where I and J are the moment and polar moment of inertia of the bond and A is
the bond area. The radius of the bond between two particles A and B is given as
the minimum of the bonding particles radii, i.e. R̄ = λ̄min(RA, RB), where λ̄ is
the radius multiplier. The tensile and shear bond strengths are represented by σc
and τc, respectively, and the bond breaks permanently and instantaneously once
either the tensile stress or shear stress exceeds its limit value. The bond forces
(F̄ n and F̄ s) and moments (M̄n and M̄ s) are calculated incrementally each time
step according to
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
∆F̄ n = k̄nA∆Un

∆F̄ s = −k̄sA∆U s

∆M̄n = −k̄sJ∆θn

∆M̄ s = −k̄nI∆θs

(4.6)

where k̄n and k̄s are the normal and shear bond stiffnesses, respectively, and the
relative displacement and rotation in the normal and shear direction are repre-
sented by ∆Un/s and ∆θn/s. The damage in the rock is represented directly via
the breakage of the bonds. This means that the initiation, propagation and coales-
cence of cracks are naturally described using this model. The crack initiates on a
microscopic scale with a broken bond, propagates through the media through more
broken bonds and coalesce with other cracks to form larger fracture planes. The
BPM also utilize a local non-viscous damping ᾱ in order to account for the energy
dissipation from e.g. internal friction. Lastly, the amount of particle interlocking
is controlled via the interlocking range β̄.

Apart from the particle radius, the BPM-DEM approach consists of 11 input
parameters, whereof five of them are related to the DEM, kn, ks ,cn, cs and µ,
and six of them are related to the bonds between the particles, k̄n, k̄s, σ̄c, τ̄c, β̄
and ᾱ. A drawback with the BPM-DEM is the extensive calibration procedure
required to obtain these parameters, and this is a topic that has been explored by
previous authors. For example, the local constitutive model by Oñate et al. [67]
or the calibration scheme by Wang and Tonon [68].

4.2 A new approach for modelling rock

The numerical model for brittle heterogeneous materials presented in this sec-
tion introduces the heterogeneity in the conventional BPM-DEM approach in two
ways. Firstly, a grain shape heterogeneity is introduced as random, irregular el-
lipsoids. Secondly, the intragranular structure is constructed using parallel bonds
with microscopic parameters that are given by the Weibull distribution [41]. Four
micromechanical parameters, the normal and shear stiffness and the tensile and
shear strength, are governed by the distribution and the probability density func-
tion for a micromechanical parameter η is given by [41]

f(η, η0,m) =
m

η0

( η
η0

)m−1
e−(η/η0)m (4.7)

where η0 is the scale parameter and m is the shape parameter (or heterogeneity
index). A larger parameter spread is obtained for a lower value of the shape
parameterm, which means that a smaller value of the shape parameter corresponds
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Figure 4.1: The grain generation process of samples for the BDT. The different gray
scale colouring represents the mean micromechanical strength of the grains. Initial
node distribution a), an example of a sample with equal grain radii distributions
for x, y and z b), an example of an anisotropic sample with a preferred grain
direction, i.e. the radii distribution in the x-direction is larger than for the other
directions c), example of a regular ellipsoid shape d) and examples of irregular
grain shapes e-f).

to a more heterogeneous distribution of the microparameter. For the case of a
significantly large value of the shape parameter, such as 106, the distribution is
practically constant. For a given sample geometry discretized with rigid spheres
of uniform size, such as the one in Figure 4.1 a), the grains were distributed
throughout the body by performing the following steps:

1. A parent node is randomly selected within the domain and the mean grain
micromechanical properties are obtained from the Weibull distribution.

2. A randomized ellipsoid is created around the parent node by generating the
radii uniformly, i.e.

Rx, Ry, Rz ∼ U(Rmin, Rmax) (4.8)

where U(Rmin, Rmax) is the uniform distribution between Rmin and Rmax.

3. All particles within the ellipsoid are bound together within ±10 % of the
mean grain values and then excluded from future grain bonding.
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4. Steps 1)-3) are repeated until no particles were left.

An example of a generated sample for the BDT can be seen in Figure 4.1 b), where
Rx = Ry = Rz. An example of grains with a preferred direction can be seen in the
BDT in Figure 4.1 c), where the grains are slightly elongated in the x-direction.
The first few grains that are generated are likely to be ellipsoidal, as seen in Figure
4.1 d). As more particles are excluded from bonding, more irregular grain shapes
are obtained, such as the ones seen in Figure 4.1 e-f). For the generated samples
in Figure 4.1, the grey scale colouring denotes the average strengths of the grains,
with black denoting the weakest grains.

Grain cementing model

In order to obtain a statistical variation in the interganular binding, a cementing
model with properties based on the grains being bound is used. Here, the parallel
bond properties of the cement between two grains depend on one of the grains being
cemented. Given a rock body with distributed grains, the cementing process is as
follows. A grain Gi is selected and its neighbouring grains Gj are identified as the
grains that are within the interlocking range. In other words, Gj is a neighbour of
Gi if, for all sets of distances dij between constituent particles of the two grains,
any dij ≤ β̄. The particles of Gj within interlocking range of Gi are then cemented
together using parallel bonds with normal and shear strengths according to{

σ̄ijc = Cf · σ̄ic
τ̄ ijc = Cf · τ̄ ic

(4.9)

where σ̄ijc and τ̄ ijc are the normal and shear bond strength of the cement, re-
spectively. σ̄ic and τ̄ ic are the mean normal and shear bond strengths of grain Gi,
respectively, and Cf is the cement scaling parameter. The grain boundaries are de-
noted by yellow particles, e.g. as in Figure 4.1, however, only half of the boundary
nodes are shown due to clarity.
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Chapter 5

Summary of appended papers

In this chapter, the methodology and results of the appended papers are briefly
summarized.

5.1 Paper A: A Statistical DEM Approach for

Modelling Heterogeneous Brittle Materials

Brittle and heterogeneous materials like rocks usually exhibit a large spread in the
experimental data and there is a need for a stochastic model that can mimic this
behaviour. In Paper A, a new numerical approach, based on the Bonded Discrete
Element Method, for modelling of heterogeneous brittle materials is proposed and
evaluated. The material properties are introduced into the model via two main
inputs. Firstly, a grain shape heterogeneity is introduced as random, irregular
ellipsoids. Secondly, the micromechanical parameters of the constituent particles
of the grains are given by the Weibull distribution. The model was applied on
the Brazilian Disc Test, where the crack initiation, propagation, coalescence and
branching could be investigated for different sets of grain cement strengths and
sample heterogeneities. The damages prior and after failure for three different
cement strengths are shown in From Figures 5.1. It is clear that for a higher
cement strength, the crushed zone close to the loading jaws is more prevalent
compared to the weaker cement strengths. This explains the higher amount of
cracks initiated close to loading jaws for cases with higher cement strength. It can
also be seen from Figure 5.1 that a more severe zigzag pattern was observed for
lower cement strengths, which can be explained by the fact that cracks propagate
in a direction of least resistance. Generally, the proposed model was found to
capture well typical phenomena associated with the fracture process of brittle

21
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(a) Before failure Cf =
0.25, m = 5

(b) Before failure Cf =
0.50, m = 5

(c) Before failure Cf =
0.75, m = 30

(d) After failure Cf =
0.25, m = 5

(e) After failure Cf =
0.50, m = 5

(f) After failure Cf =
0.75, m = 30

Figure 5.1: Examples of accumulated damage right before failure for cement
strength 0.25 a), 0.50 b) and 0.75 c), and the corresponding final crack paths
d-f). Particle colour represents the loss of bonds, i.e. a red particle has loss all of
its bonds while the bonds of a blue particle remains intact.

heterogeneous materials, e.g. the the unpredictability of the strength in tension
and crack properties.

5.2 Paper B: Static and Dynamic Properties of

Kuru Black Diorite and Grey Granite Using

Full-Field Deformation Measurements

In Paper B, the static and dynamic properties of two rock materials - Kuru grey
granite and Kuru black diorite were obtained. The rock materials were subjected
to compressive and indirect tensile loading by uniaxial compression (UCT) and
Brazilian disc tests (BDT), respectively. To obtain the dynamic properties, a
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Split-Hopkinson Pressure Bar device was utilized. In order to capture onset of
unstable crack growth with high precision, and the subsequent propagation, images
were captured with a high-speed camera at a frame rate of 663,000 fps. The
exterior deformation fields of the samples were evaluated by using digital image
correlation (DIC). An example of an evaluated dynamic UCT of Kuru black diorite
is shown in Figure 5.2. The dynamic compressive stress vs axial strain response and
the corresponding strain rate vs axial strain history are shown as black and blue
curves, respectively. The strain rate becomes nearly constant, approx. 300 s−1,
at stress levels corresponding to the linear elastic stage and the stage of stable
crack growth. The read star marks the instant when the first visible crack was
detected (Figure 5.2c). This instant corresponds to the onset of unstable crack
growth and the compressive crack-damage stress was, for this specific test, approx.
83 % of the peak strength. In the two following images, Figure 5.2d and e, the
complete failure is shown. In Figure 5.3, an example of a dynamic BDT of Kuru
grey granite is presented. In Figure 5.3a-c, the indirect tensile strain fields are
shown. In the subsequent image, a crack can clearly be observed (Figure 5.3d)
at the location of prior localized tensile strain. It is clear from Figure 5.3 that
the crack initiates well before the peak stress. The tensile crack-damage stress
was approx. 80 % of the peak stress value. By evaluating the deformation fields
with DIC a strain rate of approx. 150 s−1 was reached. Hence, using the peak
strengths as the characteristic strengths risking overestimation of the load bearing
capacity. The presented experiments show how the crack-damage stresses can be
determined in compression as well as tension. These values will be used as input
in coming numerical studies of percussive rock drilling. All experimental results
are presented in Paper B.
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Figure 5.2: Dynamic compressive stress versus axial for KBD. The displacement
fields in the loading direction and transverse direction just below the crack damage
stress a-b), the frame at which the first crack is visible c), post-peak cracks d-e).

Figure 5.3: High-speed image and DIC at certain stages of a dynamic BDT of Kuru
Black diorite (KBD). The strain field across the loading direction at three different
stages before crack initiation a-c), first visible crack d) and crack propagation e-f).



Chapter 6

Discussion, conclusions and outlook

This thesis has focused on the numerical and experimental evaluation of the rock
fracture process. For the numerical part, a new approach for modelling brittle het-
erogeneous materials was proposed and used to evaluate the Brazilian disc test.
The heterogeneity was introduced as irregular grain shapes with micromechanical
parameters governed by the Weibull distribution. By generating and simulating
a large set of samples, the effects that the parameters, grain cement strength and
heterogeneity, had on the initiation, propagation and coalescence of cracks were
evaluated. Furthermore the effect the parameters had on the on the tensile strength
was derived. In the experimental work, the static and dynamic properties of Kuru
grey granite and Kuru black diorite were obtained by uniaxial compression and
Brazilian disc tests. For the dynamic testing, a Split-Hopkinson Pressure Bar was
used, and a high-speed camera captured the initiation and propagation of cracks
during the tests. The exterior deformation fields were obtained from Digital Image
Correlation (DIC).

The proposed numerical model based on BPM-DEM was able to reproduce un-
predictable behaviours typically observed for these types of materials. For example
variations in predicted tensile strength, initiation, propagation and coalescence of
cracks and anisotropic behaviour for materials with grains having preferred orien-
tation. The numerical study also gave insights about the Brazilian disc test itself,
e.g. that the test seems to perform worse for materials that can be considered to
have a high grain cement strength. Also, the numerical model was applied on a
rather small scale in this study, but the methodology should work for large scale
problems as well, e.g. for modelling varying ground materials in rock drilling.

The high-speed photography of the Dynamic UCT gave insight about the frac-
ture process of rock. The inertia associated with crack tip opening limits the

25



26 Discussion, conclusions and outlook

propagation, and as the load is rapidly increasing, new cracks are initiated before
previous cracks grow unstable. Kuru black diorite was also found to be more sensi-
tive to the deformation rate compared to the Kuru grey granite. It was also found
that the crack-damage stress in the dynamic UCT were approx. 90 % of the peak
stress, which is slightly more than the quasi-static value. For the dynamic BDT,
the main splitting crack could be seen to initiate at 65 and 79 % of the peak stress
for the diorite and granite, respectively. This suggests that the peak value of the
transmitted stress wave significantly overestimates the dynamic tensile strength,
i.e. the load bearing capacity, and that high-speed photography should be used to
monitor the test.

In the near future, the numerical model based on BPM-DEM will be calibrated
by using the obtained static and dynamic properties of the investigated rocks. Fur-
thermore, other parameters such as sizes and shapes of the grains will be studied.
The model will also be further developed to incorporate strain rate dependency in
the breakage of the bonds.
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