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Abstract 
 

Percussive drilling is regarded as the most effective method for excavation, tunneling, and 
shallow well boring in the hard rock such as granite. However, its efficiency has been 
questioned in some specific environments and applications such as drilling for geothermal 
energy, where bores as deep as 5000 m are needed to reach the desired temperature zone.  
It is therefore understandable that attempts to drill bores that deep can face significant 
difficulties, and even though these difficulties have already been overcome by developing new 
techniques for deep drilling, there still are no replacement for the percussive drilling technique. 
The reason for this situation can be found in the shortage of technological readiness and in 
the nature of the rock and its behavior itself. However, in the previous attempts to find a 
replacement for percussive drilling, not enough of attention has been paid to altering the rock�¶�V 
properties before drilling for example by using a thermal shock.  

In this work, the mechanical behavior of the rocks before and after applying heat shocks was 
studied in quasi-static and dynamic loading conditions. Two different heat shocks were applied 
on the two studied rocks, one using a flame torch and one using a plasma gun. The heat 
shocks using the flame torch were applied on the Brazilian disc samples with durations of 10, 
30, or 60 seconds. The thermal shocks using the plasma gun were applied on the Brazilian 
disc samples and on the bulk of the rock for dynamic indentation tests. Three different plasma 
gun heat shocks were applied on Brazilian disc samples with durations of 0.40, 0.55, or 0.80 
second. The heat shocks applied on the bulk of the rock had a duration of 3, 4, and 6 seconds. 

A methodology was developed to analyze and characterize the damage caused by the heat 
shocks on the surface of the specimens. In this method, a liquid penetrant was applied on the 
surface of the samples before and after applying the heat shocks with images taken from the 
�V�S�H�F�L�P�H�Q�V�¶���V�X�U�I�D�F�H��under an ultraviolet light.  Later on, the fractal dimension of the surface 
crack patterns was calculated using the box counting method. The results indicate that the 
fractal dimension of the samples increases by increasing the duration of the thermal shock 
and there is a relationship between the relative increase of the fractal dimension and the 
mechanical response of the rock material. Even though the fractal dimension analysis is 
limited to the surface of the samples, the computed tomography results suggest that the 
effects of the heat shocks are also limited to the very surface of the specimens. Therefore, the 
fractal dimension analysis provides a fast and accurate enough estimation of the mechanical 
response of the rock. 

The mechanical behavior of rock was studied at low and high strain rates using the Brazilian 
disc samples. The results indicate that by increasing the duration of the thermal shock, 
increasing the fractal dimension, the strength of the rock decreases in the studied strain rate 
range. Nonetheless, there are some differences in the rock mechanical behavior at low and 
high strain rates. The dynamic strength of the rock decreases considerably faster with increase 
of the fractal dimensions than the quasi-static strength. Therefore, the strain rate sensitivity of 
the rock decreases with the increasing fractal dimension.  

The dynamic indentation tests were performed to study the effects of heat shocks in situations 
similar to percussive drilling. The tests were performed using both single and triple button 
indenters. Even though the direct measurements of the bit-rock interactions obtained from the 
stress waves are useful, they do not provide any information about the side chipping and 
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chipping between the indenters. Therefore, optical profilometry was used to study the craters 
formed during the impacts, and the concept of destruction work was used to characterize the 
effects of the heat shocks on the material removal during dynamic indentation. The results 
imply that after applying the heat shock, the extent of material removal increases even though 
the force levels are not affected much. This means that the efficiency of the indentation 
processes cannot be evaluated only by using the force-displacement curves but additional 
analysis such as the ones used in this work are needed. 
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1. Introduction 
 

Geothermal energy (GTE) is a rapidly growing business worldwide, and a possible solution for 
the energy demands for our future society. Geothermal energy, however, has its downsides 
as well. The biggest disadvantage is that the enormous energy deposits lie deep under the 
Earth�¶�V surface, and with the current technologies, reaching the geothermal energy is an 
extremely challenging task. To produce electricity from the geothermal energy, the 
temperature of the bedrock needs to be around 200 �|C, which can usually only be reached at 
depths of around 5 km in areas away from the tectonic plate boundaries. Therefore, 
widespread utilization of the geothermal energy requires faster and more economical drilling 
and well-construction technologies. The most important problems in deep-hole drilling for GTE 
are the low rate of penetration and the rapid wear of drilling tools, which are mainly caused by 
the high strength and hardness of the bedrock, especially when drilling through hard igneous 
rock. Drilling in these conditions results in high temperatures and high hydrostatic pressures. 
Because of these problems, drilling holes up to the depth of 5 km, especially in Nordic bedrock, 
can be regarded as one of the most challenging engineering tasks we currently face.  

Percussive drilling is considered to be an effective process for excavation, tunneling, and 
shallow-well boring in hard igneous rock such as granite. The efficiency of this method is 
closely related to the brittleness of the rock material. The more brittle the rock is, the longer 
the radial cracks that are formed by each impact of the drill. These cracks, in turn, facilitate 
the chipping that occurs between the drill buttons. Even though percussive drilling is 
recognized as one of the most effective drilling techniques, it still lacks some efficiency in 
certain specific environments.  

Many attempts have been made to improve the drilling technology to overcome the 
deficiencies in percussive and rotary drilling. Examples of these attempts include microwave- 
assisted hard rock cutting [1], laser assisted drilling [2], water-jet assisted drilling [3], abrasive-
jet drilling [4], diamond drilling [5], and ultra-high-pressure jet drilling [6, 7].  Although 
considerable research and development efforts have been put in developing these new 
techniques, none of them has yet become commercially viable. The reason for this may well 
be due to the lack of technological readiness, but it may also be due to the nature of the rock 
itself and our inability to understand how to break the rock efficiently without causing excess 
wear and damage to the tools.  

The current drilling technologies are based on rotary and impact drilling. To design more 
efficient drill tools and systems, engineers need to know the rock strength and other properties 
of the drilling conditions, which involve high hydrostatic pressures and elevated temperatures. 
However, since experimental testing under these conditions is complicated for both scientific 
and practical reasons, various numerical simulations and constitutive models are currently 
being used to better understand the rock-tool interactions. The construction of these models, 
as well as validation of the simulation results, rely both on a good scientific understanding of 
the material behavior and on the gathering of experimental data to calibrate the parameters of 
the material used in the model. Among engineering materials, rocks have not attracted much 
scientific attention and our understanding of their behavior is poorer than it is for the other 
materials, such as steels or other metals. Because of this, there are still various scientific 
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problems in our understanding of the rock behavior, especially in the conditions deep below 
the Earth�¶�V surface, such as those encountered when drilling for geothermal energy. 
Consequently, we are still trying to design and construct better drill tools and systems with an 
incomplete understanding of the drilling conditions and with a poor overall understanding of 
the drill tool�±rock interactions. Therefore, there is a strong scientific and practical need to 
understand better the behavior of rock under these challenging conditions. 

In recent years, some work has been done to develop thermally assisted drilling techniques, 
where the rock is weakened by a powerful thermal shock before the impact of the drill tool. 
Preliminary studies indicate that these methods can significantly increase the rate of 
penetration and reduce the wear of the drilling tools by weakening the rock while increasing 
its abrasiveness prior to the impact of the drill hammer. Currently, there are some patents for 
assisted drilling, but there are no commercial products available and the technologies are still 
very immature. The reason for this is that the true scientific and technological potential of these 
methods is still not well known because the effects of the thermal shock on the rock structure 
and its properties have not yet been properly investigated. With this in mind, the research 
questions of this thesis are the following: 

1. What are the effects of heat shocks on the microstructural features and mechanical 
behavior of rock, and what are the effects of the testing condition on �W�K�H�� �U�R�F�N�¶�V��
mechanical behavior? 

2. How can one generate the desired cracks and crack patterns in the rock structure, and 
how can these crack patterns be characterized in an accurate, quantifiable, and 
efficient way? 

3. Is there any correlation between the information obtained from the cracks and their 
patterns and the mechanical behavior of the rock? 

4. How can sufficient, reliable, and reproducible data for numerical simulations and 
modeling purposes be generated? 

To find answers to these questions, a broad literature survey and a considerable amount 
of experimental work involving thermal shocks must be conducted. The objective is to 
characterize the material before and after the thermal shocks using optical microscopy, 
electron microscopy, optical profilometry, and various mechanical tests. Chapter 3 
explains the mechanical behavior of the rock and the affecting parameters, while Chapters 
4 and 5 describe the fracture behavior of the rock on the macro and micro scales. Chapter 
6 summarizes the experimental procedures. Chapter 7 contains the results and discussion 
of the data obtained by different testing methods, and Chapter 8 finally summarizes the 
findings of this research �D�Q�G���S�U�H�V�H�Q�W�V���W�K�H���D�X�W�K�R�U�¶�V���F�R�Q�F�O�X�V�L�R�Q�V. 
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2. Rock as a material 
 

Rock is the material that makes up the solid part of the ground beneath our feet. Rocks 
themselves comprise minerals, which are categorized as inorganic solids, and all the different 
rock types have a specific chemical composition [8]. Rocks are usually classified according to 
their mineral composition and by the conditions under which they were formed. Based on this 
categorization, rocks can be divided into three groups: 

- Igneous rocks  are formed from the solidification of molten material (magma). The 
most common magma is the result of a partial melting of the �(�D�U�W�K�¶�V�� �P�D�Q�W�O�H����The 
magma �P�R�Y�H�V���W�R�Z�D�U�G�V���W�K�H���(�D�U�W�K�¶�V��surface, as it is less dense than the surrounding 
mantle material. Once the magma reaches the surface of the earth, it is called lava. In 
most cases, lava reaches the surface due to a volcanic eruption.  In addition to lava, 
volcanic eruptions can produce ash and other fragmentary rocks. There are two ways, 
in which rocks are formed from lava. In the first way, lava reaches the surface and due 
to the rapid cooling, fine-grained igneous rocks are formed. It is possible to observe 
some large crystals in the structure of these kind of rocks, but the matrix is always fine-
grained. In some cases, the crystals do not have time to nucleate due to the rapid 
cooling rate, and rocks with a glassy (amorphous) structure are formed. In the second 
�Z�D�\���� �W�K�H�� �P�D�J�P�D�� �P�D�\�� �Q�R�W�� �U�H�D�F�K�� �W�K�H�� �(�D�U�W�K�¶�V�� �V�X�U�I�D�F�H���� �:�K�H�Q�� �P�D�J�P�D�� �J�H�W�V�� �W�U�D�S�S�H�G��
beneath the surface, it cools down slowly, resulting in a completely crystalline igneous 
rock with coarse grains [8, 9]. 

- Sedimentary rocks  are formed by the solidification of material deposited by wind, 
water, or chemical precipitation. These processes are called weathering. The rock 
fragments altered by weathering can form sediments. During weathering, minerals can 
break down to form clay minerals. Burying the clay of minerals leads to the 
consolidation and formation of compact rock. Sedimentary rocks can be produced also 
by the precipitation of minerals from water, such as rock salt. 

- Metamorphic rocks  are formed by the modification of pre-existing rocks under natural 
circumstances, such as heat or pressure [10]. If the rock, igneous or sedimentary, 
becomes subjected to heat, the rock may change its original mineralogy and structure 
to form a metamorphic rock. If the rock, in addition to heat, becomes subjected to 
deformation, regionally metamorphosed rock may be formed. This type of rock usually 
develops a new layered structure (foliation). The most well-known examples of 
metamorphic rocks are schists and gneisses. 
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3. Mechanical properties of rocks 
 

The mechanical properties of rocks are highly dependent on the scale and degree of the 
details at which they are studied. However, each property has a different degree of importance 
in different situations. In general, rocks are made of aggregates of crystals and amorphous 
particles, which are attached to each other by cementing materials. In some rocks, such as 
limestone, the chemical composition of the crystals is almost homogenous, whereas the 
chemical composition of granites is highly heterogeneous [11]. The crystals are usually the 
smallest scale at which the mechanical properties are studied. The reason for this is that the 
crystal boundaries are the weak points in the rock structure, as they are the smallest 
discontinuities in the structure. In addition, the crystals themselves provide useful information 
about the deformation that the rock has been subjected to [11, 12].  

The rock specimens used in the laboratory experiments are usually no more than a few 
centimeters in size. In most cases, these specimens contain enough particles to be considered 
homogeneous. Even though the crystals themselves are often anisotropic and the behavior of 
one crystal can be completely different from another crystal in the same specimen, it is 
accepted that the crystals and the grain boundaries between them interact in an adequately 
random manner. Therefore, the laboratory specimens provide average homogenous 
properties [11]. However, the laboratory samples are not necessarily isotropic. This is due to 
the processes, which affect the rock during its formation or alteration. These processes often 
align the crystals in the rock structure in a manner in which their interaction is random 
according to the size, composition, and distribution but not to their anisotropy. The strength of 
rock type materials is highly affected by the size of the sample, as the peak stresses decrease 
by the increase of the sample size [13, 14]. This phenomenon is related to the statistical effects 
caused by the random strength and defect distributions [11] and the energy allocation and 
dissipation around the cracks [15, 16]. Scale effects however, are stronger in very brittle 
materials, however, tending to decrease when going from brittle to semi-brittle materials and 
disappear in ductile (fully plastic) materials [17]. In rock materials, it is generally observed that 
the uniaxial compressive strength decreases with increasing the size of samples [13, 14]. The 
mechanical properties of granites do not depend only on the above-mentioned factors but also 
on many external factors such as the testing conditions, temperature, confining pressure, 
strain rate, etc. 

3.1 Mineral composition 
 

The mechanical properties of the rocks are defined by the strength, stiffness, and deformation 
capability of the components of the minerals and the cohesion and frictional resistance 
between them. The effects of the chemical composition on the mechanical properties of rocks 
have been investigated before. However, most of these studies are based on the amount of 
quartz [18, 19, 20]. The reason for this is that the chemical composition of rocks cannot be 
modified, as it can be for example for metallic materials. Rocks have a fixed chemical 
composition, which is set during their formation, and it is not possible to modify this chemical 
composition. The mineral�¶s mechanical properties are also affected by other features, such as 
discontinuities, porosity, orientation, etc. However, one should note that each mineral has 
different mechanical properties compared to the other ones. For instance, the strength of 
quartz, which consists of SiO2, is higher compared to potassium feldspar, which is composed 
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of K2O,Al2O3,6SiO2 [21]. Hogan et al. [22] reported that the amount of quartz has a strong 
impact on the fragmentation of rock. When the amount of quartz increases, the particles that 
are formed are larger, and therefore less fractured rock masses are produced for example 
during drop tower impact tests.  

3.2 Texture 
 

Unlike in metallic materials, the preferred orientation (texture) in rocks cannot be altered by 
thermal or chemical modifications of �W�K�H���U�R�F�N�¶�V���V�W�U�X�F�W�X�U�H����In granites, the texture usually starts 
to develop when they are plastically deformed. The development of texture is the result of 
intercrystalline slip and mechanical twinning. However, these processes usually vary from one 
case to another. The texture is important especially when studying the geological history of 
the rocks. For example, pole figures showing orthorhombic symmetry can point to prior coaxial 
deformation, while monoclinic or triclinic pole figures imply a component of non-coaxial 
deformation. However, the actual deformation mechanism cannot be identified based on the 
symmetry of the pole figures [23]. In addition, texture does not only reveal the previous 
deformation of the granite but it also has effects on the future mechanical response of the 
rock. It is evident that loading the rock in the direction parallel to the textured orientation will 
result in a different mechanical response compared to the case when the rock is loaded in the 
direction perpendicular to the textured orientation [23]. 

3.3 Grain size  
 

The effect of the rock grain size has been studied quite much over the years. Wong et al. [24] 
reported that the peak strength decreases with the inverse square root of the mean grain size. 
This observation is accordance with the previous studies conducted by Olsson [25] and Brace 
[26]. Tugrul and Zarif [27] showed that the size and shape of the grains have a strong impact 
on the mechanical properties of granites. Brace [26] has shown that the strength of the rock 
is greater for finer grains. Onodera and Asoka [28] reported the same observation also for 
igneous rocks and proposed a linear relationship between the rock strength and its grain size. 
In a similar work, Prikryl [29] proposed a more accurate relationship between the strength of 
the rock and its grain size, and reported that the average grain size seems to be the most 
important factor affecting the strength of the rock with very similar mineralogy. In the more 
recent work, Mardoukhi et al. [30] reported that the rocks with smaller grain size exhibit more 
brittle behavior compared to the rock with a bigger grain size. This is simply because of the 
fact that when the grain size gets smaller, there will be more grain boundaries. These 
boundaries act as barriers to crack propagation during the loading of the rock. Therefore, the 
strain prior to the fracture is limited and more brittle behavior is observed. 

3.4 Structure and porosity 
 

Prikryl [31] studied the effects of the rock structure on its geomechanical quality. Quantifiable 
rock fabric parameters, such as the area and perimeter of the grains, were obtained using 
image analysis. Using these parameters, Prikryl concluded that the texture coefficient [32] and 
the degree of interlocking and the grain size homogeneity [33] do not have any major 
correlation with the rock�¶�V measured  mechanical properties. Haney and Shakoor [34] reported 
that the density of the rock has an effect on the rock strength and deformation properties. The 
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same hypothesis was presented by Goodman [30]. However, in the study conducted by Prikryl 
[31], this hypothesis was not completely confirmed. 

The effect of porosity on the mechanical response of the rock has been studied by several 
researchers [36, 37]. Zhu et al. [38] obtained an analytical approximation for the uniaxial 
compressive strength, which indicates that the compressive strength scales with the square 
root of the pore radius. Baud et al. [39] concluded that for a rock with pore spaces, which are 
dominated by equant pores, the compressive strength is controlled only by the porosity and 
pore radius. They also stated that in limestones, tuffs, and sandstones the ultimate 
compressive strength decreases with increasing amount of porosity. 

3.5 Temperature and heat treatments 
 

The effects of temperature on the mechanical behavior of rock has been studied extensively. 
The main effect of temperature on the rock behavior is that increasing temperature leads to a 
decrease in the rock�¶s strength [40, 41]. Dwivedi et al. [40] reported a 27% drop in the tensile 
strength of the studied rock when increasing the temperature from RT �W�R�� �������Û�&, while the 
corresponding decrease in the compressive strength was only about 11%. Liu and Xu [41] 
concluded that increasing the temperature not only reduces the rock�¶�V strength but also affects 
the strain rate sensitivity of the rock as well. Bauer and Johnson [42] showed that the thermal 
expansion of quartz and feldspar have an important role in the development of thermal cracks, 
which are the main reason for the weakening of the rock at higher temperatures. In addition, 
Roy and Singh [43] studied the effect of heat treatment and layer orientation on the tensile 
properties of granitic gneiss under confined stress using the Brazilian disc geometry. They 
also reported a decrease in the tensile strength of the rock when increasing the temperature 
of the heat treatment. Sengun [44] studied the influence of thermal damage on the physical 
and mechanical properties of carbonate rocks. He reported that up to 300°C no significant 
changes were observed in the properties of carbonate, but increasing the temperature from 
300°C to 600°C caused the tensile strength of the rock to decrease from 28% to 75%. Mahanta 
et al. [45] studied the effect of heat treatment on the mode I fracture toughness of three 
different Indian rocks. The study was carried out at temperatures ranging from RT �X�S���W�R���������Û�&����
The results indicated that when increasing the temperature from RT �W�R�� �������Û�&���� �W�K�H�� �I�U�D�F�W�X�U�H��
toughness of all studied rock types increased significantly. From that on, the fracture 
toughness decreased with �L�Q�F�U�H�D�V�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���X�S���W�R���������Û�&�� Additionally, Verma et al. [46] 
reported that by increasing the temperature the amount of porosity increased by 2.3% in 
Ganurgrah shales. As mentioned before, the main reason for the change in the characteristics 
of rock during heating is the mineral�¶s thermal expansion, which changes the amount of 
porosity and microfracturing, and alters the rock�¶�V mechanical behavior. However, there is a 
critical temperature zone for each rock, above which the decrease in the strength becomes 
more drastic [47, 48, 49]. An example of this temperature zone is 200-�������Û�&���I�R�U���V�D�Q�G�V�W�R�Q�H��
[50].  

3.6 Strain rate 
 

The effect of strain rate on the mechanical behavior of rock has been studied extensively in 
tension [51, 52, 53], compression [54, 55], and bending [56, 57]. Cho et al. [51] reported that 
an increase in the strain rate leads to the generation of larger number of microcracks. In 
addition, the cracks are arrested from further propagation by the stress released from the 
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adjacent microcracks interfering with the formation of a fracture plane. This leads to an 
increased stress in the rock without the formation of fracture and results in a higher dynamic 
tensile strength. However, at lower strain rates the number of microcracks and the crack 
arresting effect caused by the stress release from adjacent microcracks are less compared to 
the high strain rates, and consequently the number of longer microcracks increases.  In 
general, this means that increasing of the strain rate in the quasi-static region leads to the 
fracturing of the rock into smaller particles, as shown for example by Liang et al. [58]. In 
addition, microscopy studies indicate that the fracture mechanism changes from intergranular 
to transgranular when the strain rate increases.  At low strain rates, axial splitting has been 
observed and reported as the main fracture mechanism, but with increasing strain rate the 
fracture mode changes slowly to shear fracture. Overall, previous research indicates a 
significant difference between the behavior of the rock material at low strain rates compared 
to the high strain rates [59, 60, 61, 62, 63]. As an example, the peak strength of the rock is 
highly dependent on the strain rate [64]. Brace and Jones [60] and Sano et al. [65] reported 

that the peak strength of the rock is proportional to��
�5

�á�>�5
���‘�‰�Ý�6, where n is a constant, which 

describes the time dependency of the rock behavior. It has been reported that this relationship 
can be used in triaxial compression [66], shear, estimation of the loading-rate dependency of 
fracture toughness [67], stress dependency of creep life [69], and the relation between the 
crack growth rate and the stress intensity factor [64, 70]. 

3.7 Confining pressure 
 

Especially the compressive strength of the rock is affected by the hydrostatic or confining 
pressure, the role of which is significant in some engineering applications such as percussive 
drilling. In the case of geothermal energy, very deep holes, up to 5 km, are needed, and at 
this depth the confining pressure can rise up to 100-200 MPa [63].  Kawakata et al. [71, 72] 
performed triaxial compression tests on Westerly granite under the confining pressure of up 
to 100 MPa. The tests were interrupted when the samples were reaching their peak stress, 
and the samples were unloaded and recovered before complete fracture. Based on the results 
gathered from the tests, the crack patterns formed without a confining pressure were more 
complex compared to the crack patterns formed under a confining pressure. In addition, 
Kawakata et al. [71, 72]  reported that the shear cracks propagated inwards into the sample 
at a higher angle when the confining pressure was increased. Li et al. [73] reported that when 
the confining pressure increases, the strain rate sensitivity of the rock decreases. Hokka et al. 
[63] showed that at confining pressures below 20 MPa, the strength of the Kuru Grey granite 
increases faster at a higher strain rate. However, at confinements higher than this, the effect 
of confinement pressure is higher at the lower strain rate. The authors also concluded that the 
rate sensitivity increases even when a small confining pressure is applied. Additionally, the 
fracture behavior of the rock is highly dependent on the strain rate and confining pressure. At 
a high loading rate without the presence of confining pressure, pulverization of the sample is 
observed but by applying confining pressure, the fracture behavior changes to shear fracture. 

 

 

 



 

9 
 

4. Fracture behavior of rocks 
 

There are two different approaches to characterize the brittle fracture of rocks. The first 
approach relies on empirical attempts to describe the fracture criteria. The second approach 
to describe the brittle fracture is based on constructing a physical model of the process that is 
adaptable to theoretical treatment, although also some empiricism can be included in the 
approach. The empirical approaches take into account the observed failure conditions, such 
as the testing conditions and the type of experiments. However, these approaches only 
provide a basis for calculating the failure conditions in specific situations and the more general 
states of the stress. Even though these theories may be presented in physical terms (strain 
energy or stress limit on certain planes), usually they include only little information about the 
physical mechanisms of failure [74]. The most well known of these failure criteria is the Mohr-
Coulomb criterion [75]. This criterion is described in terms of stress, but it does not include nor 
depend on the intermediate principal �V�W�U�H�V�V���12, which has been shown to have an effect on 
the failure [76]. In addition to the stress state, also the strain state has been used to describe 
the failure criteria. For example, in the simplest version the failure occurs if the strain reaches 
the critical value of the maximum tensile strain [77].  

The second approach tries to create an actual representation of the physical mechanisms of 
the fracture and provide a firmer basis for establishing the criteria of failure, rather than just 
using the general states of stress. These approaches are based on the optimized Griffith�¶�V 
theory of brittle fracture [78] in conjunction with different applications. Griffith originally 
proposed that the strength of brittle materials is controlled by the initial presence of small 
cracks. There is no argument over the fact that the brittle materials generally have crack-like 
flaws in their microstructure, and rocks are no different from the other brittle materials in this 
respect. Microcracks, in particular, are found both inside the grains and in and across the grain 
boundaries. Accordingly, as the Griffith�¶�V theory is physically applicable, a great amount of 
effort has been put into the development and derivation of macroscopic failure criteria in 
combined stresses conditions [79, 80, 81, 82].  

The basis of the Griffith�¶�V theory in a biaxial state [84] indicates that the failure occurs when 
the weakest crack in a larger population of randomly oriented cracks begins to spread under 
the applied stress. The extension of the crack is assumed to occur when the level of the stress 
reaches the value at which it overcomes the interatomic cohesion of the material. To simplify 
the calculation of the stress distribution, Griffith assumed that the cracks are cylindrical and 
have a flattened elliptical cross-section, using the classical theory of linear elasticity to 
calculate the stress distribution around the crack. The Griffith�¶�V theory has been used to 
describe the failure criteria in different situations. Some of the most common conditions will 
be discussed in the following chapters. 

4.1 Uniaxial Tension 
 

Griffith [78] introduced an energy argument to discuss the crack propagation in order to 
calculate the brittle tensile strength. The principle of this approach is based on the surface 
energy as a function of local cohesive strength of the material. Therefore, the criteria for the 
failure of the material is based on the potential energy of the system when it tends to have a 
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minimum value. The crack will propagate if the result of this propagation leads to a situation 
where the sum of the following three terms is negative or zero: 

- The surface energy of the newly created crack surface 
- The change in the elastic energy of the rigid body 
- The change in the potential energy of the system 

Any other factor that changes the energy of the system is assumed to change the Gibbs 
potential. Thus, the Gibbs potential should be minimized as well. This assumption is usually 
referred to as the thermodynamic criterion of the failure [81, 85, 86]. In the case of applied 
uniaxial loading, the energy criterion predicts the failure at the stress level as: 

�ê
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�¾�


�Ö
           (1) 

where E is the Y�R�X�Q�J�¶�V���P�R�G�X�O�X�V���������L�V���W�K�H���V�S�H�F�L�I�L�F���V�X�U�I�D�F�H���H�Q�H�U�J�\�����D�Q�G�����F���L�V���W�K�H���O�H�Q�J�W�K���R�I���W�K�H��
�F�U�D�F�N���������L�V���D���Q�X�P�H�U�L�F�D�O���F�R�Q�V�W�D�Q�W���R�I��the order of unity. However, the exact �Y�D�O�X�H���R�I�������G�H�S�H�Q�G�V��
on the assumption that is made during the calculation of the elastic stress distribution around 
the crack. In the case of plane strain, we can write: 
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where �� is the Poiss�R�Q�¶s ratio. 

The �Y�D�O�X�H�� �R�I�� ���� �L�Q��the Griffith formula (Equation 1) is not very sensitive to the shape of the 
crack. In addition���� �W�K�H�� �*�U�L�I�I�L�W�K�¶�V�� �H�Q�H�U�J�\�� �D�S�S�U�R�D�F�K�� �W�R�� �W�K�H�� �G�H�U�L�Y�D�W�L�R�Q�� �R�I�� �(�T�X�D�W�L�R�Q�� ���� �G�R�H�V�� �Q�R�W��
consider the local stresses at the crack tip. Instead, Griffith stated that the maximum stress at 

�W�K�H���W�L�S���R�I���W�K�H���F�U�D�F�N���L�V���D�S�S�U�R�[�L�P�D�W�H�O�\�����1
§
�Ö

�å
, where r is the radius of curvature at the tip of the 

�F�U�D�F�N���D�Q�G���1���L�V���W�K�H���D�S�S�O�L�H�G���P�D�F�U�R�V�F�R�S�L�F���W�H�Q�V�L�O�H���V�W�U�H�V�V���Q�R�U�P�D�O���W�R���W�K�H���F�U�D�F�N [74]. This means 
that at some values of r, local stresses at a high level of magnitude (probably of an order 
corresponding to the interatomic force) are generated. Orowan [87] used an argument similar 
to the �*�U�L�I�I�L�W�K�¶�V���H�Q�H�U�J�\���D�U�J�X�P�H�Q�W���E�X�W���D�S�S�O�L�H�G��it only to the vicinity of the crack tip. This argument 
�O�H�G�� �W�R�� �W�K�H�� �U�H�O�D�W�L�R�Q�V�K�L�S�� �W�R�� �F�D�O�F�X�O�D�W�H�� �W�K�H�� �L�Q�W�H�U�D�W�R�P�L�F�� �F�R�K�H�V�L�Y�H�� �V�W�U�H�Q�J�W�K���� �1T. According to the 

�2�U�R�Z�D�Q�¶�V���U�H�O�D�W�L�R�Q�V�K�L�S�����1T is equal to 2
§�¾�


�Ô
. In this relationship, a is the interatomic spacing. 

Also more complex attempts have been made to explain the local stresses at the tips of the 
cracks [88, 89, 90, 91, 92].  

The importance of the surface energy term is worth discussing. The specific surface energy, 
�������R�I��a solid can be estimated based on the elastic constant of the solid [93], or on the specific 
energy of evaporation [89]. The estimated values for the specific surface energy of most 
materials are in the range of 0.1 to 1 Jm-2 [74]. In the simple cases such as local plastic 
deformation or multiple fracturing at the crack tip, especially in single crystals, the measured 
�Y�D�O�X�H�V�� �R�I�� ���� �P�D�W�F�K�� �Z�H�O�O�� �Z�L�W�K�� �W�K�H���H�V�W�L�P�D�W�H�G�� �Y�D�O�X�H�V�� �D�Q�G��therefore support the Griffith�¶�V theory 
[95, 96]. However, when the studied case is a polycrystalline material, the measured values 
�R�I�������D�U�H���P�X�F�K���K�L�J�K�H�U���W�K�D�Q���W�K�H���S�U�H�G�L�F�W�H�G ones, usually by an order of magnitude or even more. 
In the �F�D�V�H���R�I���F�H�U�D�P�L�F���P�D�W�H�U�L�D�O�V�����Y�D�O�X�H�V���R�I�������L�Q��the order of 10 Jm-2 have been measured [97, 
98]. These observed differences have shown that there are other important energy absorption 
processes associated with the propagating cracks. These processes include plastic 
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deformation at the vicinity of the crack [87], proliferation of microcracking (rapid spread of 
microcracking) and relaxation of internal stresses [99], and other processes such as acoustic 
[100] and thermal losses [101]. Therefore���� �Z�K�H�Q�� �X�V�L�Q�J�� �(�T�X�D�W�L�R�Q�� ������ ���� �V�K�R�X�O�G�� �E�H�� �F�R�Q�V�L�G�H�U�H�G��
only as a general energy absorption factor at the crack tip and its vicinity, since the value of �� 
is usually obtained empirically [74]. Finally, the Griffith�¶�V equation only considers a stationary 
crack. Therefore, in the case of a moving crack, the absorbed kinetic energy should be 
considered as well [102, 103]. Consideration of the kinetic energy term of absorption sets an 
upper limit to the crack propagation velocity [104]. In addition, according to Peterson and 
Wong [69], the stress field around the crack is modified as the velocity increases. 

4.2 Uniaxial compression and biaxial stresses 
 

Equation 1 describes �W�K�H���*�U�L�I�I�L�W�K�¶�V���H�Q�H�U�J�\�� �D�U�J�X�P�H�Q�W���I�R�U���W�K�H���W�H�Q�V�L�O�H���O�R�D�G�L�Q�J���F�R�Q�G�L�W�L�R�Q���� �,�Q���W�K�L�V��
argument, the assumption is that the crack will spread on its own plane. However, in more 
complex loading conditions it can no longer be assumed that the crack will spread on its own 
plane. [105, 106] . Additionally, if the crack has a negligible width, it tends to close under a 
compressive loading condition. Consequently, it is not possible to assume that the crack faces 
are not loaded and no elastic stress relaxation takes place.  

Griffith [84] solved the first problem by changing the critical local tensile strength criterion of 
failure and the second problem by just considering open cracks. Although he argued about 
the value of the maximum stress at the crack tip in uniaxial tensile loading, he did not give any 
explanation for the change of the failure criterion in the general case. However, it is commonly 
accepted that the critical local tensile stress criterion is equivalent to the critical energy release 
rate [74].  

In the case of biaxial loading with randomly distributed cracks of given length, the Griffith 
criterion includes the biaxial principal �V�W�U�H�V�V�H�V���11�����12, and the magnitude of the uniaxial tensile 
strength T0, i.e.: 
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In the above equations, the compressive stress is considered positive. The expression �11>-
���12 describes the situation with a predominantly compressive stress state. By describing 
Equations 3 and 4 in terms of shear stress and the normal compressive stress acting on the 
plane of the axis of an elliptical cavity, we obtain: 
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where �2���L�V���W�K�H���V�K�H�D�U���V�W�U�H�V�V���D�Q�G���1n is the normal compressive stress. Equation 5 is then the 
Mohr envelope corresponding to failure [107]. This indicates that the uniaxial compressive 
strength is eight times higher than the uniaxial tensile strength. However, this ratio is even 
bigger for rocks [108].  

 

 



 

12 
 

4.3 Triaxial stresses  
 

According to Orowan [87], the Griffith�¶�V theory can be used in the general state of stresses. 
The reason for this is that the normal or shear stresses on the plane perpendicular to the edge 
of the crack do not have considerable influence on the failure condition. Therefore, the Griffith 
criterion for the biaxial loading condition has been used for triaxial loading tests in the form of: 
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where �11 �D�Q�G���13 are the biggest and smallest principal stresses and T0 is the uniaxial tensile 
strength. 

Murrell [109, 110] introduced the dependence of the tensile strength �R�Q���12 to generalize the 
biaxial criterion for the triaxial loading condition: 
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To complete the solution for the triaxial loading condition, Murrell and Digby [111, 112] 
concluded a general triaxial failure criterion in a predominantly compressive condition: 
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where �.���D�Q�G�������D�U�H���F�R�Q�V�W�D�Q�Ws that include the �3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���D�Q�G��the axial ratio of the ellipsoid.  

 

4.4 Mohr-Coulomb failure criterion 

 

Even though the Griffith�¶�V failure criterion explains the rock fracture behavior quite well, the 
Coulomb failure criterion is the simplest and most widely used failure criterion [11]. Based on 
the work of Coulomb [113] , failure in the rock occurs along the planes due to the shear stress 
���2�����D�F�W�L�Q�J��on the plane. The movement is assumed to be restricted by a friction force with the 
magnitude of the normal s�W�U�H�V�V�����1�����D�F�W�L�Q�J���D�O�R�Q�J���W�K�H���S�O�D�Q�H���P�X�O�W�L�S�O�L�H�G��by a constant factor µ. In 
the absence of a normal stress, a finite shear stress (S0) is needed to initiate the failure, and 
therefore: 
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According to Equation 10, �I�D�L�O�X�U�H�� �Z�L�O�O�� �W�D�N�H�� �S�O�D�F�H�� �L�Q�� �D�Q�\�� �S�O�D�Q�H�� �Z�K�H�U�H�� �_�2�_�� ���� �60 ���� �—�1���� �7�K�H��
parameter µ is known as the coefficient of internal friction and S0 represents cohesion. The 
representation of Equation 10 in the �0�R�K�U�¶�V���G�L�D�J�U�D�P���L�V���D���V�W�U�D�L�J�K�W���O�L�Q�H��at an �D�Q�J�O�H���-���Z�L�W�K���W�K�H��
�1-axis (see Figure 1). An alternative expression for Equation 10 can be obtained by 
constructing the Mohr circle tangent to this line. In terms of principal stresses, the alternative 
Equation is: 
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One form of the �0�R�K�U�¶�V���I�D�L�O�X�U�H���F�U�L�W�H�U�L�R�Q���L�V�� 
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where 
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Considering Equation 14, the �0�R�K�U�� �H�Q�Y�H�O�R�S�H�� �F�D�Q�� �E�H�� �F�R�Q�V�W�U�X�F�W�H�G�� �R�Q���W�K�H���1-�2 plane. A circle 
with a �G�L�D�P�H�W�H�U���R�I�����1I-�1III) is tangent to the failure envelope. Therefore, by considering Equation 
13, the �&�R�X�O�R�P�E�¶�V���F�U�L�W�H�U�L�R�Q���L�V���H�T�X�L�Y�D�O�H�Q�W���W�R���W�K�H���D�V�V�X�P�S�W�L�R�Q���R�I���D���O�L�Q�H�D�U���0�R�K�U���H�Q�Y�H�O�R�S�H���� 

 

Figure 1 Mohr diagram and failure envelopes [109]. 

An important point in the �&�R�X�O�R�P�E�¶�V���D�Q�G���0�R�K�U�¶�V���F�U�L�W�H�U�L�D���L�V���W�K�H���H�I�I�H�F�W���R�I���1m, which is the mean 
stress on the �1I �D�Q�G���1III plane. The importance of �1m becomes more significant in materials 
such as rocks, as �2m at failure increases by the increase of �1m. Additionally, the �0�R�K�U�¶�V���F�U�L�W�H�U�L�R�Q��
considers the curved shape of the failure envelope, and this non-linear behavior is observed 
in many rock types [11, 115]. 

 

4.5 Hoek-Brown failure criterion 
 

Hoek and Brown [13, 116] designed their failure criterion to provide input data for underground 
excavation. This criterion is empirically derived to describe the non-linear increase of the peak 
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strength of isotropic rocks with increasing confining pressure [117]. The original non-linear 
Hoek-Brown criterion for intact rock is: 
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where �1I �D�Q�G���1III are the principal stresses at failure, C0 is the uniaxial compressive strength 
of the intact rock, and m and s are dimensionless empirical constants. The criterion is linear 
on the biaxial plane. As it is evident, the Hoek-Brown criterion �G�R�H�V���Q�R�W���L�Q�F�O�X�G�H���1II except for 
the condition of a conventional triaxial compression test. 

The Hoek-Brown criterion has been updated several times over the years [118, 119, 120, 121]. 
These updates include adjustments to improve the estimation of the rock strength. However, 
one important update was the generalized form of the criterion [120]: 
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E�O�;�Ô                   (16) 

where the term mb was introduced for the fractured rock. The dependency of the parameter m 

(in the original form of the equation) on mineralogy, composition, and grain size was shown in 
ref. [119]. The exponential term a �G�H�V�F�U�L�E�H�V���W�K�H���V�\�V�W�H�P�¶�V���E�L�D�V���W�R�Z�D�U�G�V���K�D�U�G���U�R�F�N���D�Q�G is used 
to take better into account the poorer quality rock masses, especially under very low normal 
stresses [119].  
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5. Deformation microstructures and mechanisms 
 

Deformation microstructures are the microscopic features created during deformation. 
Deformation mechanisms, in turn, refer to the processes that accommodate the deformation 
on a larger scale. This section deals with the microstructures and mechanisms commonly 
found in rock materials.  

Generally, microcracks are classified into three different categories; intergranular (within a 
grain), transgranular (across two or more grains), and circumgranular or grain boundary 
cracks. Depending on the deformation mechanism(s) and the microstructure of the rock, 
different kinds of microcracks may be visible in the rock structure [123]. Intergranular 
microcracks are often seen in porous and poorly cemented rocks. On the other hand, 
transgranular cracks are more often found in the structure of well-cemented and low porosity 
rocks.  

Several microcrack mechanisms can be identified in the rocks. This identification is commonly 
based on experiments, where axial microcracks form from about half of the peak strength until 
post failure [124]. Compared to the fundamentals of cracking physics, these mechanisms are 
regarded as secondary mechanisms [125, 126]. Several of these mechanisms will be 
discussed in the following. 

Flaw-induced microcracks are associated with the existing flaws in the structure, such as other 
microcracks, pores, and grain boundaries. The reason for the appearance of these 
microcracks is due to the stress field developed on the flaw surface when an external stress 
is applied. These microcracks propagate along curved trajectories from both ends of the flaw 
and produce a wing-crack geometry [127, 128, 129]. Usually the flaw-induced microcracks are 
transgranular or circumgranular [123]. Examples of flaw-induced microcracks are shown in 
Figure 2. 

Cleavage microcracking is an important mechanism for the fracture of minerals that have a 
basal plane. For instance, microcracking in biotite is controlled by the (001) basal plane 
cleavage [130]. Cleavage microcracking of feldspars has a great importance in the 
deformation of granitic rocks. Cleavage microcracking is easily recognizable as it happens in 
crystallographically controlled sets parallel to a known cleavage plane in a single grain [123].  

When minerals with different elastic moduli come into contact within the rock structure, elastic 
mismatch microcracks start to appear. Examples of this kind of microcracks can be observed 
when feldspar or mica comes into contact with quartz [130, 124]. These microcracks can be 
recognized from the localization of intergranular microcracks around the contact area of two 
grains with a different mineralogy. However, distinguishing elastic mismatch microcracks from 
thermally induced microcracks can be challenging, as will be discussed later on. 
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Figure 2 Flaw induced microcracks a) the geometry of analytical solution for the propagation of flaw induced 
microcracks b) two examples of flaw induced microcracks c) two examples of microcrack/pore interaction [123]. 

Plastic mismatch microcracks (Figure 3) are observed when there is a strain incompatibility 
between the plastically deformed area and the neighboring undeformed area [130, 131]. An 
example of this case is when feldspar is surrounded by deformed quartz grains [132]. Plastic 
mismatch microcracks can also be observed within a single grain or phase due to the stress 
concentration caused by intercrystalline plasticity, as will be discussed later on. 



 

17 
 

 

Figure 3 Plastic mismatch microcracks a) Intense microcracking in plagioclase developed between kinked biotite 
grains b) a microcrack developed at the end of a lamella displaces a grain boundary, and c) microfault-induced 

microcracks [123]. 

Microcracking is one of the mechanisms to relieve the stress caused by the differences in 
thermal expansion, i.e., the contraction coefficient of two adjacent minerals. Thermally induced 
microcracks start to form within a grain of a mineral surrounded by another mineral during 
heating or cooling. In the presence of a pressure change, the elastic microcracks can form as 
well during heating or cooling. These two different types of microcracks can be distinguished 
from one another if the pressure-temperature path is known [133]. Considering granite as a 
composite material consisting of feldspar and quartz, in the case of cooling, microcracks can 
appear in the quartz structure because of its greater thermal contraction. Thermally induced 
microcracks can be recognized by intergranular microcracks concentrated in quartz 
surrounded by feldspar [123]. 

The strain caused by a solid-state phase transformation can also lead to the appearance of 
microcracks in the rock structure. For instance, the transformation from coesite to quartz 
involves a volume increase by 11%. This expansion leads to the formation of a microstructure 
where quartz inclusions are surrounded by radial extension microcracks [134, 135]. A 
distinctive feature of the phase transformation induced microcracks is the existence of 
intergranular microcracks alongside the evidence of phase transformation. In the case of the 
transformation of coesite to quartz, radial microcracks around the inclusion of quartz can be 
visible in the coesite surroundings [123]. 
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6 Materials and methods 
 

Samples for the mechanical testing were prepared from two different granites: Balmoral Red 
and Kuru Grey. A detailed description of the tested materials is given in section 6.1. Brazilian 
disc samples were used for the quasi-static and dynamic testing. The samples of Balmoral 
Red were cut from the rock plate with the thickness of 21 mm. The diameter of the samples 
was 40.5 mm. Kuru Grey samples were core drilled with the diameter of 41 mm and thickness 
of 16 mm. Figure 4 shows the samples used in this study. 

  
Figure 4 Brazilian disc samples of a) Balmoral Red and b) Kuru Grey 

The BD test is not the only method to measure the tensile strength of the rock. The other 
methods are the dynamic direct tension method, semi-circular bending (SCB) method, and 
the spalling method.  However, because of the following reasons, the BD method was chosen 
for this study. Normally, the direct tensile test is the best option to measure the tensile strength 
of a material, as the stress state in the test is (more or less) one-dimensional. However, when 
considering the requirement of sample alignment and the difficulty of machining rock samples 
of complex shapes (such as a dog bone), the direct tensile test is not a viable alternative for 
testing this type of materials [136]. The SCB method appears to be simpler than the direct 
tension method, although the result obtained from the SCB test defines the flexural strength 
of the rock, which is different from the tensile strength obtained from the BD method [137].  
The spalling method has its own limitations as well; first, achieving a one-dimensional stress 
state is difficult, second, the compressive wave can influence the sample before the tensile 
wave arrives, and third, the stress wave is attenuated in the rocks [136]. It is also worth 
mentioning that applying a heat shock on a sample with a complex geometry is not an easy 
task to perform. The samples can become damaged and there is always the possibility of the 
formation of asymmetric crack patterns. The BD test was originally designed to overcome the 
known difficulties of the other methods, especially the problems of the direct tension method. 
Therefore, the BD test seemed to be the most convenient method to choose for the purpose 
of this study. Nonetheless, the BD method has its own limitations as well. For instance, in 
order to perform a valid BD test, the sample has to break first along the loading direction close 
to the center of the disc [138, 139]. Additionally, the tensile strength is not measured directly 
but calculated from the axial loading with the assumption of sample remaining elastic and not 
experiencing any plastic deformation. It should also be mentioned that the stress state in the 
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BD test is two-dimensional. Carneiro and Barcellos [140] used the Hertz analysis [141] to 
calculate the principal tensile stress along the vertical diameter as 

�ê�ì 
L
�É

�� �Ë�-�Å
                      (17) 

where P is the concentrated compressive forces, R1 is the radius of the Brazilian disc, and L 
is the length of the disc. According to the analytical model, the principal tensile �V�W�U�H�V�V�H�V�����1y) 
are uniformly distributed along the vertical diameter [142]. 

 

 

6.1 Tested materials 
 

The materials used in this study were two slightly different types of granite, Balmoral Red and 
Kuru Grey. The microstructure of neither of the rocks shows significant texture, and the 
minerals are distributed homogenously in the structure. Therefore, the mechanical properties 
of the sample materials are considered essentially isotropic. The only significant physical 
difference between these two granites is that Kuru Grey has a smaller grain size compared to 
Balmoral Red. Additionally, the mean values of open porosity were 0.38% for Balmoral Red 
and 0.44% for Kuru Grey. The quasi-static compression strength of the rocks is 180 MPa and 
220 MPa for Balmoral Red and Kuru Grey, respectively. The corresponding values in the 
tensile loading condition were 8 ±2 MPa for Balmoral Red and 11 ± 2 for Kuru Grey. Tables 1 
and 2 show the chemical compositions of the studied rocks. 

 

Table 1 Mineral composition of Balmoral Red granite [143] 

Mineral  Wt.% 

Potash feldspar 40 

Quartz 33 

Plagioclase 19 

Biotite & Hornblende 8 

 

Table 2 Mineral composition of Kuru Grey granite [144] 

Mineral  Wt.% 

Quartz 35 

Albite 31 

Microcline maxi 28 

Biotite 3 

Diopside 2 

Chlorite IIb 1 
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6.2 Thermal shock procedure 
 

Two different types of thermal shocks were applied on the BD samples: one using the 
acetylene-oxygen flame torch and one using a plasma gun. The flame torch was used for the 
samples of both quasi-static and dynamic tests, while the plasma gun was used only for the 
samples used in the dynamic Brazilian disc and indentation tests.  

The samples to be thermally shocked by the flame torch were place at the fixed distance of 6 
cm from the tip of the torch. Three different heat shocks were applied on the samples 
according to the duration of the heat shock. The durations of the heat shocks were 10, 30, and 
60 seconds. 

In the case of the heat shock done by the plasma gun, the gun was moved over the surface 
of the BD samples at the speeds of 50, 75, or 100 mm/s. These movements provided the 
durations of 0.80, 0.55, and 0.40 seconds for the heat shocks. The power of the gun was set 
at 50kW, and the distance of the samples from the tip of the gun was 6.5 cm.  

In the dynamic indentation tests, the same characteristics of the plasma gun were used. 
However, the difference in the dimensions of the samples (30 cm × 30 cm × 30 cm)  led to the 
heat shock durations of 6, 4, and 3 seconds. 

After the heat shocks, the samples were let to cool down to room temperature in air. As both 
rocks are mostly composed of quartz, feldspar and plagioclase, it is highly unlikely that the 
heat shocks alter the nature of the rocks. The reason for this is that the temperature required 
for quartz to go through a ph�D�V�H�� �W�U�D�Q�V�I�R�U�P�D�W�L�R�Q�� �L�V�� �D�E�R�X�W�� �������Û�&, and for feldspar this 
�W�H�P�S�H�U�D�W�X�U�H���L�V���D�E�R�X�W�����������Û�&��[145, 146]. However, one should note that even though the rocks 
do not go through a phase transformation during the heat shocks, some mechanical damage 
such as thermally induced cracking and grain refinement will or might occur during the thermal 
shocks. 

6.3 Liquid penetrant non-destructive testing 
 

The liquid penetrant technique and optical microscopy were used to analyze the patterns of 
the surface cracks before applying the heat shock. After the heat shock, the liquid penetrant 
(BYCOTEST PB50) was re-applied on the samples to observe the changes in the surface 
crack patterns caused by the thermal shock. The images were obtained with a LEICA CLS 
150 XE stereomicroscope. The source of natural light in the microscope was replaced by an 
ultraviolet (UV) light source to take the images under UV light. 

6.4 Scanning electron microscopy 
 

The Brazilian disc samples before applying the heat shocks were studied using Philips XL30 
scanning electron microscope (SEM). The samples were cleaned using an ultrasonic cleaner. 
Before the SEM examination, the samples were coated with gold to ensure their electrical 
conductivity. The same principle was applied on the samples after applying the heat shock, 
and the changes in the microstructure caused by the heat shock were studied and analyzed.  
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6.5 Fractal dimension analysis 
 

The concept of fractal dimension arises from the need to describe the geometry of different 
objects in the nature in a simple manner. For instance, clouds are not spheres, mountains are 
not cones, and coastlines are not circles. The important feature shared between these 
examples is the fact that these objects have a repetitive shape; when zoomed in or out, these 
objects look self-similar for example for a cloud, if one concentrates on a portion of it, that 
portion possesses essentially the same shape as a bigger zoomed out cloud. The concept of 
fractal dimensions was first introduced by Hausdorff in 1918 [147]. In the period between 1875 
and 1925, the mathematicians realized that it is not possible to assign a dimension as a 
number of coordinates to some irregularities and fragments.  Euclidian objects are limited to 
sets for which all the useful dimensions coincide. However, the dimensions of sets that are 
needed to describe the shape of irregularities and fragments (fractals) fail to coincide [148]. 
Fractals are mathematically defined as sets of spatial co-ordinations on a plane or volume, 
which once drawn, are repetitive and self-similar at every scale. That means if one looks at a 
small fragment of the whole object, he or she recovers the same shape as if the object was 
observed as a whole. Among the famous fractal sets, the Cantor set and the Sierpinski gasket 
are the standard representatives of such sets. The Cantor set is constructed "iteratively" by 
removing one third of given line and repeating this process infinitely (Figure 5). By this 
procedure, one observes that at each iteration, every remaining segments of the line is one 
third (S) of the previous line, and the number of segments remained after the removal is 2 (M). 
Defining the fractal dimension as D = -log M/log S, one finds the fractal dimension for the 
Cantor set to be log2/log3 = 0.631. 

 

Figure 5 Example of the Cantor set [147]. 

For the Sierpinski gasket, by considering an equilateral triangle (Figure 6), and connecting the 
midpoints of each edge of the triangle and removing the new central equilateral triangle, one 
observes that the mass scales by the factor of 3, and the length of each edge by the factor of 
1/2 thus, the fractal dimension for the Sierpinski gasket will be log3/log2 = 1.585. These are 
examples of "iterative fractals", which are deterministic in the sense that the procedures to 
produce such sets are definite. 

 

Figure 6 Example of the Sierpinski gasket [147]. 
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Nevertheless, most of the fractals in the nature are randomly formed, thus belonging to the 
�F�O�D�V�V�� �R�I�� �³�U�D�Q�G�R�P�� �I�U�D�F�W�D�O�V�´���� �&�O�R�X�G�V��are members of such class. Alternatively, the trace of a 
particle performing a Brownian motion is another example (Figure 7). 

 

Figure 7 Example of Brownian motion [147]. 

As the pattern of the surface cracks cannot be fit in the normal dimension sets, the concept of 
fractal dimension was used to characterize the surface cracks and their patterns. The fractal 
dimension of the surface crack patterns was calculated from the images obtained with a stereo 
microscope using a box counting method in Matlab. The box counting method is a common 
tool to estimate the fractal dimension of an object with a complicated structure. 

The box counting method is used when the fractal dimension of an object cannot be achieved 
by numerical or analytical methods. Good examples of such cases are the cloud patterns or 
ocean waves, and in this particular case, the crack patterns on the surface of a rock 
specimens. The accuracy of the box counting method is highly restricted by the image 
resolution, as the pixels are the grids used in this method. Therefore, background noise or 
blurred pixels can alter the accuracy of the method. A detailed description of the box counting 
method with a discussion of its possibilities and limitations can be found in ref. [149].  

The images taken from the surface of the samples under UV light were imported as RGB 
images to Matlab. In these images, the color of each pixel is represented by three numbers, 
i.e., �5�H�G�����*�U�H�H�Q�����D�Q�G���%�O�X�H�����7�K�H���W�K�U�H�V�K�R�O�G���L�V���V�H�W���R�Q���F�R�O�R�U���³�5�H�G�´���D�V���L�W���L�V���W�K�H���G�R�P�L�Q�D�Q�W���F�R�O�R�U���L�Q��
liquid penetrant images.  A pixel that �K�D�V���W�K�H���³�5�H�G�´���F�R�O�R�U���K�L�J�K�H�U���W�K�D�Q���W�K�H���W�K�U�H�V�K�R�O�G���L�V��regarded 
a crack pixel, and therefore it is represented by the �G�L�J�L�W���³���´���L�Q�V�W�H�D�G���R�I���³��� ́for the rest of the 
image. The leads to the formation of a binary matrix, which constitutes a map of the identified 
cracks. The resolution of the image and the threshold value affect strongly the value of the 
obtained fractal dimension. The resolution of the image defines also the spatial resolution of 
the crack detection method. The background noise is another important factor since it 
contributes to the RGB combination of the pixels. Therefore, once the matrix is created, the 
crack pattern has to be checked by naked eye to decide whether it represents surface cracks 
in the original image or not.  
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6.6 X-ray tomography 
 

Tomography refers to the cross-sectional imaging of an object using either transmitted or 
reflected data obtained by illuminating the specimen with a suitable form of electromagnetic 
radiation [150]. The basic principle of tomography is based on the use of x-ray radiation in the 
creation of images. By using X-rays, it is possible to form images of phases based on their 
different attenuation coefficients. The resolution of the computed tomographic images 
depends on the number of parallel beam projections and the number of data points in each 
projection. In both conventional 3D computed tomography (CT) and micro-computed 
tomography, hundreds of 2D projection radiographs of the sample are taken at different 
angles. Each radiograph contains information about the absorption density distribution of the 
sample along the X-ray beam onto the plane perpendicular to the direction of the X-ray beam 
propagation. By imaging the sample at different angles, information about the whole volume 
of the sample structure is obtained by using a proper computer algorithm [151]. In this work, 
the tomography samples were core drilled from the original BD samples with diameters of 7 
mm and 15 mm. The CT scans were carried out using a Nikon/XTec XT H225 ST device.  

6.7 Dynamic testing 
 

The high strain rate tests were carried out using a compression Split Hopkinson Pressure Bar 
(SHPB) device. The flat-ended pressure bars were made of AISI 4340 steel with a diameter 
of 22 mm and the length of 1200 mm. The striker bar with a length of 300 mm was made of 
the same material. The bars are resting on bearings mounted on adjustable stanchions, which 
makes the accurate alignment of the bars in the z- and y-directions possible. The striker bar 
is impacted on the incident bar end using an air gun, and  three optical IR sender-receiver 
pairs are used to measure the impact velocity of the striker. These sensors also provide the 
trigger signal for the oscilloscope. There are two active strain gages attached to the center of 
the incident and transmitted bars. The strain gages signal are amplified by a Kyowa CDV 700A 
series signal conditioner and recorded on a 12-bit 10MSample Yokogawa digital oscilloscope. 
All functions of this device, including loading of the striker, pressurizing, shooting of the striker 
bar, and reading of the data from the oscilloscope are controlled by a computer. More details 
of the instrument are given in ref. [152]. A numerical dispersion correction method adopted 
from the work of Gorham and Wu [153] is used to correct for any changes in the signals due 
to the dispersion of the waves as they travel in the pressure bars. A disc of soft and deformable 
copper with a thickness of 0.5 mm was used between the striker and the incident bar to 
increase the rise time of the incident stress pulse and to improve the dynamic equilibrium in 
the specimen. Use of the pulse shaper is of great importance in the BD tests, as the stress 
state in the disc sample is two-dimensional and the force balance at the bar/sample 
boundaries does not necessarily ensure the dynamic equilibrium in the whole volume of the 
sample. For example Dai et al. [154] have shown that the dynamic force balance can be 
achieved by using the pulse shaper. Figure 8 shows a schematic picture of the high strain rate 
testing setup used in this study. 
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6.8 Digital image correlation 
 

Digital image correlation (DIC) is a non-contacting method, which takes images of an object, 
stores the images in a digital form, and performs analysis to obtain full-field shape, 
deformation, and/or motion of the object [155]. DIC works by comparing digital photographs 
taken from the specimen or component at different stages of deformation. The system can 
measure the surface displacements and create full-field 2D and 3D deformation vector fields 
and strain maps. This is done by tracking blocks of pixels. However, there are limitations for 
DIC to work accurately. For instance, the blocks of pixels should be random and unique. In 
addition, the blocks should have an adequate range of contrast and intensity levels. The DIC 
system usually does not need any special lighting condition, and in many cases the natural 
surface of the specimen provides enough texture for the system to work. The sources of 
images for DIC can be conventional CCD or consumer digital cameras, high-speed videos, or 
microscopes, including electron and atomic force microscopes. Additionally, the correlation 
process is not restricted to optical images but can also be applied on datasheets such as 
surface roughness maps and 2D surfaces of structures [156].  

The basic principle of DIC is based on the displacement of the pixels from one image to 
another. In 2D DIC, the displacement is directly detected from the digital images of the surface 
of the specimen. Usually the deformation on the surface of the specimen is recorded and 
stored as digital images (one before and one after the deformation). Later on, these images 
are compared to quantify the displacement by searching for match points between the images. 
As it is almost impossible to determine the deformation by comparing one pixel to another, a 
block of pixels is used to carry out the matching process. This area of the pixels is called a 
subset. An assumption is made when comparing the subset before and after deformation is 
that the gray level intensity of a physical point in the reference image does not change in the 
deformed image [157]. Once the location of the deformed subset is found in the second image, 
the displacement of this subset can be determined. To determine the deformation of the 
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Figure 8 Schematic picture of the Split Hopkinson Pressure Bar 
device at Tampere University of Technology. 
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subset, the surface has to have some features that allows the matching process. If the surface 
does not have any features of its own, an artificial random pattern must be applied on the 
surface of the specimen. Figure 9 shows how the matching process is carried out for a subset 
[158]. 

 

Figure 9 Matching of the subset before and after deformation [158] 

In this work, two Photron SA-X2 high speed cameras were used to record images for DIC, and  
to study the fracture of the samples during the high strain rate tests. As the rock surface itself 
does not have a very strong contrast for the correlation algorithms, the surfaces of the samples 
were first painted with a white base coat, after which black speckles were applied on the 
surface using a permanent marker, as shown in Figure 10. For the samples heat shocked with 
the flame torch, images of 256 *176 pixels in size were recorded at 160 kfps. For the samples 
heat shocked with the plasma gun, the images were recorded at 25 kfps with the size of 
1024*812 pixels. Two Decocool lights were used for illuminating the samples. The recorded 
images were analyzed with LaVision StrainMaster (DaVis) 3D-DIC software using a subset 
size of 25 pixels and a step size of 9 pixels. 

 

Figure 10 Brazilian disc sample with a speckle pattern for DIC. 
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 6.9 Dynamic indentation tests 
 

The indentation test used is a simplified version of the percussive drilling act carried out in the 
laboratory scale. The indentation tests were carried out using single-button and triple-button 
indenters with the hemispherical geometry shown in Figure 11. The experimental setup was 
basically a Split Hopkinson Pressure Bar (SHPB) without the transmitted bar. The drill buttons 
were embedded in the impact end of the incident bar. The experimental setup is shown in 
Figure 12. The reader is referred to refs. [30, 149, 156] for more technical details and examples 
of tests carried out at different speeds and other testing parameters.  
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Figure 11 Triple-button and single-button indenters 
used in the dynamic indentation tests. 

Figure 12 a) Schematic picture of the dynamic 
indentation test and b) the experimental setup. 
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The setup includes an air gun, a striker bar with the length of 20 cm, and an incident bar with 
the length of 120 cm and a diameter of 22mm made of AISI 4340 steel for the single-button 
tests. In the triple-button tests, the incident bar had a diameter of 32.5 mm. The stress pulses 
were measured using two strain gages bonded on the surface of the incident bar at the center 
of the bar. The force on the bar-rock interface was calculated using the following Equation: 

�( 
L �#�Õ�' �Õ�:�Ý�Ü
E���Ý�å�;                                                     (20) 

where Ab is the cross sectional area of the drill rod (incident bar), Eb is the bar �P�D�W�H�U�L�D�O�¶�V��
�<�R�X�Q�J�¶�V�� �P�R�G�X�O�X�V���� �D�Q�G�� �0i �D�Q�G�� �0r are the measured and dispersion corrected incident and 
reflected strain pulses. To secure a sufficient initial contact between the buttons and the rock 
cube, a feed force of negligible magnitude compared to the rock fracture load was applied to 
the incident bar by two springs. In addition, the quality of the contact was checked before every 
test by using a white sheet of paper and a carbon copy paper between the rock and the 
indenters. The diameter of the marks on the paper caused by the feed pressure was measured 
and compared to the diameter of the buttons. 

The single-button tests were conducted at the impact speed of 19 m/s. To generate the same  
stress also in the triple-button tests, the impact speed has to be higher due to the larger 
diameter of the incident bar. This speed can be calculated using the following equation: 
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                    (21) 

where �!�� �L�V���W�K�H���G�H�Q�V�L�W�\�� �R�I���W�K�H���E�D�U���P�D�W�H�U�L�D�O���� �&���L�V���W�K�H���V�S�H�H�G���R�I��the stress wave inside the bar 
material, and Vs is the speed of the impact. According to Equation 21, the impact speed for 
the triple-button test should be 41 m/s. Unfortunately, due to the limitation of the device, this 
speed could not be reached. Instead, the triple-button tests were carried out at the impact 
speed of 35 m/s. 

It should be noted that unlike with the single-button bit, equal contact between three buttons 
and the rock surface cannot be fully guaranteed during the interaction. This is partly due to 
the rock heterogeneity, which can affect the distribution of the contacting forces. Additionally, 
during the impact, bending stresses may be introduced in the incident bar, which can lead to 
a non-uniaxial stress condition in the drill bit and the buttons. In such a case, Equation 20 
might not be fully valid for calculating the force acting on the sample. Considering all possible 
errors, however, careful alignment of the incident bar largely minimize such errors and the 
data obtained from the experiments can be expected to be representative for the bit-rock 
interactions. 

6.10 Optical profilometry 
 

Optical profilometry was used to study the formation of craters on the sample surface during 
the dynamic indentation tests. To prepare samples for profilometry, the craters were replicated 
using a commercial NDT quality resin. The replicas were then analyzed using Alicona Infinite 
Focus G5 optical profilometer. The 3D images obtained from the profilometry were processed 
using the IF-MeasureSuite software. 
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7. Results and discussion 
 

The results obtained from the tests and investigations described in Chapter 6 are presented 
and discussed in the following sub-chapters. Each sub-chapter contains the main results and 
observations obtained with the different techniques in a concise form, and more detailed data 
and discussions can be found in the attached articles published in various journals and 
proceedings. 

7.1 Fractal dimension measurement analysis  
 

The fractal dimension analysis was carried out based on the optical images obtained from the 
sample surfaces after applying the liquid penetrant. The fractal dimensions were obtained from 
�W�K�H���F�H�Q�W�H�U���R�I���W�K�H���V�D�P�S�O�H�V�¶ surface as the maximum tensile stress during BD tests is limited to 
the area in the middle of the sample. The analysis was carried out on as-received (intact) and 
flame torch shocked BD samples of both Balmoral Red and Kuru Grey, and on intact and 
plasma shocked BD samples of Kuru Grey. Figure 13 shows the results for the Balmoral Red 
and Kuru Grey in the intact and flame torch heat-shocked conditions. The surface crack 
patterns of Balmoral Red before applying the heat shock consist of small cracks, which are 
mainly located at the grain boundaries. However, after applying the heat shock, new cracks 
are introduced to the surface and the existing cracks have grown in length, leading to a more 
complex network of surface cracks. On the other hand, the surface pattern of intact Kuru Grey 
(Figure 14) contains pores in addition to the surface cracks, which can be located at the grain 
boundaries. After the heat shock, both the number of the surface cracks and the pores 
increases. This difference in the reaction to the heat shock between Balmoral Red and Kuru 
Grey is important in view of their mechanical response, as it will be discussed later on in 
Chapter 7.6.1. 

  

  

Figure 13 Optical images a) before and b) after a 30 s flame torch thermal shock, and the identified cracks c) 
before and d) after the thermal shock for the Balmoral Red.  
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Figure 14 Optical images a) before and b) after a 30 s flame torch thermal shock and the identified cracks c) 

before and d) after the thermal shock for the Kuru Grey. 

The fractal dimension was calculated for all the samples used in this study. The results of the 
calculations for the flame heat shocked samples are summarized in Tables 3 and 4. The 
average fractal dimension for intact Balmoral Red is 1.07 ± 0.14, and for intact Kuru Grey 1.22 
± 0.22. After a 10 second heat shock, the average fractal dimension increases by 14% for 
Balmoral Red and by 15% for Kuru Grey. As the duration of the heat shock increases, the 
fractal dimension increases by 18% and 21 % for the 30 second and 60 second heat shocks 
for Balmoral Red. The corresponding values for Kuru Grey are 16% and 22%.  

Table 3 Fractal dimension of the intact and flame torch heat shocked Balmoral Red samples. 

 10 seconds 30 seconds 60 seconds 
 Before After  Before After  Before After  
 1.19 1.47 1.05 1.45 1.21 1.48 
 0.66 0.99 1.06 1.22 1.013 1.39 
 1.08 1.17 1.07 1.35 1.11 1.33 
 1.33 1.41 1.08 1.14 1.01 1.32 
 1.01 1.12 1.07 1.33 1.13 1.45 

Average 1.05 1.23 1.06 1.30 1.09 1.40 
STDEV 0.25 0.20 0.01 0.11 0.08 0.07 

Normalized  1.17  1.22  1.27 
 

 

Table 4 Fractal dimension of the intact and flame torch heat shocked Kuru Grey samples. 

 10 seconds 30 seconds 60 seconds 
 Before After  Before After  Before After  
 1.38 1.76 1.17 1.16 1.16 1.29 
 1.31 1.77 1.22 1.40 0.79 1.40 
 1.46 1.57 1.21 1.48 0.99 1.38 
 1.37 1.64 1.17 1.39 0.91 1.44 
 1.71 1.72 1.27 1.37 1.11 1.21 

Average 1.44 1.69 1.21 1.43 0.99 1.34 
STDEV 0.16 0.08 0.04 0.05 0.15 0.09 

Normalized  1.17  1.19  1.35 
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Figure 15 shows images obtained from the Kuru Grey samples before and after applying the 
heat shock using the plasma gun. It is evident from the images that the heat shock damage 
caused by the plasma gun is considerably more severe than that done by the flame torch (see 
figure 14). After the heat shock by the plasma gun, the surface suffers also from material 
removal. Therefore, the cracks and pores are not visible in these images like the images taken 
from the surface of the heat-shocked sample by flame torch. It is apparent that by increasing 
the duration of the plasma heat shock, the amount of damage on the surface increases as 
well. 

  
  

  
Figure 15 Microscope images a) before and b) after a 0.8 second plasma heat shock, and the damaged surface 
and identified cracks c) before and d) after the plasma shock. The arrow indicates the direction of the movement 

of the plasma gun. 

The fractal dimension values for the intact (non-heat shocked) and plasma shocked samples 
of Kuru Grey are presented in Table 5, showing that the average value of the fractal dimension 
increase from the intact samples value of 1.04 ± 0.08 to 1.39 ± 0.17, 1.60 ± 0.08, and 1.74 ± 
0.05 for the samples heat shocked for 0.4, 0.55, and 0.8. 

Table 5 Fractal dimension of Kuru Grey samples before and after applying a plasma shock 

 0.4 second 0.55 second 0.8 second 
 Before After  Before After  Before After  
 1.11 1.40 1.03 1.53 1.14 1.69 
 1.05 1.40 1.03 1.58 0.78 1.82 
 1.05 1.52 1.10 1.68 1.06 1.70 
 1.09 1.55 1.02 1.55 1.08 1.73 
 1.02 1.12 1.02 1.71 1.01 1.81 

Average 1.07 1.39 1.04 1.61 1.01 1.75 
STDEV 0.04 0.17 0.03 0.08 0.14 0.06 

Normalized  1.31  1.54  1.72 
 

7.2 Scanning electron microscopy  
 

Figure 16 shows the scanning electron microscope images obtained from the surface of a 
Balmoral Red sample with a 10-second heat shock. The back-scattered electron (BSE) image 
(Figure 16a) shows the existence of intergranular cracks. These cracks are not well visible in 
the secondary electron (SE) image (Figure 16b) due to the roughness of the surface structure 
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of the rock. The appearance of this kind of cracks is due to the weak bonding of different 
grains. However, the images obtained from a sample of Balmoral Red with a 60-second heat 
shock (Figure 17) shows the existence of transgranular cracks as well. The reason to observe 
the transgranular cracks can be found in the stress induced by the adjacent grains. It is well 
known the rock structure is full of cracks. The surrounding grains can expand at a faster rate 
compared to the surrounded grain due to the different thermal expansion coefficient as the 
duration of the heat shock increases. Therefore, adjacent grains induce stress to the 
surrounded grain and this stress causes the expansion of the existing cracks within the 
surrounded grain. 

 

 

 

Figure 16 SEM images of the surface of a 10-second heat shocked Balmoral Red sample a) BSE image and b) 
SE image. 

 

 

 

Figure 17 SEM images of the surface of a 60-second heat shocked Balmoral Red sample a) BSE image and b) 
SE image. 

 

Figure 18 shows the BSE and SE images obtained from a 10-second heat-shocked Kuru Grey sample. 
The difference between the images obtained from Kuru Grey compared to Balmoral Red is the 
existence of pores in the structure, which was visible also in the fractal dimension analysis results of 
the rocks. 

Intergranular cracks Transgranular cracks 

Intergranular cracks 
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Figure 18 SEM images of the surface of a 10-second heat shocked Kuru Gray sample a) BSE image and b) SE 
image. 

By increasing the duration of the shock to 60 seconds, the intergranular and transgranular cracks 
become longer and more porosity becomes visible in the structure (Figure 19). The increase in the 
length and number of intergranular and transgranular cracks can be readily explained be the thermally 
induced microcracking.  

 

  

 

 

Figure 19 SEM images of the surface of a 60-second heat shocked Kuru Grey sample a) BSE image and b) SE 
image. 

 

7.3 X-ray tomography results 
 

Figure 20 shows the CT scan results for a 10 second heat shocked Balmoral Red sample. 
From the figure it is evident that the cracks induced by the heat shock do not penetrate deep 
into the sample, and even in the cross section images very close to the surface no evident 
cracks can be observed. Therefore, it is possible to say that most, if not all, of the induced 
cracks reside on the surface of the sample and that the volume of the specimen is not affected 
by the heat shock. Figure 21 shows similar results for a 10 second heat shocked sample of 

Transgranular crack Intergranular crack

 
crack 

Porosity 

Porosity Intergranular crack Transgranular crack 
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Kuru Grey, i.e., there are no cracks visible in the images. Therefore, it can be concluded that 
in both studied types of rock, the cracks induced by 10 second thermal shocks are either too 
small to be observed with the used instrument or they remain at the very surface or, at best, 
in the depth of just a few tens of microns from the surface of the samples. 
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Figure 20 CT scan images of the cross sections of a Balmoral Red sample with a 10 second heat shock. 
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Figure 21 CT scan images of the cross sections of a Kuru Grey sample with a 10 second heat shock.  

When the duration of the heat shock is extended to 60 seconds, the situation, changes. Figure 
22 shows cross section CT scan images of a Balmoral Red sample, where the cracks are 
visible also deep below the surface of the sample. However, it should be considered that the 
samples used for the CT scans were core drilled from the original BD specimens, and 
therefore the sample preparation also might have caused damage on the sample. Therefore, 
it remains somewhat uncertain whether the cracks seen in the 60 second heat shocked 
Balmoral Red sample are (entirely) due to the heat shock, or if the sample preparation is at 
least a partial reason for their appearance. In any case, there seems to be a difference in the 
CT scan results of the Balmoral Red samples heat shocked for 10 and 60 seconds presented 
in Figures 20 and 22. 

In the case of a Kuru Grey sample with a 60-second heat shock (Figure 23), the situation 
remains the same as after a 10-second heat shock and there are no cracks visible in the bulk 
of the sample. Therefore, one can conclude that for Kuru grey the effects of the heat shock 
are limited to depth of a few microns from the surface of the sample. 
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Figure 22 CT scan images of the cross section of a Balmoral Red sample with a 60 second heat shock. 
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Figure 23 CT scan images of the cross section of a Kuru Grey sample with a 60-second heat shock. 

 

7.4 Quasi-static test results 
 

The low strain rate tests were carried out using an Intron 8800 servohydraulic materials testing 
machine with the displacement rate of 1 mm/min. The quasi-static tests were carried out on 
Balmoral Red granite. Figure 24 shows the results of these tests. The average tensile strength 
of the rock before the heat shock is 8.2 ± 2.2 MPa. After applying the heat shocks, the strength 
of the rock drops to 5.8 ± 0.7 MPa, 4.3 ± 0.5 MPa, and 3.8 ± 1.1 MPa for 10, 30, and 60 second 
heat shocks, respectively. Before the heat shocks, the behavior of the rock is quite consistent 
and stable: after reaching the maximum tensile strength, the stress drops sharply and the 
samples are divided into two pieces. The behavior of the rock becomes different after applying 
the thermal shocks as the sharp drop after the maximum strength becomes less pronounced. 
In addition, in some cases several maxima are observed instead of one clear maximum point. 
This behavior becomes even more pronounced for the samples with a 60 second heat shock. 
As the heat shock time of the samples becomes longer, cracking also in directions other than 
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the loading direction increases. Therefore, the macroscopic fracture does not take place only 
by one dominant crack. When the force applied on the heat shocked samples increases, the 
crack first propagates through the sample in a similar manner as in a non-heat shocked 
sample, but in this case the crack stops at some point and other cracks start to propagate. 
This behavior continues to the point where the main macrocrack parallel to the loading 
direction propagates through the whole sample. As these processes during quasi-static 
loading are rather slow, this phenomenon can be observed even by naked eye during the 
tests. This observation also explains the appearance of several maxima in the stress-time 
curves of thermally shocked samples.  

 

 

Figure 24 Low strain rate tensile stress as a function of time for a) samples without a heat shock, b) with a 10 s 
heat shock, c) with a 30 s heat shock, and d) with a  60 s heat shock. 

 

7.5 Dynamic test results 
 

The behavior of the Balmoral Red granite is different in the dynamic loading conditions 
compared to the quasi-static loading conditions. Figure 25 shows the response of the Balmoral 
Red without any heat shock and after applying a 10, 30 and 60 second heat shock. The 
strength of the rock before applying the heat shock is 29 ± 3 MPa. As the duration of the 
thermal shock increases, the strength deceases to 23 ± 4 MPa, 16 ± 2 MPa, and 12 ± 2 MPa 
for 10, 30 and 60 second thermal shocks, respectively. After the heat shock, the strong peak 
in the stress-time curves again partly disappears, and the stress drops at a slower rate after 
the peak stress. When compared to the low rate tests, the scatter at the higher rate is reduced 
and the rock shows more consistent behavior.  
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Figure 25 High strain rate tensile stress as a function of time for samples of Balmoral Red a) without a heat 
shock, b) with a 10 s heat shock, c) with a 30 s heat shock, and d) with a 60 s heat shock. 

The behavior of Kuru Grey is quite similar to that of Balmoral Red at the dynamic loading 
conditions. Figure 26 shows the response of Kuru Grey when subjected to dynamic loading 
before and after being thermally shocked. The average dynamic tensile strength for the non-
heat shocked specimens is 27 ± 3 MPa, while the strengths of the heat-shocked samples are 
21 MPa, 16 MPa and 15 MPa for the 10, 30 and 60 second heat shocks, respectively. After 
applying the thermal shocks, the strong peak in the stress vs. time curves observed for the 
non-heat treated samples fades away. Both the reduction in the maximum stress and the 
change in the shape of the curve can be explained by the increasing number, length, and 
interconnectivity of the cracks due to the heat shocks. 
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Figure 26 High strain rate tensile stress as a function of time for samples of Kuru Grey a) without a heat shock, b) 
with a 10 s heat shock, c) with a 30 s heat shock, and d) with a 60 s heat shock. 

 

Figure 27 shows the mechanical behavior of plasma-shocked Kuru Grey under the dynamic 
loading condition. The average tensile strength of five non-shocked BD samples is 29 ± 3 
MPa. The values of the tensile strength for 0.4 s, 0.55 s, and 0.8  s heat shocked samples are 
29 ± 3 MPa, 25 ± 4 MPa, and 23 ± 3 MPa, respectively. As can be seen, even though the 
plasma gun is powerful (50kW) and the plasma shock itself can provide a great amount of 
energy in a very short time, there is still a minimum amount of time needed for this energy to 
affect a reasonable thickness of the rock material and decrease the strength of the rock. 

 

 

Figure 27 High strain rate test results for Kuru Grey showing the tensile stress as a function of time for a) 
samples without a heat shock, b) samples with a 0.4 s plasma heat shock, c) samples with a 0.55 plasma heat 

shock, and d) samples with a 0.8 s plasma heat shock. 
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7.6 Characterization of the rock behavior based on fractal dimension 
 

As mentioned before, there appears to be a correlation between the normalized fractal 
dimension and the mechanical behavior of the rock. This correlation will be discussed in the 
following sub-chapters. 

7.6.1 Comparison of the mechanical behavior of flame-shocked Balmoral Red and 
Kuru Grey 
 

Figure 28 shows the behavior of the flame-shocked rocks as a function of the normalized 
fractal dimension revealing that when the normalized fractal dimension increases to 1.1, the 
tensile strength of both rocks decreases rapidly. After this point, the strength of Balmoral Red 
shows a continuously decreasing trend, while Kuru Grey seems to show a little bit different 
kind of behavior by saturating on a certain level. As pointed out in section 7.1, the amount of 
porosity in Kuru Grey increases with an increase in the duration of the heat shock, and these 
pores can act as barriers to the propagating cracks [160]. Consequently, it appears that after 
a certain point the increasing fractal dimension (due to the microstructural changes) does not 
anymore weaken nor promote the fracturing of Kuru Grey. On the other hand, Balmoral Red 
shows a different response to the heat shock: the number of cracks both in the volume and 
the surface increases and the existing cracks become longer. All these events promote the 
fracturing Balmoral Red. Therefore, even though the fractal dimension of both rocks shows 
almost the same values with increasing the duration of the heat shock, the responses of the 
rocks to external loading are different because of the differences in their microstructural 
response to the heat shocks. 

 

Figure 28 Tensile strength of the flame-shocked rocks as a function of the normalized fractal dimension. 
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7.6.2 Characterization of the plasma-shocked Kuru Grey based on fractal dimension 
 

Figure 29 demonstrates the strength of the plasma-shocked Kuru Grey as a function of the 
normalized fractal dimension. The strength of the rock shows no change up to the normalized 
fractal dimension value of 1.3. As discussed before, the plasma heat shock of 0.40 s was not 
powerful (or long) enough to penetrate into the volume of the sample to affect the 
microstructure. It should also be reminded that the behavior of Kuru Grey is different 
depending whether it is shocked by a plasma gun or a flame torch. The heat shock generated 
by the flame torch creates a considerable amount of porosity in the sample structure, which 
slows down the decreasing trend in the �U�R�F�N�¶�V���V�W�U�H�Q�J�W�K���Z�L�W�K���L�Q�F�U�H�D�V�L�Q�J���W�K�H���G�X�U�D�W�L�R�Q���R�I��the heat 
shock. The situation is different when the samples are thermally shocked with a plasma gun, 
which does not introduce pores into the rock�¶�V���P�L�F�U�R�V�W�U�X�F�W�X�U�H but only damages the sample 
surface. Therefore, increasing the duration of the heat shock leads only to a continuing 
decrease in the �U�R�F�N�¶�V���V�W�U�H�Q�J�W�K�� 

 

 

Figure 29 Tensile strength of the plasma-shocked Kuru Grey as a function of the normalized fractal dimension. 

 

7.6.3 Strain rate sensitivity of Balmoral Red granite as a function of the fractal dimension 
 

Figure 30 shows the tensile strength of Balmoral Red in the quasi-static and dynamic loading 
conditions as a function of the normalized fractal dimension. When the loading rate increases, 
the strength of the rock is higher but decreases at a much faster rate with increasing fractal 
dimension. The rate of the strength reduction �:�¿�ê���¿�(�&�; is in the quasi-static condition -13.78 
MPa for the 10 second heat shock, -52.57 MPa for the 30 second heat shock, and -5.34 MPa 
for the 60 second heat shock. The corresponding values in the dynamic loading condition are 
-38.52 MPa for the 10 second heat shock, -141.32 MPa for the 30 heat shock, and -78.32 
MPa for the 60 second heat shock.  
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Figure 30 Tensile strength of Balmoral Red as a function of the normalized fractal dimension in different loading 
condition. 

 

With the following Equation and the data obtained from the stress-time curves, we can 
calculate the strain rate sensitivity of the tested rock materials:  

�/ �Ô�Õ�æ
L��
�¿��

�¿�Å�â�Ú�:���6�;
                  (18)                                  

Where 

 �Ý�6
L �¿�ê �' �¿�P�¤           (19) 

and �¿�ê �¿�P�¤  is obtained from the stress-time curves. Figure 31 shows the strain rate sensitivity 
of Balmoral Red as a function of the normalized fractal dimension. 

 

Figure 31 Strain rate sensitivity of Balmoral Red as a function of the normalized fractal dimension. 
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As Figure 31 shows, the strain rate sensitivity factor decreases with increasing normalized 
fractal dimension. The main reason for this is the faster decrease of the dynamic tensile 
strength of the rock compared to the quasi-static strength, which again can be explained by 
the different rock fracture behavior at these conditions. The fracture energy is largely 
consumed in creating new surfaces (see section 4.1). In addition to this, some amount of 
energy is consumed on the kinetic energy of the fragments, acoustic emission, and heating 
due to friction. In the quasi-static tests, the sample fractures into a few large fragments only. 
Therefore, the specific area of the fragments is rather low and the decrease in the strength of 
the rock due to the heat shock can be readily explained by the existing larger cracks in the 
structure. On the other hand, the situation is quite different in the dynamic condition, and the 
fracturing of the sample consumes a considerably greater amount of energy when the sample 
is partly pulverized and the fragments are ejected at high velocities. In this case, too, some 
energy is again consumed by acoustic emission and frictional heat. Among the rock fracturing 
processes that consume energy, pulverization is the most affected by the heat shock. 
Considering a non-heat shocked sample in the dynamic loading condition, the external stress 
(loading) reaches the tensile strength of the rock at several places simultaneously. This leads 
to the initiation and propagation of thousands of cracks, which pulverize the sample, or large 
parts of it, quite effectively. However, after the thermal shock, the local strength of the rock 
decreases especially in the center of the heat-shocked surface of the sample, where the 
maximum tensile load will be applied during the BD test.  As the stress increases in a thermally 
shocked BD sample, the dynamic strength of the rock is exceeded locally in the center of the 
sample, while the rest of the sample still remains in the elastic region. Therefore, fewer 
microcracks are formed, the degree of pulverization stays lower, and larger fragments are 
produced as the fractal dimension increases. Consequently, the macroscopic dynamic tensile 
strength of the rock decreases due to the existence of larger cracks and smaller amount of 
new surface that is created. Because of this, the dynamic strength of the rock also drops faster 
as a function of fractal dimension compared to the quasi-static strength. However, to fully 
confirm this hypothesis requires more testing and careful analysis of the size distribution of 
the fragments formed during the dynamic loading of samples with different heat shocks.  

7.7 Digital image correlation studies  
 

Digital image correlation provides useful information about the fracture behavior of the rock at 
the dynamic loading condition. Figure 32 shows the tensile stress as a function of time for a 
10 second heat shocked Balmoral Red BD sample. Point (a) corresponds to the start of the 
loading and point (b) refers to the moment just before reaching the peak stress. The high 
speed images taken at the different stages of loading are shown in Figure 33. The strain maps 
perpendicular to the loading direction (Y-direction) are overlaid on the original captured 
images. It is evident from Figures 33a and 33b that no strain localization takes place until the 
rock strength starts to decrease. Even Figure 33c, which corresponds to the point where the 
strength of the rock has already dropped, shows no clear signs of strain localization. This 
observation indicates that the fracture starts inside the rock sample and reaches the surface 
of the sample only after some microseconds after the peak stress has been passed. Later on, 
the crack propagates very fast through the whole sample (Figures 33d and 33e). This process 
is continued by crushing of the sample surfaces at the contact points with the stress bars. Due 
to the speckle pattern and base coat (white paint) applied on the surface of the samples, it 
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unfortunately is not possible to use the obtained high speed images to study the mechanism(s) 
of crack propagation (e.g., intergranular vs. transgranular) in the samples in more detail. 

 

Figure 32 Dynamic tensile stress as a function of time in a Kuru Grey sample with a 10 second thermal shock. 

 

 

 

Figure 33 DIC images obtained during dynamic loading of the same Kuru Grey sample as shown in Figure 32. a) 
t=0µs, b) t=31.25µs, c) t=50µs, d) t=56,25µs, and e) t=62,5µs.  
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The engineering strain in the samples in the direction perpendicular to the loading direction 
prior to fracture was measured using LaVision StrainMaster (DaVis) 3D-DIC software. A virtual 
extensometer with a fixed gage length was placed at the center of the specimen, as shown in 
Figure 33. Figure 34 shows the average strain in the tested samples as a function of the 
normalized fractal dimension.  

 

 

 

Figure 34 Surface strain prior to fracture as a function of the normalized fractal dimension. 

 

Figure 34 shows a decreasing trend of the strain prior to fracture of the rocks, as the duration 
of the heat shock increases. In general, Balmoral Red shows a significantly higher surface 
strain compared to Kuru Grey. This observation can be explained by the smaller grain size of 
Kuru Grey, which leads to the more brittle behavior of this granite  [161, 162]. On the other 
hand, the less pronounced decrease of the failure strain of Kuru Grey can be linked to the 
higher porosity of Kuru Grey compare to Balmoral Red. As discussed already before, the pores 
can act as barriers to the crack propagation, i.e., when the crack reaches a pore, the pore 
increases the radius of the crack tip and thus blunts it, making it harder for the crack to 
propagate further. On the other hand, in the case of Balmoral Red, an increase in the duration 
of the thermal shock results in an increase in the crack density, which facilitates the 
macroscopic deformation of the rock and increases the surface strain prior to fracture.  
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7.8 Dynamic indentation tests  
 

The results obtained from the single-button indentation tests for non-heat shocked and heat 
shocked samples of Kuru Grey are shown in Figure 35. It can be seen from the graphs that 
the depth of penetration remains almost the same with the same level of applied force for all 
samples. Another point which deserves attention is the appearance of the second maximum 
in the graphs. One explanation for the appearance of this second maximum is that the bit first 
damages the rock surface severely and then continues to move inwards. This movement leads 
to trapping of the produced powder between the crater surface and the bit. Therefore, further 
movement of the bit results in the compaction of the powder which appears as the second 
maximum. Consequently, a part of the applied force is spent on the compaction of the dust 
and powder beneath the bit instead of causing further damage to the rock sample. The force-
displacement curves obtained from the tests are not similar to the typical experimental bit-rock 
interaction curves, where an elastic recovery is usually observed [156]. However, it has been 
shown that the bit-rock interaction behavior changes as the impact speed increases. At higher 
speeds, the elastic recovery is not anymore observed as the rock shatters into powder and 
dust in front of the indenter. 

 

 

 

 

 

Figure 35 Force vs. displacement curves from single-button for a) non-heat shocked surface, b) 3 s heat 
shocked, c) 4 s heat shocked, and d) 6 s heat shocked surfaces of Kuru Grey. 

 

The force-displacements curves of the triple-button tests are shown in Figure 36. The results 
show significant differences compared to the single-button curves, and clear second maxima 
are not observed in any of the plots. Nevertheless, the force-displacement curves 
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corresponding to 3 s and 4 s heat shocks (Figures 36b and 36c) have  a similar shape with an 
intermediate drop in the applied force observed before the moderate increase towards the end 
of the test. The reason for the differences between the single-button and triple-button tests 
can be found from the geometry of the buttons. Firstly, in the triple-button tests the indenters 
are significantly smaller compared to the single-button test indenter. Accordingly, the amount 
of powder and dust produced in the triple-button tests is considerably smaller. In addition, as 
the area between the indenters is damaged and material is removed also from that area, it 
provides a space for the produced powder to escape from the crater. However, it should be 
noted that in the triple-button tests the bar is not moving the same distance as in the single-
button tests. Therefore, it is not possible ascertain that the hypothesis above is definitely the 
reason for absence of the second maximum in the graphs. 

The bit-rock interaction force for the samples without any heat shock is almost the same as 
for the samples with a 3 s heat shock. The results show rather low scatter, although, the 
indenter penetrates somewhat deeper into the rock with pre-existing damage caused by the 
heat shock. The degree of scatter increases as the duration of the heat shock increases to 4 
s, although the level of the measured force remains almost the same. The scatter in the results 
further increases significantly when the duration of the thermal shock reaches 6 s. One 
hypothesis to explain the increased scatter is increase in the side chipping, which manifests 
itself as sharp drop in the force-displacement curves, as shown for example by Tkalich et al. 
[164], who performed static indentation tests on Kuru Grey granite. After such a drop, the force 
level increases and the loading process continues until the next drop caused by another side 
chipping event. It was mentioned before that a typical force-displacement curve tends to move 
backwards at the end of the test, although this behavior is not observed in this work. Instead, 
a sharp drop at the end of the tests is visible, but it simply indicates the end of the movement 
of incident bar, i.e., the end of the loading pulse. A typical force-displacement curve reaches 
to a maximum point and then turns back towards lower displacement values, which resembles 
the unloading of the sample. However, this behavior was not observed in any single-button 
nor in the triple-button test results. Nevertheless, Saksala et al. [156] reported that as the 
velocity of the impact increases, the curves tend to lose their typical shape and the unloading 
part starts to fade away. 
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Figure 36 Force vs displacement data from the triple-button tests for a) non-heat shocked surface, b) 3 s heat 
shocked surface, c) 4 s heat shocked surface, and d) 6 s heat shocked surface of Kuru Grey. 

Possible explanation for this observation is also that the increase of the impact speed leads 
to an increased damaged zone in front of the indenter(s), and the damaged material cannot 
push the bar elastically backward. Figure 37 shows the damaged area during the dynamic 
indentation test with a triple-button bit. 

 

 

Figure 37 Damaged area on the surface of a 6 second heat shocked block sample of Kuru Grey. 

7.9 Characterization of the dynamic indentation craters with optical 
profilometry 
 

The presented force-displacement curves would suggest that the heat shocks do not have too 
much effects on the rock behavior. However, these curves do not provide much, of any, 
information about the volume of the crater and the true extent of the material removal. Since 
the rock has been already weakened by the heat shock, the indenters not only remove material 
in the direction of the applied force but also the side chipping increases remarkably, which is 
not evident in the force-displacement curves ���D�S�D�U�W�� �I�U�R�P�� �W�K�H�� �µ�V�H�U�U�D�W�H�G�� �I�O�R�Z�¶�� �G�L�V�F�X�V�V�H�G�� �L�Q��
previous paragraph). For this reason, profilometer analyses were carried out, clearly indicating 
that the volume of the craters increases with the duration of the thermal shock. As an example, 
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impact 

Damaged area 
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indenters 
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a crater formed during the dynamic indentation process on the sample with a heat shock of 6 
second is shown in Figure 38. 

 

 

Figure 38 3D profilometry images of the crater formed during an indentation on a 6 s heat shocked surface of 
Kuru Grey. a) perpendicular view of the raw image, b) perpendicular view of the mapped raw image, c) a side 

view of the raw image, and d) a side view of the mapped raw image. 

Table 6 summarizes the results obtained from the crater volume measurements showing that 
by increasing the duration of the heat shock, the volume of the crater increases as well. This 
increase is actually quite notable, i.e., 14%, 66%, and 77% for the 3 s, 4 s, and 6 s heat 
shocks, respectively. It should, however, be noted that the dynamic indentation process 
described in this work is actually not a single indentation test because the rock gets impacted 
several times by the pulse going back-and-forth in the incident bar. However, the force-
displacement curves shown in Figure 38 only show the first impact while the volume of the 
crater is the results of all impacts. Nonetheless, the first impact causes the main damage and 
the rest of the impacts mainly compact the powder and the dust, which are produced from the 
first impact. The error in the crater volume determinations caused by the subsequent impacts 
is assumed to be relatively small and essentially similar for all the tests, so at least the relative 
differences observed in the crater volume are believed to be reliable.   
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Table 6 Volume of the craters caused by the dynamic indentation of non-heat shocked and heat shocked 
surfaces of Kuru Grey (in mm3). 

 0 s 3 s 4 s 6 s 
 197.14 291.33 301.77 285.61 
 202.63 261.56 305.1 329.69 
 200.3 277.72 381.88 375.4 
 188.35 227.15 399 449.52 
 196.12 226.66 254.43 391.79 

Average 196.91 256.88 316.43 366.4 
STDEV 5.435 29.32 47.39 62.27 

 

By knowing the work done by indenter, i.e. the area under the force-displacement curve and 
the volume of the crater, it is possible to calculate the specific destruction work. Thuro and 
Spaun [165] introduced the concept of destruction work in order to quantify the amount of 
mechanical work, which is need to remove a unit volume from the surface of the rock.  Since 
in the single-button indentation tests the force-displacement curves show second maxima 
consistently, the destruction work was calculated separately for the first part of the curve 
covering the first peak and half of the following valley, and for the entire measured curve. The 
destruction work related to the first part of the curve is from here on called the primary specific 
destruction work, while the destruction work calculated for the whole measured curve will be 
called the total specific destruction work. 

The specific destruction work calculated for the single-button tests is shown in Figure 39. The 
graph indicates that the destruction work decreases as the duration of the heat shock 
increases. This observation is of course expected even though it cannot be seen directly from 
the force-displacement curves. Also from Figure 39 it can be seen that the destruction work 
decreases at a faster rate when the duration of the heat shock reaches to four seconds. The 
reduction in the total destruction work compared to the non-heat shocked samples is about 
6%, 20%, and 30% for 3 s, 4 s and 6 s heat shocks, respectively. It should be once again 
mentioned that the single-button tests do not simulate the real life situation, but these tests 
provide useful information for the numerical and modeling exercises of the bit-rock 
interactions. The decrease in the specific destruction work becomes less pronounced as the 
duration of the thermal shock increases further (from 4 s to 6 s). One possible explanation for 
�W�K�L�V���R�E�V�H�U�Y�D�W�L�R�Q���L�V���W�K�D�W���W�K�H���G�D�P�D�J�H���R�Q���W�K�H���V�D�P�S�O�H�¶�V���V�X�U�I�D�F�H���L�V���D�O�U�H�D�G�\���V�R���V�H�Y�H�U�H���W�K�D�W���F�U�H�D�W�L�Q�J��
more damage does not facilitate additional material removal during the dynamic indentation. 
Another possible explanation is that heat shocks longer than four seconds does not add more 
cracks and damage to the surface as the excess damaged material is removed from the 
surface by the plasma spray. 
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Figure 39 Specific destruction work for the first peak (primary) and for the complete force-displacement curve 
(total) obtained from the single-button indentation tests. 

The destruction work was calculated also for the triple-button tests using the same procedure 
as for the single-button tests. Figure 40 shows a crater formed after the triple-button tests and 
Figure 41 the specific destruction work and the depth of craters caused by the impacts. The 
decrease in the specific destruction work for the thermally shocked samples compared to the 
non-heat-shocked samples is about 3%, 11%, and 30% for the 3 s, 4 s, and 6 s thermal 
shocks, respectively. The force-displacement curves obtained from the triple-button tests 
show a consistency in the shape for all the tests. Consequently, the mechanical energy used 
in the tests remains at the same level but the volume of the crater becomes bigger as the 
duration of the heat shock increases, which leads to the decrease of the destruction work. The 
decrease in the destruction work is not yet too significant for the 3 s heat shocked sample, but 
becomes more pronounced after a 4 s heat shock. Additionally, the depth of the crater 
increases as the heat shock damage increases. Nevertheless, the volume of the crater 
increases at a much faster rate compared to the depth of the crater due to increasing side 
chipping and material removal between the indenters. The amount of removed material 
outside the contact area of the button and the rock has a significant importance and a strong 
effect on the rate of penetration in drilling. From the energy point of view, it is better to remove 
bigger pieces and larger chips from the bulk of the rock rather than to grind the rock into dust 
and powder, which has a very high specific surface area. The removed volume outside the 
contact area is a function of the speed of the impact, and it has been shown [156] that at the 
low impact speeds of 10 m/s and 16 m/s there is almost no material removal between the 
indenters for intact Kuru Grey granite. On the other hand, increasing the impact velocity to 22 
m/s leads to chipping of the rock between the buttons in 50% of the tests. In this work, the 
striker speed of 35 m/s (impact speed of 16 m/s) caused the material removal between the 
buttons in all tests. Moreover, according to the obtained results it is evident that the pre-
existing damage has an impact on the side chipping and material removal from between the 
buttons. Based on the preliminary X-ray CT scan analysis on the heat shocked samples, the 
damage cause by the heat shock is limited to the depth of tens of microns from the surface of 
the samples. Consequently, it can be concluded that the side chipping will be significantly 
affected by a damaged layer as thin as 50-100 microns on the surface. 
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Figure 40 3D profilometry images of a crater formed during an indentation on a 6 s heat shocked surface. a) 

Perpendicular view of the raw image, b) perpendicular view of the mapped raw image 

The triple-button tests can be considered as a simplified version of full-scale drilling, and 
therefore, they provide also an opportunity for the evaluation and assessment of the actual 
drilling events. In general, the engineers and scientist are more interested in the overall drilling 
rate and the rate of penetration, which can be extracted from the force-displacement curve. 
However, based on this work the bit-rock interaction forces are not very sensitive to small 
changes in the rock strength. On the other hand, the effects of pre-existing damage and the 
rock strength are clearly visible in the removed volume and especially in the side chipping and 
material removal from between the buttons. 

 

 

Figure 41 Specific destruction work and the depth of the crater as a function of the duration of the heat shock for 
triple-button indentation tests on Kuru Grey. 
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