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Abstract: Rock fracture due to high-pressure fluid jetting
and insert indentation was experimentally investigated.
In the frame of this article, indentation designates the
process of pressing a tungsten carbide insert (TCI) for
roller cone bits displacement-controlled into the rock sur-
face. Under atmospheric conditions, several crystalline
and one sedimentary rock type were tested. Depending on
the size, type and bonding of the mineral grains, distinct
differences in fracture behaviour were observed. The influ-
ence of elevated ambient pressure regimes on the evolv-
ing cracks and fractures in the tested granite revealed that
microcracking ceases with increasing ambient pressure,
while the specific energy is also significantly affected. Un-
der similar conditions, indentation experiments were per-
formed on undamaged samples and on samples contain-
ing jetted kerfs. A distinct variation in the measured max-
imum force and removed volume indicated different un-
derlying rock fracture mechanisms. By applying methods
for crack visualization and three-dimensional rendering,
it turned out that the dimensions of the kerf significantly
affected the mechanism of fracture initiation and propa-
gation as well as the extent of the associated fracture pat-
tern. Furthermore, the common practice of characterizing
the rock excavation process only via measurable quanti-
ties such as the specific energy, without considering the
created fracture pattern, yields misleading results.
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1 Introduction

1.1 Motivation

The fracture of rock due to various types of mechanical
loading has been studied for decades, yielding pioneer-
ing conclusions and creating a great understanding of the
underlying mechanisms. Various theoretical and experi-
mental approaches were pursued, resulting in the gener-
ation of numerous analytical and numerical models. How-
ever, the present study was performed in the framework of
the ThermoDrill project. The objective of the project was
to develop a high-pressure fluid jet-assisted rotary drilling
system. High-pressure jet-assisted drilling poses different
boundary conditions for the mechanical rock destruction
process compared to conventional rotary drilling. There-
fore, the comprehensive knowledge on rock fracture re-
lated to conventional rotary drilling is not directly applica-
ble. One major aspect of this paper concerns the state-of-
the-art about rock fracture induced by mechanical inden-
tation and hydraulic impact. Not only for drilling purposes
but also related to material characterization applications.
The limitations of available research results to describe
the rock fracture mechanisms through high-pressure jet-
assisted drilling properly emphasize the requirement for
additional investigations. The interaction of drill bit in-
serts with jetted kerfs was hardly researched and no rele-
vant literature could be found concerning rock fracturing
by high-pressure fluid jets under various ambient pressure
conditions. Hence, a comprehensive experimental study
was conducted to provide detailed information about the
fracture network induced by high-pressure fluid jets and
mechanical insert indentation at elevated ambient pres-
sure. Furthermore, this paper aims to improve the under-
standing of the impact of jetted kerfs on the macroscopic
fracture behaviour and the energy consumption during
mechanical rock excavation. More general, the conducted
experiments can be described as the mechanical indenta-
tion of a rock face in the sphere of a free surface with lim-
iteddimensions anddefinedorientationat elevated confin-
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ing pressure.Hence, the conclusions of this paper are valid
for any task, which can be described in a similar manner.

1.2 State-of-the-art and related work

Applying the common definition of fracture in the litera-
ture [1], the term fracture is related to the macroscopic
separation and not the microscopic process of unbinding.
However, macroscopic fracture behaviour of rock cannot
be treated isolated from the formation and propagation of
microcracks. Brittle failure of rock is a localization process
and the failuremechanism is inextricably linkedwithmin-
eralogy, pressure, and temperature conditions [2]. The slid-
ing crack model of Brace & Bombolakis [3] became one
of the most popular models to describe rock failure un-
der overall compression, especially to describe the proce-
dures during faulting in the earth’s crust. Valuable insights
on crack growth and coalescence during macroscopic fail-
ure were generated [4, 5], including a mathematical treat-
ment. These insights into the effects of confining pressure
and the orientation of pre-existing flaws to the direction
of maximum compression on the manifestation of macro-
scopic fracture are of particular relevance in the current ar-
ticle. The influence of microcrack density on the mechani-
cal properties of rock was already validated [6]. Although
the observed alteration ofmechanical and physical param-
eters, such as stiffness and porosity, were related to ther-
mally damaged granite, the main findings are applicable
to cracks introduced by any type of loading and might be
used as a damage indicator. The sameapproach applies for
related theories in the field of material science. The neces-
sity for an extensive understanding of the occurring pro-
cessesduringhardness testing led to thedetailed investiga-
tion of the material response to the indentation of wedge-
like tools. The amount and distribution of given flaws char-
acterizes the material behaviour just prior to fracture [7].
However, the subsequent crack growth depends on the
boundary conditions, which coincideswith the fundamen-
tal conclusions in rock fracture. Based on the indenter ge-
ometry, the associated elastic stress distribution was cal-
culated on either a Boussinesq field or a Hertzian field.
However, the basic assumption of cracking perpendicular
to the direction of maximum principal (tensile) stress was
proved by experimental evidence for both cases to a cer-
tain extent. Further, qualitative models for brittle materi-
als were developed. Lawn &Wilshaw [7] also showed that
the material response to either spherical or sharp indenter
is merging under several conditions. The observed effects
of residual stresses during unloading which lead to chip-
ping are integrated in the model and were confirmed for

rock and glasses [8]. Other researchers [9, 10] for the eval-
uation of a circular flat-bottomedpunchpenetrating a rock
surface took a similar approach. The calculation of the
stress field for crack propagation was performed numeri-
cally. In combination with their experimental results, di-
latant behaviour and increasing rock strength in the dam-
aged zone below the indenter were supposed to be the con-
trolling mechanisms for the type and extent of the occur-
ring fractures. Continuously monitoring the crack forma-
tion andcrackpropagationduring loading indifferent rock
types revealed the significant influence of grain size and
grain bonding on the fracture process [11]. Furthermore,
Lindqvist et al. [11] emphasize the dominant role of the ten-
sile stress field and the fact that rock damage by cracking
and crushing beneath the indenter results in a decrease
of stiffness in the load-displacement curve. The compre-
hensive review in [12] underlines the conclusion that most
of the mechanical energy is used in the formation of the
crushed zone and only a small amount is available for
other types of rock fracture such as chipping. Hence, any
method that increases the amount of energy available for
chipping would increase the efficiency of the rock destruc-
tion process.

Relevant parameters during drilling, such as borehole
pressure or effective stress, were not covered by the pre-
viously mentioned researchers, since these are commonly
not present in hardness testing or rock cutting. Because
of their significance in the drilling process, the effect of
simulated borehole conditions was investigated largely in
the past. Crucial correlations between the crater volume
and the differential, hydrostatic, and overburden pressure
were defined during indentation experiments [13]. Fur-
thermore, distinction has to be made between brittle and
pseudoplastic crater formation, depending on the pres-
sure regime and loading rate. Additionally, the influence
of the insert geometry on the type of failure, which is also
connected to the characteristics of the force-displacement
curve has to be considered [14]. Attributed to the high
acting stresses in the near wellbore zone and in contrast
to rock cutting, macroscopically plastic behaviour of rock
during indentation was observed for several types of rock.
Consequently, these observations were treated in form of
analytical calculations based on the plasticity theory [15].
During their plastic limit analysis, the researchers also in-
vestigated the interaction between neighbouring craters,
referred to as indexing, which is also relevant in the
present paper. The drilling process can be optimized by
defining ideal indexing distances, based on a minimum
specific energy approach [16]. However, damage or frac-
turing of the rock surrounding the indentation area is not
considered. This implies that their calculations are solely
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based on geometrical configurations and plasticity theory.
Nevertheless, the critical indexing distance against a free
surface was verified by experiments under various ambi-
ent conditions [17]. Besides providing crucial information
on the different contributions of side and bottom chipping
forces and optimum indexing distances, the experimental
setup suppressed three-dimensional effects. An evenmore
serious limitation for the application of these findings in
the current analysis is that the free surface was not limited
vertically but infinite in length.

However, due to the complex nature of rock fractur-
ing, numerical models with different simulation strategies
were applied with increased regularity. Numerical simula-
tions yielded some important conclusions, especially re-
lated to the effect of confining pressure [18]. Increasing
confining pressure not only shifts the point of maximum
tensile stress, which is the expected location of crack ini-
tiation, away from the indentation axis, but also changes
the inclinationof expected crackpropagation fromvertical
to nearly horizontal. Experiments confirmed these funda-
mental conclusions [19]. Although free surfaces regularly
occur in drilling applications, namely the craters created
by previous indentations, only few researchers addressed
this topic in particular. A numerical approach, based on
the discrete element method, was pursued to study the
influence of lateral confining pressure and the presence
of a ledge on the fracture development due to an indent-
ing insert [20]. Certainly, neither in the experiments [19]
nor in the numerical simulations [20] was the confining
pressure applied on all surfaces. This procedure deems ac-
ceptable for rock cutting or hardness testing, but not for
deep drilling. Differential pressure was neglected up to
nowbyall researchers. The circumstance that free surfaces
in drilling are of limited extension in the vertical direction
severely restricts the application of the described results
for drilling-related tasks. Recently performed studies [21]
integrate the crucial effects of pore pressure andmud pres-
sure and show the attracting impact of a joint on propagat-
ing cracks.

In contrast to indentation by mechanical tools, rock
fracturing through the impact of high-pressure fluid jets
has been far less researched. Early approaches in physi-
cally describing rock excavation by high-pressure water
jets relate the rock erosion characteristics to the permeabil-
ity of the rock [22–25]. Later a different physicalmodelwith
the purpose of overcoming the limitations of the two pre-
ceding theories was proposed. This model suggests that
excessive mechanical stresses lead to grain crushing in
an indentation process [26]. Rock erosion and cutting per-
formance prediction models [27–30] for submerged condi-
tions are available for various ambient pressure regimes,

but the authors are not aware of any study approaching the
induced crack pattern in the vicinity of the created kerfs.
This fact is particularly surprising, considering that frac-
tures in the surrounding rock are expected to have a signif-
icant impact on the mechanical excavation. For instance,
Geier &Hood [31] verify that kerfs created by high-pressure
water jets distinctly lower the forces acting on a single poly-
crystalline diamond compact cutter, but no fracture analy-
sis was performed and the kerfs were treated as idealized
free surface. A similar approach was pursued in form of
simplified numerical simulations of the indentation of a
cutter near a kerf [32]. The rock was universally assigned
with poroelastic properties, fractures or damage of the sur-
rounding rock by the high-pressure fluid jets were not con-
sidered.

Regarding the investigation of microcracking and
macroscopic fracturing, several established methods ex-
ist. Starting with the work of Brace et al. [33], many re-
searchers used scanning electron microscopy (SEM) to
monitor cracking during loading or subsequently. Nicco et
al. [34] provide a comprehensive review of potential meth-
ods for characterizing rock cracks.However, SEMandmost
other methods have the disadvantage of being primary
2D while crack propagation is a 3D process. Computer To-
mography (CT) actually constitutes the capabilities of non-
destructive three-dimensional analysis. Certainly, the ex-
tremely small spatial dimensions of the cracks prohibit an
automated 3D evaluation by now [35]. Thus, tedious man-
ual evaluation; e.g., with the aid of computer aided design
(CAD) programs would become necessary. This procedure
still bears the risk that cracks are not detected and the re-
sults depend on the evaluating person.

2 High-pressure fluid jet
experiments

2.1 Experimental set up

In the frame of the ThermoDrill project, a comprehensive
experimental study was conducted to investigate the per-
formance of high-pressure jet cutting under various am-
bient pressure conditions [36]. Because the geological tar-
get formations for enhanced geothermal systems are most
likely crystalline rocks, the study focused on these rock
types. Core samples from actual geothermal drilling oper-
ations, but also samples extracted from quarries were in-
vestigated. Besides the detailed description of the exper-
imental setup, the rock properties and the mineralogical
composition, the study shows also the significant impact
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of the ambient pressure regime on the jet cutting perfor-
mance [36].

Under atmospheric conditions, a total of six different
rock types were tested. Besides Neuhauser granite, an in-
trusive rock of the Bohemian Massif, all of the specimens
were extracted out of core samples from geothermal well-
bores. The general setup and the relevant processing steps
for the tests under atmospheric conditions are shown in
Figure 1. To simulate the cutting velocities encountered
during drilling operations, the samplesweremounted on a
turning table beneath the high-pressure nozzle (Figure 1a).
To allow for a proper mounting of the cylindrical core sam-
ples, the original cores were cut into 40 mm long discs,
which were subsequently bedded in mortar. The diame-
ter of the discs ranged from 50 to 120 mm, depending on
the core dimensions. After the experiments, the specimens
were dried and loose material in the jet cuts was removed.
Subsequently the depth, width and total area of the cre-
ated kerfs were measured with a highly accurate laser sen-
sor (Figure 1c). The specimens were mounted on the turn-
ing table and slowly rotated below the sensor. After mea-
suring the kerf dimensions, the samples were prepared for
saturation with a two-component fluorescing epoxy resin
(Figure 1d). For that purpose, the rock samples were care-
fully removed from the mortar. Following the suggestions
made in [37], the sampleswere placed in a desiccator and a
vacuumwas applied. The two-component epoxy resinwas
mixed with fluorescing powder and poured onto the sam-
ples through an injector valve. A hardening time for the
epoxy resin at rest of at least 24 hours was required. This
method for rock fracture analysis was chosen because it al-
ready proved to be very efficient for similar purposes and
provides a sufficient resolution for the current task. Subse-
quently the rock specimens were cut with a diamond saw
into slices of approx. 2 to 3 mm thickness (see Figure 1e).
The relevant jetting parameters were equal for all rock
types and are summarized in Table 1. The cutting veloci-
ties are simply calculated via the RPM and the perimeter.
Since the RPMwas 60, the cutting velocity and the perime-
ter were equal, ranging from ca. 400 to ca. 700 mm/s.

Actual drilling operations are usually performed in a
pressure environment, which is very different from atmo-
spheric conditions. To simulate these conditions, jet cut-
ting experiments were performed under various ambient
pressure conditions [36]. For that purpose, a pressure ves-
sel was used, in which the hydrostatic pressure was acting
on all surfaces of the rock specimens. A scheme of the pres-
sure vessel is shown in Figure 2. The rock specimen (1) di-
ameterwas 220mm, the standardheight of the samplewas
90 mm but could be changed if required. The sample was
placed centrically on the turning table (2). The turntable

Table 1: Relevant parameters for the jet cutting experiments under
atmospheric conditions.

Jet Pressure, MPa 400
Nozzle diameter, mm 0.25
Stand-off distance, mm 11.0
Hydraulic power, kW 12.7

RPM 60
Radius R1, mm 110
Radius R2, mm 95
Radius R3, mm 80
Radius R4, mm 65

wasmounted ona cylindrical roller bearing and connected
to the coupling, spur gear and motor via a sealed shaft (3).
A frequency inverter enabled a progressive control of the
rotational speed. The stand-off distance could be changed
from 2 to 15 mm by using nozzle holders (4) with different
lengths and associated different distances to the rock sur-
face. The pressure inside the vessel was controlled via a
valve and wasmeasured via manometers (5). The pressure
vessel could be either filled with water or drilling mud.

The term back pressure refers to the acting pressure
on the layer of fluid between the nozzle orifice and the rock
surface.However,without going into detail on thephysical
effects of back pressure on the jet propagation, the attain-
able cutting performance is significantly reduced when
compared with the atmospheric conditions having equal
jet properties. Therefore, it was interesting to investigate
if the mode and extent of microcracking, respectively the
macroscopic fracturing, changeswith the hydrostatic pres-
sure level. It is important to note that the rock specimens
were built in the chamber dry and according to permeabil-
ity measurements, the rock was classified as impermeable.
Hence, thepores arenot assumed tobe interconnected and
the general stress state in the rock after pressurization of
the chamber is hydrostatic and equal to the chamber pres-
sure in magnitude. Especially for the short duration of the
experiments. After pressurization, the high-pressure fluid
jetwas applied to the rock surface and subsequently the jet
pressure and chamber pressure were directly released. So,
the duration of one experiment from pressurization of the
chamber to the release of all pressures was generally less
than 1 minute. For a satisfying interaction between the jet-
ted kerf and the indenting insert, a certain depth of the kerf
is required. Due to the diminishing cutting performance,
the hydraulic power of the jet was significantly increased.
Nozzle orifice diameters of 1.5 mm and jet pressures of 250
MPa resulted in a maximum applied hydraulic power of
around 200 kW.
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Figure 1: a) Rock samples embedded in mortar, mounted on the turning table below the high-pressure nozzle; b) specimen after kerfs with
the radii R1 to R4 were jetted; c) specimen mounted on the turning table below the laser sensor with the jetted kerfs in mortar being pasted
over to not disturb the measurement in the rock samples; d) prepared rock sample for the saturation with the two-component fluorescing
epoxy resin, the position of the central rock slice is indicated and e) 2 – 3 mm thick saturated rock slice for the fracture analysis.



788 | T. Stoxreiter et al.

Figure 2: Sketch of the pressure vessel without drive unit and pres-
sure control valve [36].

3 Results
A compilation of the results of the crack evaluation is
shown in Figure 3 for four different types of rock, namely
Neuhauser granite (NH), Monzo granite (MG), Basel gran-
ite (BG), and Buntsandstone (BST). The photo series al-
ways shows the same kerf along its cutting track, with ref-
erence to Figure 1, the according radii can be found in Ta-
ble 2. The associated jetting parameters are presented in
Table 1. Both sides of the rock slices were investigated, the
rear was mirrored to maintain the view on the kerfs and
the fracture network. The distance between each image is
ca. 2.5 mm, resulting in total displayed length of approxi-
mately 12.5 mm. This distance was chosen because all rele-
vant features are capturedwithin this length. Theobserved
cracks and their distributionwere clearly detectable under
UV light, but not under ambient light with the naked eye.
Therefore, the extension and dimension of the crack pat-
tern could be defined properly under UV-light, as well the
fundamental mode of cracking.

The shape of the kerfs created in Neuhauser gran-
ite depends on the minerals encountered during jetting.
While phyllosilicates such as biotite were simply cut di-
rect through the grains without any transgranular cracks,
it appears that harder minerals such as quartz, but also
feldspar, cracked in the transgranular as well as in inter-
granular mode. As shown in Figure 3, the kerfs were often
shrouded by a symmetric zone of microcracks in a fairly
radial extension of up to 2 mm, which resembles the dam-
aged zone beneath an indenter. This condition could be
an indication for tensile stress induced cracks, similar to
the crack initiation theory in granite with an indenting

wedge [11]. There were also asymmetric microcrack pat-
terns on only one side of the kerf (NH3) or in vertical di-
rection beneath the bottom (NH3 and NH2). These effects
are attributed to the narrow variation of mineral grains af-
fected by the high-pressure jet. As opposed to the situa-
tion in Neuhauser granite with a maximum grain size of
approx. 2 mm and a relatively homogenous distribution
of the minerals, Monzo granite originating from a geother-
mal wellbore in Soultz-sous-Forêts and contains feldspar
grains several tens of millimetres in size. The kerf, illus-
trated in MG1 to MG6, is located in such a grain and trans-
granular cracking along two structural planes of relative
weakness (parting surfaces) was identified as the domi-
nant cracking mechanism. The two structural planes of
relative weakness are nearly orthogonal and mostly linear
(see Figure 4a). The results are comparable to experiments
with far field compression [2]. However, pre-existingmicro-
cracks and fractures inMonzogranite and their interaction
with newly created cracks give rise to quite complex pat-
terns of inter- and transgranular cracks, as shown in Fig-
ure 4a. The results for Falkenberg granite are not shown
because they are in qualitative agreement with the results
ofMonzo granite,with bothhaving a similarmineralogical
structure.

For Basel granite, having a fine-to-medium grained
composition, barely any cracks emerged around the jetted
kerf as shown in Figure 3 from BG1 to BG6. The reason for
this behaviourwas attributed to ahighbonding strength of
the very small grains and a low porosity. If larger feldspar
grains were raked by the high-pressure jet, identical frac-
tures as in the Monzo granite were observed. A salient fea-
ture is the shallow dipping, pre-existing fracture, which
is steadily approaching the cutting depth of the jet cuts.
The interaction between the jetted kerf and this fracture
occurs at a distance of roughly 1 to 2 mm (BG4) in the form
of short fractures. Besides an enlarged cross-sectional area
at the location of interaction, no additional damage devel-
oped. So, for this particular rock type, a neighbouring frac-
ture has nearly no effect. It should be mentioned that the
unconfined compressive strength (UCS) of Basel granite is
only approximately 80% of the UCS of Neuhauser gran-
ite. All kerfs illustrated in BG1 to BG6 were located in a
fine-grained xenolith lens, whereas Figure 4b shows a jet-
ted kerf outside this lens. The observed crack pattern re-
sembles those in Neuhauser granite, although less microc-
racks were observed

Although being by far the weakest rock type tested
in terms of strength properties, the shape of the kerfs in
Buntsandstone is uniformand straight. The damaged zone
has a very limited extent, actually less than 1 mm. The ar-
eas filled with the fluorescing epoxy resin, visible in the
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Figure 3: Results of crack evaluation for jet cutting experiments under atmospheric conditions. Each picture shows the same kerf(s), but at
successive positions along their cutting track. For instance, for Neuhauser granite this means that the position of NH1 is 0.0, of NH2 is 2.5,
of NH3 is 5.0, of NH4 is 7.5, of NH5 is 10.0 and the position of NH6 at 12.5 mm. The associated radii for the kerfs are shown in Table 2.

Table 2: Associated radii for the kerfs illustrated in Figure 3.

Rock type NH-left NH-right MG BG BST
Radius, mm 65 80 80 65 80
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Figure 4: The different types of crack propagation, depending on the mineralogical composition, are shown. On the one hand, the crack
pattern in Monzo granite with dominant transgranular cracks along the two structural planes of relative weakness (parting surfaces) (a). On
the other hand a jetted kerf in Basel granite, outside the fine-grained xenolith lens with no preferential type or direction of microcracking
(b).

Figure 5: Jet cutting performance under atmospheric conditions represented as a) cutting depth and b) removed volume per unit length [36].

BST1 to BST6 images, appear to be interconnected pores
and loosened grains, possibly created by the extensive
pressure of water penetrating the pores. Relevant informa-
tion can also be extracted from the graphs shown in Fig-
ure 5. These graphs show the measured cutting depth and
removed volume per unit length associated with the kerfs
illustrated in Figure 3. Therefore, the related jetting param-

eters were those, which are presented in Table 1. The cut-
ting depth in Buntsandstone is nearly double that for the
crystalline rocks (see Figure 5a). All of the experiments
were conducted with the same hydraulic power of the jet
and identical cutting velocities. Therefore, the energy in-
put was the same for all tests.
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Figure 6: Crack evaluation results for jet cutting experiments under simulated wellbore conditions. Each picture shows the same kerfs, but
at successive positions along their cutting track. The associated radii for the kerfs and the important jet parameters are shown in Table 3.

In total, more than 100 kerfs were jetted under ele-
vated pressure conditions, where the results illustrated in
Figure 6 contain a representative selection for all those
experiments. For the most part, Neuhauser granite was
used because it represents a typical rock type for geother-
mal drilling, but is also relatively homogenous and suffi-
ciently available. Hence, the subsequent evaluation only
concerns Neuhauser granite. The distance between the po-
sitions of the images along the cutting track of the kerf is
ca. 2.5 mm, similar to Figure 3. The relevant jetting param-
eters and back pressure levels for each particular kerf in
Figure 6 are summarized in Table 3. However, the conclu-
sions from these experiments are only directly applicable
for similar rock types. If a rock type with distinctly differ-

ent structure and properties is considered, the conclusion
might not be perfectly valid.

The influence of increasing chamber pressure on
the microcrack pattern is described subsequently and is
clearly shown in Figure 6. Certainly, the outcome of the
experiments with zero chamber pressure, pictured in NH-
A1 to NH-A6, are quite different compared with the NH1
to NH6 results, illustrated in Figure 3. Increasing the hy-
draulic jet power from 7 kW to 180 kW for that particu-
lar case changed the mode of cracking significantly. Both
experiments were conducted with nozzle type 2. A small
nozzle orifice diameter of 0.25 mm in combination with
400 MPa jet pressure creates rather uniform and straight
craters with distinct microcracking (see Figure 3). An ori-
fice diameter of 1.5 mm combined with 250 MPa jet pres-
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Table 3: Relevant high-pressure jet parameters related to the experiments shown in Figure 6

Kerf label NH-A A NH-A B NH-B A NH-B B NH-B C NH-C A
Nozzle type Type 1 Type 2

Hydraulic power, kW 180 85 180
Back pressure, MPa 0 11 17.5 27.5

Cutting velocity, mm/s 408 503 410 503 597 503
Radius, mm 65 80 65 80 95 80

sure results in massive surface chipping and only few mi-
crocracks (see Figure 6). The kerfs for zero chamber pres-
sure and nozzle type 2 are characterized by massive chip-
ping, where these subvertical cracks apparently propa-
gated to the surface. This conclusion is supported by im-
ages where the chip did not form, but a prominent crack
toward the free surface was clearly visible. Surprisingly,
the current results have a close resemblance to the find-
ings of a study [38] where projectiles were shot at the rock
surface. Although the authors do not follow the conclu-
sion of crack propagation along the trajectories of maxi-
mum shear, the concept of an incremental deepening of
the actual curve, accompanied by gradual fracturing of
the surrounding rock, appears reasonable for the present
study. The left kerf in the NH-A photo spread was created
by a nozzle type 1, which has a different internal shape
and a more focused jet than nozzle type 2. The cutting
velocity was only approximately 70% of that for the right
cut. Hence, the energy input was larger and more focused,
leading to a faster deepening with fewer cracks connected
to surface. Furthermore, experiments with two different
types of drilling mud were conducted, where no signifi-
cant difference in the qualitative and quantitative results
was observed. These conclusions are represented by the
results shown in Figure 7 as well. Here, the specific energy
is monotonically increasing as a function of the chamber
pressure. This statement is valid for both nozzle types and
for water and mud as well. For sufficiently small stand-off
distances, the contribution of altering jet properties with
increasing chamber pressure on the microcrack develop-
ment is not expected to be significant. Hence, ceasing of
the cracking process around the actual kerf is directly de-
pendent to the stress state in the rock. The important im-
plication for the indentation experiments described in sec-
tion 4 is that the kerfs can simply be treated as additional
free surface with known dimensions. Microcracks or frac-
tures created during the jetting process are not likely to oc-
cur, because all of the specimens were prepared under a
30 MPa chamber pressure.

Figure 7: Specific energy required for jet cutting under different
back pressure levels.

4 Indentation experiments

4.1 Experimental setup

The experiments conducted in this study were confined to
tasks thatwerenot, or only insufficiently, treateduntil now.
Consistent with the previous investigations, the indenta-
tion experiments were performed on Neuhauser granite
specimens. The specimens had a diameter of 220 mm and
a height of 90 mm. The specimens were prepared by cre-
ating the jet kerfs under a 30 MPa chamber pressure. Sub-
sequently, the kerf geometry was measured with the help
of a laser sensor. For the indentation testing, the samples
were mounted in a steel ring and the annular space was
filled with mortar. After the mortar hardened, the sample
surfacewas sprayed uniformlywith a grey coating to allow
for a better visualization of the indentation craters, before
being mounted in the testing device.

Because the novel high-pressure jet-assisted drill bit
prototypes were based on roller cone design, a bullet-
shaped tungsten carbide insert with an approx. 4.5 mm tip
radius was used. Before the actual test procedure began,
the insert had to be placed as accurate as possible on the
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Figure 8: Rock specimens after indentation, with the jetted kerfs filled with purple-coloured clay.

sample surface at the desired radial position. The insert
was supposed to be placed 12 mm, 6 mm and 3 mm apart
from the edge of the jetted kerf, but also directly at the axis
of the kerf. Due to a slight eccentricity of the samples and
the erratic shape of the jetted kerfs, direct positioning by
way of coordinates was too inaccurate. Hence, a piece of
clay was placed at the expected indentation coordinates
and the insert was carefully lowered in the clay without in-
denting the rock. By measuring the deviation from the de-
sired position, the coordinates could be corrected and the
actual experiment commenced after removing the clay.

By subsequent evaluation of the position accuracy, a
deviation of 1 to 2 mmwas still observable. However, even
the subsequentmeasurement of the positionwasdeficient,
because the true centre of indentation was not always
clearly identifiable. Consequently, the effects of this mis-
alignment were most serious for the experiments directly
at the kerf axis and 3 mm from the edge of the kerf. Af-
ter completing the positioning, the pressure chamber was
closed and filled with mineral oil. Subsequently, the oil in
the chamber was pressurized to 30 MPa, generating a hy-
drostatic stress state in the rock specimen. The indentation
of the insert ensued usually displacement controlled with
a rate of 2.54 mm/s to fixed penetrations depths of 0.762 to
4.572 mm, with 0.762 mm intermediate stages.

Each penetration depth at each radial position was
tested at least twice, but normally three times. After each

experiment, the pressure was released and the loose rock
chips and grains were removed before the next test be-
gan. When the testing campaigns on the samples were
completed, the removed volumewasmeasuredwith a pho-
togrammetric procedure. For that purpose, the jetted kerfs
were filled with purple-coloured clay to not be included
in the volume measurement. These samples are shown
in Figure 8 after the measurement. Indeed, for the exper-
iments with 3 mm distance of the insert to the edge of
the kerf, the distinction betweenmaterial already removed
during jetting and the removed volume by the insert was
to a degree not possible. For the experiments directly at
the axis of the kerf, no removed volumemeasurement was
accomplished for obvious reasons. In this case, only the
force-displacement curveswere investigated. Additionally,
baseline experiments on undamaged specimens were con-
ducted. Due to technical reasons, no measurement of the
removed volume on these specimens were possible, but
the force-displacement curves are available.

After measuring the removed volume, the purple-
coloured clay was removed and the specimens were pre-
pared for saturation with the fluorescent two-component
epoxy resin. The procedure was again similar to that de-
scribed before. Requiring a setting time of approximately
24 hours after saturation, the samples were subsequently
cut by a diamond saw parallel to the rock surface to re-
duce the height by roughly 50 mm, which allowed for
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ease of handling during the crack evaluation. The speci-
mens were cut into the slices perpendicular to the surface,
where the general objective was to arrange the cuts at op-
timum positions to maximize the results in the later evalu-
ations. Clearly, the information contained at positions di-
rectly at the cut was lost, but interpolation between the
images properly compensates for these losses. Two of the
prepared rock specimens for cuttingwith the diamond saw
are shown in Figure 9. Subsequently, the slices were in-
vestigated with the help of UV light to visualize the frac-
ture pattern. After the evaluation, random samples were
subject to dye penetration testing to verify if any cracks
were left unfilledwith the fluorescent epoxy resin. For both
pre-jetted samples, no unfilled crackswere observed in the
spot tests. However, in a few specimens, cracks not filled
with the epoxy resin but seemingly with finely crushed
powderwere observed. These crackswere integrated in the
analysis manually. By contrast, at the rock specimen of
the baseline indentation experiments, scarcely any crack
was filled with the epoxy resin. The cratered surface was
again coated before the saturation with the epoxy resin.
Certainly, the coating penetrated the created cracks and
pores and blocked them for later saturationwith the epoxy
resin. For that reason, all of the rock slices of the baseline
experiments were treated with the dye penetration testing;
thus, enabling identification of the major characteristics.

The measurement of the removed volume was done
photogrammetric. Improving computer hardware perfor-
mance has been in parallel with the development of an in-
creasingly automatedprocessing of the imagery, leading to
structure frommotion (SfM) [39, 40]. SfM has yielded a sig-
nificant expansion of photogrammetric usage into other
disciplines such as rock mechanical testing because its
application is facilitated remarkably by well-documented
commercial software. The resources involved in the cur-
rent paper were mainly an SLR-camera (Nikon DS5300)
mounted on a linear guide driven by a motor and the SfM-
software PhotoScan Professional. The SLR-camera pro-
vides 24megapixel on a 23.5 x 15.6mmCMOS sensor which
in conjunction with a 55 mm-lens of focal length furnishes
a resolution of 0.04 mm/pixel (Nikon Corporation 2019)
on the surface of the tested samples. The surface was cap-
tured from a distance of 0.5 m with a high overlap. The
overlap of the images amounts to approximately 90%. The
linear guide, which provided highly precise camera posi-
tions for the images captured, moved the slide with the
mounted camera and a rotary encoder was used to intro-
duce ahighly accuratemetric scale into thephotogrammet-
ric processing of the images.

As SfM largely employs consumer cameras, it is best
practice that the essentials of the lens system such as focal

Figure 9: Saturated rock specimens with guidelines for cutting.

length, projection centre, and distortion parameters be op-
timized in the bundle adjustment as made in the present
contribution. In this processing step, the images were con-
nected using corresponding features. A 3D model of the
rock samples was generated and an improved estimation
of the intrinsics was computed [40]. The densification of
the point cloud constituted the final step of the processing
tool chain provided by photoscanning and led to the reso-
lutionalready statedpreviously. The volumesof the craters
in the tested samples were derived from the dense 3D re-
construction whose z-axis was oriented such that it was
perpendicular to the sample surface. The function 2.5DVol-
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Figure 10: 3D reconstruction of a sample showing the colour-coded
depths induced by indentation.

ume of CloudCompare software was utilized, which is a 3D
point cloud editing and processing software. As a general
feature, prior to determining the volumes using this func-
tion, sample surfaces before and after indentation need
to be deconstructed into parallelepipeds whose axis were
perpendicular to the planar sample surface. The 2.5D Vol-
ume applies the subsequent equation (1) which sums up
all of the parallelepipeds dVi constituting the volume of a
single crater Vol (GPL software, 2019).

Vol =
V∑︁
i
grid step * grid step * heighti =

V∑︁
i
dV i (1)

Whereas the craters in the sample surface were obtained
from photogrammetric processing, the surface before in-
dentation was defined by polygons that delineate the in-
tended surface from undamaged polished sample areas
as a boundary. The z-value of the undamaged planar sur-
face was assigned to the vertices of every single polygon,n
which is the base of the interpolation to gain the heighti
of the parallelepipeds in equation (1). One of the samples,
shown in Figure 10, highlights the depths of three craters.
Thedepths correspond to theheighti of theparallelepipeds
dVi in equation (1), according to the colour scheme. The
grid step in the formula was chosen to be 0.25 mm in the
x- and y-direction of the coordinate system, approximating
every single crater adequately by far more than 1000 dVi.
The colour scheme used in Figure 10 was chosen to coin-
cide with the later results section.

5 Results
Referring to [16, 17], the specific energy was plotted vs. the
normalized distance l/w as shown in Figure 11. The diam-
eter of the insert w at the particular maximum indenta-
tion depth d was determined by the geometry of the in-

Figure 11: a) Specific energy dependent on the normalized distance
l/w and b) Removed volume dependent on the normalized kerf
depth k/d.

sert. Whereas l is solely the distance of the axis of the in-
denting insert with respect to the edge of the kerf. The me-
chanical work done during indentation was obtained by
calculating the area beneath the force-displacement curve
for each experiment; using Simpson’s rule for integration.
Based on a high sampling rate of 2000 Hz, the accuracy
of the calculations was considered sufficient for this pur-
pose. The specific energy was then calculated by dividing
the mechanical work done by the removed volume, mea-
sured with the described photogrammetric procedure. Be-
cause no removed volume measurement for the baseline
experiments was available, it had to be estimated from the
indentation tests of the pre-jetted specimens. For that pur-
pose, test runswithnovisual interactionwith thekerfwere
treated as baseline experiments. A normalized distance of
2.5 l/w was assumed to be appropriate for the integration
into Figure 11, while the true distance would be infinite.
The surprisingly good conformity of the baseline experi-
ments demonstrates the applicability of the proposed pro-
cedure very well.

The relevant experimental data are provided in Ta-
ble 4,where attention should focus on the fact that the spe-
cific energy for jetting is around 50 times larger than that
for indentation.However, the extensive scattering of the re-
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Table 4: Summary of the relevant indentation experiment results.

Experiment Distance
l

Indentation
depth d

Diameter
w

Work
of insert

Removed
volume

Specific
energy

mm mm mm J mm3 J/mm3

496 3 1.524 6.7 15.24 59.79 0.25
497 3 1.524 6.7 16.64 48.43 0.34
495A 6 1.524 6.7 14.59 40.44 0.36
496A 6 1.524 6.7 15.31 55.47 0.28
497A 6 1.524 6.7 15.65 48.92 0.32
469 3 2.286 7.78 32.79 108.61 0.30
502 3 2.286 7.78 31.46 47.09 0.67
492 6 2.286 7.78 35.07 67.66 0.52
493 6 2.286 7.78 39.31 110.04 0.36
494 6 2.286 7.78 35.44 85.24 0.42
483 12 2.286 7.78 51.85 96.34 0.54
484 12 2.286 7.78 53.34 115.96 0.46

Baseline 25 2.286 7.78 52.59 106.15 0.50
468 3 3.048 8.48 58.67 122.93 0.48
503 3 3.048 8.48 62.61 93.02 0.67
489 6 3.048 8.48 61.04 183.10 0.33
490 6 3.048 8.48 58.36 160.80 0.36
491 6 3.048 8.48 58.64 145.70 0.40
480 12 3.048 8.48 89.64 175.50 0.51
481 12 3.048 8.48 90.21 588.80 0.15
482 12 3.048 8.48 97.52 313.90 0.31

Baseline 25 3.048 8.48 89.64 175.50 0.51
486 6 3.81 9.16 91.14 224.12 0.41
487 6 3.81 9.16 86.28 227.81 0.38
488 6 3.81 9.16 59.78 220.51 0.27
MW 6 3.81 9.16 79.07 224.15 0.35
477 12 3.81 9.16 141.05 568.60 0.25
478 12 3.81 9.16 133.42 329.50 0.40
479 12 3.81 9.16 130.96 217.28 0.60

Baseline 25 3.81 9.16 132.19 273.39 0.48

sults prevents the analysis from reliably identifying trends
aswas reported in [16]. Because of the bullet-shaped insert
in the current study, a direct comparison is not possible
anyway. The number of data points below the specific en-
ergy for the baseline experiments are larger than the data
points above the baseline specific energy, indicating the
beneficial impact of the kerf on the mechanical indenta-
tion. On closer inspection of Figure 11, it becomes apparent
that the scattering for values of l/w in the region of 0.6 to
0.9 is significantly less than for the residual values. Consid-
ering that these experiments were performed with a 6 mm
distance to the edge of the kerf, the obvious explanation
is that nearly all tests resulted in interfering craters with
the kerf (see Figure 8). Hence, the removed volume and the

work done by the insert were rather constant. The scatter-
ing of the results with low l/w values is most likely asso-
ciated with the difficulty to distinguish between removed
volume from jetting and indention, in combination with
the inevitable misalignment of the insert. The distribution
at high l/w values is unambiguously related to the devel-
oping fracture pattern during indentation, as shown sub-
sequently.

Based on numerical simulations, a theoretical opti-
mum kerf distance and kerf depth related to the indenta-
tion depth was computed [32]. While the current experi-
mental data do not show a similar identifiable trend of the
normalized kerf distance on the removed volume, the kerf
depth k normalized by the indentation depth d reveals a
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Figure 12: a) Mean value of the maximum force per indentation depth and b) Force-displacement curves for the 3.05 mm indentation depth.

clear trend (see Figure 11). The experimental evidence con-
firms the assumed feature that the kerf depth is a crucial
parameter, especially with increasing indentation depth.
Consequently, future investigations on the effect of a free
surface on themechanismsduring tool indentation should
take this fact into account. An unlimited length of the free
surface parallel to the load axis will most likely produce
misleading results. As shown in Figure 12 a, the mean val-
ues of all experiments with equal indentation depths and
distances to the edge of the kerf are illustrated. The max-
imum force increases distinctly with increasing distance
l. For inserts placed directly above the axis or the edge of
the kerf (0 mm distance l), the force increases only signifi-
cantly when the sides of the insert indent the side walls of
the kerf and come closer to the kerf bottom. Interestingly,
for indentations with 3 mm and 6mm distance l, the maxi-
mum force approaches a peak value asymptotically. This is
only valid for the tested range of indentation depths. Theo-
retically, the curves of the baseline experiments should be
the upper bound for the maximum force. However, since
the baseline rock specimen was from another charge of
the quarry, the rock properties were slightly different. This
circumstance is noticeable in Figure 12 b where the mean
value curve for 3.05 mm indentation depth is exemplarily
illustrated. An interesting characteristic is the decreasing
initial stiffness with decreasing distance to the edge of the
kerf. The slope of the force – indentation depth curve is a
measure of this stiffness. A simple linear elastic numerical
simulationwith a rigid indenter was set up to validate that
this stiffness degradation is related to the reduction in ge-
ometrical resistance by the kerf. Indeed, with increasing
indentation depth, microcrack and fracture development
were probably contributing significantly to the stiffness re-

duction, especially in the region where the force remains
nearly constant and for small distances to the edge of the
kerf.

The previous investigations on developing crack pat-
terns due to kerfing by high-pressure jetting revealed that
under the applied chamber pressure of 30 MPa, no cracks
or fractures surrounding the kerf were created. The investi-
gation of a comparison sample prepared with identical pa-
rameters yielded twominute cracks over a total kerf length
of more than 900 mm. Additional cracks and fractures
other than the naturally occurringwould obviously distort
the results. Hence, the jetted kerfs were treated solely as
free surface with limited spatial dimensions for the follow-
ing evaluation. Three adjacent slices of the baseline spec-
imen are illustrated in Figure 13, showing characteristic
features of the baseline experiments. The numbers above
the images indicate the maximum indentation depth of
the insert, not the actual depth of the crater. The actual
depth of the craters are mostly deeper than the actual in-
dentation depth. Although the samples were indented un-
der 30 MPa confining pressure, numerous distinct tension
crackswere observed in vertical direction. This type of frac-
ture is commonly referred to as being rather brittle [19].
Recall that the samples originally had a 90 mm thickness
and not only roughly 40 mm as in the images. These ver-
tical and subvertical fractures occurred from indentation
depths of 3.81 mm and upwards. From pictures B1A to B3A
the interaction between the indentations in the form of a
vertical fracture is evident. Furthermore, the subhorizon-
tal shallow fracture in the B2A and B2B images is defi-
nitely identified as connection between two indentations.
The same applies to image B3A where the indentations
are connected by a subhorizontal fracture, most likely cre-
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Figure 13: Rock specimens of baseline experiments, prepared with the dye penetration procedure.

ated by the shallower indentation, which was conducted
subsequently. Unfortunately, no information is available
atwhich stage eachof the fractures formed, but themutual
interaction is obvious. Therefore,multiple indentations on
a single surface are critical for an independent result. Con-
sidering that the distance between the indentations shown
in the images B1A and B3A was more than 12 mm, no visi-
ble chipping occurred in between. The size of the crushed
zone increased with the indentation depth as predicted
for self-similar problems and the observed fracture char-
acteristics are generally in agreement with the available
experimental results [19] and numerical simulations [20],
although they treated only two-dimensional problems.

The numbers above the pictures in Figure 14 indicate
the test run and are linked to the data presented in Table 4.
This series of images shows a representative portion of the
tested specimen, evaluated with UV light after being satu-
rated with the fluorescent epoxy resin. From Figure 9, it is
clear that the cuts with the diamond saw were not made
radially, leading to glancing intersections, which makes a

spatial analysis difficult. However, for the spatial detection
of fractures and cracks for the indentation experiments a
three-dimensional investigation procedure is needed. Cer-
tainly, even a commonCT scanwasnot an option for a sam-
ple of the given size and the required resolution for the de-
tection of microcracks and fractures. In order to generate
a 3D crack pattern of at least some of the regions of the
specimen an alternative procedure was pursued. The im-
ages from the evaluation with UV light were integrated in
the point cloud which was created during the photogram-
metric measurements. For that purpose, the 2D extension
of the fractures detected by UV light were measured and
referenced to fixed points in the images, which were also
traceable in the point cloud. These fixed points could be
e.g. edges of kerfs or craters and the specimen boundaries.
Furthermore, the main fractures were modelled with poly-
lines to obtain pure geometrical relations. Before cutting
the samples, pictures like those in Figure 9weremadewith
the position of the cuts marked. With the help of identi-
cal geometries in the point cloud and in the picture, the
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Figure 14: Rock specimen UG7 prepared with fluorescing epoxy resin.

Figure 15: Combined point cloud and an image of the rock specimen
to allow for a 3D fracture evaluation.

sample could be rotated, translated and scaled until the
geometries coincided. By knowing the position and exten-
sion of the two-dimensional cracks, now represented by
polylines, the fractures could be scaled and subsequently
integrated in the point cloud. The result of this admittedly
elaborate procedure is shown in Figure 15, where two dif-
ferent regions of the specimen were integrated and allow
for a three-dimensional crack evaluation.

6 Discussion
After evaluating the developed fracture and crack patterns
related to mechanical and hydraulic loading, the under-
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lying mechanisms are discussed. For the jetting experi-
ments under atmospheric conditions, the size of the min-
eral grains beneath the impinging high-pressure jet af-
fected the fracture behaviour. The almost radial cracks are
probably attributed to tensile stress because of their propa-
gation along the expected direction of maximum compres-
sive stresses. In the xenolith lenses of theBasel granite, dis-
tinctly less microcracks developed than in the areas with
larger grain size. A reasonable explanation for these obser-
vations is thatmany of themicrocracks in areaswith larger
mineral grain size were generated during unloading. This
effect is similar to the process of crack formation described
in [8]. Instead of a mechanical indenter, the high-pressure
fluid jet loads the bottom of the eroded kerf and causes
initially small (sub)-vertical cracks to form. After the jet
passed by, unloading of the kerf bottom occurs and the
incompatibility strains between the irreversible deforma-
tion zone and the surrounding elastic region cause resid-
ual stresses which are the driving forces for those microc-
racks. The small to very small, homogeneously distributed,
mineral grains in the xenolith lenses in the Basel granite
largely prevent such effects.

Buntsandstone has the smallest grain size of all tested
specimens. Consequently, the described effect should also
occur in Buntsandstone, resulting in shallow kerfs. How-
ever, the cutting depth in Buntsandstone is around 200%
of the cutting depth in Basel granite. Furthermore, the
damaged zone around the jetted kerfs in Buntsandstone
has a very limited extent, actually less than 1 mm. In the
current case, the short duration of exposure to the jet pres-
sure on the dry rock specimen is most likely the reason
for the small damaged zone in Buntsandstone. The results
illustrated in Figure 5a support the conclusion that the
mechanisms of crack initiation and propagation are dis-
tinctly different for sandstone and for the crystalline rock
types. Hence, permeability and porosity are supposed to
control the fracture and erosion behaviour instead of the
grain size in sandstone. The permeability of Buntsand-
stone is determined to be ca. 1800 mD, while the perme-
ability of Neuhauser granite ranged from 0.07 mD to im-
permeable. It is reasonably assumed that the permeability
of Basel granite is in the range of Neuhauser granite. These
results allow to derive a preliminary theory for the rock ero-
sion mechanisms by high-pressure fluid jets.

For relatively weak rock types such as sandstone, the
proposed theory in which cutting occurs by continuous
erosion of ledges beneath the jet applies quite well [26].
For crystalline rock the situation is different. In this case,
the process might be quite similar to the process of me-
chanical destruction by inserts. The rock directly beneath
the impinging high-pressure jet is crushed and removed

by the fluid jet; however, cracks form simultaneously. De-
pending on themost energy efficient path, the cracks form
either along the trajectory of maximum compressive stress
or along structural planes of relative weakness and other
flaws. The existence and direction of flaws and the size
and distribution of minerals have a significant impact on
the developing pattern. Figure 4 illustrates this conclu-
sion. Considerations concerning the specific energy sup-
port this theory. The removed volume in Figure 5b is a di-
rect measure of the specific energy, dependent on the cut-
ting velocity. AsMonzo granite has the largest removed vol-
ume, the excavation process ismost efficient. The opposite
applies for Buntsandstone, although the cutting depth is
nearly twice that of Monzo granite. Hence, the brittle frac-
ture along structural planes of relative weakness as e.g.
in feldspar grains in Monzo granite generates the largest
removed volume. Whereas surface chipping represents a
significant fraction of the removed volume. This is there-
fore themost energy efficientmethod of rock excavation by
high-pressure fluid jets. Extensive creation of microcracks
around a crushed or removed zone as in e.g. Neuhauser
granite is nearly as inefficient as pure crushing of grains
and cement matrix in sandstone. According to the struc-
ture of Basel granite, being a mix of fine-grained material
and larger grains of feldspar, it is not surprising that the
curve is among the others. The volume of the prominent
pre-existing fracture was excluded from the measurement
in Basel granite.

The experiments under simulatedwellbore conditions
revealed that the ambient pressure regime has a signifi-
cant influenceon the crack formation.An increasing cham-
ber pressure, synonymous for an increasing hydrostatic
stress state in the rock specimen, prevents microcracking.
Up to 20 MPa chamber pressure, microcracks occurred oc-
casionally, but above 20MPa pressure, scarcely anymicro-
cracks emerged. The lighted band around the kerf bound-
aries in Figure 6 originates from the backlight andnot from
cracks. However, all kerfs show funnel like chipping, a
clear indication for tensile stress induced cracks. Two ef-
fects are supposed to be responsible for the observed be-
haviour. The initial hydrostatic compressive stress ham-
pers the development of tensile stresses, although ten-
sile stresses are expected to cause microcracking along
the maximum compressive stress trajectory during the jet-
ting process. This observation is in agreement with re-
lated research, showing that cracks emanating from tips
of flaws are soon arrested in case that lateral confinement
is present. Horii & Nemat-Nasser [4] also state that a set of
suitably oriented flaws interacts and results in a cracked
zone, even under confining pressure. Moreover, the in-
creasing rock strength with increasing confining pressure
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is expected to affect the fracture behaviour as well. Refer-
ring to [14], applied confining pressures of more than 30
MPa almost certainly add up to a more ductile behaviour.
Therefore microcrack initiation and propagation might be
inhibited by the overall rock response, an effect also ob-
served for only lateral confinement [19].

The subsequent part of the discussion considers the
rock fracture related to the insert indentation as well as
the link to the jetted kerfs. In some of the fractures in Fig-
ure 14, a small portion was not filled with the epoxy resin
but was visible by visual inspection and is therefore in-
dicted by hairlines. However, a salient characteristic is the
high amount of primary subhorizontal fractures toward
the nearest free surface and the complete absence of ver-
tical cracks. Albeit, the deep-seated fracture beginning in
UG7-1 to actually UG7-4 is interesting, especially from its
trajectory point of view. As already indicated by numerical
simulations, fractures appear to slow down before reach-
ing the free surface [20]. These observations are not asso-
ciated with the acting confining pressure, but to the effect
of the kerf as a free surface. Simple linear elastic numeri-
cal simulations showed that the kerf leads to a rotation of
the direction of maximum compression towards the kerf,
which appears to act also as a boundary for crack propaga-
tion. The rock surfacewas a boundary for the direction and
the magnitude of the principal stresses. However, confin-
ing pressure was also applied on the rock surface. It is as-
sumed that the fractures orient themselves and propagate
in the direction of themaximumcompressive stress for low
lateral confinement [4]. Including thefindings of [2],where
under confined conditions cracks propagated in the post
failure region at certain angles with respect to the max-
imum compression, the mechanisms seem to be similar
here. The crack propagation was bound between the sam-
ple surface and the direction of maximum compression to-
ward the kerf.

Furthermore, subordinate Hertzian cone cracks and
short vertical fractures were observed rarely. In case the
indentation of the insert was near the edge of the kerf, ac-
tually no relevant cracks emerged and the insert simply
removed the interjacent material. Referring to Figure 15,
between indentations 478 to 480, connection fractures,
which were also observed in the baseline experiments,
were distinctly noticeable. Massive fracturing towards the
kerf occurred also. However, a salient difference compared
with the baseline experiments is that fractures propagated
primary toward the free surface instead of forming an
extensive crushed zone or creating vertical cracks. Since
cracks form along the path of least resistance, the fracture
propagation towards the free surface seems to be benefi-
cial from an energetic point of view.

The results shown at the indentations 483 and 484
support this conclusion. The deep-seated fracture, also il-
lustrated in UG7-1 to UG7-4, forms a pronounced fracture
toward the kerf and stops near, but before the kerf. Al-
though not performed in 3D and for a different load case,
simulations show that existing joints and fractures attract
new fractures, comparable to the effect of a local zone of
weakness [21]. Hence, if a previous indentation already
formed fractures toward the kerf, these act as a guideline
or source for newly created fractures by the neighbouring
indentation. Additionally, the three-dimensional evalua-
tion explains the excessive scattering shown in Figure 11a.
Analytically, the scattering was a result of widely differing
removed volumes, separated from that identical indenta-
tion parameters. Due to local inhomogeneities, the energy
release rate was presumably for some fractures sufficient
to reach the free surface, for other fractures the propaga-
tion ceased nearby. The same observations were made for
the baseline experiments. However, in an actual drilling
operations adjacent inserts would provide the required en-
ergy input to remove the volume. Consequently, the entire
drilling process would bemuchmore efficient. Large scale
drilling experiments validated this conclusion [41].

7 Conclusions
In the present study, rock fracture by different types of
loading was investigated. The evaluation was based on ex-
perimental results and techniques to visualize thedevelop-
ing crack patterns. The following conclusions are drawn:

High-pressure fluid jetting experiments were con-
ducted under atmospheric conditions with different types
of rocks. The evaluation of the evolved cracks and frac-
tures exhibited a strong dependency on the type, size, and
bonding of the mineral grains. Distinction had to be made
between crystalline and sedimentary rocks. A general con-
clusion for crystalline rock types is that the smaller the
mineral grains are, the less microcracks were observed
associated to the impact of the high-pressure jet. Large-
grained crystalline rock types revealed prominent trans-
granular microcracking along the structural planes of rel-
ative weakness. The fracture behaviour due to hydraulic
loading by high-pressure fluid jets closely resembled that
of insert indentation. In contrast, jet cutting in sandstone
proceeds by continuous erosion of ledges beneath the jet
as proposed by current models. The intensity of microc-
racking and the cutting performance were found to be de-
pendent also on the hydraulic jet power, the nozzle type
and the ambient pressure regime. The specific energy for
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rock removal increased and microcrack formation in the
surrounding rock decreased with increasing ambient pres-
sure.

Indentation experiments with a bullet-shaped tung-
sten carbide insert were conducted on virgin rock sam-
ples but also on specimenswith jetted kerfs. Generally, the
kerfs represent additional free surfaces. Rotation of the di-
rection of maximum compression stress and tensile stress
induced cracking toward the free surface appear to be the
main mechanisms. 3D rendering of the evolving fracture
pattern revealed the large amount and geometrical distri-
bution of subsurface fractures. These subsurface fractures
did not cause chipping but interaction between adjacent
indentations occurred. Not taking this observations into
account for the calculation of important quantities such as
the specific energy, distorts the results and leads to decep-
tive conclusions about themacroscopic fracture behaviour.
The effect of the limited dimensions of the free surface and
the indentation distance were found to be significant for
the fracture process.
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