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Introduction
The construction of wells, for example to extract oil, gas or heat from underground 
reservoirs requires substantial financial investments, which are mainly related to 
the involved drilling operations (Tester et al. 2006; Akin and Karpuz 2008; Petty et al. 
2009; Lukawski et al. 2014; Diaz et al. 2017). Additionally, the current trend of access-
ing deeper underground resources poses challenges for the overall project economics, 
as the costs increase exponentially with well depth (Fitzgerald 2013; Abdo and Haneef 
2013; Hu et al. 2013). This is especially unfavourable for enhanced geothermal systems 
(EGSs) (Barbier 2002; Stefánsson 2002; Tester et  al. 2006; Yost et  al. 2015), which are 
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based on tapping underground heat to generate electricity by drilling 5–7 km deep into 
hard, crystalline rocks, such as granites (Mortensen 1978; Breede et al. 2013; Moore and 
Simmons 2013; Gan and Elsworth 2014; Amann et al. 2018; Gischig et al. 2019). Drilling 
of deep wells in hard rocks represents a major challenge for conventional rotary drilling 
methods. This challenge stems from rotary drilling methods removing rock mechani-
cally. Such mechanical removal, particularly of hard (basement) rocks, results in poor 
drilling performances, in terms of high drill bit wear rates and low rates of rock penetra-
tion. This results in significant non-productive time, expensive tool replacements and 
poor process efficiencies, which drive up the overall project costs (Fay 1993; Wise et al. 
2002; Diaz et al. 2017; Blankenship et al. 2005; Raymond et al. 2012). Therefore, recent 
drilling research has focused on implementing innovative solutions to improve the over-
all drilling process in hard rocks (Teodoriu 2011; Anders et al. 2015; Kant et al. 2017; 
Rudolf von Rohr et al. 2017; Kant et al. 2018; Reinsch et al. 2018; Beentjes et al. 2019).

In this work, in order to reduce the drilling efforts in hard rocks and foster accessing 
and utilizing deep georesources, we propose to combine conventional drilling with ther-
mal assistance (Lauriello and Fritsch 1974; Rossi et al. 2018, 2020a). This method, based 
on a beneficial thermal weakening of the rock prior to mechanical rock removal, called 
Combined Thermo–Mechanical Drilling (CTMD) (Rossi et al. 2020a, b, c), is expected 
to facilitate the drilling process and provide a viable solution for drilling deep wells in 
hard formations. In a previous investigation, the material weakening after different ther-
mal treatments was characterized together with the induced microstructural changes, 
showing good prospects for the investigated concept (Rossi et al. 2018). Nevertheless, to 
better investigate the feasibility of this drilling method, it is crucial to comprehend the 
related cutting characteristics, with a focus on the phenomena underlying the mechani-
cal removal of thermally weakened rock, and assess the potential drilling performance 
improvements of this approach compared to conventional methods.

Extensive research has been carried out in the field of drilling to gain insights into the 
rock-cutting mechanisms and to improve the overall process performance, regarding 
penetration and bit lifetime (Zijsling 1984; Feenstra 1988; Che et al. 2012; Wang et al. 
2017). The single-cutter approach (Zijsling 1987; Glowka 1989; Detournay and Defourny 
1992; Wise et al. 2002; Hareland et al. 2009; Che et al. 2016; Munoz et al. 2016) is com-
monly used to answer fundamental questions regarding the rock-cutting process and, 
at the same time, provides a framework for tool development. Besides insights into the 
rock-cutting mechanisms, this approach also provides valuable inputs and validation 
means for drilling models (Franca 2011; Helmons et  al. 2016; Zhou et  al. 2017). West 
(1989) presented one interesting method, whose capabilities were later confirmed in the 
literature (Suana and Peters 1982; Al-Ameen and Waller 1994; Plinninger et  al. 2003; 
Rostami et al. 2014; Abu Bakar et al. 2016). The convenience of this approach lies in the 
standardization of the abrasiveness property of rocks (ASTM 2010; Käsling and Thuro 
2010; Alber et  al. 2014), and enables also to gain insights into several parameters of 
interest concerning rock–bit interaction (Hamzaban et al. 2014).

In the present study, we aim at investigating, via laboratory testing, the feasibility of 
the CTMD technology and the fundamental mechanisms characterizing the rock-cut-
ting process. In particular, we investigate the interaction between the rock and a cutting 
tool (i) to understand the phenomena behind the rock removal process, with a focus 
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on the conditions found during the proposed drilling concept, and (ii) we evaluate the 
drilling performance improvements, potentially achievable when a thermal source is 
implemented to assist the drilling process. To accomplish this, we present a novel test-
ing apparatus, capable of capturing several rock–bit interaction parameters during the 
test. We investigate two rock materials, a sandstone and a granite, and we experimen-
tally emulate the thermal assistance to drilling by a thermal treatment of the rock mate-
rial prior to mechanical rock removal by a scratch test. In the remainder of this work, 
firstly, we introduce the concept of the CTMD method and, after this, we present the 
setup and experiment procedures. We present and further discuss the findings of this 
work, concerning tool penetration, wearing, as well as the mechanical tool response to 
rock-cutting, which provides evidence of the phenomena behind the rock–bit interac-
tion. Finally, we demonstrate that the drilling performance can be greatly improved by 
assisting the process using a thermal source, especially in hard rocks, such as granite. We 
conclude this work by summarizing the findings on the rock removal characteristics of 
the proposed drilling technology and draw conclusions on its ease of implementation for 
deep, hard rock drilling prospects.

A combined thermo–mechanical drilling approach

In this work, we investigate the feasibility of a combined thermo–mechanical drilling 
(CTMD) method to improve the performance to drill deep wells in hard rocks. This 
method is based on employing a thermal source to facilitate the mechanical removal 
performed by conventional drilling cutters (Lauriello and Fritsch 1974; Rossi et al. 2018, 
2020a). Conceptually, this approach exploits the fact that rocks, when exposed to heat, 
develop thermal stresses (Fredrich and Wong 1986), which are in turn responsible for 
thermal alterations of the internal structure and reduction of the mechanical proper-
ties of the rock (Yong and Wang 1980; Nasseri et al. 2009). In the context of a CTMD 
concept, several media can be used to provide the required heat to the surface (Maurer 
1980), such as flame jets (Rossi et al. 2018) or laser jets (Jamali et al. 2017). These heat 
sources can be integrated into the conventional drilling system, providing great oper-
ational flexibility within rotary drilling methods. As conceptually shown in Fig.  1, the 
heat source, in this case a flame jet, is embedded next to drilling cutters and the bit face 
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Fig. 1 Combined thermo–mechanical drilling. The combined thermo–mechanical drilling (CTMD) concept 
is based on thermally weakening the material prior to mechanical removal. The heat source (1), is protected 
by air shields (2) in the drilling fluid (3) environment at the drill bit. This allows the heat to reach the rock 
surface and thermally treat the material, which is then rapidly cooled down by the drilling fluid. Thereby, 
the weakened rock is finally removed by the cutter (4) which penetrates and drills the rock (5) with reduced 
effort. The drill bit moves from right to left in this illustration
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rotates to remove the thermally weakened material. In order to increase the heat transfer 
efficiency of the flame jet, an air shielding configuration can be used, which constrains 
the heat to the rock surface and protects the flame jet from the circulation fluid used to 
transport the cuttings. In principle, the CTMD technology can be employed with vari-
ous drilling fluid systems. The cutters finally remove the weakened rock with reduced 
effort, thereby increasing the overall drilling performance. In previous work (Rossi et al. 
2018), we demonstrated the feasibility of using a thermal source to induce thermal weak-
ening of rocks before rock removal.

In order to understand the rock removal characteristics and the resultant drilling per-
formance when employing the proposed approach, we study, via laboratory testing, the 
interaction between a cutting tool and the rock. We experimentally emulate the thermal 
assistance to drilling by thermally treating the material prior to rock cutting for a sand-
stone and a granite.

Experiment materials and methods
In this work, we focus on two rock materials, namely, Rorschach sandstone and Grimsel 
granite, which are chosen as they represent two end-member conditions with respect 
to mechanical and mineralogical rock properties. The Rorschach sandstone is from 
Switzerland, and a thin section is shown in Fig.  2a. This rock consists of 35% quartz, 
25% cements, 10% plagioclase, and 30% sedimentary lithics, with a fine-grain size dis-
tribution, ranging from 50 to 200µ m (Rossi et al. 2018). The Grimsel granite, also from 
Switzerland, is composed of 46% quartz, 31% feldspar, 20% plagioclase, 3% biotite and 
minor amounts of chlorite (Kant et  al. 2017). A thin section of this rock is shown in 
Fig.  2b. The Grimsel granite exhibits a heterogeneous grain-size distribution, ranging 
from micrometers to a few millimeters. For the purpose of this study, rock block samples 
of size ( l×w×h ) 100×80×40 mm are saw-cut from larger blocks. During sample cutting, 
abundant cooling is provided to avoid any premature thermal damage of the rock. The 
samples’ surfaces, where rock–bit interaction tests are conducted, exhibit initial surface 
roughness that is consistent with the saw-cutting procedure. No additional polishing of 
this surface is carried out.

In this study, the CTMD concept is experimentally emulated by thermally treating the 
rock samples prior to cutting. To ease the experiment procedure and accurately compare 
different conditions, a prior thermal treatment of the samples in an oven at high temper-
atures, followed by fast water-cooling is applied to represent, respectively, the heating by 
the thermal assistance to drilling and the subsequent cooling by the drilling fluid (water) 
environment prior to mechanical rock removal. From this, we compare the rock–bit 
interaction of the cutting tool for the two rock types under untreated and thermally 
treated conditions, representing the conventional and the proposed drilling approach, 
respectively. To treat the rock samples, we apply a constant heating rate in an oven (with 
a heating rate of 10 ◦C/s), reaching a maximum temperature of 800 ◦ C. This treatment 
temperature is held for 30 minutes in order to avoid temperature gradients within the 
rock sample (Siddiqi and Evans 2015). With the aim of emulating continuous rock cool-
ing during the drilling process, when the drilling fluid (water) is used to transport the 
rock cuttings, the rock samples are cooled down by flushing water right after the thermal 
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Fig. 2 Experiment methods and materials. Thin sections under cross-polarized light of the rock materials 
used in this work, i.e., Rorschach sandstone (a) and Grimsel granite (b). The experiment testing concept 
and the parameters measured to investigate rock–bit interaction are shown in c. During the experiments, 
the tool scratches the rock surface along a prescribed scratch distance (c.1), flattening the tool tip (c.2), 
which is optically imaged and investigated after the test. The tool penetration (c.3) and cutting forces (c.4) 
are monitored during the experiment. After the test, knowledge of wear flat and tool penetration enables 
determining the tool’s contact surface (c.5). During the test, the total, vertical tool displacement is monitored 
(d) and afterwards processed, together with the wear flat at the tool tip to assess the actual penetration 
of the tool. During the test, the cutting forces exerted on the tool are measured as well (e). d, e The total 
displacement and cutting force signals obtained during several tests (thin lines), while the moving-averaged 
signal (thick line) is shown for comparison for the untreated sandstone material, together with the ±10% 
interval.
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treatment in the oven. Thereafter, the samples are conserved under ambient laboratory 
conditions at room temperature, allowing the material to dry prior to testing.

Samples of Rorschach sandstone and Grimsel granite, under dry untreated and after-
thermal-treatment conditions, are tested using the rock–bit interaction testing machine, 
shown in Fig. 2c. The setup was also preliminarily described in Rossi et al. (2018). The 
rock–bit interaction experiment consists of a scratch test of the sample, during which 
several removal characteristics parameters, together with tool wear, are quantified. Ini-
tially, the rock sample is placed in a clamping device and the horizontal alignment of the 
upper surface is checked. The cutting tool, used in this work, follows the guidelines in 
West (1989) and is a 10-mm-diameter cylindrical steel tool (material 115CrV3) with a 
90◦-conical sharp tip. This provides a unified measure of the wear flat at the tool tip, also 
referred to as Cerchar abrasivity index (CAI) (Cerchar 1973; ASTM 2010; Alber et  al. 
2014). From this, a constant vertical load of 70  N is prescribed to the scratching tool 
during the experiment (ASTM 2010). Furthermore, we modified the testing apparatus to 
permit accurate evaluations and correlations of removal parameters, such as scratching 
distance, tool penetration, cutting force and wear flat at the tool. The test is conducted 
along pre-defined scratch distances (see Fig. 2c.1) of up to 90 mm, as the tool advances 
into the rock, wearing out at the tip (wear flat in Fig. 2c.2). The rock sample is moved on 
a linear actuator, relative to the tool and along the scratch distance. After the test, the 
tool tip is inspected with a microscope at predefined scratch distances to measure the 
diameter of the wear flat (see exemplary picture in the top-left corner in Fig. 2c). Follow-
ing the notation and standardization in (ASTM 2010), the wear flat value corresponds 
to 1/10 of the CAI value. Although we mainly focus on the wear flat in this work, the 
mentioned agreement with the CAI value can be useful for further comparisons of the 
presented results with literature work. The total vertical tool displacement into the rock 
material is continuously monitored during the scratching test by an inductive displace-
ment sensor, placed on top of the scratching tool, as shown in Fig. 2d. The total vertical 
tool displacement measurement includes a contribution from the actual tool penetration 
onto the rock surface, and also the vertical displacement of the tool due to the wearing 
at the tool tip. Hence, the continuous monitoring of the total vertical tool displacement, 
as a function of scratch distance, and the imaging of the tool wear flat at predefined dis-
tances, enables the calculation of the actual tool penetration into the rock sample, as 
shown in Fig. 2c.3. During the scratch test, the cutting forces, required at the tool, result-
ing from the interaction between the tool and the rock material, along a direction paral-
lel to the scratch direction, are continuously measured by the linear actuator (Fig. 2c.4). 
The force–scratch distance signals are shown, as an example, for the untreated sand-
stone in Fig. 2e. With the present experiment approach, another parameter, relevant to 
characterize the mechanical interaction between the rock sample and the scratching 
tool, is the contact surface (see red sector of the truncated cone in Fig. 2c.5), which is 
evaluated from the tool penetration and the wear flat at the tool tip.

In the next section, we correlate the main parameters, characterizing the rock–bit 
interaction tests for the two materials, sandstone and granite, under untreated and 
thermally treated conditions. After this, the measured parameters are summarized 
to evaluate removal performance parameters and provide conclusions regarding the 
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enhancement of the cutting performance by thermally treating the rock before mechani-
cal removal.

Results
Tool penetration

In this section, we present the experiment findings concerning the penetration of the 
cutting tool along the scratch distance. Treated material conditions (oven treatment 
followed by rapid water-cooling) are compared against the untreated case, firstly for 
Rorschach sandstone and subsequently for Grimsel granite. Thereafter, the standard 
deviations are calculated from three sets of experiments, conducted under the same 
conditions. The penetration of the tool in Rorschach sandstone is shown as a scatter plot 
in Fig. 3 for increasing scratch distances up to 90 mm.

In this figure, the wear flat, measured at the tool tip after the test, is indicated by the 
symbol sizes (see the legend in the figure). Furthermore, the right y-axis in Fig. 3 and the 
associated bar plot indicate the wear flat increase per unit of scratch distance, also called 
the wear slope, where values for the untreated and after-treatment cases are shown as 
contiguous columns within the scratch distance ranges. For both treatment conditions, 
i.e., untreated and after-treatment sandstone, we observe similar initial increases in 
tool penetration for scratch distances of 0–4 mm. This is followed by a second phase, 
characterized by a less-pronounced penetration of the tool into the rock. Especially, the 
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Fig. 3 Tool penetration and wear flat in sandstone. Tool penetration during testing of Rorschach sandstone 
is shown, with the scattered data and the left y-axis for untreated (violet squares) and after treatment (green 
circles). The symbol sizes represent the wear flattening of the cutting tool (see legend in the figure). The 
bi-linear regressions of the tool penetration values along the scratch distance are shown as dashed black 
lines. As a bar plot, we also include the wear flat increase per unit of scratch distance, here called wear slope, 
where the values are provided by the right y-axis. The bars indicate the wear slope for untreated (violet) and 
after-treatment (green) conditions, shown as contiguous columns for the scratch distance ranges 0–4 mm, 
4–8 mm, 8–15 mm and 15–90 mm
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untreated material shows, for small scratch distances ( < 4mm), a penetration increase 
per unit scratch distance of 0.05, decreasing to 0.0017 for scratch distances between 4 
and 20 mm (see dashed lines in Fig. 3, obtained from a bi-linear regression of the data). 
The treated-material case follows a similar trend as the untreated case, however, for the 
treated case and the scratch distance range 4–20 mm, we observe enhanced rock pene-
tration depths with a tool penetration increase per unit of scratch distance of 0.0054. We 
note that the scratch distance, boundary for these two different tool penetration behav-
iors is with 4 mm the same for the untreated and the treated cases, and is characterized 
by an abrupt penetration slope variation along the scratch distance. This slope change is 
found at a tool penetration of about 0.35 mm for both the untreated and after-treatment 
rock conditions. A differentiated trend between these two scratch distance ranges is also 
observed for the wear flat at the tool tip, shown by the symbol sizes, and the wear slope 
(wear flat increase with the scratch distance), indicated by the bars in Fig. 3. The wear of 
the tool appears to significantly increase mainly for scratch distances below 4mm. After 
this increase, the wear flat is almost constant for the scratch distance range of 4–20 mm, 
with wear flat values around 100 and 90µ m for the untreated and treated cases, respec-
tively. As the scratch distance approaches 90 mm, the tool penetration reduces to slightly 
lower values. This is observed for both treatment conditions. We also notice that the 
mentioned decrease in rock penetration is followed by an almost unchanged wear flat 
at the tool tip. This is particularly visible for the untreated case. The delineated behavior 
of the tool penetration for large scratch distances can be appreciated in the exemplary 
plot in Fig. 2d, where the total vertical tool displacement signal is shown for the case of 
the untreated sandstone. As the wear flat at the tool tip can be considered constant for 
scratch distances above 20 mm (see wear slopes in Fig. 3), the wear flat contribution to 
the calculation of the tool penetration is assumed to be negligible in this specific scratch 
distance range. Therefore, variations in total vertical tool displacements are directly 
related to variations in tool penetrations into the rock. Thus, we observe that, for large 
scratch distances and a consistently worn tool tip, the tool penetration into the rock 
tends to decrease and, furthermore, oscillate around smaller penetration values.

For the case of the Grimsel granite, the results are shown in Fig. 4. Here, as in Fig. 3, 
we present the tool penetration as scattered data points, and the corresponding wear flat 
values as the symbol sizes. The figure includes, as an inset figure, an enlarged plot for 
the scratch distance range 0–20 mm, where the wear slope along the scratch distance 
is also shown as a bar plot and the right y-axis. The standard deviation of the tool pen-
etration data for Grimsel granite, shown in Fig. 4, is more significant, compared to the 
corresponding sandstone case, which is likely due to material heterogeneities (see thin 
sections in Fig. 2b) as well as the more brittle mechanical properties of Grimsel granite 
(Keusen et al. 1989; Rossi et al. 2018). Overall, we observe that, in the untreated granite 
case, the tool has a positive penetration value only for the first 8 mm of scratch distance. 
Further, the tool penetration is always below 0.05mm. The wear flat at the tool tip occurs 
predominantly during the first 8 mm of scratch distance (see bars in the inset of Fig. 4), 
during which the tool penetrates the rock. In this scratch distance range, the wear flat at 
the tool tip steeply increases mainly during the first four millimeters of scratch distance 
and, after this, the reached high value of wear flat remains almost constant. A major 
increase of the wear flat is found during the first two millimeters of scratch distance, see 
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the square sizes in the inset of Fig. 4. In the case of untreated granite, the tool is mainly 
sliding on the rock surface and no grooves are produced after the first 8mm. In contrast, 
the after-treatment case shows a substantially different behavior. As shown in Fig. 4, the 
tool penetration in thermally treated granite is a positive number for a wide range of 
scratch distances, with mean values fluctuating between 0.16 and 0.23 mm. These values 
are three to five times larger than those for untreated Grimsel granite. Furthermore, we 
observe that, after the tool penetration reaches a peak value of 0.23 mm at a scratch dis-
tance of 4 mm (see inset in Fig. 4), the tool recedes and the wear flat slightly increases, 
before another increase in the tool penetration is found, with a peak at about 0.21 mm at 
a scratch distance of 20mm. This second advancement phase of the tool is followed by 
its complete fall-back for a scratch distance of 90 mm, corresponding to a sliding regime 
of the cutting tool. A similar oscillating behavior of the tool penetration values along 
the scratch distance is also observed for the untreated material case. However, in the 
untreated case it is confined to a narrower scratch distance range of 0–8  mm (notice 
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Fig. 4 Tool penetration and wear flat in granite. Tool penetration in Grimsel granite as a function of scratch 
distance is shown by the scatter plot and the left y-axis for untreated (violet squares) and after-treatment 
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data points at a scratch distance of 90 mm are shifted along the x-direction to visualize the wear flat (size of 
symbols)
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the two consecutive peak penetration values reached within this range in the inset of 
Fig. 4). Concerning the wear flat for large scratch distances, it is interesting to consider 
the scratch distance range of 20–90 mm for the two treatment conditions. We observe 
that, for the case of thermally treated material, showing appreciable penetration values 
throughout the test, the wear flat significantly increases between scratch distances of 20 
and 90 mm. In contrast, during the test with the untreated granite rock, showing limited 
tool penetration and only for the first 8 mm of scratch distance, the wear flat at the tool 
tip is almost unchanged for the scratch distance range of 8-90 mm. Overall, we observe 
that the final wear flat at the maximum scratch distance for the treated material case is 
larger than that for the untreated granite case (scratch distance of 90 mm in Fig. 4).

Contact surface

We report the contact surface area to characterize the interaction between the cutting 
tool and the rock, as the tool penetrates the material. From the wear flat at the tool tip 
and the tool penetration, it is possible to calculate the surface area of the tool that is in 
contact with the rock during the test. From these parameters, we determine the con-
tact surface area as a function of scratch distance, for Rorschach sandstone and Grim-
sel granite (Fig. 5a and b, respectively). As shown above, the maximum penetration of 
the tool into the sandstone material is approximately twice that for the granite (com-
pare Figs. 3 and 4). This is also reflected by the contact surface area results, which follow 
quadratic correlations, k · δ2 , where δ is the tool penetration and k is the multiplication 
constant (see the caption of Fig. 5 for the k-values for sandstone and granite). The results 
show that larger contact surface areas are reached for the thermally treated material 
(green circles in the figure). This is particularly visible for the granite, whose contact sur-
face areas are always below 0.04  mm2 under untreated conditions, whereas values of up 
to 0.35 mm2 are reached after the granite has been thermally treated. In the granite case, 
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the large data deviation, as also found for the tool penetration in Fig. 4, complicates fur-
ther data analysis. Nevertheless, a clear trend can be observed for the mean values of 
several parameters.

Moreover, the contact surface area calculation shows that, as the multiplication con-
stant, k, increases far above k = π

√
2/2 ≃ 2.22 , the rock is very abrasive, as the cutting 

tool tip wears considerably for a given penetration of the tool into the rock (refer to the 
caption in Fig.  5 and compare the multiplication constant, k, for the two rock types). 
Therefore, the contact surface area and its increase for different tool penetration values 
can be used to (i) evaluate whether the rock abrasiveness will govern the test and (ii) 
estimate what type of rock removal mechanism the cutting tool will follow during rock 
penetration.

Hereafter, the contact surface areas are also extensively used to calculate the compres-
sive stress state exerted by the rock on the tool during the test. The contact surface area 
also enables evaluating the volume of rock removed during the test, thereby providing 
an estimate of the removal performance parameters.

Cutting forces

In the following, the forces exerted on the cutting tool along a direction parallel to the 
tool’s movement and measured by the linear actuator, are shown along the correspond-
ing penetration of the tool in Rorschach sandstone, see Fig. 6a. We analyze the cutting 
forces, also considering the wear flat at the tool tip during the scratch test, represented 
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Fig. 6 Cutting forces in sandstone. The cutting forces exerted on the tool during the tests are shown in 
a as a scatter plot for Rorschach sandstone under untreated (violet squares) and after-treatment (green 
circles) conditions. Symbol sizes indicate the wear flat measured at the tool tip (see legend). Here, the 
curves obtained from bi-linear regressions of the data are shown as dashed lines. In b, the compressive 
stresses, exerted on the tool by the rock are calculated using the measured force values, the contact surface 
area under the stress state and a friction coefficient of 0.65 (Roshan et al. 2017). In b, the scattered data 
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and the error bars represent the standard deviation range
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as symbol sizes in Fig. 6a (see legend). Comparisons between Figs. 3 and 6a enable us 
to correlate the cutting forces with the tool penetration along the scratch distance, and 
investigate the occurring cutting mechanisms. We observe in Fig.  6a that, as the tool 
penetrates the untreated sandstone, the cutting forces are almost constant for the ini-
tial tool penetration values, i.e., below about 0.35 mm. A similar behavior, however at 
smaller forces, is also found for the thermally treated material. In this first regime, we 
also notice that the tool’s wear flat increases rapidly, analogously to the trend observed 
in Fig. 3 for small scratch distances. After this, as the tool penetration increases beyond 
0.35 mm, the cutting forces increase promptly, following a linear trend, see dashed lines 
in Fig. 6a. The two material cases, untreated and thermally treated sandstone, show dif-
ferent slopes of the cutting forces versus penetrated depth in this second regime, as the 
force per unit penetration increases by 220 and 52 N/mm, respectively. Thus, we find an 
approximately four-times larger force increase as the tool penetrates the untreated Ror-
schach sandstone, compared to thermally treated conditions. In this second regime, i.e., 
when the tool penetration is > 0.35 mm (also compare with Fig. 3), the wear flat does not 
appear to appreciably increase, despite the considerably intensified tool penetration (see 
symbol sizes in Fig. 6a). Furthermore, we calculate the compressive stresses exerted at 
the surface of the tool front during the creation of the groove for tool penetration values 
above 0.35 mm. We employ the contact surface area values, similar to the results shown 
in Fig.  5a, and the measured cutting force values. The resulting compressive stresses 
are presented in Fig.  6b. During the scratch test, we calculate compressive stresses of 
75.7± 0.85 and 48.0± 4.90 MPa for untreated, and post-thermal-treatment sandstone 
conditions, respectively. As shown in this figure, the compressive stresses to remove the 
thermally treated material (green circles in Fig. 6b), are approximately 35% lower than 
those for the corresponding untreated sandstone conditions (violet squares).

Concerning Grimsel granite, we show in Fig. 7a the cutting forces measured as a func-
tion of tool penetration. The results for Grimsel granite yield larger standard deviations, 
compared to the sandstone results, as also observed for the tool penetration depth. This 
different behavior is mainly caused by the brittle and abrasive properties of Grimsel 
granite, as well as its heterogeneous microstructure, compared to Rorschach sandstone. 
In the case of untreated granite, the cutting tool slides on the rock surface for a consider-
able portion of the experiment, as also observed in Fig. 4. As shown in Fig. 7a, this sliding 
behavior corresponds to a constant cutting force of about 36 N. As the tool penetration 
into the untreated granite slightly increases, a sudden increase of the required force is 
measured, reaching values of up to around 50 N, see Fig. 7a. For the case of untreated 
granite, the limited penetration depth range, measured during the tests, does not allow a 
more systematic characterization of the relationship between cutting force and penetra-
tion depth. Regarding the thermally treated granite case, we observe that, for the only 
sliding point (scratch distance of 90 mm in Fig. 4), the cutting force value is around 40 N 
and, after this, the penetration steeply increases until values around 0.2 mm are reached. 
In contrast, the cutting forces reach values of 55−70 N, and the tool wears out rapidly, 
before receding towards lower penetration values. Although we do not measure penetra-
tion depths here in the range of 0.05−0.15 mm, we suspect that the cutting forces likely 
follow a linearly increasing trend, as the tool penetrates the rock. Therefore, we observe 
that cutting forces show a distinct behavior as soon as positive tool penetration depths 
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are reached, and this is noticed both for untreated and after-treatment conditions (com-
pare the cutting force trends for penetration depths larger than zero for the two cases 
in Fig. 7a). We calculate the compressive stresses, in Fig. 7b, from the measured forces, 
exerted when a scratch is created (positive penetrations). Despite smaller penetration 
depths in the untreated granite case and large deviations in the data, which introduce 
strong uncertainties when evaluating compressive stresses at the front surface of the cut-
ting tool, we are able to compare the thermally treated to the untreated cases (Fig. 7b). 
We observe that, in the case of thermally treated granite, the compressive stresses are 
almost 45% smaller, compared to granite that has not been thermally treated.

Rock removal performance

We evaluate several cutting performance parameters from measured tool penetration 
depths, wear flat and cutting forces during the tests for the two rock types (granite and 
sandstone) and for untreated and after-thermal-treatment conditions. Rock removal 
and tool wear rates are calculated from the displaced rock volume and the worn vol-
ume of the cutting tool tip per unit of testing time, respectively (Rossi et al. 2018). These 
results are presented in Table  1. Concerning the rock removal rate, we observe that, 
after thermally treating Rorschach sandstone, this value increases by about 30% , com-
pared to the untreated case. For Grimsel granite, a consistent increase in rock removal 
rate (by one order of magnitude) is achieved by thermally treating the material, as this 
value increases from 0.046 to 1.362 mm3/min. Rorschach sandstone, a low-abrasiveness 
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Fig. 7 Cutting forces in granite. The cutting forces exerted on the tool during the scratch experiment are 
shown in a as a scatter plot for Grimsel granite under untreated (violet squares) and after-treatment (green 
circles) conditions. Symbol sizes indicate the wear flat values measured at the tool tip (see legend). In b, 
the compressive stresses exerted on the rock during the test are calculated, using the measured forces and 
the projected surface area, calculated from the tool penetration depth and the wear flat values. In this plot, 
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rock, shows reduced wear rates, for the case of thermally treated samples, by about 75% 
(Table  1). As shown above, in this rock, significant tool penetration depths are found 
during the entire test, both for untreated and thermally treated sandstone. In Grimsel 
granite, we observe improved removal rates after the rock has been thermally treated. 
However, this also corresponds to an increased wear rate of the cutting tool. Therefore, 
in the case of thermally treated granite, showing consistent tool penetration depths dur-
ing the entire test and a limited sliding behavior of the tool, the wear rate is found to be 
higher, compared to the untreated rock case (Table 1). A more accurate measure of the 
drilling performance is given by the ratio of rock removal to tool wear rate. An increase 
of this parameter, also called the performance ratio in Table 1, is therefore an indication 
of improved overall performance of the rock removal process. As reported in Table 1, 
after thermally treating the granite rock, the performance ratio increases by one order of 
magnitude, compared to untreated material conditions. Additionally, we study the per-
formance of the cutting process, also in terms of energy efficiency, by presenting results 
on the specific energy required to create the groove into the rock. The specific energy 
parameter represents the energy spent during the cutting process to remove a unit of 
rock volume from the sample surface (Maurer 1980). Here, the calculation of the spe-
cific energy does not take into account the thermal energy required to thermally treat 
the entire samples in the oven, as the actual heat treatment, by a flame jet, only heats 
a localized region in the sample. The results are shown in Table 1 for Rorschach sand-
stone and Grimsel granite. As displayed here, thermally treating the rock material before 
the scratch test yields considerable advantages from a cutting energy standpoint. This 
is evidenced in sandstone by a decrease in the required specific energy by more than 
30%, when the rock is thermally treated, prior to cutting (Table 1). In Grimsel granite, we 
observe a significant improvement in rock removal efficiency, showing a reduction in the 
energy required, per volume of rock removed, by one order of magnitude, when thermal 
treatments are applied before cutting.

Discussion
In this work, we investigate the interaction between a cutting tool and two rock types, 
a granite and a sandstone, under untreated conditions and after thermal treatment. The 
presented experiment apparatus permits the continuous monitoring of the cutting tool 
tip during the creation of a groove and the evaluation of several parameters, such as the 
tool penetration depth, the wear flat, the tool’s contact surface area, the required cutting 

Table 1 Summary of  rock removal performance parameters. Rock removal performance 
parameters for  Rorschach sandstone (left) and  Grimsel granite (right), evaluated 
under untreated and after-treatment material conditions

Sandstone Granite

Untreated After treatment Untreated After treatment

Removal rate  [mm3/min] 9.97 14.25 0.046 1.362

Wear rate  [mm3/min] 5.57× 10
−4

1.43× 10
−4 0.015 0.028

Performance ratio  [−] 1.79× 10
4

9.96× 10
4 3.09 48.99

Specific energy  [J/mm3] 0.44 0.29 54.64 2.62
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forces and the removed rock volume. In the sandstone material, we can distinguish three 
regimes concerning tool penetration, required cutting forces and tool wear flat. In the 
first regime, the cutting tool experiences a fast wearing and a consistent penetrated 
depth into the rock. After this, an abrupt variation of the measured tool penetration and 
wear flat is found at a penetration depth of about 0.35 mm. During this second regime, 
the wear rate is lower and the tool penetration increases linearly with scratch distance, 
following different slopes for the two treatment conditions. During the latter regime, the 
cutting forces also increase linearly with the penetration depth. The calculated compres-
sive stresses for this regime are in agreement with the compressive strengths, measured 
elsewhere, employing similar testing methods (Richard et al. 2012; Rossi et al. 2018). The 
relative reduction of rock compressive strength after thermal treatment agrees with the 
findings by others (Liu and Xu 2015; Griffiths et al. 2017). Therefore, we propose that 
the cutting test can be divided into an initial wear-based phase, during which untreated 
and thermally treated rocks behave similarly, and a second phase, characterized by com-
pressive-stress rock removal, which also permits an accurate determination of the rock’s 
compressive strength. The bounding conditions between these two cutting regimes, 
regarding tool penetration depth and cutting forces, can be clearly appreciated for the 
sandstone rock under untreated and post-treatment conditions (see slope variations in 
Figs. 3 and 6). The granite material, on the other hand, due to its particularly abrasive 
nature (Plinninger et  al. 2003; Hamzaban et  al. 2014), wears out the cutting tool rap-
idly, so that the tool likely enters the compressive stage right away, as soon as a posi-
tive penetration is achieved (no sliding). This stage is evidenced in the granite material 
by intermittent peaking of the tool penetration depth along the scratch distance, fol-
lowed by partial fall-back behaviors of the tool, presumably caused by a compressive 
stress balance at the tool tip whilst the tool wearing continues, when a constant normal 
load (70 N) is applied at the tool. Hence, we recognize a third stage, characterized by a 
receding phase of the tool penetration depth. During this third regime, in the case of 
sandstone, the penetrated depth stabilizes to lower penetration values. In contrast, in 
the case of granite, a complete fall-back of the cutting tool leads to a sliding behavior on 
the rock surface. Thus, focusing on the sandstone, we conclude that, for tool penetration 
depths below about 0.35 mm, the rock–bit interaction is a wear-based phenomenon and, 
as the penetration depth increases to values larger than 0.35 mm, the rock is removed 
satisfying a compressive-stress balance at the tool face. The present work agrees and fur-
ther extends the conclusions presented in other publications, such as by Detournay and 
Defourny (1992), Richard et al. (1998, 2012), Huang et al. (2013) and He and Xu (2016), 
where the authors proposed that, for tool penetration depths smaller than about 1 mm, 
the removal mechanism follows a ductile failure mode, i.e., is governed by the compres-
sive strength of the rock, which is based on the interplay between friction and cutting at 
small tool penetration depths (Detournay and Defourny 1992; Fairhurst and Lacabanne 
1957; Zhou et al. 2017). In the present study, we demonstrate that there exists an initial 
wear-based regime in the tool penetration domain, whose presence and extent are likely 
a function of the rock’s abrasiveness. This regime can also be described by the contact 
surface area function along the scratch distance, as shown in this work.

The compressive strength values, calculated using the measured cutting forces during 
the scratch tests, are in excellent agreement with the strength reductions observed by 
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Rossi et al. (2018). We notice that, after thermally treating the material, the rock strength 
decreases by 35% and 45% in Rorschach sandstone and Grimsel granite, respectively. This 
behavior of the material, after the oven-thermal treatment, can be explained by the heat-
induced cracks in the rock microstructure (Kissell 1972; Fredrich and Wong 1986; Yong 
and Wang 1980; Nasseri et al. 2009; Tullis and Yund 1977; Wang et al. 1989; Meredith 
et al. 2001; Lin 2002; Freire-Lista et al. 2016; Griffiths et al. 2018; Rong et al. 2018; Han 
et al. 2019), caused by the differential thermal expansion of the quartz grains (Fredrich 
and Wong 1986; Glover et al. 1995) and by mineralogical changes in the rock (Ranjith 
et al. 2012; Xu et al. 2017), occurring at high temperatures. Furthermore, the fast cooling 
of the samples after the thermal treatment is likely responsible for enhanced cracking of 
the specimens (Kim et al. 2014; Shao et al. 2014; Browning et al. 2016; Wu et al. 2019) 
due to thermal shocking (Fellner and Supancic 2002; Kumari et al. 2017; Han et al. 2019), 
which, in turn, contributes to reducing the physical and mechanical integrity of the rock 
(Shao et al. 2014; Siratovich et al. 2015; Rathnaweera et al. 2018; Wu et al. 2019). Based 
on the performed experiments, we also compare drilling performance parameters, i.e., 
rock removal rates, wear rates and specific energy, for the case of untreated material, 
representing the conventional mechanical drilling case, and after thermally treating the 
rock, emulating the proposed combined thermo–mechanical drilling (CTMD) method. 
Different effects are observed after thermally treating the granite compared to the sand-
stone. In Rorschach sandstone, we find that the the wear rate is the main parameter 
affected by the thermal treatment of the rock. Here, the wear rate is consistently reduced 
(by almost 75%) by thermal rock treatment. In contrast, the rock removal is affected only 
to a small degree by the thermal treatment of the rock. An opposite behavior is found 
for the granite rock, where the cutting tool is capable of removing considerably more 
thermally treated rock (one order of magnitude larger), compared to the untreated case. 
Therefore, the material weakening, induced by the thermal cracks in the treated rock, is 
responsible for an enhanced penetration rate of the cutting tool in granite. In contrast, 
the enhanced penetration comes with an overall increased wear rate of the tip of the 
cutting tool, which is likely caused by the higher stresses on the cutting tool’s tip when 
higher penetration rates are reached (Glowka 1989; Detournay and Defourny 1992; Ger-
baud et  al. 2006; Larsen-Basse 2014). Another important phenomenon to consider is 
the extensive sliding of the tool on the sample surface, observed during testing of the 
untreated granite case, which reduces the wear of the cutting tool. Overall, the perfor-
mance ratio, considering both removal and wear rate, increases by one order of magni-
tude in the case of treated granite rock. As a further proof of the improved rock removal 
performance of the cutting tool in the thermally treated granite material, the specific 
energy is greatly reduced, witnessing the mechanical softening of the granite material 
from the drilling performance standpoint. The specific energy values, obtained from this 
fundamental analysis of required cutting forces, are found to agree with literature data 
(Maurer 1968). It is worth mentioning that our calculation of specific energy does not 
include the thermal energy required to heat the entire rock sample in an oven. In real 
drilling operations, the penetration rate is one of the main parameters influencing the 
economics of deep hard-rock drilling projects. In this context, improvements in pen-
etration rate outweigh potential additional energy requirements.
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Furthermore, the large deviation of the results, mainly observed during testing of 
Grimsel granite, and likely partially caused by rock heterogeneity and by the brittle 
nature of this rock, has introduced uncertainties when evaluating the data. All in all, by 
considering the calculated mean values of several parameters, it is nonetheless possi-
ble to extrapolate clear data trends and derive conclusions regarding the rock removal 
behavior and related rock removal performance, for both Rorschach sandstone and 
Grimsel granite.

Overall, we confirm that a thermal-cracking-based rock removal, which represents the 
basis of the investigated CTMD concept, may be extremely effective in enhancing rock 
drilling performance, especially in hard crystalline rocks, such as granite, by inducing 
intra- and inter-granular cracks in the rock structure (Lauriello and Fritsch 1974; Grif-
fiths et al. 2017; Rossi et al. 2018; Nasseri et al. 2009). As a feasibility study of the pro-
posed CTMD method towards its demonstration in the field, we perform, in this work, 
experiments in hard granite rocks, which are typically found in deep geothermal reser-
voirs and which are a major cause for the poor drilling performances of conventional 
drilling technologies (Pessier and Fear 1992). We present evidence that the proposed 
approach can greatly increase the drilling performance, highlighted by improved rock 
removal rates in a hard crystalline rock (granite) and a consistent reduction of wear rate 
in sandstone.

During the testing of the Grimsel granite, a sliding behavior of the cutting tool on the 
rock has been observed. This introduces difficulties in the evaluation of the tool penetra-
tion depth, the wear of the tool tip and the forces acting on the tool. Therefore, with the 
aim of improving CAI testing accuracy for hard rocks, such as granites, and limiting tool 
sliding, further research should focus on extending CAI procedures to also include, or 
change to, an increased normal load, applied to the tool (Al-Ameen and Waller 1994; 
Rostami et al. 2014). Such a load increase would ensure more consistent tool penetra-
tion depths during testing, likely yielding more robust test results, particularly regarding 
required cutting forces and induced tool wear.

Additionally, a more detailed characterization of the proposed CTMD approach for 
deep georesources requires specific investigations concerning the influence of deep 
in  situ stress states on the presented rock removal mechanism and their effect on the 
overall process performance. Furthermore, in this work, we have experimentally emu-
lated the thermal assistance during drilling by first heating the rock in an oven to high 
temperatures, followed by rapid water cooling of the rock. This procedure results in a 
spatially homogeneous and slow heating of the rock sample. Although the differences 
between slow and fast heating of rocks have been investigated in previous studies (Chen 
et al. 2017; Rossi et al. 2018; Shu et al. 2019), more research is required on the effective-
ness of removal of flame-treated rocks by scratch tests. Such work should also inves-
tigate the effects of different heating rates on the overall drilling performance during 
CTMD.

The work presented here provides evidence for the fundamental feasibility of the pro-
posed CTMD approach and its capability to improve the rock removal performance, 
especially in hard granitic rocks. The implementation of this new technology, particu-
larly to drill deep boreholes in hard rocks, requires further studies and technical devel-
opments (Rossi et  al. 2020a). Such research and development includes the process of 
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air-shielding the flame jets under high borehole fluid pressures. For example, the effects 
of different operational parameters on the effectiveness of air-shielding the flame jets 
(Rudolf von Rohr et  al. 2017), including using different drilling fluids, varying drilling 
fluid columns (i.e., borehole fluid pressure) and, related, borehole cleaning require-
ments, need to be investigated, particularly for drilling deep wells. Additionally, the use 
of alternative solutions to provide the required heat downhole should be investigated. 
For instance, liquid reactants to achieve downhole combustion appear to be a safer and 
more feasible option than the combustion of gases downhole, especially when drilling 
deep.

Conclusions
This work investigates a novel combined thermo–mechanical drilling (CTMD) method, 
based on employing a heat source to thermally assist the mechanical rock removal, which 
is expected to reduce drilling efforts, by enhancing the drilling performance and provide a 
viable solution for drilling deep wells in hard formations. To accomplish this, we investigate 
the interaction between the cutting tool and two rock materials, a sandstone and a granite. 
We characterize the mechanisms behind the CTMD rock removal and their implications 
for improving drilling performance. We conclude that the tool penetration follows three 
distinct regimes: (i) an initial wear-dominated regime, (ii) a compression-based regime at 
larger penetrations, and (iii) a final fall-back regime of the tool after the maximum pen-
etration depth has been reached, at constant vertical loads. Such a differentiation of cutting 
regimes, also comparing untreated and thermally treated rock, permits a deeper analysis of 
the weakening process, underlying the proposed combination of conventional drilling with 
thermal assistance. Further, the compressive strengths, measured during the second cut-
ting regime, are in good agreement with previous work. Although some deviations of the 
results have been found, especially when testing hard granite rock, the mean values show 
clear trends that allow us to investigate the main drilling performance parameters. Thus, we 
evaluate the potential improvements of the proposed approach against conventional, i.e., 
mechanical drilling, by comparing rock removal and tool wear parameters during the test-
ing of untreated and post-thermal-treatment rocks. We conclude that thermal treatment 
of rocks causes extensive thermally induced cracks in the rocks, which can significantly 
enhance the penetration performance (by up to one order of magnitude in granite) of the 
cutting tool, thereby reducing the mechanical effort required to remove rocks. Concerning 
the sandstone, the advantage of using the new CTMD method is mainly centered around 
a potential reduction in the drill bit wear rate. Therefore, the proposed approach, which 
provides thermal assistance to conventional drilling, is of interest particularly for access-
ing deep geological resources in hard, crystalline formations, with potential for significantly 
reducing the overall costs when drilling such rocks. Finally, we acknowledge that more 
research is required on improving the test procedures for hard rocks, such as granites, for 
example by increasing the load on the cutting tool, thereby reducing result uncertainties.
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