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a b s t r a c t

High rock temperatures and complex engineering environments are the most significant problems in 
enhancing the rate of penetration (ROP) and drilling tool efficiency for hot dry rocks (HDR). Studying the 
failure characteristics of different thermal-treated granites by PDC cutters during percussive drilling has 
profound significance  in enhancing the compatibility between drilling teeth and rock during HDR 
mining and optimizing the drilling toolʼs efficiency in breaking rocks. Through drillability tests and SHPB 
tests, the present study explored the relationship between drillability and the dynamic behavior of 
granites. In addition, granites with different heating temperatures and cooling methods were subjected 
to dynamic rock-breaking tests by the SHPB system installed with the PDC cutter. Furthermore, the 
impact crater was quantified by 3D contour scanning technology, and the fractal theory was utilized to 
analyze the fragments. Then, the equations for the dynamic magnification  factor of intrusion, fractal 
dimension, and specific rock-breaking energy of granite upon impact loading are discussed. According to 
the results, the impact crater size is closely associated with the heating temperature of the rock. Heating 
and rapid cooling treatments will affect the thermal shock damage and strength of rock, and then 
change the penetration depth, damage volume, and area of impact craters generated from the PDC 
cutter. The granite at 600 ◦C exhibits about 45% smaller fragment size than that at room temperature, 
while the damage degree of the liquid nitrogen-cooled specimen will be greater. According to the 
variation of dynamic magnification factor, fractal dimension, and specific rock-breaking energy of rock 
with thermal shock damage, it can be found that with the temperature increasing, the problems drilling 
tools need to solve gradually shift from increasing ROP to improving cleaning efficiency. The experi
mental results are expectedly to lay the ground for high compatibility between drilling tools and for
mation in HDR.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Hot dry rock (HDR), a clean, renewable, and safe resource, is the 
main direction of geothermal energy development (Brodsky and 
Lajoie, 2013; Yang et al., 2021). HDR usually refers to the high- 

temperature rock mass (mainly granite and gneiss) without wa
ter or steam in the deep strata (3–10 km), whose temperature 
scope is primarily between 150 and 500 ◦C (Breede et al., 2013). At 
present, the development and utilization of HDR mainly involve 
the establishment of the Enhanced Geothermal System (EGS), 
which can realize the conversion of geothermal energy by bringing 
heat back to the ground surface through water injection after 
drilling (Qiu et al., 2024). Percussive drilling technology is widely 
used in EGS to ensure that production wells are accurately drilled 
into hydraulically fractured fractures (Song et al., 2023). During 
percussive drilling operations, the dynamic load created by the 
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percussion tool, the cutting force from polycrystalline diamond 
compact (PDC) teeth, and the change in rock mechanical proper
ties under heating and cooling treatments all affect the rock- 
breaking performance of the drill bit (Xiao et al., 2022). None
theless, the destructive effects of drilling bits under varying 
environmental conditions have not been systematically and 
quantitatively assessed, resulting in poor compatibility between 
the formation and impact tools, which seriously affects the tool 
and bit life (Yang et al., 2024). Hence, the research on failure 
characteristics of different thermal-treated granites by PDC cutters 
during percussive drilling has profound significance in enhancing 
the compatibility between drilling teeth and rock in the HDR 
mining process and optimizing the drilling toolʼs efficiency in rock 
breaking.

Great hardness, high abrasiveness, and poor drillability of rock 
in HDR are the main reasons that restrict the rate of penetration 
(ROP), along with the drilling expenditure reduction (Rossi et al., 
2020). As the drilling depth increases, the rock temperature in 
HDR rises, and the corresponding drilling difficulty  and cost in
crease (Niu et al., 2025). Therefore, low-temperature drilling fluids 
have begun to be widely used to assist drilling tools in breaking 
rocks to improve drilling efficiency (Xue et al., 2024). The previous 
studies on the effects of high temperature and rapid cooling on the 
physical (Wu et al., 2019a; Li et al., 2024) and mechanical (Fan 
et al., 2018; Shao et al., 2020; Li et al., 2025; Wang et al., 2025) 
behavior of granite mainly focus on changes of the rock itself, 
without considering the interplay between the PDC cutter and the 
rock, a key factor that enhances the rock-breaking performance.

Additionally, one effective way of enhancing the speed and per
formance of HDR drilling is to apply percussive drilling tools, which 
generate dynamic loads through the reciprocating motion of the 
hammer to assist in breaking rocks (Li et al., 2021). Under the dy
namic loading, the PDC cutter impacts and cuts the rock, thereby 
achieving rock fragmentation. Based on the transmission of stress 
waves under dynamic loading and the rotational cutting effects of 
PDC cutters, extensive theoretical assessments and laboratory tests 
have been conducted in recent years (Xi et al., 2023b; Chen et al., 
2021; Dai et al., 2023). Through a series of indices like the cutting 
force, rock failure mode, and mechanical specific  energy (MSE), 
detailed studies on the destructive properties of rocks at room 
temperature have been conducted (Dai et al., 2021; Zhu et al., 2022; 
Xiong et al., 2023). The research on high temperature rock has 
gradually increased in recent years, but these related experiments 
(Song et al., 2024; Shi et al., 2025) or simulations (Zhu and Dan, 2019; 
Song et al., 2021) do not combine the impact load with the action of 
high temperature rock to discuss. In general, prior studies has not 
highlighted the influence of impact load on the rock-breaking pro
cess of drill teeth, and has not yet explored the drilling bit-rock ef
ficiency in breaking high-temperature rock upon impact loading.

However, despite the thorough investigations into the associ
ation of cutting depth with fragmentation characteristics, prior 
studies primarily focused on rocks at room temperature rather 
than exploring the drilling bit-rock efficiency  in breaking high- 
temperature rock upon impact loading.

Summarizing the extensive research above, improving the 
drilling efficiency of HDR faces multiple obstacles, which can be 
categorized under the following two dimensions: (1) Considering 
factors such as establishment of the relationship between PDC 
cutters and rock as well as thermal and cooling treatments of rocks 
are complex, the cost of designing experimental research is rela
tively high. (2) Quantitative assessment of failure pattern and 
fragment size of PDC teeth on the rock under different conditions 
requires advanced equipment to support. Thus, further exploration 
into the rock-breaking effect of PDC teeth on the high-temperature 
granite is necessary.

Through the drillability test and SHPB test, the present study 
explored the relationship between drillability and the dynamic 
behavior of granites, integrating experiments with engineering 
applications. In addition, dynamic rock-breaking tests on granites 
with different heating and cooling methods were performed by the 
SHPB system installed with the PDC cutter, and the results were 
compared. Furthermore, the impact craters were quantified by 3D 
contour scanning technology, and the fragments were analyzed 
according to the fractal theory. Then, the energy conversion and 
rock-breaking performance under different conditions were dis
cussed. The experimental results are expectedly to lay the ground 
for high compatibility between formation and drilling tools in HDR.

2. Experimental setup

2.1. Specimen preparation

Fine-grained granite of natural outcrops in Yueyang, Hunan, 
China, was studied. As shown in Fig. 1, the entire rock block was 
cored into standard rock specimens, which were processed ac
cording to the recommended rock dynamics testing procedure to 
meet the stress uniformity hypothesis (Dai et al., 2010; Zhou et al., 
2012). According to the specimen size for rock mechanics tests 
specified by the International Society for Rock Mechanics (ISRM), 
each granite specimen has a height and diameter of 25 and 50 mm, 
respectively. The two specimen ends were delicately ground, so 
the surface flatness was controlled within 0.05 mm.

As a plutonic magmatic rock, the difference in mineral content 
will further affect its mechanical and physical traits. Besides, the 
varying adaptability of different mineral components to temper
ature and the external environment also needs to be considered 
(Cowie and Walton, 2018). The mineral content of the rock was 
analyzed based on the X-ray diffraction (XRD) test. The results 
demonstrated that the mineral composition of granite is evenly 
distributed, as displayed in Fig. 2. The contents of quartz (28.2%) 
and K-feldspar (27.4%) predominate. Conversely, the clay minerals 
(4.9%) exhibit the lowest content.

2.2. Heating and cooling treatment

As a vital geothermal resource, the temperature of HDR can usu
ally reach 150 to 500 ◦C (Wu et al., 2019b). Therefore, the study fo
cuses on the mechanical behavior of thermal-treated granite in a 
200–600 ◦C temperature range. Target temperatures of 200, 300, 400, 
500, and 600 ◦C were designed every 100 ◦C, with the control room 
temperature being 25 ◦C. Fig. 3 shows graniteʼs thermal and cooling 
treatments, in which the former is carried out in the heating furnace, 
and the latter in the container with different cooling mediums.

For every target temperature and cooling method, we prepared 
three specimens. To avoid thermal shock during rapid heating, the 
heating rate was set to 2.5 ◦C/min (Xi et al., 2024). Each specimen 
was heated to the corresponding target temperature for 180 min 
for a uniform internal temperature distribution (Yin et al., 2019). 
Subsequently, the specimens were taken out of the furnace for 
instant cooling using three techniques (water, liquid nitrogen 
(LN2), and natural cooling). Water cooling and LN2 cooling are 
carried out in the container. Water and liquid nitrogen were 
replenished in time so that the specimens were completely 
immersed during the cooling process. All conditions were 
considered identical except for the temperature and state of the 
three media. The cooling time is set to 60 min to ensure it is 
thoroughly cooled. Finally, all the specimens after cooling treat
ments were subjected to 24 h of drying in a 105 ◦C furnace to 
mitigate the influence  of rock moisture content over the subse
quent experiments.
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Fig. 4 shows the experimental design for studying the proper
ties of thermal-treated granite and the interaction between the 
PDC cutter and high-temperature rock. In HDR drilling, the rock 

must withstand high temperature and rapid cooling, and the joint 
influences  of drill tooth cutting and impact loading (Dai et al., 
2022). Therefore, the present work designed drillability and 
Split-Hopkinson Pressure Bar (SHPB) compression tests to deter
mine graniteʼs physical and mechanical behavior under different 
conditions. Then, the penetration characteristic, fragment traits, 
and energy consumption of granite were investigated through the 
Bit-SHPB test to improve the compatibility between high- 
temperature rock and drilling tools in HDR drilling.

2.3. Experimental process

2.3.1. Rock drillability test
In percussive drilling engineering, the rock-breaking efficiency 

is influenced by factors like formation lithology, formation envi
ronment, drilling parameters, and bit structure (Hu et al., 2021). 
Drillability usually acts as a measure for assessing the influence of 
intrinsic rock properties on the rock-breaking efficiency. Rock 
drillability value, which eliminates the effects of bit structure and 
drilling parameters on the rock-breaking efficiency  in practical 
engineering, is a comprehensive index reflecting  the drillability 
characteristics of rock specimens (Han et al., 2020; Huang et al., 
2020). Therefore, drillability tests were conducted on thermal- 
treated granite specimens under different cooling treatments.
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Φ = 50 mm 

h = 25 m
m

Cutting Cutting

Machining

Polishing

Fig. 1. The process of sampling and processing granite cores.
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The test carried out by the drillability tester shown in Fig. 5
stringently follows the petroleum industry standards of Rock 
Drillability Measurement and its Classification (SYT5426–2016, 
2016). The standard rock specimens fixed by the hand wheel and 
hand pump are tested on the equipment. Through rotational rock 
cutting by a PDC cutter under torque action and bit pressure, the 
times consumed for cutting an identical depth of 2.7 mm are 
recorded (Mao et al., 2018). The applied weight on bit (WOB) in the 

drilling process was 500 ± 10 N, while the revolutions per minute 
(RPM) was 55 ± 1 r/min.

2.3.2. SHPB test and PDC cutter system
A dynamic compression test is conducted with the SHPB 

apparatus, comprising a gas gun, spindle-shaped striker bar, speed 
sensor, incident bar, transmission bar, and absorbing bar, as dis
played in Fig. 6(a). Each bar and rock specimen is 50 mm in 

Granite containing complex environmental thermal damage in HDR

25/200/300/400/500/600 °C heating Natural/Water/LN2 cooling treatment

For 1 h2.5 °C/min

Properties of granite Impact characteristics of
PDC cutter on granite

Drillability test SHPB test

Bit-SHPB test

Drillability
value

Impact
craters

Impact
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Dynamic
strength
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Fig. 4. Experimental design.
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Fig. 5. Rock drillability testing equipment.
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diameter. The striker, incident, and transmission bars are all made 
of high-strength alloy steel with a density of 7850 kg/m3 and a 
Youngʼs modulus of 210 GPa. The lengths of the 3 bars are sepa
rately 400, 2500, and 2500 mm. During the test, the free end of the 
incident bar is impacted with the striker bar to produce a stress 
wave that propagates through the bar. After transmission, the 
stress wave is reflected at the incident bar-specimen-transmission 
bar interface. The strain gauge on the incident bar records the 
incident (In.) & reflected (Re.) signals, and the one on the trans
mission bar records the transmitted (Tr.) signal.

The PDC cutter auxiliary device used for the SHPB test is 
designed, as shown in Fig. 6(b), to study the rock fragmentation 
efficiency under impact loads. A PDC cutter auxiliary device for the 
SHPB testing system was designed (Xi et al., 2025). The apparatus 
comprises a metal sleeve, replacement heads with varying back 
rake angles, and a PDC cutter. The metal sleeve is arranged on the 
right side of the incident bar that impacted specimens, and various 
replacement heads could be fixed at the right end of the metal 
sleeve. A replacement head with a back rake angle of 20◦ is fixed to 
obtain a more obvious impact effect in the study (Liu et al., 2021). 
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The angle between the upper surface of the PDC tooth and the 
impact direction was kept at 20◦. The PDC cutter is fixed on the 
replacement head by bolts to avoid detachment in the test process. 
For easier obtainment of impact fragments without considering 
the circumferential pressure, the specimens are wrapped using a 
rubber sleeve in the test. The diameters of specimens and 
replacement heads are identical (50 mm). A 16 mm-diameter PDC 
tooth with a height of 13 mm is installed at the replacement head. 
After installing the metal sleeve on the incident bar, the centers of 
the metal sleeve, incident bar, replacement head, PDC cutter, 
specimen, and transmission bar are aligned on the same horizontal 
line.

The SHPB dynamic compression and Bit-SHPB tests are carried 
out on thermal-treated granite using the devices presented in 
Fig. 6. For quantitative assessment of the effect of impact loading 
on the HDR drilling efficiency, the influences of various tempera
tures and cooling treatments on the compression failure charac
teristics and rock-breaking volume are analyzed. Since percussion 
tools usually have critical impact velocities in the range of 4–9 m/s, 
the velocities in the SHPB dynamic compression and Bit-SHPB 
tests were separately set to 8.0 and 6.0 m/s, based on prior 
studies related to loading rate in dynamic impact tests (Li et al., 
2005; Dai et al., 2016). During impact, the strain rate has an 
approximate range between 80 and 120 s− 1.

3. Experimental results

3.1. Drillability value of granite

Drillability value Kd, as a crucial indicator for the difficulty of 
breaking rocks, can be calculated by utilizing the regression model 
of the drilling time of the rock drillability test. The formulas are as 
follows: 

Kd = log2t + Gi (1) 

Gi =2i− 1 − 1 (2) 

where Kd denotes the drillability value. t is the drilling time of the 
rock drillability test. Gi denotes the equivalent conversion level. i is 
the WOB level (in this study, the WOB is level 1, i = 1, G1 = 0).

Every specimen was subjected to the drillability test, which 
tested the upper and lower sides of the rock. Fig. 7 presents the 
statistical outcomes. The ribbon areas in the figure represent the 
calculation drillability value Kd of both the upper and lower sur
faces of the test specimen, whereas the data points indicate the 
average value.

It can be observed that the granite has a Kd value of about 
6.17 at room temperature. With the temperature rise, Kd decreases 
progressively. The decrease rate is slow initially, then gradually 
accelerates as the temperature approaches 300 ◦C. At 600 ◦C, the 
Kd of granite under different cooling treatments is 2.44, 2.34, and 
2.24, respectively, about 60% lower than at room temperature. At 
the same temperature, the Kd of LN2-cooled granite is smaller, 
while its drillability is stronger. Therefore, the drillability ranking 
for the thermal-treated granite cooled by different media is: LN2 
cooling > water cooling > natural cooling.

3.2. Dynamic mechanical properties of granite

In the SHPB dynamic compression test, the air pressure was set 
to 0.25 MPa consistently, and the impact bar was launched from 
the same position each time to ensure that the impact velocity was 
maintained at approximately 8.0 m/s. Fig. 8(a) illustrates the 
typical SHPB stress-time curve recorded during the test. The 

incident, reflected, and transmitted parts in the curve are put 
together for comparison, as displayed in Fig. 8(b). Clearly, the sum 
of the incident wave (In.) and the reflected wave (Re.) is equal to 
the transmitted wave (Tr.), confirming  that the dynamic stress 
equilibrium was achieved. In addition, the dynamic stress equi
librium of all granite specimens has been checked.

3.2.1. The stress-strain curve
According to previous studies and one-dimensional stress wave 

theory (Han et al., 2022; Lou et al., 2024), separate computation of 
the stress σ(t), strain ε(t), and strain rate ֗ε(t) in the SHPB 
compression test is obtained using the following formulas upon 
reaching dynamic stress equilibrium: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

σC(t) =
A0E0(εI + εR + εT)

2AS

εC(t) =
C0
B

∫τ

0
(εI − εR − εT)dt

_εC(t) =
C0
B
(εI − εR − εT)

(3) 

where A0 is the cross-sectional area of the incident and trans
mission bars. AS and B are the cross-sectional area and the thick
ness of the specimen. E0 signifies  the elastic modulus for the 
impact, incident, and transmission bars; C0 denotes the P-wave 
velocity for incident and transmission bars; εI, εR, and εT refer to 
the incident, reflected, and transmitted strains.

Following the SHPB compression test, the dynamic stress-strain 
curves for granite were contrasted by Eq. (3), as depicted in Fig. 9. 
Obviously, the trends of the curves are roughly identical. The peak 
stress of the curves decreases progressively with the rising tem
perature. This is mainly caused by the emergence and develop
ment of internal microcracks in the rock. On the contrary, the peak 
strain of the curve increases with increasing temperature because 
of the rockʼs plasticity enhancement and brittleness weakening. At 
an identical temperature, the variation law of peak stress under 
different cooling methods is natural cooling > water cooling > LN2 
cooling.

3.2.2. Dynamic strength and Youngʼs modulus
The dynamic mechanical properties of granite can be employed 

to reflect the degree of internal damage and the difficulty of rock 
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breaking. The dynamic compressive strength of granite is numer
ically equal to the peak stress. Relevant calculation of Yangʼs 
modulus is shown in Eq. (4) (Fan et al., 2022): 

Es =
σ0:6 − σ0:4
ε0:6 − ε0:4

(4) 

where Es denotes the dynamic Youngʼs modulus. σ0.6 and σ0.4 refer 
to 60% and 40% of peak stress, respectively, then ε0.6 and ε0.4 refer 
to the corresponding strains.

Table 1 details the calculation outcomes, whereas Fig. 10
presents the power function fitting  curves of the two for 
different temperatures. With increasing temperature, the dy
namic compressive strength and Youngʼs modulus of rock show 
a downward trend. The latter fitting  curve exhibits a greater 

secant slope than the former, showing a higher sensitivity of 
Youngʼs modulus to temperature than dynamic compressive 
strength.
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Table 1 
Dynamic properties of thermal-treated granite after various cooling treatments.

Cooling temperatures, ◦C Dynamic strength, MPa Youngʼs modulus, GPa

Natural Water LN2 Natural Water LN2

25 140.50 140.50 140.50 40.69 40.69 40.69
200 141.22 137.67 136.84 38.67 37.98 36.79
300 138.28 134.22 131.21 37.28 35.68 32.56
400 132.87 127.34 123.99 33.87 31.01 28.31
500 125.67 119.04 113.67 27.29 24.09 22.64
600 112.02 104.34 96.72 19.37 15.72 14.16
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Taking natural cooling as an example, the Youngʼs modulus and 
dynamic strength of granite at room temperature (25 ◦C) are 
140.5 MPa and 40.69 GPa, respectively. Upon reaching 600 ◦C, the 
relevant parameters decrease to 112.02 MPa and 19.37 GPa, 
respectively, which are 20.27% and 52.40% lower compared to the 
values at room temperature. It is because as the most abundant 
component in granite, quartz undergoes an α–β phase transition at 
temperatures around 573 ◦C (Fan et al., 2017). At this point, 
anisotropic mineral expansion and differential thermal expansion 
occur between the quartz grains and the rest of the minerals, 
which cause an increase and expansion of the microcracks, 
resulting in a rapid decrease in strength and deformation 
resistance.

Various cooling treatments also influence the graniteʼs dynamic 
properties at the same temperature. The dynamic compressive 
strength and Youngʼs modulus of specimens under natural cooling 
are always the highest, followed by water cooling, and LN2 cooling 
is the lowest. This is mainly caused by the rapid cooling effect, 
which makes the graniteʼs temperature drop faster than that of 
natural cooling. This cold quenching effect significantly  reduces 
the graniteʼs brittleness and increases its plasticity.

3.3. Dynamic strength varies with drillability

Rock strength influences its drillability, affecting the ROP of the 
drilling tool during percussive drilling. To explore the relationship 
between rock strength and drillability, the dynamic strength 
variation with drillability value Kd of the thermal-treated granite 
subjected to various cooling treatments was examined by linear 
fitting, as displayed in Fig. 11.

The dynamic strength of granite is proportional to the drill
ability value Kd. The greater the rock strength, the higher the Kd 
value and the worse the drillability. When the same strength is 
maintained, the drillability of granite under three cooling 

treatments is also different. It can be inferred that strength is not 
the only factor affecting drillability; other factors, such as lithol
ogy, rock temperature, rock environment, and so on, also affect 
drillability.

3.4. Bit-SHPB test results of granite

3.4.1. Typical stress-time curves
Air pressure in the Bit-SHPB test is designed as 0.25 MPa 

consistently, and the striker bar is fired from the identical location 
each time to keep the speed of the incident bar at about 6.0 m/s. 
Fig. 12(a) compares the typical stress-time curves recorded in 
the SHPB and Bit-SHPB tests at 25 ◦C.

It can be observed that the shape of the reflected wave in the 
Bit-SHPB test is not a regular sine wave. Due to the point-to-point 
contact between the specimen and the PDC cutter, the cutting 
force changes continuously during the impact. The peak value of 
the transmitted wave in the Bit-SHPB test is much smaller than 
that in the SHPB test, and the take-off point of the former is slightly 
delayed compared with the latter.

As shown in Fig. 12(b) and (c), due to material impedance dif
ferences between the metal bud, PDC cutter, and granite specimen, 
stress waves undergo both transmission and reflection phenom
ena when passing through the interfaces between the metal bar 
and drill tooth, between the tooth and specimen, and between the 
specimen and metal bar, respectively. This sequentially generates 
reflected waves 1 to 3 and transmitted waves 1 to 3. Throughout 
the entire process, the PDC cutter auxiliary device installed on the 
incident bar is considered part of the same assembly as the bar 
itself during analysis, as both components are made of the same 
alloy material and are seamlessly integrated. This effectively ex
plains why the stress history curves in Bit-SHPB test exhibit 
irregular fluctuations compared to the conventional SHPB test.

The stress-time curves of thermal-treated granite in the Bit- 
SHPB test were calculated. It can be seen from Fig. 12(d–f) that, 
compared with the incident wave, different treatments have a 
greater influence on the reflected and transmitted waves of rock.

3.4.2. Analysis of energy conversion
Energy is absorbed and transformed during rock cutting and 

breakage in the Bit-SHPB test. Analyzing the energy change during 
rock breakage exerts a guiding role in enhancing HDR mining 
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performance and reducing drilling costs in practical engineering (Ji 
et al., 2023).

The first law of thermodynamics holds that energy conversion 
is the fundamental characteristic of rock deformation and failure, 

which are prompted by the key processes of energy accumulation, 
transmission, and dissipation (Xi et al., 2023a). According to the 
one-dimensional elastic wave and energy conservation theories, 
we can obtain the incident, reflected, transmitted, and absorbed 

Fig. 12. Typical stress-time curves for Bit-SHPB test.
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energies during the Bit-SHPB test with Eqs. (5)–(8) (Song et al., 
2022): 

WI(t) = (A0C0=E0)

∫τ

0
σ2

I (t)dt (5) 

WR(t) = (A0C0=E0)

∫τ

0
σ2

R(t)dt (6) 

WT(t) = (A0C0=E0)

∫τ

0
σ2

T(t)dt (7) 

WA(t) =WI(t) − WR(t) − WT(t) (8) 

where WI(t), WR(t), and WT(t) denote the incident, reflected, and 
transmitted energies, respectively. σI(t), σR(t), and σT(t) signify the 
amplitudes of incident, reflected, and transmitted stresses at time 
t, respectively. Absorbed energy WA(t) approximately equal to 
dissipated energy WD(t).

According to the formula above, the corresponding reflected, 
transmitted, and absorbed energies are estimated as described in 
Fig. 13. The energy-time curves under different temperatures and 
cooling methods all exhibit the characteristics of slowly rising first, 
then rapidly rising, and finally reaching a stable value. For different 
energies, there are the following rules.

(I) As the temperature rises, the reflected and transmitted en
ergies of the PDC cutter gradually decrease, while the 
absorbed energy progressively increases during crushing 
granite. When the temperature remains the same, it can be 
found along the dotted line in the figure that the reflected 
and transmitted energies of natural cooling are the highest, 
while their absorbed energy is the lowest. The LN2 cooling 
exhibits the highest absorbed energy and the lowest re
flected and transmitted energies.

(II) Compared with the reflected energy curves, those of trans
mitted and absorbed energies are smoother. It's because the 
contact surface continuously changes during the impact, 
causing the waveform of the reflected wave to change as it 
passes through the PDC cutter and the rock. In addition, the 
correlation among the three energies is: absorbed 
energy > reflected energy > transmitted energy. Table 2 lists 
the calculation results of the three energies.

3.4.3. Morphology characteristics of the impact craters
The impact of the PDC cutter will leave a crater on the rock 

surface similar to the toothʼs shape. By comparing the sizes of 
impact craters, the penetration depth and drilling ability of PDC 
teeth can be quantitatively assessed (Yagiz, 2009). After the Bit- 
SHPB test, the granite specimens were collected and recombined 
along the cracks to compare the degree of damage to the rocks 
caused by the PDC cutter.

To better display the impact craters and cracks, the surface of 
the granite was scanned by 3D scanning technology, as presented 
in Fig. 14. Taking the room temperature granite as an example, the 
PDC cutter impacting will not only leave prominent impact craters 
but also produce tensile cracks that extend along the specimen. At 
the same impact velocity, the impact craters of specimens sub
jected to different temperatures and cooling methods exhibit 
distinct differences. These differences are primarily manifested in 
the size of the impact craters and the direction of crack propaga
tion, although the shape of the impact craters generally remains 
triangular.

To further quantify the changes in the impact crater, the point 
clouds of the impact crater reconstructed using 3D scanning 
technology were calculated, and layered results on the granite 
surface were selected for analysis. The change of the apparent area 
of thermal-treated granite under three cooling methods is shown 
in Fig. 15.

The apparent area value of the impact crater generated by the 
PDC cutter is further counted, as shown in Fig. 15(d). The apparent 
area gradually increases with the increase in temperature, and 
reaches the highest value at 600 ◦C. In the process of temperature 
elevation, the evident area under LN2 cooling is always larger than 
that under the other two methods. At 600 ◦C, the apparent area 
under three cooling methods is 4.12 (natural), 4.33 (water), and 
5.34 (liquid nitrogen) times higher than that at room temperature, 
respectively.

Apart from the apparent area of the impact crater, the PDC 
cutter penetration depth along the impact direction is also an in
dicator for measuring the drill toothʼs performance in breaking 
rocks. A three-dimensional (3D) model of an impact crater is 
reconstructed by 3D scanning technology, as shown in Fig. 16(a). 
Then, Fig. 16(b–d) show the impact crater variations by analyzing 
the reconstruction modelʼs point cloud data. The penetration 
depth of the impact crater varies with the heating temperature 
and cooling treatment of each specimen.

The maximum and average depth of the impact craters 
generated by the PDC cutter were further statistically analyzed, 
as shown in Fig. 16(e). The maximum depth can characterize 
the penetration depth, while the average depth can charac
terize the magnitude of the tangential force exerted on the drill 
tooth. The maximum and average depths of impact craters both 
increase gradually with rising temperature. At the same tem
perature, LN2 cooling treatment results in the most significant 
penetration depth, followed by water cooling, with natural 
cooling being the lowest. The maximum depths at 600 ◦C un
der natural, water, and LN2 cooling are 2.69, 2.90, and 3.09 
times higher compared to the room-temperature values, 
respectively.

Referring to the rock damage caused by projectile penetration 
in dynamics, when the quality, material, and impact velocity of the 
PDC cutter remain unchanged, the factors affecting the apparent 
area and penetration depth of the crater are the traits of the rock 
material itself (Peng et al., 2018). The impact crater exhibits a 
gradually increasing apparent area and penetration depth as the 
heating temperature increases. It's because the temperature rise 
deepens the initial cracks and damage inside the rock, reducing its 
strength. The combined effects of thermal shock and rapid cooling 
progressively enhance the rockʼs plasticity. Besides, the failure 
duration is also prolonged, which would cause more severe 
damage to the rock (Xi et al., 2023a).

4. Discussion

4.1. Analysis of failure characteristics of the impact crater

4.1.1. Comparison between the theoretical and actual volume
When analyzing the 3D reconstruction model of an impact 

crater, it is found that the shape of craters obtained by impacting is 
different under the same speed and back rake angle. As a typical 
brittle rock, granite mainly exhibits brittle failure under the joint 
effects of impact loading and cutting force. However, as the tem
perature rises, the brittleness of granite is gradually reduced, while 
its plasticity is gradually enhanced (Zhang et al., 2016; Li et al., 
2024).

The shape of the impact surface is irregular under the action of 
impact loads, and the difference between the theoretical and the 
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Fig. 13. Different energy-time curves of granite in the Bit-SHPB test.
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actual impact surface is shown in Fig. 17(a). In addition, the char
acteristics of dynamic intrusion in terms of impact volume can be 
mainly divided into the following two aspects: I The kinetic energy 
generated by the initial velocity increases the penetration depth of 
the PDC cutter (dA > dT); II The instantaneous high stress caused by 
the initial velocity leads to rapid crack initiation and propagation, 
thereby increasing the fracture area. As shown in Fig. 17(b), the 
force exerted by the PDC cutter on the rock can be decomposed 
into horizontal (Fx-up and Fx-down) and vertical forces (Fy-up and Fy- 

down). The horizontal force is used to crush the rock and produce 
cracks, while the perpendicular force is used to chip the rock 
fragments and expand the impact volume.

To compare the effects of dynamic impact intrusion with those 
of static intrusion, the theoretical impact area was selected to be 
the same as the actual impact area measured in Fig. 15(d). The area 
can be converted to volume and considered as the theoretical 
impact volume through geometric calculations (details were 
recorded in Appendix A). The tested PDC cutter has a height of 
13 mm, a diameter of 16 mm, and its back rake angle θ is 20◦. The 
calculating formula of theoretical impact volume is shown in Eqs. 
(9)–(11). Appendix B records the detailed formula derivation pro
cess. 

Macroscopic observation

Tensile crack

Impact crater

Cracks extend along
the specimen (25 °C)

3D scanning

200 °C 300 °C 400 °C 500 °C 600 °C

Fig. 14. Apparent observations of impact craters.
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x0 = R − d=cosθ (10) 

x1 = R − d=cosθ + Ltanθ (11) 

where R represents the radius of the PDC cutter. θ and L respec
tively represent its back rake angle and height.

x0 and x1 depend on the penetration depth d, which can be 
calculated using Eqs. (10) and (11).

The theoretical impact volume under various temperatures and 
cooling treatments is calculated using a formula, and the actual 
impact volume can be obtained by 3D scanning technology. Fig. 18
compares the two volumes.

Fig. 18(a) shows the division between the actual and theoretical 
volume of the impact crater under the same impact area. The blue 
part is the calculated theoretical volume, and the black texture part 
is the actual volume. Under room temperature and 200 ◦C condi
tions, the proportion of the two volumes is close; the theoretical 
failure part is destroyed in the impact test. With the temperature 
increase, the overlapping part of the two volumes decreases. Due to 
the increased plasticity of the granite, impact damage and crack 
propagation occur more frequently, resulting in the actual damage 
volume of the rock far exceeding the theoretical one.

Fig. 18(b) displays the calculated values for the impact craterʼs 
theoretical and actual volumes, and an exponential function fits the 

−25 −20 −15 −10 −5 0 5 10 15 20 25
−25

−20

−15

−10

−5

0

5

10

15

20

25
D

is
ta

nc
e,

 m
m

−25

−20

−15

−10

−5

0

5

10

15

20

25

D
is

ta
nc

e,
 m

m

Distance, mm

(a) Natural cooling (b) Water cooling

X

Y

25 °C
200 °C natural cooling
300 °C natural cooling
400 °C natural cooling
500 °C natural cooling
600 °C natural cooling

Natural cooling

−25 −20 −15 −10 −5 0 5 10 15 20 25

Distance, mm

Y

X

Water cooling

25 °C
200 °C water cooling
300 °C water cooling
400 °C water cooling
500 °C water cooling
600 °C water cooling

(c) LN2 cooling (d) Apparent area value

−25

−20

−15

−10

−5

0

5

10

15

20

25

D
is

ta
nc

e,
 m

m

−25 −20 −15 −10 −5 0 5 10 15 20 25

Distance, mm

Y

X

LN2 cooling

0.3

0.6

0.9

1.2

1.5

500 °C

400 °C

300 °C

200 °C

25 °C

600 °C

0.3

0.6

0.9

1.2

1.5

Apparent area, cm2

Temperature, °C

25 °C
200 °C LN2 cooling
300 °C LN2 cooling
400 °C LN2 cooling
500 °C LN2 cooling
600 °C LN2 cooling

Natural cooling

Water cooling
LN2 cooling

Fig. 15. Apparent area of the impact craters under various cooling methods.

H.-Y. Wang, Y. Xi, W. Lian et al. Petroleum Science 23 (2026) 6294–6318

6306



results. Both volumes increase with the temperature elevation, with 
the actual volume increasing faster. When the temperature is the same, 
the two failure volumes are the largest under LN2 cooling, followed by 
water cooling, while the smallest is under natural cooling.

To explore the erosion capability of PDC cutter against thermal- 
treated granite under dynamic loading conditions, thereby 
enhancing the compatibility between drilling tools and formations 
in HDR environment, the dynamic magnification  factor of 
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intrusion βI is defined  to assess the rock failure by drill teeth at 
different temperatures, which can be formulated as: 

βI =
VA
VT

× 100% (12) 

where VA and VT represent the actual volume and theoretical 
volume of the impact crater, respectively.

Fig. 19 shows the effects of various temperatures and cooling 
treatments on the βI value of granite. The logistic regression 
function is used to fit the points in the figure, and the coefficient of 
determination (COD) for fitting curves is above 92.00%, implying 
that the curves can better reflect the change rule.

It can be found in Fig. 19 that under the same cooling treat
ments, the dynamic magnification factor of granite with temper
ature can be divided into three stages.

(I) At this stage (25–200 ◦C), graniteʼs dynamic magnification 
factor βI increases slowly. It can be found that the βI value is 
slightly larger than 1.0 at 25 ◦C, which indicates that the 
actual volume is slightly larger than the theoretical volume. 
The primary way of rock failure after impact loading is 
brittle failure.

(II) At this stage (200–500 ◦C), graniteʼs dynamic magnification 
factor βI increases rapidly. When the temperature rises to 
500 ◦C, the βI value increases by 130% compared to 25 ◦C. 
The increase in the factor indicates that the temperature rise 
will cause a decrease in brittleness and an enhancement in 
plasticity for granite, thus further expanding the gap be
tween the actual impact volume and the theoretical impact 
volume. This is because when the heating temperature is 
low, there are few microcracks and pores in the granite, and 
the fracture mode has high predictability. As the tempera
ture rises, more and more thermal damage and microcracks 
in granite will affect its failure path, resulting in the con
nected parts of cracks in the rock being more prone to 
destruction upon impact loading.

(III) At this stage (above 500 ◦C), graniteʼs dynamic magnifica
tion factor βI tends to be stable. When the temperature 
reaches 600 ◦C, the deterioration of the mechanical prop
erties and the development of internal pores of granite are 
more thorough than in the low temperature period. At this 
point, the growth rate of the βI value slows down 
accordingly.

In addition, the dynamic magnification factor βI exhibits a similar 
upward trend for granite with different cooling methods. At identical 
temperatures, the βI of LN2 cooling is always smaller than that of 
water and natural cooling, suggesting that the damage caused by 
rapid cooling will also affect the transformation of rock brittleness 
and plasticity. To quantitatively evaluate the correlation of the ther
mal shock damage with its dynamic magnification  effect, it is 
necessary to calculate the thermal shock damage DT of granite further.

4.1.2. Influence of thermal damage on the dynamic magnification 
factor

Heating and rapid cooling treatment can cause severe thermal 
shock damage to the granite specimens, reducing the rockʼs me
chanical and physical behavior. Therefore, the influence of internal 
microcracks and pores on granite is quantitatively elaborated by 
introducing the degree of thermal shock damage. In prior research, 
the velocity of P-wave in rock is closely associated with the rockʼs 
damage (Liu et al., 2025). A greater rate of P-wave velocity alter
ation indicates severe rock damage. Hence, the P-wave velocity- 
related thermal damage value DT can be used for evaluating the 
degree of rock damage (Hu et al., 2022), as described in Eq. (13): 

DT =1 −
ρ1c2

1

ρ0c2
0

(13) 

where ρ0 and ρ1 represent the density of rock before and after 
heating. c0 and c1 represent the P-wave velocity of rock before and 
after heating.
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Thermal shock damage is calculated based on graniteʼs density 
and P-wave velocity measurements before and after thermal- 
cooling treatment. Table 3 details the calculation results.

Thermal shock damage value DT reflects the size of the damage 
caused by thermal stress on the rock, which exemplifies  the 

deterioration effect of heating and cooling treatments on the rock. 
Fig. 20 shows the relationship between graniteʼs dynamic magni
fication factor βI and DT. Linear regression analysis has been per
formed on all data points in the figure,  and the corresponding 
confidence  regions and prediction bands were drawn. The 
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dynamic magnification effect equation of granite is shown in Eq. 
(14), and the COD of the fitting  curve exceeds 90.77%, implying 
that the curve can better reflect the change law. 

βI =0:864 + 1:547DT (14) 

where βI denotes the dynamic magnification factor of intrusion of 
granite. The higher the value of βI, the more sensitive the rock is to 
dynamic loads and the more severe the damage. DT represents the 
thermal shock damage of granite.

As shown in the figure,  the dynamic magnification  factor of 
intrusion varies in direct proportion to thermal shock damage. βI 
value approaches 1.0 when thermal damage is minor, and granite 
primarily undergoes brittle fracture. When the thermal damage 
value approaches 1.0, the actual impact volume of granite is 
approximately 2.3 times the theoretical impact volume, at which 
point the failure of rock is gradually transformed into plastic failure.

4.2. Average fragment size and fractal dimension

4.2.1. Distribution regulation of the fragment size
The volume of impact craters generated by the impact load and 

PDC cutter has been comprehensively analyzed, while the damage 
volume after impact is not a whole, but a combination of 

fragments of different sizes, as illustrated in Fig. 21. The size and 
distribution of the rock fragments are different with the changing 
temperature.
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Table 2 
The energy of heated granite after various cooling treatments.

Temperature, 
◦C

Cooling methods Loading rate, s− 1 Incident energy, J Reflected energy, 
J

Transmitted energy, 
J

Absorbed energy, 
J

25 / 67.09 41.74 12.72 0.92 28.10
200 Natural 66.47 41.48 11.39 0.87 29.22

Water 67.89 41.88 10.40 0.86 30.62
LN2 67.56 41.80 9.88 0.86 31.06

300 Natural 67.26 41.77 10.89 0.74 30.14
Water 66.73 41.26 9.52 0.64 31.10
LN2 66.82 41.45 9.08 0.60 31.77

400 Natural 66.64 41.14 9.15 0.59 31.40
Water 66.56 41.81 8.98 0.57 32.26
LN2 67.3 41.25 7.48 0.45 33.32

500 Natural 67.28 41.60 8.97 0.43 32.20
Water 67.34 41.94 7.95 0.37 33.62
LN2 67.26 41.36 7.11 0.35 33.90

600 Natural 66.44 41.09 8.24 0.22 32.63
Water 67.02 40.83 7.02 0.10 33.71
LN2 66.80 41.07 6.38 0.07 34.62

Table 3 
The calculation results of thermal damage DT.

Temperature, 
◦C

Cooling methods Density, g/cm3 P-wave velocity, m/s DT

ρ0 ρ1 c0 c1

25 / 2.628 2.628 4950 4950 0
200 Natural 2.628 2.625 4938 4268 0.254

Water 2.627 2.623 4945 4076 0.322
LN2 2.628 2.622 4950 3906 0.379

300 Natural 2.629 2.620 4950 3702 0.442
Water 2.628 2.617 4950 3460 0.513
LN2 2.628 2.615 4962 3284 0.564

400 Natural 2.628 2.611 4950 2976 0.641
Water 2.628 2.603 4950 2694 0.707
LN2 2.626 2.600 4958 2492 0.749

500 Natural 2.628 2.592 4950 2238 0.798
Water 2.627 2.582 4944 1892 0.856
LN2 2.628 2.577 4950 1663 0.889

600 Natural 2.629 2.559 4938 1219 0.941
Water 2.628 2.549 4950 1072 0.955
LN2 2.628 2.543 4955 858 0.971
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Fig. 20. Variation trend of the dynamic magnification factor βI versus thermal damage 
DT.
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Fig. 21 shows that with the increase in temperature, the 
number of massive coarse fragments decreases, and the number of 
fine  fragments dominated by powder increases. The average 
fragment size of rock specimens can well describe the irregular 
fragment distribution following the impact of thermal-treated 
granite (Yin et al., 2022). Due to the small size of granite debris 
after impact loading, standard sieves varying in aperture (0.2, 0.5, 
1.0, 2.0, 5.0 mm) were used for screening tests, so that the rock 
fragmentation degree could be assessed quantitatively. To better 
elucidate the fragmentation degree, the average size of fragments 
dm is formulated as (Zhao et al., 2023): 

dm =

∑
diMi∑
Mi

(15) 

where di signifies  the average fragment size in standard sieves 
varying in aperture. Mi represents the fragment mass percentage 
corresponding to di.

Fig. 22 shows the average fragment size dm change of heated 
granite under various cooling treatments, and the results are fitted 
by quadratic functions. According to the fitting  results, the dm 
value of the specimen decreases nonlinearly with the increase in 
temperature, and the overall degree of granite fragmentation in
creases progressively. Upon reaching 600 ◦C, the average fragment 
sizes of granite under three cooling treatments are 1.82, 1.72, and 
1.61 mm, respectively, which are more than 45% lower than those 
at room temperature. This shows that high temperature signifi
cantly affects the expansion of internal damage to granite. Notably, 
during the heating process, the dm under natural cooling remains 
maximum, followed by water cooling, while LN2 cooling remains 
minimum. This indicates that rapid cooling increases graniteʼs 
fragmentation degree within a specific  range, with the average 
fragment size affected by heating and cooling treatments.

4.2.2. Fractal dimension analysis of impact fragments
Although the dm value can reflect the average particle size of 

rock fragments, it fails to express the holistic characteristics of 
fragment distribution intuitively. In other words, the weight of the 
fragments represented by the same dm in the sieve may differ, 
reducing the quantification  of the fragment distribution charac
teristics. Recent years have witnessed the broad application of the 
fractal theory in rock mechanics (Li et al., 2022). To facilitate the 
fragmentation characterization of rock impacted by the PDC cutter, 
the distribution features are evaluated by the fractal dimension D. 
Based on the mass-frequency correlation, the distribution equa
tion of the impact fragmentation of rock can be obtained as 
follows: 

M(x)
M(T)

=

(
x

xm

)3− D

(16) 

where M(x) and M(T) separately denote the cumulative fragment 
mass underneath the sieve and the total mass. x represents the 
fragment size, xm signifies  the maximum particle size of frag
ments, and D represents the fractal dimension of the fragment 
distribution.

By simultaneously taking the logarithms on both sides of Eq. 
(16), the simplified formula can be obtained: 
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Fig. 21. Breaking fragments of thermal-treated granite.
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ln[M(x)=M(T)] = (3 − D)ln(x=xm) (17) 

Fig. 23 illustrates the double logarithmic coordinate system for 
thermal-treated granite fragments subjected to varying cooling 
conditions. The positions for each point under three cooling 
methods are relatively consistent with the Rosin Rammler func
tion distribution, suggesting that the distribution of the fragments 
has good statistical self-similarity (Wu et al., 2018). The least 
squares approach accomplished data fitting. The fitted line had a 
slope of (3− D), while the COD for the fitted  line met the re
quirements. According to the calculation of the slope of Fig. 23, we 
can obtain the fractal dimension D, and Table 4 details the calcu
lation outcomes. As the temperature rises, the fitting  line slope 
tends to decrease. In other words, the D value increases, and the 
fragmentation of rocks becomes severe.

Fig. 24 shows the function relationship with the fractal 
dimension D as the function and the thermal shock damage DT as 
the independent variable. The logistic regression model is 
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Fig. 23. lg[M(x)/M(T)]-lg(x/xm) curves of fragmentation distribution.

Table 4 
Results of the fractal dimension D.

Temperature, 
◦C

Cooling methods Average fragment size dm, mm Fractal dimension D Correlation coefficient R2

25 / 3.484 2.341 91.764%
200 Natural 3.195 2.387 93.802%

Water 3.071 2.390 96.298%
LN2 2.896 2.393 96.509%

300 Natural 3.011 2.425 96.445%
Water 2.735 2.468 96.849%
LN2 2.653 2.558 98.226%

400 Natural 2.832 2.561 94.217%
Water 2.603 2.587 96.294%
LN2 2.319 2.598 98.512%

500 Natural 2.536 2.661 92.649%
Water 2.341 2.640 97.721%
LN2 2.151 2.629 99.63%

600 Natural 1.816 2.685 98.037%
Water 1.720 2.652 98.505%
LN2 1.614 2.655 98.733%
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employed to fit  all points in the figure,  then plot the 95% confi
dence region and prediction band. The fractal dimension calcula
tion equation of granite is shown in Eq. (18), and the COD for fitting 
the curve is above 96%, implying that the curve can better reflect 
the change rule. 

D=2:69 −
1

3:003 + 36:352 × D4:45
T

(18) 

where D denotes the fractal dimension of thermal-treated granite. 
A greater value of D indicates severe damage to granite and a 
higher complexity of fragment components. DT represents the 
thermal shock damage of granite.

The results in Fig. 24 show that with the progressive intensi
fication of thermal shock damage DT inside the granite, the fractal 
dimension D of granite fragments under the PDC cutter impact 
also shows a gradual increase. According to the fitting  curve 
properties, when the DT of granite is between 0 and 0.4, the D of 
impact fragments increases slowly, only about 2.42% higher than 
that of the room-temperature granite. When the granite DT value is 
between 0.4 and 0.8, the D of impact fragments increases rapidly. 
When the value of DT is equal to 0.8, the D of impact fragments is 
approximately 11.56% higher than the room-temperature value. 
When the DT is close to 1.0, the D value increase rate tends to be 
gentle.

This change rule is because when the thermal shock damage of 
granite specimens is low, the internal pores and microcracks are 
fewer, and the damage degree is lighter under the PDC cutter 
impact. In addition, the granite strength changes insignificantly 
when the temperature is lower; thus, the fractal dimensionʼs 
growth rate is slow. When the thermal shock damage is high, the 
internal microcracks and pores are more interconnected to form 
the failure path, along which the rock is more easily destroyed, 
causing a slower growth rate of the fractal dimension. When the 
temperature is at the middle level, the thermal shock damage 
inside the granite begins to increase, but it has not been connected. 
Therefore, there are many possibilities for the final failure path and 
mode, so the growth rate of the fractal dimension of the rock is 
relatively rapid.

4.3. Analysis of energy conversion in Bit-SHPB test

4.3.1. Energy transfer efficiency
When using percussive drilling tools for rock breaking, 

increasing the speed helps enhance the rock-breaking efficiency, 
despite the accelerated wear of key components and shortened 
service life of the percussive drilling tool (Wei et al., 2022). Simi
larly, during the drilling in HDR, wearing of the PDC teeth occurs 
when the teeth interact with the high-temperature rock. The PDC 
teeth wear is diverse under different temperatures and cooling 
treatments.

When the impact speed remains unchanged, we can judge the 
PDC cutter wear using the energy conversion efficiency η during 
the drill teeth–rock interaction. A greater η value indicates a lower 
degree of cutter wear and a longer lifespan of the percussive 
drilling tool (Ma et al., 2023). Therefore, thoroughly considering 
the rock η value during breakage is required when studying the 
compatibility of the percussive drilling tool, bit tooth, and for
mation rock. The calculation formula is as follows: 

η=
WA(t)
WI(t)

× 100% (19) 

where WA(t) and WI(t) represent the rockʼs absorbed and incident 
energies at time t, respectively.

Fig. 25 shows the change in energy transfer efficiency  of 
thermal-treated granite cooled with various media, where the left 
and right ordinate axes separately denote the final  value of 
absorbed energy and the energy transfer efficiency η. The logistic 
regression model was used to fit  all points. The results demon
strate that the changing trend of the energy transfer efficiency 
under impact loading with temperature is similar to the final value 
of absorbed energy, which increases slowly first, then rapidly, and 
finally  tends to be gentle. The η of rock at 600 ◦C is about 16% 
higher when compared with the room-temperature value. The 
reason is that the increase in temperature makes the rock impact 
volume by the PDC cutter larger, and the fragments are broken into 
smaller fragments, so more energy must be absorbed.

For granite under various cooling treatments, the change law of 
energy transfer efficiency  η of granite is: LN2 cooling > water 
cooling > natural cooling at the same temperature. It can be 
concluded that the rapid cooling treatment has a specific effect on 
the PDC cutter service life during the rock breakage. The main 
principle is to reduce the rock strength using water or low- 
temperature drilling fluid;  thus, the rock is more likely to be 
thoroughly destroyed. Finally, the smaller fragments produced by 
the PDC cutter are also easily separated from the drilling bit and 
discharged from the bottom hole, which is beneficial for cleaning 
the wellbore.

4.3.2. Rock-breaking specific energy
To further analyze the effect of the energy generated by the PDC 

cutter under impact load, in addition to the impact crater pa
rameters and energy transfer efficiency measured above, the rock- 
breaking specific energy δ under the action of drill teeth should be 
calculated as the evaluation standard for rock-breaking perfor
mance of various PDC teeth (Xiong et al., 2023). The calculation 
formula is as follows: 

δ=
WA(t)

VA
(20) 

where WA(t) represents the absorbed energy of the rock at time t. 
This energy contains the energy consumed by the generation of 
impact craters and crack propagation. VA signifies  the volume of 
the impact crater and extended macro-cracks. As the volume of the 
crack is difficult  to determine, it does not distinguish between 
these two volumes in the research, both of which are regarded as 
the volume of the impact crater.
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Based on Eq. (20), the rock-breaking specific  energy under 
impact loading is estimated, and the outcomes are fitted by 
exponential functions, as illustrated in Fig. 26. According to the 
results, as the temperature rises, the δ value for the granite tends to 
decrease nonlinearly, that is, the energy consumed for damaging 
the same volume is lowered. At a 600 ◦C temperature, the δ of 
granite cooled with three media is 0.062, 0.059, and 0.056 J/mm3, 
respectively, which is more than 80% lower than the room tem
perature. This indicates a prominent influence of high temperature 
on the degree of damage to granite specimens. The energy absor
bed by crushed granite increases when the temperature rises, but 
the impact volume increases faster, and thus the rock-breaking 
specific  energy decreases. It is worth noting that during the 
heating process, the δ value of rock under natural cooling is always 
the highest, followed by water cooling, while the lowest is under 
LN2 cooling. This indicates that rapid cooling increases graniteʼs 
impact volume within a specific range, and the δ value of granite is 
affected by both temperature and cooling methods.

Fig. 27 shows a functional relationship with normalized rock- 
breaking specific  energy δN as the function and the thermal 
shock damage DT as an independent variable. All points are fitted 
by the power function in the figure, and the corresponding con
fidence regions and prediction bands were drawn. The definition 

of normalized rock-breaking specific energy and the fitting equa
tion can be seen in Eqs. (21) and (22), respectively. And the COD for 
fitting the curve is above 98.00%, implying the ability of the curve 
to reflect the change law better. 

δN =
δ
δ0

(21) 

δN =1:019 × (1 + DT)
− 2:826 (22) 

where δ represents the rock-breaking specific  energy of granite, 
with a greater value indicating the necessity of more energy ab
sorption by the same breaking volume of granite; δN denotes the 
normalized δ value of granite; δ0 represents the δ value of granite 
at room temperature; DT indicates the thermal shock damage of 
granite.

The figure shows that as the thermal shock damage gradually 
increases, the specific  energy of granite under the PDC cutter 
impact is slowly reduced. Based on the fitting curve properties, as 
the DT increases, the granite δN value gradually shifts from rapid to 
slow decline. At thermal shock damages less than 0.4, the δN is 
reduced by about 60% compared with the rock at room tempera
ture. When the DT is between 0.4 and 1.0, the δN of granite shows 
slow reduction.

This change rule is because thermal shock damage is an 
important indicator that affects the strength of granite. When the 
granite has low thermal shock damage, the volume of damage 
under the impact of the PDC cutter is small, and the rate of increase 
in impact volume with temperature is also low. At this time, the 
change rate of granite absorbed energy with temperature is higher 
than that of volume, leading to a faster growth rate of the δ value. 
When the granite has high thermal shock damage, its strength 
decreases drastically, while the impact volume of the PDC cutter 
increases rapidly. At this time, the change rate of granite absorbed 
energy with temperature is lower than that of volume, so the 
growth rate of δ progressively slows down.

5. Conclusions

A dynamic rock-breaking test is undertaken on granites treated 
at varying heating temperatures (200, 300, 400, 500, 600 ◦C) and 
by varying cooling techniques (natural cooling, water cooling, LN2 
cooling) with the utilization of the SHPB system installed with the 
PDC cutter. The dynamic compressive strength and drillability of 
granites with various heating and cooling treatments are calcu
lated, the impact crater volume and depth after penetration are 
analyzed, the energy evolution of thermal-treated granite 
impacted by PDC cutter is discussed, and the variation of dynamic 
magnification  factor, fractal dimension & rock-breaking specific 
energy of granite with thermal damage under impact load is 
revealed. The main conclusions are as follows.

(1) The mechanical behavior of granite after heating and cool
ing treatments is studied. According to the drillability test 
results, with temperature rising, the drillability value Kd of 
granite is reduced when the drillability increases. According 
to the SHPB test results, the Youngʼs modulus and the dy
namic compressive strength of granite are reduced as the 
temperature rises. Besides, the granite drillability is 
decreased gradually as its strength is enhanced. The reduc
tion rate of graniteʼs drillability under natural cooling is the 
fastest (12.43%), trailed by water cooling (10.56%) and LN2 
cooling (9.17%).

(2) The impact crater parameters for granites are quantitatively 
examined by 3D reconstruction. With the ongoing elevation 
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of heating temperature, the penetration depth L, damage 
volume V, and damage area S of impact craters generated by 
the PDC cutter all exhibit continuous increases. According to 
the derived dynamic magnification  effect equation of 
granite, the dynamic magnification factor of intrusion βI is 
proportional to the thermal shock damage DT. By the joint 
effects of high temperature and rapid cooling, the PDC 
cutter–rock interaction force will decrease, and the drilling 
time will be prolonged.

(3) The size of the fragments obtained during the impact of the 
PDC cutter on granite is statistically calculated. The average 
fragment size dm for rock is nonlinearly reduced with the 
elevation in heating temperature. The granite fragment size 
at 600 ◦C is about 45% smaller than the room-temperature 
value, and the damage degree of the LN2-cooled specimen 
will be greater. Based on the derived fractal dimension D 
calculation equation of granite, the D value progressively 
increases as the thermal shock damage DT increases.

(4) The energy conversion and rock-breaking efficiencies during 
the Bit-SHPB test are discussed. In the impact process, both 
absorbed energy and energy conversion efficiency of granite 
increase as the temperature rises, which means that the 
corresponding fragments are broken into smaller debris. 
According to the derived normalized rock-breaking specific 
energy equation of granite, the rock-breaking specific  en
ergy δ is gradually reduced as the thermal shock damage DT 
increases, indicating that the problems drilling tools need to 
solve gradually shift from increasing ROP to improving 
cleaning efficiency.
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Appendix A

In case the back rake angle of the PDC cutter exceeds 0◦, the 
calculation of the rock theoretical impact area ST is achievable by 
geometric analysis, as displayed in Fig. A. The area can be obtained 
by calculus.

When the PDC cutter contacts granite, the calculation can be 
carried out according to Fig. A. The yellow line in the figure is the 
graphic infinitesimal unit Δx. The integral length at a location x 
apart from the top circle center can be formulated as: 

s = 2R

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
x2

(R=sinθ)2

√

(A-1) 

According to the above formula, the theoretical impact area of 
rock can be expressed as: 

ST =

∫R

x0=sinθ
2R

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
x2

(R=sinθ)2

√

dx (A-2) 

Besides, there is a conversion correlation of the x0 value with 
the penetration depth d as follows: 

x0 = R −
d

cosθ
(A-3) 

Through integral transformations, the outcomes can be 
formulated as: 

ST =
πR2

2sinθ
−

R2

sinθ
arcsin

(x0
R

)
−

x0
sinθ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2Ry0(1 − y0)

√
(A-4) 

Appendix B

In case the back rake angle of the PDC cutter exceeds 0◦, 
calculation of rock theoretical impact volume VT is achievable by 
geometric analysis, as displayed in Fig. B. Clearly, the volume can 
be obtained by calculus.

① When the PDC cutter contacts granite, the penetration 
depth d is small, and the calculation diagram can be carried 
out according to Fig. B(a). The yellow line in the figure is the 
graphic infinitesimal unit Δx. The integral length at a loca
tion x apart from the top circle center can be formulated as:

s=2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − x2

√
(B-1) 

According to the geometric correlation, the corresponding in
tegral height h at a location x apart from the center of the PDC 
cutter top surface can be formulated as: 

h = (x − x0)cotθ (B-2) 
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Fig. A. The calculation of the theoretical impact area ST.
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where θ signifies the back rake angle for the PDC cutter, x0 denotes 
the distance from the top circle center to the edge when the PDC 
cutter penetrates the granite.

Besides, there is a conversion correlation of the x0 value with 
the penetration depth d as follows: 

x0 = R −
d

cosθ
(B-3) 

According to the above formula, the theoretical impact volume 
of rock can be expressed as: 

VPlastic =

∫R

x0

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − x2

√
(x − x0)cotθdx (B-4) 

Through integral transformations, the outcomes can be 
formulated as: 

VPlastic =
2
3

(
R2 − x2

0

)3
2cotθ + x0R2cotθarcsin

x0
R

+ x2
0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 − x2
0

√

cotθ −
π
2

x0R2cotθ (B-5) 

② When the PDC cutter penetration depth d increases 
continuously to reach the critical value, the calculation di
agram can be carried out according to Fig. B(b). At this time, 
there is a conversion correlation of d with the PDC cutter 
height L as follows:

d = Lsinθ (B-6) 

According to the size of the PDC cutter, the penetration depth 
d at this time is 4.446 mm.

③ When the penetration depth d exceeds the critical value and 
continues to increase, the calculation diagram can be per
formed according to Fig. B(c). At this time, the value of the 

impact volume is the difference between the two parts of 
the volume. The yellow and blue lines in the figure indicate 
the graphic infinitesimal units Δx and Δx', respectively. The 
integral length at a location x apart from the top circle center 
can be obtained by Eq. (B-1). Similarly, the integral length s' 
at x' from the bottom circle center can be formulated as 
shown below:

s�=2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 − x�2

√

(B-7) 

Meanwhile, the corresponding integral height h at a location x 
apart from the center of the PDC cutter top surface can be calcu
lated according to Eq. (B-2). The integral height h' at the distance x' 
from the center of the bottom surface can be calculated according 
to the geometric relationship as follows: 

hʹ = (xʹ − x1)cotθ (B-8) 

where θ is the back rake angle of the PDC cutter. x1 is the distance 
between the center of the bottom circle and the edge when the 
PDC cutter penetrates the rock.

Moreover, there is a conversion relationship between the value 
of x1 and the value of d as follows: 

x1 = R −
d

cosθ
+ Ltanθ (B-9) 

According to the above formula, the theoretical impact volume 
of rock can be expressed as: 

VPlastic =

∫R

x0

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R2 − x2

√
(x − x0)cotθdx

−

∫R

x1

2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 − x�2

√

(x �− x1)cotθdx� (B-10) 

Through integral transformations, the final  results can be 
formulated as: 

VPlastic =
2
3

(
R2 − x2

0

)3
2cotθ + x0R2cotθ arcsin

x0
R

+ x2
0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 − x2
0

√

cotθ −
π
2

x0R2cotθ−

2
3

(
R2 − x2

1

)3
2cotθ − x1R2cotθarcsin

x1
R

− x2
1

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

R2 − x2
1

√

cotθ +
π
2

x1R2cotθ

(B-11) 
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