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a b s t r a c t

The oil and gas stored in deep and ultra-deep carbonate reservoirs is the focus of future exploration and
development. Conical PDC (Polycrystalline Diamond Compact) cutter, which is a new kind of PDC cutter,
can significantly improve the rate of penetration (ROP) and extend PDC bit life in hard and abrasive
formations. However, the breakage characteristics and failure mode of the conical PDC cutter cutting
carbonate rock is still masked. In this paper, a series of single-cutter cutting tests were carried out with
the conical and conventional PDC cutters. The cutting force, rock-breaking process, surface morphology
of cutting grooves and cuttings characteristic were analyzed. Based on the derived formula of the brittle
fracture index, the failure model of carbonate rock was quantitatively analyzed under the action of
conical and conventional cutter. The results show that the average cutting force of the conical cutter is
less than that of the conventional cutter, which means greater stability of the cutting process using the
conical cutter. Carbonate rock with calcite as the main component tends to generate blocky rock debris
by conical cutter. The height of the cuttings generated by the conical cutter is 0.5 mm higher than that
generated by the conventional cutter. The conical cutter exhibits enhanced penetration capabilities
within carbonate rock. The accumulation of rock debris in front of the conventional cutter is obvious.
Whereas, the conical cutter facilitates the cuttings transport, thereby alleviating drilling stickiness slip. At
different cutting depths, the conical cutter consistently causes asymmetric jagged brittle tensile fracture
zones on both sides of the cutting groove. Calculations based on the brittle fracture index demonstrate
that the brittle fracture index of the conical cutter generally doubles that of the conventional cutter. For
carbonate rock, the conical cutter displays superior utilization of brittle fracture abilities. The research
findings of this work offer insights into the breakage process and failure mode of carbonate rock by the
conical cutter.
© 2024 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Deep and ultra-deep carbonate reservoirs hold a considerably
important position in oil and gas exploration and exploitation
(Zhao et al., 2014). More than 70% of oil and gas resources are stored
in the carbonate formations. Nearly 50% of proven recoverable oil
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and gas resources are stored in deep and ultra-deep carbonate
formationsworldwide (Al-Shargabi et al., 2023), which is a key field
for future exploration and development.

In China, marine carbonates are widely distributed and rich in
oil and gas resources (Jin et al., 2018). However, these carbonate
formations in China are concentrated at depths ranging from 5000
to 7000 m (Ma et al., 2017). These formations consist of challenging
rocks that are hard, and poorly drillable, resulting in a low rate of
penetration (ROP) and prolonged operating cycles (Zeng et al.,
2023). Consequently, there is an urgent need to develop the high
efficiency drill bit for carbonate rock drilling well.
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PDC bits are the most widely used in oil fields around the world
due to their high drilling efficiency (Rostamsowlat et al., 2022).
More than 75% of drill bits footage for oil and gas well are
completed with PDC bits in the world (Liu et al., 2024). Conven-
tional cutter has a series of problems, such as serious abrasion,
chipping and thermal damage, for drilling hard rock (Jamali et al.,
2019). In 2022, some scholars designed a novel conical cutter to
mitigate vibrations that can have an impact on drilling life and
operation. The newly designed bit extends the durability limits of
PDC bits in drilling hard, wear-resistant sandstone formations (Sun
et al., 2014). As shown in Fig. 1, the conical and conventional PDC
cutters are mixed arranged to form the hybrid PDC drill bits. The
application of oil field proves that this kind hybrid PDC bit can
significantly improve the footage and ROP in hard and interbed
formation (Radhakrishnan et al., 2016).

Since the invention of conical cutter, many researchers have
conducted a lot of research work related to conical cutter rock
breaking. Sun carried out single-cutter breaking rock tests on
limestone and basalt with the conical cutter and conventional
cutter. They analyzed the effect of cutting angles and cutting depths
on the rock-breaking efficiency (Sun et al., 2015). Pryhorovska
established different rock-breaking models for different PDC cut-
ters. Their findings revealed fluctuating cutting forces, suggesting
no substantial difference between rotary cutting and linear cutting
(Pryhorovska et al., 2015). Additionally, Xiong carried out a series of
single-cutter tests on the granite with the conventional cutter and
conical cutter. Their analysis focused on the effect of cutting angles,
cutting depths, and cutting speeds on the efficiency of rock-
breaking (Xiong et al., 2023a).

Several scholars have researched the cutting process by exper-
imental and simulation. Pittino developed a computational method
to simulate the process of rock-breaking, focusing on assessing the
reaction force under different cutting parameters (Pittino et al.,
2015). Cheng carried out a series of PDC cutter cutting tests. Dur-
ing the test, the cutting process was recorded with the camera.
Their investigation further utilized thin-section optical microscopy
to trace the development of cracks (Cheng et al., 2019).

The failure mode of rocks broken by PDC cutters is also an issue
worthy of investigation. He investigated the failure mode of rock at
different cutting depths (He et al., 2017). The researchers from the
University of Pittsburgh established a single-cutter cutting model
to investigate the transition of rock failure mode between ductile
failure and brittle failure during the cutting tests (Zhou and Lin,
2014). Liu found that the brittle failure of rock would be sup-
pressed with the increase of back rake angle (Liu et al., 2018). In
addition, Dai found that the variation in cutting force could reflect
the mode of rock failure (Dai et al., 2020). Xiong carried out a series
Fig. 1. Conventional cutter and conical cutter.
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of single cutter tests of conical cutter under confining pressure, and
analyzed the effects of confining pressure, cutting angle, cutting
speed and cutting depth on cutting force. The numerical model was
established to simulate cracks and damage in rock and the process
of rock breakage (Xiong et al., 2023b).

The rock breaking characteristics and mechanism of conical
cutter and conventional cutter are obviously different. Xiong car-
ried out a series of mixed cutting tests using conical cutter and
conventional cutter for granite. Combining the rock breaking
characteristics of the two kinds of PDC cutters and giving full play to
their respective advantages, the rock breaking laws under different
cutting distribution parameters are analyzed (Xiong et al., 2022). Fu
carried out a single cutter cutting tests with conical cutter and
conventional cutter on carbonate rock. The differences of cutting
groove morphology and cuttings distribution were compared be-
tween these two kinds of cutters (Fu et al., 2023).

The above investigations are mainly comparing the influence of
cutting parameters, such as cutting angle and cutting depth, on
conical cutter breaking different kinds of rocks. However, there are
few studies on the detailed analysis of the process of cutting car-
bonate rocks with conical cutter and the relationship between the
morphological characteristics of the cuttings and the failure mode
of rock. Furthermore, most of the previous studies on the damage
mode of rock are qualitatively analyzed and lack quantitative
characterization.

In this study, a series of single-cutter cutting carbonate rock
tests were conducted by conventional cutter and conical cutter. The
characteristics of cutting carbonate rock are compared and
analyzed in terms of cutting force, cutting process, and surface
topography of rocks. Then, the calculation method for the brittle
fracture index was established for quantitative characterization of
fracture mode. The findings of this research will help to enhance
the understanding of carbonate rock breakage characteristics and
mechanism by conventional and conical cutter.
2. Experimental setup

2.1. Experimental equipment

These experiments were carried out by the single cutter cutting
and rock-breaking device (Xiong et al., 2020a). As shown in
Fig. 2(a), this device mainly consists of four components: the rock
sample clamping system, cutting system, controlling system, and
data acquisition system. The rock sample is fixed in the rock sample
clamping system using threads. There are four long bolts on the
cuttings holding device. The rock sample will be held in the
clamping device of rock sample by tightening these four bolts. The
cutting system is mainly driven by an electric motor, which can
propel the horizontal bed along a guide rail. The moving speed of
the horizontal bed is the cutting speed. The speed ranges from 1.6
to 230 mm/s. Notably, the horizontal bed can only realize linear
movement along the guide rail. The main function of the control
system is to set the cutting speed and cutting length. The cutting
length is determined by the size of the rock samples. Typically,
there are two sizes of rock samples, one is a cube of 150 mm � 150
mm � 150 mm and the other is a cube of
100 mm � 100 mm � 100 mm. The data acquisition system is used
to collect the cutting force data. The cutting force is the resistance of
the cutter from the rock sample along the direction of movement.
The core component of the data acquisition system is a load pres-
sure sensor. The range of the load pressure sensor is 0~10 kN. The
accuracy of measurement is 1.0 N. The maximum data acquisition
frequency is up to 500 kHz. This equipment operates at a power of
2~3 kW approximately.



Fig. 2. Single cutter cutting and rock-breaking device (a); ST400 3D Profilometer (b).
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The morphological characteristics of the cutting groove were
acquired with the ST400 3D Profilometer (as shown in Fig. 2(b)).
The ST400 3D Profilometer adopts the most advanced white light
axial chromatic aberration technology to realize fast, high-
resolution, and wide-ranging three-dimensional surface topog-
raphy measurements. The minimum scanning step is 0.1 mm. The
scanning speed reaches 20 mm/s. The scanning area can be set
according to the actual size of the rock sample. Subsequently, the
data regarding the depth and volume of the cutting groove can be
acquired.

Fig. 3 shows the designed PDC cutter holders with different
cutting angles according to the shapes of these two cutters. The
cutter holders are available with cutting angles of 10�, 20�, 30� and
40�. The conical cutter is fixed to the holder using super glue.
Whereas, the conventional cutter is fixed to the holder by tight-
ening the screw, thus making the conventional cutter removable as
well.
2.2. Experimental materials

In this paper, the conical cutter and conventional cutter widely
used in oilfield drilling were selected to carry out the cutting tests.
The two cutters are comprised of a diamond layer and a tungsten
carbide (WC) stud.

The carbonate rock samples used in these tests were collected
from Shaanxi Province, China. As shown in Fig. 4, they were
machined into cubes of 100 mm � 100 mm � 100 mm. And the
mineral fractions of these carbonate rock samples were analyzed
using X-ray diffraction (XRD). It mainly contains calcite, which ac-
counts for 94%. In addition, the mechanical properties of carbonate
823
rock samples were measured and the results are shown in Table 1.
2.3. Experimental procedures

In this research, forty group cutting tests were carried out using
conventional and conical cutters with different cutting angles and
cutting depths. Previous research has indicated that the thickness
of every layer of rock cut by a PDC cutter ranges between 1.0 and
3.0 mm (Raymond et al., 2012). Consequently, the cutting depths
for the tests were set as 1.0, 1.5, 2.0, 2.5, and 3.0 mm, respectively.
The cutting angle of the PDC cutter in previous cutting tests carried
out by researchers remained below 40�. Hence, the cutting angles
were set as 10�, 20�, 30�, 40�. Notably, scholars have confirmed that
the cutting speed ranging between 5 and 25 mm/s has little effect
on the cutting force (Xiong et al., 2023a). Therefore, the cutting
speed was set as 5 mm/s. The cutting length was determined as
230 mm. The experimental scheme is shown in Table 2.

Firstly, a relatively flat rock surface was selected as the cutting
surface to ensure that the cutting depth is consistent throughout
the cutting process. The rock sample was then placed within the
rock sample clamping system, firmly fixed in place by tightening
the bolts. Secondly, the cutting depth was adjusted by the micro-
meter in Fig. 2(a). Thirdly, the cutting speed and cutting length
were set by the controlling system. Then the data acquisition sys-
tem and test system were turned on and running. Here, the data
acquisition frequency was set as 500 Hz. During the cutting process,
the high-speed camerawas used to record the cutting process. After
cutting tests, the morphology of cutting grooves was reconstructed
with the ST400 3D Profilometer. Meanwhile, the data on the depth
and area of the cutting grooves will also be acquired.



Fig. 3. Conical cutter holders (a) and conventional cutter holders (b) under different cutting angles.

Fig. 4. Carbonate rock sample (a); mineral composition of carbonate rock (b).

Table 1
The mechanical properties of rock samples.

Density, g/cm3 Young's modulus, GPa Poison's ratio Cohesive strength, MPa Internal friction angle
, �

UCS, MPa Tensile strength, MPa

2.70 66 0.24 59.59 32.27 187 8.66
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3. Experimental results

3.1. Cutting force characteristics

The cutting force can reflect the characteristics of cutting pro-
cess. As is shown in Fig. 5, the average cutting force at different
cutting depths and cutting angles was calculated. It is clearly shown
that the average cutting force of conventional cutter and conical
824
cutter increases with the increase of cutting depth. This is because
the contact area between the PDC cutter and the rock increases
with the increase of cutting depth. The interaction between the PDC
cutter and the rock is enhanced. Therefore, the average cutting
force increases. At the same cutting depths, the average cutting
force of conventional cutter shows an increase corresponding to the
increase of cutting angle. Whereas, the average cutting force of the
conventional cutter is approximately the same at different cutting



Table 2
The experiment schemes.

Type of cutter Cutting angle, � Cutting depth, mm

Conventional cutter 10 1.0/1.5/2.0/2.5/3.0
20 1.0/1.5/2.0/2.5/3.0
30 1.0/1.5/2.0/2.5/3.0
40 1.0/1.5/2.0/2.5/3.0

Conical cutter 10 1.0/1.5/2.0/2.5/3.0
20 1.0/1.5/2.0/2.5/3.0
30 1.0/1.5/2.0/2.5/3.0
40 1.0/1.5/2.0/2.5/3.0
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angles when the cutting depth is 1.0 mm. Because the contact area
between the conventional cutter and the rock is minimal. The
contact area between the conventional cutter and the rock is
approximately the same when the cutting depth is 1.0 mm. Simi-
larly, the average cutting force of the conical cutter is approximately
the same when the cutting depth is 1.0 mm. The reason is the same
as that of the conventional cutter. The contact area between the
conical cutter and the rock is approximately the same when the
cutting depth is 1.0 mm.

Fig. 6 shows the variation of cutting force with cutting time at
the cutting depth of 1.0 and 3.0mm. The variation of cutting force of
conventional cutter and conical cutter is similar at the cutting
depth of 1.0 mm. The average cutting force of conventional cutter is
332.49 N. The average cutting force of the conical cutter is 311.88 N.
The average cutting force of these two cutters is the same roughly.
Whereas, the average cutting force of the conventional cutter is
larger than that of the conical cutter obviously at the cutting depth
Fig. 5. The average cutting force at different cutting angles

Fig. 6. Variation of cutting force with cutting time ((a) c
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of 3.0 mm. The average cutting force of the conventional cutter is
823.37 N. In comparison, the average cutting force of the conical
cutter is 635.89 N. The interaction area between these two cutters
and the rock is different due to the different shapes of these two
cutters. The contact area between the conventional cutter and rock
is larger than that between the conical cutter and rock with the
increase of cutting depth (Xiong et al., 2020b). The interaction be-
tween the conventional cutter and rock is stronger than that be-
tween the conical cutter and rock obviously.

In addition, an interesting thing is that the standard deviation of
the cutting force of the conventional cutter at the cutting depth of
1.0 mm is 96.56. The standard deviation of the cutting force of the
conventional cutter at the cutting depth of 3.0 mm is 432.32.
However, the standard deviation of the cutting force of the conical
cutter at the cutting depth of 1.0 mm is 83.21. The standard devi-
ation of the cutting force of the conical cutter at the cutting depth of
3.0 mm is 224.59. The standard deviation data shows that the in-
crease in cutting depth leads to an increase in the fluctuation de-
gree of the cutting force. Especially, the cutting force of the
conventional cutter is more sensitive to the increase in cutting
depth. As is shown in Fig. 6(b), large cutting intervals appear
intermittently in the cutting force curve of the conventional cutter
at the cutting depth of 3.0 mm.

Based on the previous analysis, the cutting force curve exhibits
an alternating state of ascent and descent. Therefore, the cutting
force curve can be divided into the loading stage and the failure
stage (Dai et al., 2021a). As is shown in Fig. 7, the cutting force can
be divided into loading stage AD and failure stage DE. Indeed, a
small drop of cutting force BC appears in the loading stage due to
and depths: (a) conventional cutter, (b) conical cutter.

utting depth: 1.0 mm; (b) cutting depth: 3.0 mm).



Fig. 7. Loading stage and failure stage of cutting force.
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the localized fracture of the rock. But this drop stage BC is smaller
than the value of the failure stage. And the small increase stage CD
is smaller than the value of the loading stage. Therefore, we ignore
the drop stage BC and increase stage CD during the process of
counting the loading stage and failure stage. The cutting force dif-
ference and the corresponding cutting time difference in the
loading stage and failure stage were calculated respectively to
analyze the changing trend of cutting force in the loading stage and
failure stage. To describe the variation rate of cutting force differ-
ence, the variation rate of cutting force difference was defined. The
calculation method can be expressed as (Dai et al., 2020):

VF ¼
DF

1000*DT
(1)

where, VF is the variation rate of cutting force difference, kN/s; DF is
the cutting force difference, N; DFL is the cutting force difference of
loading stage, N; DFU is the cutting force difference of failure stage,
N; DT is the cutting time difference, s; DTL is the cutting time dif-
ference of loading stage, s; DTU is the cutting time difference of
failure stage, s.

As is shown in Fig. 8(a), the variation rate of cutting force dif-
ference during the rock loading stage of the conventional cutter
ranges between 1 and 4 kN/s. Interestingly, the variation rate of
cutting force difference has little relation with the difference of
Fig. 8. Variation rate of cutting force difference with cutting fo
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cutting force. Conversely, the variation rate of cutting force differ-
ence during the rock failure stage of the conventional cutter grows
linearly with the cutting force difference. This shows that the
loading stage of the conventional cutter on the rock is homoge-
neous. However, based on the data for cutting force difference and
the corresponding cutting time difference, when the cutting force
difference decreases sharply, the corresponding cutting time dif-
ference remains within a relatively short period. Consequently, the
calculation results of VF show a gradual increase in the value of VF ,
as illustrated by the red oblique line in Fig. 8(a). The attenuation
process of the cutting force, referred to as the rock failure stage
above, is an instantaneous process. This also indicates that car-
bonate rock is relatively brittle.

As shown in Fig. 8(b), the variation rate of the cutting force
difference of the conical cutter with cutting force difference is
significantly different from that of conventional cutter. During the
rock loading stage and rock failure stage, the variation rate of cut-
ting force difference is basically below 3 kN/s. Additionally, the
cutting force difference of the rock loading stage and the failure
stage of the conical cutter is below 900 N. In contrast, the cutting
force difference of the rock loading stage and the failure stage of the
conventional cutter is below 1800 N. This distinction shows that the
rock loading stage and failure stage of the conical cutter occur
within a brief duration. Moreover, the degree of fluctuation in the
cutting force for the conical cutter is comparatively lower than that
of the conventional cutter. The cutting process of the conical cutter
is more stable.

There is a common interesting phenomenon in the cutting
process of conical cutter and conventional cutter. The cutting force
difference during the loading stage is consistently lower than that
of the failure stage. The distribution of data points of variation rate
of cutting force difference during the loading stage is more
concentrated than that of cutting force difference during the failure
stage. This observation suggests a continuous nature of the rock
failure stage. During a single rock failure stage, the cutting force is
reduced directly from a larger value to a minimum value without
secondary reduction. As is shown in Fig. 7, during the loading stage,
there is a process of decrease and then increase in the cutting force
curve, leading to a discontinuous nature of the loading stage.
Conversely, the failure stage is almost always continuous. Hence,
the cutting force difference during the failure stage is greater than
that of the loading stage.
3.2. Rock breakage process

Capturing the process of cutting test can help to observe the
damage details of the carbonate rock. The high-speed camera was
rce difference ((a) conventional cutter; (b) conical cutter).
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used to record the cutting process of these two cutters, followed by
frame extraction from the video at the rate of 60 frames per second.
The cutting process of conventional cutter and conical cutter are
shown in Figs. 9 and 10 respectively.

As is shown in Fig. 9, the conventional cutter causes compaction
to the rock in front of the cutter during the process of cutting car-
bonate rock with the conventional cutter. With the continuous
advancement of the conventional cutter in the cutting direction,
the interaction between the cutter and rock is enhanced, occa-
sionally resulting in sporadic splashes of small particles. When the
interaction between the cutter and rock is enhanced to the strength
of the rock, the rock in front of the cutter is failure and large
amounts of particles are released. This is consistent with the pre-
vious analysis of the cutting force. With the continued enhance-
ment of the interaction between cutter and rock, the cutting force
increases. When the bursting of a small particle occurs, the cutting
force decreases briefly and then continues to increase until the
interaction between the cutter and rock reaches the rock strength
and the rock in front of the cutter is failure. With the removal of
large amounts of rock debris, the interaction between the cutter
and rock is broken, causing a rapid decline in cutting force.

The process of cutting carbonate rock with the conical cutter is
different from that of the conventional cutter. As is shown in Fig. 10,
during the process of cutting carbonate rockwith the conical cutter,
with the continuous advancement of the cutter along the cutting
direction, the rock in front of the cutter is constantly destroyed and
then bursts due to the interaction from the cutter. Consequently,
there is a continuous burst of small particles of rock debris in front
of the cutter. As shown in Fig. 10(f), there is a large rock debris
splash in front of the conical cutter.

The energy accumulated between the PDC cutter and the rock
gradually increases during the interaction process. Simultaneously,
the cutting force also increases gradually. However, the burst of
rock debris in front of the cutter weakens the accumulated energy
between the cutter and the rock. The cutting force decreases sub-
sequently. In the process of interaction between the conventional
cutter and rock, there is an obvious compaction stage in the cutting
process. This stage is characterized by the absence of bursting rock
debris in front of the cutter. As shown in Fig. 11(a), the accumula-
tion of rock debris in front of the conventional cutter enhances the
interaction between the conventional cutter and the rock. However,
in the process of interaction between the conical cutter and the
rock, the rock debris in front of the cutter burst out constantly. The
rock debris slides over the sides of the conical cutter basically (as
shown in Fig. 11(b)). Consequently, the energy accumulated be-
tween the conical cutter and the rock is constantly released,
Fig. 9. A typical process of a convention
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explaining the lower average cutting force exerted by the conical
cutter compared to the conventional cutter.

In fact, the entire cutting process of the conventional and conical
cutters is exactly the rock-breaking process in Figs. 9 and 10
repeated continuously. Based on the recorded video from the cut-
ting test with both types of cutters, the precise moments of each
large amounts of rock debris burst were captured. Calculating the
time difference between successive occurrences of these significant
bursts allowed us to illustrate the time intervals between them, as
shown in Fig. 12. It can be intuitively demonstrated that the time
difference between the two adjacent bursts of large amounts of
rock debris during the process of cutting rock by the conventional
cutter is longer than that of conical cutter. As shown in Fig. 6(b),
there are several cutting force intervals in the cutting force curve of
the conventional cutter. The cutting force interval corresponds to
the moments when large amounts of rock debris burst out, leading
to an instantaneous decrease in the interaction between the con-
ventional cutter and the rock. Consequently, this causes a sharp
decline in the cutting force, marking these intervals with relatively
low force values.

Certainly, there are errors in the experiment, including those
from processing the test videos. Additionally, the samples used in
the experiment are natural rocks with significant heterogeneity. As
a result, there are instances where the time intervals between large
debris bursts during cutting with the conical cutter are greater than
those with the conventional cutter.

3.3. Surface morphology of cutting grooves

The cutting grooves produced by the PDC cutter can also reflect
the cutting characteristics of the PDC cutter. The characteristics of
cutting grooves at different cutting depths are significantly
different. Fig. 13 shows the cutting grooves produced by the con-
ventional and conical cutters at the cutting depths of 1.0 and
3.0 mm.

At the cutting depth of 1.0 mm, there are compacted cuttings at
the bottom of the cutting groove produced by the conventional and
conical cutters, resulting from the compressive action of the PDC
cutter on the cuttings under the cutter. However, the difference is
that the compacted cuttings at the bottom of the cutting groove
produced by the conventional cutter are intermittent and wide.
Whereas, the compacted cuttings at the bottom of the cutting groove
produced by the conical cutter are continuous and narrow. In addi-
tion, the cutting groove produced by the conical cutter is surrounded
by small blocky debris. However, the cutting grooves produced by
the conventional cutter are surrounded by granular cuttings.
al cutter breaking carbonate rock.



Fig. 10. A typical process of a conical cutter breaking carbonate rock.

Fig. 11. The process of cuttings accumulation in front of a conventional cutter (a). The process of cuttings sliding over the sides of the conical cutter (b).

Fig. 12. Time interval statistics for each blast during the cutting process.
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At the cutting depth of 3.0 mm, the cutting grooves produced by
the conventional and conical cutters are covered with cuttings. It
can be observed that the cutting groove produced by the conical
cutter is distributed with blocky rock debris of different shapes and
sizes. However, the number of blocky rock debris distributed in the
828
cutting groove produced by the conventional cutter is less, which
may be splashed out by the burst.

The morphology of the cutting groove provides insights into the
fracture mode of carbonate rock. The cuttings covered by the cut-
ting groove were cleaned, and then the morphological character-
istics of the cutting groove produced by the conventional and
conical cutters at the cutting depth of 1.0 and 3.0 mm were ob-
tained by the ST400 3D Profilometer. Fig. 14 shows the morphology
of cutting groove produced by these two cutters at the cutting
depth of 1.0 and 3.0 mm. The morphology characteristics of cutting
grooves produced by the conventional cutter and the conical cutter
at different cutting depths are significantly different.

At the cutting depth of 1.0 mm, the two sides of the cutting
groove produced by the conical cutter are distributed with irreg-
ular, jagged tensile damage zones. The bottom of the cutting groove
is distributed with a narrow compressive damage zone. In contrast,
the contours of both sides of the cutting groove produced by the
conventional cutter are relatively flat. The failure mode of the rock
is mainly plastic damage with conventional cutter.

At the cutting depth of 3.0 mm, the difference from the cutting
groove at the cutting depth of 1.0 mm is that the bottom of the
cutting groove produced by the conventional cutter is uneven and
distributed with intermittent compressive damage zones. In



Fig. 13. The cutting groove produced by conventional cutter and conical cutter at the
cutting depth of 1.0 and 3.0 mm (DOC: cutting depth).
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addition, symmetrical fan-shaped brittle tensile damage zones are
distributed on both sides of the cutting groove. Conversely, the
characteristics of the cutting groove produced by the conical cutter
Fig. 14. The fracture mode of cutting groove o
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are different from those of the conventional cutter. The similarities
with the cutting groove at the cutting depth of 1.0 mm are the
continuous plastic compressive damage zone at the bottom of the
cutting groove accompanied by the asymmetric jagged tensile
brittle damage zones on both sides of the cutting groove.

The fracture of rock on both sides of the conical cutter is
randomly distributed due to the presence of calcite joints. The
cleavage of calcite is naturally arranged in an orderly manner. The
cuttings on the fracture surface tends to be broken on both sides
along the direction of the interaction force of the conical cutter. In
addition, different from the conventional cutter, the cutting surface
of the conical cutter is a smooth surface without sharp edges. This
results in the lack of the trimming effect of sharp edges on both
sides of the cutting groove. This explains the irregular distribution
of the jagged fracture zones on both sides of the cutting groove
produced by the conical cutter. In contrast, the sharp edges of the
conventional cutter have a trimming effect on the cutting groove.
Therefore, the contours on both sides of the cutting groove are
relatively flat when the cutting depth is 1.0 mm. However, when
the cutting depth is 3.0 mm, there are obvious brittle fracture zones
on both sides of the cutting groove of conventional and conical
cutter. Because the brittle fracture caused by the cutter increases
with the increase of cutting depth (Liu et al., 2018).

3.4. Cuttings characteristics

From the above analysis, it is evident that blocky rock debris and
granular cuttings are produced during the cutting process of the
conventional and conical cutters. The morphological characteristics
of blocky rock debris can reflect the mode of rock damage. Fig. 15
shows the morphology of blocky rock debris generated by the
conventional and conical cutters. In addition, the cross-section
height of the cuttings in the cutting direction can be obtained
from the data measured by the ST400 3D Profilometer. Fig. 16
shows the distribution of cuttings height.

As shown in Figs. 15 and 16, the height of the cuttings generated
f conventional cutter and conical cutter.
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by the conventional cutter and conical cutter is gradually reduced
along the cutting direction. The height of cuttings is highest at the
starting position of the cutting direction, indicating a gradual
decrease in the stress on the rock under the cutter from the position
near the cutter to the distant location. Another interesting thing is
that the height of the rock cuttings generated by the conical cutter
is 0.5 mm higher than that of rock cuttings generated by the con-
ventional cutter, indicating a higher concentration of the stress
under the conical cutter. Furthermore, the surface of the cuttings
generated by the conical cutter appears smoother, resembling a
scallop. Whereas, the surface of the cuttings generated by the
conventional cutter is uneven and shows stepped.
Fig. 16. The distribution of cuttings height.
3.5. Quantitative characterization of fracture mode

According to the above analysis, the conventional cutter and
conical cutter cause different degrees of brittle tensile damage to
the rock. At the same cutting conditions, the larger the brittle
fracture area, the better the effect of breaking rock. How to evaluate
the degree of brittle fracture quantitatively will become meaning-
ful. The brittle fracture index was calculated to reflect the degree of
brittle fracture. The brittle fracture index is defined as the ratio of
real breaking rock volume to the theoretical plastic breaking rock
volume (Dai et al., 2021b). Therefore, the larger the brittle fracture
index, the better the effect of breaking rock. The calculation formula
for the brittle fracture index is as follows:

Indexb ¼
Vreal
Vplastic

(2)

where, Indexb is the brittle fracture index; Vreal is the volume of real
cutting groove, mm3; Vplastic is the volume of theoretical plastic
deformation zone, mm3.

The measurement of the actual volume of the cutting groove
Vreal and the calculation of the volume of plastic deformation zone
Vplastic are based on the same cutting length. Therefore, we only
need to calculate the cross-sectional area of the real cutting groove
and the cross-sectional area of the plastic deformation zone. Then
Eq. (2) can thus be simplified as follows:

Indexb ¼
Sreal
Splastic

(3)

where, Sreal is the area of the cross-sectional zone of real cutting
groove, mm2. In the previous study, we mentioned that the
morphology of the cutting groove was obtained with the ST400 3D
Profilometer. The volume and length of the cutting groove can also
be obtained. To be specific, the data of three-dimensional co-
ordinates of the cutting groove can be obtained with the ST400 3D
Profilometer. Based on the data of the three dimensions coordinate,
Fig. 15. The morphology of the cuttings ((a) produced by
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the volume of the cutting groove can be calculated by the post-
processing software of the equipment. Consequently, the average
cross-sectional area of the cutting groove is derived by dividing the
volume of the cutting groove by the length of the cutting groove.

Splastic is the area of the cross-sectional zone of theoretical
plastic deformation zone, mm2. The theoretical plastic deformation
zones of these two cutters are different significantly due to the
different shapes of the cutters.

Firstly, we calculate the area of the cross-sectional zone of the
theoretical plastic deformation zone produced by the conventional
cutter. As is shown in Fig. 17, the solid yellow area is the interaction
area between the conventional cutter and the rock. The area of this
section needs to be calculated, which is shown in the blue rectan-
gular dotted box.

dx ¼ d$sec a (4)

where, d is the cutting depth, mm; a is the cutting angle of the
conventional cutter, �.

The angle between line OA and line OB is defined as b, which can
be calculated as follows:

b ¼ arccos
�
OA
OB

�
¼ arccos

�
r � dx

r

�
¼ arccos

�
r � d$sec a

r

�

(5)

where, r is the diameter of the conventional cutter, mm. It is a
constant value, of 8.0 mm.

Then the area of the solid yellow area can be calculated as
conventional cutter; (b) produced by conical cutter).



Fig. 17. The sketch of the cross-sectional area of the plastic deformation zone produced by the conventional cutter.
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follows:

Syellow ¼ 0:5$2b$r2 � 2$0:5$ðr � d$sec aÞ$r$sin b (6)

Eq. (6) can be simplified as follows:

Syellow ¼ b$r2 � ðr � d$sec aÞ$r$sin b (7)

where, sin b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$r$d$sec a�ðd$sec aÞ2

p
r .

Due to the existence of the cutting angle, the area of the solid
yellow area is not the area of the cross-sectional zone of the plastic
deformation zone, the area of the cross-sectional zone of the plastic
deformation zone can be calculated as follows:

Splastic ¼ Syellow$cos a (8)

According to Eqs. (5), (7) and (8), the equation for Splastic can be
as follows:
Splastic ¼
�
arccos

�
r � d$sec a

r

�
$r2 � ðr � d$sec aÞ$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$r$d$sec a� ðd$sec aÞ2

q �
$cos a (9)
Subsequently, substitute Eq. (9) into Eq. (3) to derive the ultimate
equation for the brittle fracture index applicable to rock-breaking
process of the conventional cutter:
Indexb ¼
Sreal�

arccos
�
r�d$sec a

r

�
$r2 � ðr � d$sec aÞ$

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2$r$d$sec a� ðd$sec aÞ2

q �
$cos a

(10)
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Secondly, we calculate the plastic deformation zone produced
by the conical cutter. It is essential to calculate the area of triangle
CAB, which is shown in the blue rectangular dotted box (as shown
in Fig. 18).

dx ¼ d$sec a (11)

where, d is the cutting depth, mm; a is the cutting angle of the
conical cutter, �.

The cone tip angle of the conical cutter used in this test is 90�,
thus the angle CAB is 90�. Then the area of triangle CAB will be
calculated.

SDABC ¼dx
2 (12)

Substitute Eq. (11) into Eq. (12) to derive the calculation equa-
tion for SDABC. In fact, due to the existence of cutting angle a, the
area of the solid blue area is not the area of the cross-sectional area
of the plastic deformation zone. Therefore, the real cross-sectional
area of the plastic deformation zone can be calculated as follows:

Splastic ¼ d2 $sec a (13)
Then substitute Eq. (13) into Eq. (3) to get the final equation for
the brittle fracture index applicable to rock-breaking process of the



Fig. 18. The sketch of the cross-sectional area of the plastic deformation zone produced by the conical cutter.
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conical cutter:

Indexb ¼ Sreal
d2$ sec a

(14)

Based on Eqs. (10) and (14), the variation of the area of the
plastic deformation zone produced by these two cutters at different
cutting angles and cutting depths is shown in Fig. 19(a) and (b). At
the same cutting angle, the area of plastic deformation zone pro-
duced by these two cutters increases with the increase of cutting
depth. Similarly, at the same cutting depth, the area of plastic
deformation zone caused by these two cutters increases with the
increase of cutting angle. Furthermore, the area of the cross-section
of the plastic deformation zone produced by the conventional
cutter is greater than that of the conical cutter at the same cutting
angles and cutting depths. This also explains that the average cut-
ting force of conventional cutter is greater than that of conical
cutter. During the cutting process of the conventional cutter, there
is an accumulation of rock debris in front of the conventional cutter.
Meanwhile, the conical cutter has a weaker ability to cover the rock
at the bottom of the well.

The variation of brittle fracture index for conventional cutter
and conical cutter breaking rock under different cutting conditions
are shown in Fig. 20(a) and (b) respectively. It can be found that the
brittle fracture index of the conical cutter is two or three times
larger than that of the conventional cutter. For carbonate rock, the
Fig. 19. The variation of the cross-section area of the plastic deformation zone produced b
cutter, (b) conical cutter.
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brittle fracture effect of the conical cutter is more obvious. The
brittle fracture index of the conical cutter breaking rock is higher
than that of conventional cutter obviously at the same cutting
conditions. The conical cutter can better utilize the brittle fracture
capacity when breaking carbonate rock.

Furthermore, the brittle fracture index of the conventional
cutter at the cutting depth of 1.5 mm is larger than the brittle
fracture index at the cutting depth of 1.0 mm under the cutting
angles of 10� and 20�. It indicates that the brittle fracture ability of
the conventional cutter at the cutting depth of 1.5 mm is stronger
than that of conventional cutter at the cutting depth of 1.0 mm
under these cutting angles. Notably, the brittle fracture index of the
conventional cutter decreases with the increase of cutting angle at
the cutting depths of 1.0 and 1.5 mm. Whereas, the brittle fracture
index of conical cutter under the cutting angle of 20� is largest at
the cutting depth of 1.0 mm. The brittle fracture index of conical
cutter under the cutting angle of 40� is larger than that of conical
cutter under the cutting angle of 20� at the cutting depth of 1.5 mm.
However, considering the manufacturing process of PDC bit, the
cutting angle of 20� is recommended.
4. Conclusions and suggestions

In this paper, a series of single cutter cutting carbonate rock tests
with conventional cutter and conical cutter were carried out. The
y these two cutters versus cutting depths at different cutting angles. (a) conventional



Fig. 20. Variation of brittle fracture index of conventional cutter (a) and conical cutter (b) breaking rock versus cutting angles at different cutting depths.
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cutting force, rock breakage process, and characteristics of cutting
grooves and cuttings were analyzed. In addition, the calculation for
the brittle fracture index for these PDC cutters was established
respectively. Subsequently, the brittle fracture index for these
cutters under different cutting conditions was calculated. The
breakage mode of carbonate rock cutting by conventional and
conical cutters was determined. The major conclusions are as
follows.

(1) The average cutting force of conical cutter is less than that of
conventional cutter. At the cutting depth of 3.0 mm, there are
distinct cutting intervals during the cutting process of the
conventional cutter. However, the cutting force curve of the
conical cutter has no obvious cutting intervals, indicating a
more stable cutting process.

(2) The conventional cutter interacts with a larger area of the
rock surface compared to the conical cutter. The stress
exerted by the conventional cutter on the rock ahead is more
dispersed, resulting in prolonged interaction time. In
contrast, the stress on the rock exerted by the conical cutter
is more concentrated, causing quicker failure of the rock.
Therefore, the accumulation of rock debris in front of the
conventional cutter is obvious. Whereas, the conical cutter is
conducive to the cuttings transport, relieving the effect of
drilling stickiness slip.

(3) Carbonate rock with calcite as the main component tends to
form blocky rock debris by conical cutter. The cuttings
generated by the conical cutter resemble a scallop. The sur-
face of the cuttings generated by the conventional cutter is
uneven. The height of the cuttings generated by the conical
cutter is 0.5 mm higher than that generated by the conven-
tional cutter. The ability to penetrate the carbonate rock of
the conical cutter is stronger.

(4) At different cutting depths, the conical cutter consistently
creates asymmetric jagged brittle tensile fracture zones on
both sides of the cutting groove. Conversely, the damage
mode of carbonate rock by conventional cutter is mainly
plastic deformation at the cutting depth of 1.0 mm. The
brittle fracture index of the conical cutter is generally twice
that of the conventional cutter, indicating superior utilization
of brittle fracture capabilities, particularly for carbonate rock.

(5) However, due to the particularity of the cutter shape, the
interaction area between the conical cutter and the rock is
not as large as that of conventional cutter. As a result, under
the same cutting conditions, the rock breaking volume of
conical cutter is not as good as that of conventional cutter.
This is a disadvantage of conical cutter. Therefore, conical
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cutter is generally used in conjunction with conventional
cutter to break rocks.

Since carbonate rocks are buried in high-temperature environ-
ments underground, however, the single cutter cutting tests were
carried out under normal temperatures. Therefore, it is suggested
to carry out single cutter cutting tests at high temperatures.
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