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As oil production increasingly transitions from shallow to deep formation, the need for efficient PDC 
cutters to drill through deep hard rock becomes paramount. Currently, there is a lack of effective 
methods for optimizing cutter shapes and their cutting parameters. This study addresses this gap by 
developing a rock-breaking mechanism model for PDC cutters and proposing a Stability Index (SI) 
based on cutting force variations during the cutting process. Using the FDEM method, we simulated 
the rock-breaking processes of planar, stinger, and machete cutters under various cutting depths and 
angles. SI and Mechanical Specific Energy (MSE) were employed as evaluation metrics to analyze the 
rock-breaking characteristics and determine the optimal cutting parameters for each cutter type. The 
results indicate that at shallow cutting depths, cutting force changes are minimal, predominantly 
causing plastic damage to the rock, resulting in lower stress and reduced wear on the PDC cutters. 
Conversely, at greater cutting depths, significant fluctuations in cutting force occur, leading to brittle 
failure and the generation of large cuttings. This sudden increase in cutting force can accelerate rock 
breaking but also increases the risk of cutter wear. Our findings suggest that the planar cutter offers 
stable performance with high cutting force requirements, optimal at a cutting depth of 1.5 mm 
and an angle of less than 20°. The stinger cutter, requiring lower cutting forces, performs best at a 
cutting depth of 2 mm and an angle of 20°. The machete cutter exhibits characteristics similar to the 
stinger cutter at shallow depths and the planar cutter at deeper depths, making it suitable for drilling 
at a depth of 2 mm and an angle of less than 10°. By balancing SI and MSE, this study provides a 
comprehensive approach to optimizing PDC cutter performance, enhancing drilling efficiency while 
minimizing cutter wear.

From the last century to the present, fossil energy has played a very important role in the development of the 
world, meeting most of the world’s energy needs1–4. As of 2019, the energy provided by oil and natural gas 
accounts for more than half of total energy production and is still the main energy supply method5. However, 
with the consumption of oil and natural gas, the exploitation of oil reservoirs gradually develops from shallow 
layers to deep layers. The high-strength rocks contained in deep strata, such as granite, basalt and quartzite, 
cause Polycrystalline Diamond Compact bits (PDC) to be affected by the drilling process. Therefore, how to 
efficiently destroy deep hard rocks has become the theme of oil field development6,7.

The interaction between PDC bits and formation rocks is mainly related to drilling parameters, formation 
lithology, bit structure and surface morphology of PDC cutter. During the drilling process, the PDC cutter are 
in direct contact with the rock, and their surface morphology directly affects the rock breaking efficiency of the 
PDC, therefore, the selection of PDC cutter is very important for increasing the rate of penetration (ROP)8,9.

In deep drilling, traditional planar cutter can no longer meet the needs of rapidly breaking high-hardness 
rocks, so more and more special-shaped cutters are designed to improve ROP. such as machete cutter, ax-shaped 
cutter, three-blade cutter and stinger cutter, etc. A large amount of research work has been carried out through 
indoor experiments and numerical simulations to evaluate the rock-breaking performance of these special-
shaped cutters10–12. The machete cutter and stinger cutter have sharp shapes, which can fully damage rocks 
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and are highly aggressive. They are suitable for cutting hard rocks13–15. The ax-shaped cutter’s wear resistance 
and impact resistance have been significantly improved, which can extend the life of PDC drill bits. Its cutting 
performance is also slightly better than that of planar cutter (AX). Although the rock-breaking efficiency of 
the three-blade cutter is not as high as that of the machete cutter and stinger cutter with sharp cutting teeth, it 
consumes less energy for rock breaking13. Most of the above studies use traditional evaluation methods in the 
process of evaluating the rock breaking performance of PDC cutter, that is, cutting force and mechanical specific 
energy (MSE) are used as evaluation indicators. MSE represents the energy consumed in cutting unit volume of 
rock, which is simplified. The latter is the ratio of cutting force to cutting distance. These two evaluation methods 
are too simple and cannot distinguish the surface topography characteristics between different PDC cutters. In 
2022, a rock-breaking efficiency evaluation index based on cutter sharpness was designed. By defining the PDC 
cutter surface morphology as the sharpness index and its ratio to MSE as the PDC evaluation criterion, both the 
PDC cutter surface morphology and the MSE were used as the evaluation criterion for PDC16.

In summary, although the research on special-shaped PDC cutter has achieved certain results, there is still 
insufficient research on the evaluation method of PDC cutter’s rock breaking efficiency. The traditional evaluation 
index cannot reflect the surface characteristics of the PDC cutter. Although the new evaluation method considers 
The influence of PDC cutters sharpness is eliminated, but the surface morphology characteristics of the cutters 
are simplified. Starting from the rock-breaking mechanism of PDC cutter, this article analyzes the different rock-
breaking stages of PDC cutter and proposes a PDC cutter stability index (SI). Based on the index, a new method 
for evaluating the rock-breaking efficiency of cutting teeth and optimizing parameters is established.

Rock breaking mechanism and rock breaking performance evaluation index of PDC 
cutter
PDC cutter rock breaking mechanism model and cutting force response mode
Early studies on the rock failure modes during the rock breaking process of cutter can be summarized as plastic 
failure and brittle failure17–20. Its characteristic is that plastic failure mainly occurs when the cutting depth is 
shallow, when powdery cuttings are produced, and the cutting force fluctuates very little. Brittle failure occurs 
when the cutting depth is deep. At this time, large-volume block cuttings are produced, and the cutting force 
fluctuates greatly21,22. Meanwhile PDC will form a stress concentration area at the cutter tip during the rock 
breaking process. In this area, the rock failure is mainly plastic failure mode23–26. When the plastic zone is 
destroyed, the rocks around the plastic zone begin to crack and connect with each other, eventually causing the 
rocks around the zone to break into blocks and undergo ductile failure27.

Figure 1 is a schematic diagram of the rock breaking mechanism of cutter Fig. 1(a) represents the plastic 
failure process when the cutting depth is shallow, Fig. 1(b) represents the brittle failure process when the cutting 
depth is deep. The cutting force comparison of the two failure regimes for sandstone is shown in Fig. 128. In 

Fig. 1.  Schematic diagram of PDC rock breaking mechanisms and shear forces28.
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general, the rock breaking process of PDC cutter starts from the crushing zone I at the tip of the cutters. In the 
vertical direction, it destroys the rock at the bottom of the PDC cutter, causing its strength to decrease and form 
the damage zone II. In the longitudinal direction, powdery cuttings are formed, and as the The extrusion of the 
cutter gradually discharges upward, forming the cuttings area III15. The cracks will spread from zone I to the 
surrounding rocks to form pre-crushed zone IV. As the PDC cutter continue to squeeze forward, zone IV will 
eventually be broken into rock cuttings and discharged. Compared with plastic damage, brittle damage has two 
more areas. Due to the limited influence range of crushing zone I, when the cutting depth is deeper, the rock 
cannot be completely destroyed. At this time, the PDC cutter will be in direct contact with the upper large rock, 
causing the damage crack in area III to expand upward, cutting off the rock in its entirety, and forming large 
cuttings V. After the area IV is completely destroyed, the cuttings VI will be peeled off in the form of cuttings V. 
This process is repeated. Complete the brittle failure process of rock22.

During the brittle failure process, a large amount of energy (more than 90%) will be consumed in order to 
propagate cracks29, which will lead to a surge in cutting forces. In order to better illustrate this process, sandstone 
with higher brittleness was selected as the object, as shown in Fig. 2. Figure 2.(a) shows the relationship between 
force and displacement when the cutting depth is shallow. It can be seen that the change of cutting force is 
relatively uniform, indicating complete plastic failure. Figure 2.(b) shows the relationship between force and 
displacement when the cutting depth is deep. It can be seen that the cutting force changes very drastically. 
According to the rock breaking mechanism, the curve can be divided into three types and they are related to the 
rock breaking mechanism. Correspondingly, the cutting force in section A of the curve is very small. The PDC 
cutter has just completed the brittle failure in the previous stage. The actual cutting depth at this time is very 
small, which corresponds to the transition from area III to area IV in Fig. 1. The cutting depth in section B of the 
curve increases, the cutting force increases, and the cutting force changes smoothly. The failure mode at this time 
is plastic failure, which corresponds to the crushing process in area IV. In section C of the curve, the cutting force 
surges, which is caused by the stripping of large rocks and the expansion of cracks, corresponding to area VI.

Evaluation index of PDC cutter during drilling process
The most commonly used method to evaluate the rock breaking efficiency of PDC cutter is to use mechanical 
specific energy (MSE), which was proposed by Teale in 196531. This parameter represents the energy consumed 
in crushing unit rock.

Fig. 2.  (a) example of force signal (tangential component Fs) in the ductile mode (d = 0.6 mm)28; (b) example 
of force signal (tangential component Fs) in the brittle mode (d = 3 mm)28,30.
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MSE =

W

V
=

Fc

Ac

� (1)

where MSE is mechanical specific energy (MPa); W is the total work consumed by rock crushing (J); V is the 
volume of rock crushing (mm3); 

−
F c is average cutting force (N); Ac is the projection of the cutter cutting into 

the formation on a vertical plane.
During the rock breaking process, it is generally hoped that the rock will have more volume of brittle failure. 

Brittle failure can produce large cuttings, thereby reducing the MSE and increasing the rock breaking efficiency13. 
The crushing zone around the cutter is very small, making it difficult to form through cracks32,33. This means that 
extremely high energy will be consumed during the brittle failure process, and large cutting force fluctuations 
will occur during this process, which will cause serious damage to the PDC cutter and reduce its subsequent 
rock breaking efficiency34. Therefore, for deep hard rock, the PDC cutter should maintain a stable cutting force 
as much as possible.

Figure  3 is a schematic diagram of the change curve of cutting force established based on the response 
relationship between cutting force and rock breaking mechanism. According to the PDC cutter rock breaking 
mechanism model, the change of cutting force can be divided into two stages, namely stable stage and fluctuation. 
stage. The failure mode of the rock in the stable stage corresponds to area III in Fig. 1 (a). At this time, the rock 
is plastically damaged, producing powdery cuttings, and the cutting force fluctuates little. The failure mode of 
rock in the fluctuation stage corresponds to area V in Fig. 1 (b). In order to form large cuttings, a large amount 
of energy is consumed, and the cutting force fluctuates greatly. The failure mode of this part of the rock is brittle 
failure. In hard rock, in order to make PDC more in the plastic failure mode, the energy consumed in the 
fluctuation stage should be reduced as much as possible. Therefore, the energy consumed in this stage accounts 
for a smaller proportion of the total energy consumed in the two stages, indicating that PDC The more stable it 
is. In order to quantify the stability performance of PDC, the PDC cutter stability index (SI) is proposed based on 
the interaction mechanism between PDC cutter and hard rock and the changing characteristics of cutting force:

	
SI =

UF

Uall
� (2)

Where, SI is the PDC cutter stability index, dimensionless; UF is the fluctuation energy of the fluctuation stage 
(relative to the energy consumed by the stage stage), J; Uall is The total energy consumed in the fluctuation stage 
and stable stage, J.

The calculation formula of UF and Uall is

	 UF = 0.5(Fmax − FA)L2� (3)

	 Uall = Favg (L1 + L2) + 0.5(Fmax − FA)L2� (4)

Where, L1 is the stable stage displacement. mm; L2 is the fluctuation stage displacement. mm; Fmax is the 
maximum force of the cutting force curve of s fluctuation. stage, N; Fmax is the average cutting force of the 
fluctuation stage and the stable stage, N; Fa is the average cutting force of the stable stage, N.

If SI is calculated according to this expression, the parameters that require statistics are too cumbersome, so 
it is simplified based on the expression of the average cutting force Favg.

Fig. 3.  Schematic diagram of PDC cutter rock breaking cutting force changing with cutting distance.
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Favg =

FaL1 + 0.5 (Fmax + Fa)L2

L1 + L2
� (5)

The ratio of L1 and L2 can be derived:

	

L2

L1
=

Favg − Fa

0.5 (Fmax + Fa)− Favg
� (6)

Substitute formula 3, formula 4 into formula 2:

	
SI =

0.5 (Fmax − Fa)
L2
L1

Fa + 0.5 (Fmax − Fa)
L2
L1

� (7)

Bring formula 6 into formula 7 to simplify the formula:

	
SI = 1− Fa

Favg
� (8)

SI describes the proportion of energy consumed in the fluctuation. stage for cutting large volumes of rock to 
the energy consumed in the stable stage and fluctuation stage. When there is no fluctuation stage, it represents 
pure plastic failure of the rock, at that time the value of SI is 0. With the proportion of plastic damage decreases, 
SI gradually increases and finally reaching a maximum of 1, at that time the failure mode of the rock is brittle 
failure.

PDC cutter rock breaking model based on FDEM
Principle of the coupling finite element and cohesive element
In the traditional finite element simulation, the failure behavior of rock is often described by deleting the 
elements whose deformation reaches the upper limit. In the rock-breaking simulation, the deformation of the 
element in direct contact with the cutter is the largest, so the destruction of the rock is carried out close to the 
cutter. However, in the actual process of rock breaking, cracks will gradually form near the area where the cutter 
contacts the rock, and these cracks will expand and connect with each other to gradually form a broken area. 
Therefore, rock breaking occurs in a small area near the cutter. The traditional finite element simulation cannot 
describe this crushing phenomenon very well. Even if a small area of the unit is deleted at the same time, it will 
lead to a calculation error that the force of the tool is zero after the element is deleted due to the lack of contact 
objects. By introducing cohesive elements, the combination of cohesive elements and finite elements can well 
make up for the shortcoming.

As shown in Fig. 4(a), a cohesive element without thickness is inserted between two finite element to form the 
complex in Fig. 4(b) (the block in the figure is only for demonstration and does not represent the final element 
shape), in order to after inserting the cohesive element, a continuous model is obtained. The upper and lower 
surfaces of the cohesive element should share nodes with the finite elements on both sides respectively to ensure 
the continuity of the model, as shown in Fig. 4(c). before the rock cracked. The force of the area is calculated 
by the finite element and transmitted to the cohesive element As the force increases, the cohesive element is 

Fig. 4.  The insertion process of cohesive elements and the distribution of nodes between the two elements.
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destroyed. When all the cohesive elements near a finite element are destroyed, the finite element falls off from 
the model, representing At this time, the cohesive element without thickness is destroyed, and the finite element 
itself will not be destroyed. With the movement of the cutter, the detached finite element will be gradually 
compressed or excluded, and the force will be transmitted during this process.

As shown in Fig. 5, the cohesive element has two failure modes, one is tension and the other is shear. The 
two failure modes of the cohesive element are distinguished in a similar way, that is, they all follow the traction 
separation criterion, that is, through the relative displacement is used to judge the connection between two finite 
elements. The destruction of the cohesive element will go through three stages. The first stage is the elastic stage. 
At this time, the stress increases linearly with the displacement, and the element has not yet been damaged. The 

Fig. 5.  The insertion process of cohesive elements and the distribution of nodes between the cohesive element 
and finite element.
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second stage is the damage evolution stage. When the displacement is greater than the initial displacement of 
the damage (δ0), The cohesive element begins to accumulate damage, and the third stage is the failure stage (δf). 
When the displacement exceeds the complete failure displacement, the cohesive element is destroyed. The stress 
changes in tension and shear are shown in Eqs. 9 and 10, respectively:

	

tn =





knδn δn ⩽ δ0n

(1−Dn) knδn δ0n ⩽ δn ⩽ δfn

0 δfn ⩽ δn

� (9)

Where tn is the tensile stress, kn is the material stiffness in the tensile direction, δn is the displacement in the 
tensile direction, and Dn is the damage variable in the tensile direction. δn

0 is the initial damage value in the 
tensile direction, and δn

f is the complete damage displacement in the tensile direction.

	

ts =





ksδs δs ⩽ δ0s

(1−Ds) ksδs δ0s ⩽ δs ⩽ δfs

0 δfs ⩽ δs

� (10)

Where ts is the shear stress, ks is the material stiffness in the shear direction, δs is the displacement in the shear 
direction, and Ds is the damage variable in the shear direction. δs

0 is the initial damage value in the shear 
direction, and δs

f is the complete damage displacement in the shear direction.

	
D =

δf
(
δmax − δ0

)
δmax (δf − δ0)

� (11)

Where δ0 is the displacement when the cohesive element starts to damage, δf is the displacement when the 
cohesive element is completely destroy, δmax is the maximum displacement of the cohesive element during the 
loading process, and D is the damage factor. When D = 0, it means that the cohesive element has no damage and 
is in the elastic stage. When 0 < D < 1, it means that the cohesive element begins to suffer damage and is located 
in the damage evolution stage. When D = 1, it means that the cohesive element has been damaged and is in the 
failure stage.

The model uses the maximum nominal stress criterion to define the failure behavior of the cohesive element, 
that is, when the displacement in any direction reaches the maximum marked stress in this direction, the element 
begins to damage

	
max

{
tn
t0n
,
ts
t0s
,
tt
t0t

}
= 1� (12)

Where tn and ts are the stresses in the tensile and shear directions respectively, and tn
0 and ts

0 are the nominal 
stresses in the tensile and shear directions respectively, tt and tt

0 are the shear stress values in the direction of the 
other side.

Stress and strain can be converted according to formula 5:

	



tn
ts
tt


 =




Enn

Ess

Ett




δn
T0

,
δs
T0

,
δt
T0

T

� (13)

Where E is the material stiffness in the tensile direction and the two shear directions, and T0 is the initial 
thickness of the cohesive element, which is set to 1 to eliminate the singularity of the stress.

Properties Unit Values

Young’s Modulus GPa 46

Poisson’s Ratio 0.2

Density g/cm3 2.46

Stiffness (Normal) N/mm 9000

Stiffness (First, Second) N/mm 6000

Norminal Stress (Normal) MPa 60

Norminal Stress (First, Second) MPa 80

Fracture Energy (Normal) N/mm2 0.03

Fracture Energy (First, Second) N/mm2 0.04

Table 1.  Numerical simulation of rock mechanics parameters.

 

Scientific Reports |        (2024) 14:24159 7| https://doi.org/10.1038/s41598-024-76293-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Rock mechanical properties
Before carrying out numerical simulation, it is necessary to set the micromechanical parameters of rock 
materials. Generally, the rock model has the mechanical properties of real rocks through trial and error method. 
The microscopic parameters are continuously adjusted to make the uniaxial compression and uniaxial tension 
numerical simulation experimental results consistent with Real uniaxial compression and uniaxial tensile 
experimental results are compared. This article also adopts this method for comparison. At the same time, 
the research object of this article is hard rock. On the premise of reaching the rock strength, it only needs to 
comply with the mechanical characteristics of the rock material. Therefore, it is not compared with the indoor 
macro mechanical performance test. The pressure resistance The numerical simulation model of the experiment 
and tensile experiment was based on the model used by Hongxiang Jiang35. The calibrated micromechanical 
parameters are shown in Table 1.

As shown in Fig. 6, it is the stress-strain curve of the compressive test and tensile test of the rock during the 
calibration process. Figure 6 (a) is the simulation result of the digital simulation experiment of the compressive 
test, and its compressive strength reached 117.3 MPa. Figure 6 (b) is the simulation result of the tensile test 
digital simulation experiment, and the tensile strength reaches 16.8 MPa. Some fluctuations can be observed, 
this phenomenon is attributed to the localized stress concentration caused by the indenter contacting the rock at 
a certain velocity. Two numerical simulation test experiments have proven that the micromechanical parameters 
in Table 1 are consistent with the changing characteristics of hard rock, it is ensured that the rock strength meets 
the hard rock condition for subsequent research.

Simulation of PDC cutting experiment model
In order to make the experimental results of numerical simulation more accurate, the grid needs to be partially 
refined. Through the adaptability analysis of the grid size, when the unit size is between 1 mm and 0.2 mm, 
there is not much difference in the numerical calculation results, but the smaller the unit size, the better the rock 
breaking effect. If small units are used for global calculations, the calculation cycle will often be too long due 
to the large amount of calculations. Therefore, in order to take into account both computational efficiency and 
simulation effect, the model is divided into two parts according to the unit size. The first part is the encrypted 
area with a unit size of 0.5 mm. This part is the area where the PDC tool interacts with the rock. This area is 
a cuboid with a length, width, and height of 15, 12, and 6 mm respectively. This is the area between the cutter 
and the rock. Areas of model interaction. The second part is the stress transfer area, which is responsible for 
conducting stress. The unit size is 1 mm. The main function of this part of the area is to transfer stress to the 
boundary. The length, width, and height of the model are 30, 30, and 15 mm respectively. The mesh type is 
selected as tet mesh, and the cutter move in the Y direction at a fixed speed of 5 mm/s to directly break the rock. 
The established PDC cutting model and PDC cutters are shown in Fig. 7.

Model validation
In this section, we validate the previously established model using a planar cutter as an example. As shown 
in Fig. 8(a), during the process of breaking hard sandstone at a cutting depth of 2 mm, a small fracture pit 
measuring 3 mm in length forms due to the initiation and propagation of cracks ahead of the cutter. This results 
in the detachment of flaky rock cuttings, which can be observed around the cutter. The numerical simulation 
results, depicted in Fig. 8(b), show areas of plastic deformation in the rock mesh. Similar to the experimental 
observations, cracks initiate and propagate in front of the cutter, leading to rock failure and the formation of 
approximately 3  mm rock fragments. As the cutter advances, these fragments are detached, forming small 
fracture pits consistent with the experimental phenomena.

Figure 9(a) illustrates that as the cutter moves forward with the same cutting depth, larger rock fragments 
and fracture pits are produced. This indicates that at a cutting depth of 2 mm, the fracturing characteristics of the 
igneous rock remain brittle, and the size of the rock cuttings varies. To enhance readability, some rock cuttings 

Fig. 6.  (a) Numerical simulation stress-strain curve of compression test (b) Numerical simulation stress-strain 
curve of tensile test.
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in front of the cutter was manually removed to better observe the model’s damage, as shown in Fig. 9(b). The 
numerical simulation also shows crack initiation on both sides of the cutter, extending forward and towards the 
center of the cutter, resulting in larger fragments that are subsequently detached, forming fracture pits similar to 
those in the experiments. Single rock mesh elements are expelled, and the experimental images reveal that not 
only large fragments but also powdery and small particulate cuttings are present during the fracturing process, 
further demonstrating the model’s accuracy.

In summary, the breaking morphology and characteristics simulated by the established model are highly 
consistent with experimental observations, validating the model’s accuracy. This model can thus be utilized for 
further studies.

Fig. 7.  Numerical simulation model of PDC cutter cutting rock and three cutter shapes used.
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Results and discussion
Analysis of rock breaking process and characteristics of PDC cutters
This article mainly analyzes the stability of the cutter, not the differences between the shaped cutters. The cutting 
force fluctuation of plastic failure is relatively stable, and the stability problem is not prominent. At the same time, 
simulations found that all three types of cutters can breaking rocks in the regime of brittle failure. Therefore, this 
chapter mainly compares the stability of the three types of cutter in brittle regime.

As shown in Fig.  10(a), when the cutting angle is 20°, as the cutting depth increases, the overall lengths 
of stages I and II extend to varying degrees. This is because the increase in cutting depth causes The rock-
breaking stage increases, and the cutter need to break more rocks and thus form a larger crushing stage. As 
the crushing stage of the PDC cutter becomes larger, the PDC cutter in stage III can move stably for a longer 
distance. Therefore, the increase in the depth of the cutter will cause the rock-breaking period of the PDC cutter 
to become longer. When the cutting depth changes from 0.5 mm to 2.5 mm, the rock-breaking period of the 
planar cutter gradually increases from 0.674 mm to 1.1 mm.

As shown in Fig. 10(b), when the cutting depth is 2 mm, as the cutting angle changes, the change in stage 
I is not obvious. This is because the rock-breaking stage of the cutter does not change much between different 
cutting angles. There is a significant extension in stage II, indicating that the increase in cutting angle will lead to 
an enlargement of the crushing stage of the PDC cutter. However, the stage II has become shorter, which shows 

Fig. 9.  (a) Experimental diagram of the formation of a large crushing pit by planar cutter breaking hard 
sandstone, (b) numerical simulation diagram of the large crushing pit.

 

Fig. 8.  (a) Experimental diagram of the formation of a small crushing pit by planar cutter breaking hard 
sandstone, (b) numerical simulation diagram of the small crushing pit.
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that although the crushing stage in the second stage has become larger, the stress has become more concentrated, 
and only part of the rock in the crushing stage can be broken, resulting in a shorter PDC cutter stable stage. The 
cutting angle only affects rock breaking stage, but has little effect on the overall rock breaking cycle.

As shown in Fig. 11, it is the cutting force change curve of the stinger cutter. It can be seen from the curve 
changes that the main cutting processes of the stinger cutter are stages I, II and IV. The length of stage III is very 
short, It shows that the stinger cutter removes cuttings very quickly, another reason is that the range of broken 
rocks by the stinger cutter is smaller than that of the planar cutter. As shown in Fig. 11(a), the stinger cutter is 

Fig. 10.  The rock-breaking process and cutting force change curve of planar cutter.
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highly sensitive to the cutting depth. As the cutting depth increases, more and more cutting forces are required 
to increase the cutting depth of the same magnitude. This is due to the stinger cutter is relatively sharp and the 
cutting stage changes drastically. But in general, the stinger cutter requires less cutting force and is more suitable 
for breaking rocks at more cutting depths than the planar cutter. As shown in Fig. 11 (b), the stinger cutter is 
not highly sensitive to the cutting angle and the cutting force does not change greatly during the change of the 
cutting angle. As the cutting angle increases, the cutting force in stages I and II decreases slightly. This is because 
the cutting angle slightly reduces the cutting stage, resulting in a decrease in cutting force. The cutting forces in 
stages III and IV increase slightly. This is Because the increase of the cutting angle causes the cutter tip stress to 
spread to farther rocks during the cutting process, the actual broken rock volume becomes larger.

As shown in Fig. 12, it is the cutting force change curve of the machete cutter. The cutting process is similar 
to the characteristics of planar cutter. As shown in Fig. 12(a), as the cutting depth increases, the lengths of Stage 
I, Stage II and Stage III all increase significantly, resulting in a rapid rock-breaking period. This is because as 
the cutting depth increases, The rock-breaking stage of the machete cutter increases more quickly than the 
planar cutter, resulting in a significant change in the range of the crushing stage at the cutter tip. machete cutter. 
When the cutting depth is shallow, the cutting force required by the machete cutter to break the rock is very 
small and the range of region III is very short. At this time, the cutting force change is similar to the stinger 

Fig. 11.  Cutting force change curve of stinger cutter.
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cutter, indicating that the machete cutter can break the rock during the cutting process. Easier to insert into the 
ground. When the cutting depth is deeper, the cutting force change curve of the machete cutter has some of the 
changing characteristics of the planar cutter. At this time, the cutting force curve appears in an obvious stage 
III, indicating that the volume of the broken rock is larger when the cutting depth is deeper and has high rock 
breaking efficiency. As shown in Fig. 12(b), as the cutting angle increases, although the lengths of stages I and II 
increase slightly, it does not cause the reduction of stage III, on the contrary, it becomes longer with the cutting 
angle increases, indicating that the machete cutter affects a larger rock volume during the rock breaking process 
with the angle increases.

By comparing the cutting force versus displacement curves of the three types of cutters, the rock-breaking 
process of the cutter can be divided into the cutter pressing process (stage I), the cutter’s rapid rock-breaking 
process (stage II), the cutter’s stable rock-breaking process. (stage III) and the preparatory rock-breaking process 
of the cutter (stage IV). When the cutter have completely broken the rock, stage I and stage IV will overlap to 
form a stage, which represents the stage of pressing in new unbroken rock. Together with stage II, it constitutes 
the fluctuation stage in the PDC cutting process. Large pieces of cuttings are generated in stages I, II and IV. A 
large amount of energy is consumed and the cutting force is very large during the cutting process in these three 
stages, making the cutting process unstable. stage III is the stable cutting stage, where the cutting force required 
is very small and the rock is plastically broken. Therefore, the SI index of the PDC cutter can be obtained by 
analyzing the changes in the stable stage and Fluctuation stage, and the parameter optimization of the PDC 
cutter can be completed by combining the change rules of MSE.

Parameter optimization based on SI and MSE
As shown in Fig. 13, the average cutting force Fa of the stable stage, the maximum cutting force Fmax of the 
Fluctuation stage, and the average cutting force Favg of the two stages were compared for the three PDC cutters 
at different cutting depths. It can be seen from the cutting force change curve that the three cutting forces 
are relatively close when the cutting depth is low (d < 1  mm), indicating that the working state of the PDC 
cutter is relatively stable at this time. The reason is that due to the shallow cutting depth, most of the rock It 
is plastic failure, and it is difficult to generate large cuttings, and there is no brittle failure that requires sudden 
consumption of a large amount of cutting force. At this time, although the shapes of the PDC cutters are very 
different, the difference in cutting force is not significant, which shows that the range of the crushing zone of 
each cutter is similar under the condition of shallow cutting depth. When the cutting depth is deeper (d > 2 mm), 

Fig. 12.  Cutting force change curve of machete cutter.
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the cutting forces of the cutters fluctuate significantly. First, the Fmax of the planar cutter and machete cutter 
increases sharply. This is because the rock-breaking area of the cutters increased significantly. The increase in 
the rock-breaking area will cause the cutters to break the rock with greater strength when peeling off the upper 
rock in the cutter tip crushing zone, so the cutting force required increases. At this time, the rock failure mode is 
plastic failure and brittle failure occurring simultaneously. It can be seen that as the cutting depth increases, Fmax 
increases significantly faster than Fa, indicating that the cutters become more and more unstable as the cutting 
depth increases, so the cutting depth of the PDC cutters cannot be too large.

As shown in Fig. 14, it is the variation curve of MSE and SI with cutting depth. MSE represents the average 
energy consumed in breaking a unit volume of rock. The lower the MSE, the higher the rock breaking efficiency 
of the PDC cutter. It can be seen from the change pattern of MSE that the main influence on MSE is the rock 
breaking area of the cutter. At the same cutting depth, the rock breaking efficiency of the planar cutter is the 
highest, and the rock breaking efficiency of the stinger cutter is the lowest. This is also because the planar cutter 
have a larger rock-breaking area, as the cutting depth increases, the rock-breaking efficiency of the cutter 
increases to a certain extent, and the gap in rock-breaking efficiency between the cutter becomes smaller and 
smaller. This shows that from the perspective of rapid drilling, the deeper the cutting depth and the cutter 
with a larger rock breaking area, the higher the rock breaking efficiency. However, since deeper cutting depth 
will cause severe fluctuations in cutting force and affect the stability of the cutter, it is necessary to use the 
stability index (SI) to evaluate the working status of the cutter and optimize the optimal cutting depth. It can 
be seen from the change of SI with cutting depth that the stability of the planar cutter is relatively balanced at 
different depths. When the cutting depth is 1.5 mm, the stability is better than other cutting depths. The stinger 
cutter has high stability when the cutting depth is shallow, but when the cutting depth is greater than 1 mm, its 
stability drops sharply, but compared with the other two PDC cutter, the stinger cutter’s stability relatively good. 
Combined with the changes in cutting force in Fig. 11, it can be determined that the optimal cutting depth of the 
stinger cutter is 2 mm. At this time, the fluctuation of cutting force is not obvious and it has high rock breaking 
efficiency. The stability of the machete cutter will decrease rapidly when the cutting depth is greater than 2 mm, 
so its cutting depth should be less than 2 mm. Since the cutting force of the machete cutter will increase rapidly 
after the cutting depth is greater than 1.5 mm, the optimal cutting depth of the machete cutter is 1.5 mm.

As shown in Fig. 15, when the cutting depth of three PDC cutter is 2 mm, the average cutting force Fa of the 
stable stage, the maximum cutting force Fmax of the fluctuation stage and the average cutting force Favg of the 

Fig. 13.  Statistics on the changes of cutting force with cutting depth.
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two stages under different cutting angles are compared. The influence of cutting angle on cutting force does not 
have a monotonically increasing law like cutting depth. The planar cutter has the highest sensitivity to the cutting 
angle. As the cutting angle increases, the cutting force gradually increases. When the cutting angle reaches 25°, 
an inflection point appears, and the cutting force rises rapidly and then drops rapidly. The Fmax of the stinger 
cutter does not change significantly at each cutting angle, but its Fa and Favg change in waves as the cutting angle 
increases. The cutting force of machete cutter increases rapidly when the cutting angle is less than 10°, and the 
cutting force remains stable when it is greater than 10°. The cutting angle only has a higher impact on the planar 
cutter.

As shown in Fig. 16, it is the variation curve of MSE and SI with cutting angle. The optimal cutting angle of 
the cuter is determined based on the changing rules of MSE and SI. The rock-breaking efficiency of the planar 
cutter does not change much with the cutting angle. However, when the cutting angle is greater than 20°, the 
stability of the cutter will become worse. Therefore, the cutting angle of the planar cutter is less than 20°.

The stinger cutter has the best stability when the cutting angle is 20°, which is the optimal cutting angle of 
the stinger cutter. At the same time, it can be seen that cutting angle will make the stability of the stinger cutter 
worse. This is because the rock breaking process of the stinger cutter is relatively special, and the rock is broken 
in a plowing manner, which causes the cutting force fluctuations to be very obvious when the back rake angle is 
small or large.

The SI value of the machete cutter shows a trend of first increasing and then decreasing as the cutting angle 
increases, reaching the maximum value at 15°. This may be related to the structure of the machete cutter. Their 
rock breaking is more dependent on stress concentration. Too large a rake angle will reduce the effect of stress 
concentration, thereby reducing the cutting force and making the cutter more stable. Combined with the 
changing law of cutting force in Fig. 14, the cutting force of the machete cutter The angle should be less than 10°.

Figures 14 and 16 indicate that at shallow cutting depths, the variation in cutting force is negligible, reflected 
by an SI value of 1, suggesting high stability of the cutter. As the cutting depth increases, the cutting force exhibits 
noticeable intermittent fluctuations, and the SI value progressively decreases, indicating a gradual reduction in 
the stability of the cutter.

The main function of the parameter SI is to monitor the stress state of the PDC cutter and then optimize the 
working parameters of the PDC cutter. When the plastic damage is mostly in the rock, the value of the parameter 
SI is very small and the cutting force that the PDC cutter need to provide is small. When the rock undergoes 
brittle failure, the cutting force will change in a fluctuating manner. At this time, the value of the parameter SI 
gradually increases. Since the cutter are continuously subjected to strong damage, they are more likely to be 
worn or even damaged. As the penetration depth of the PDC cutter increases, the MSE gradually decreases while 
the SI value continues to increase. This means that drilling efficiency and the stability of the PDC cutter are not 
compatible, but the optimal work can be determined by observing changes in SI. The parameters enable the PDC 
cutter to have strong stability while maintaining drilling efficiency.

Fig. 14.  Statistics on the changes of MSE and SI with cutting depth.
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Fig. 16.  Statistics on the changes of MSE and SI with cutting angle.

 

Fig. 15.  Statistics on the changes of cutting force with cutting angle.
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Conclusions
In this article, a rock-breaking mechanism model of PDC cutter is established based on the way in which PDC 
cutter breaking rock, and a cutter stability index SI is proposed. The FDEM method was used to simulate the 
rock breaking process of planar cutter, machete cutter and stinger cutter under different cutting depths and 
cutting angles, and the parameters SI and MSE were used to optimize the optimal working parameters of the 
three cutters. The main conclusions drawn are as follows.

1 At shallow cutting depths, cutting force variations are minimal, and the Stability Index (SI) remains 
high, indicating stable cutter performance. As the cutting depth increases, cutting force fluctuations become 
pronounced, and the SI decreases, reflecting reduced cutter stability.

2 The stability and efficiency of the cutters are influenced by cutting depth and angle. The optimal cutting 
depths are determined to be 2 mm for the stinger cutter and 1.5 mm for the machete cutter. The planar cutter 
maintains balanced stability across varying depths, with a slight preference for a depth of 1.5  mm. Optimal 
cutting angles are less than 20° for the planar cutter, 20° for the stinger cutter, and less than 10° for the machete 
cutter.

3 The Stability Index (SI) and Mechanical Specific Energy (MSE) are crucial in optimizing cutter performance. 
A lower MSE indicates higher rock-breaking efficiency, while an increasing SI signifies greater cutting force 
fluctuations and potential for cutter wear. Balancing SI and MSE is essential to achieve optimal drilling efficiency 
and cutter stability.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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