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Abstract 
In order to guide the design of the PDC tooth wheel composite drill bit, finite element 
software was used to simulate the composite rock breaking efficiency under the premise 
of different spacing and different combinations of PDC tooth front inclination angles with 
the same tooth layout in different tracks and the same eating depth. Under the premise 
of the same tooth spacing, the PDC teeth show an increasing trend of breaking ratio work 
by increasing the front inclination angle; under the premise of the same front inclination 
angle, the shortest distance between the rock ridges after tooth destruction is in the 
range of 4mm, 5mm and 6mm, and the shortest distance between the rock ridges of the 
two teeth is at 5mm when the front inclination angle is 25°, 20° and 10°. At this time, the 
rock is damaged by shear stress when the PDC teeth are inclined at an angle of nearly 0°, 
which is in line with the law that the rock is damaged by shear stress than by compressive 
stress. Based on the simulation results, the composite crushing ratio (CMS) is proposed 
to evaluate the efficiency of composite rock breaking with different inclination angles 
and spacing. The results show that the finite element simulation can provide a reference 
for the tooth deployment method of PDC tooth composite drill bit. 
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1. Introduction 

In recent years, PDC teeth and tooth wheel teeth are commonly used in complex and difficult to drill 
formations [1]. But among them, there is relatively little research on the rock-breaking mechanism of 
the composite bit, which is designed according to the drilling effect, the parameters of PDC cutting 
teeth and dental wheel teeth are selected, the composite bit English name Hybrid Bit usually 
composite bit as shown in Fig. 1, its structure type has two kinds of CL and BL [2], the essence of 
the two structure types for the cutting teeth of the dental wheel part and cutter wing part in the drilling 
process who is "main cutting". The characteristics of this essence are shown in Fig. 2, where marker 
1 indicates the cutting envelope of the tooth wheel teeth, marker two indicates the cutting envelope 
of the PDC teeth, H indicates the "height difference" between the two envelopes, this paper studies 
the mutual cutting action of the two cutting teeth therefore simplifies the cutting of the tooth unit for 
the heterotrack, the selected tooth wheel teeth and the eating depth of the premise To study the effect 
of the PDC cutting teeth on the cutting efficiency of the PDC cutting teeth in terms of the front 
inclination angle and the different spacing between the two teeth. 

The experimental study of composite rock breaking by unit cutting tooth test has long design time for 
the test setup, how to install the sensor patch on the cutting tooth or device, high cost, long cycle time, 
and large dispersion of test results caused by the non-homogeneity of the rock. In order to solve the 
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above difficulties in the experimental study of the composite rock breaking of tooth units and to reveal 
the laws of the rock breaking process under the transient action of PDC teeth and tooth wheel teeth, 
a finite element analysis model capturing the rock breaking process was established in this study 
based on explicit dynamics and dynamic instantonal equations. The forces in the cutting direction and 
the crushing ratio work in the rock breaking process of PDC teeth and tooth wheel teeth are analysed, 
and the effects of different cutting angles, different cutting depths and different spacing on the rock 
breaking are explored to further reveal the composite rock breaking mechanism of PDC teeth and 
tooth wheel teeth. 

 
Fig. 1 Composite drill bit developed by Hughes 

 

 
Fig. 2 Cutting envelopes for two types of cutting teeth 

 

2. Dynamic intrinsic model of rock H-J-C 

The H-J-C [3] model, the Druker-Prager [4] model and the CSCM model are the most commonly 
used rock constitutive models. The H-J-C model includes two aspects of the equation of state and the 
yield surface equation [4].  

2.1 Equation of state 

The equation of state is used to describe the relationship between the hydrostatic pressure p and the 
volumetric strain μ of the rock (Fig. 3) and consists of 3 phases. 

 

 
Fig. 3 Equation of state 
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The equations for loading and unloading of the OA section (linear elastic phase) are respectively: 
𝑝 = 𝐾 𝜇

𝐾 =                                            (1)  

In the equation: 𝑝 denotes pressure in Mpa; 𝐾  denotes elastic bulk modulus in Mpa; μ denotes 
volumetric strain, uncaused; 𝑝  denotes crushing bulk pressure of the rock in Mpa; 𝜇  denotes 
crushing volumetric strain, uncaused. 

Section AB (transition phase): 

Because the natural hollow defect gaps within the rock are gradually compacted, thus producing 
plastic deformation in the compressed rock, the loading and unloading equations are respectively: 

𝑝 = 𝑝 + (𝑝 − 𝑝 )                                (2) 

𝑝 = 𝑝 − [(1 − 𝐹)𝐾 + 𝐹𝐾 ](𝜇 − 𝜇)                         (3) 

In the equation: 𝜇  denotes the volumetric strain corresponding to the compaction volume pressure 
𝑝 , uncaused; 𝑝  compaction volume pressure in Mpa; 𝐹 denotes the unloading scale factor, which 
is calculated as 𝐹 = (𝜇 − 𝜇 )/ 𝜇 − 𝜇 , uncaused; 𝐾  denotes the plastic bulk modulus of the 
rock, Mpa; 𝜇  denotes the volumetric strain corresponding to the volume pressure 𝑝  before 
unloading, uncaused. 

BC section (fully compacted stage): 

The internal interstices of the rock at this stage are compacted and can be approximated as fully 
compacted material, with the loading and unloading equations being. 

𝑝 = 𝐾 �̅� + 𝐾 �̅� + 𝐾 �̅�                                  (4) 

𝑝 = 𝐾 �̅�                                        (5) 

In the equation: �̅� is expressed as the volumetric strain after positive correction, �̅� = (𝜇 − 𝜇 )/(1 +
𝜇 ), 𝜇  expressed as compaction limit volume strain, uncaused; 𝐾 ,𝐾 ,𝐾  is the pressure coefficient, 
Gpa. 

2.2 Yield surface equation 

The yield surface equation for the H-J-C model is: 

𝜎 = 𝑓 𝐴(1 − 𝐷) + 𝐵 1 + 𝐶ln                          (6) 

In the equation: 𝜎  denotes the equivalent force of the rock unit in Mpa; 𝑓  denotes the quasi-static 
uniaxial compressive strength of the rock in MPa; 𝐴 denotes the normalised cohesive strength, 
uncaused; 𝐵 denotes the normalised pressure hardening coefficient, uncaused; 𝐶 denotes the strain 
rate coefficient, uncaused; 𝑁  denotes the pressure hardening index, uncaused;  𝐷  denotes the 
damage degree of the rock, 0≤ 𝐷 ≤1; 𝜀  denotes the true strain rate, uncaused; 𝜀  denotes the 
reference strain rate, uncaused. 

3. Composite rock breaking finite element model 

A finite element model of the tooth-wheel tooth-PDC tooth composite rock breaking was developed 
using finite element software and the following assumptions were made based on single tooth 
simulation analysis: 

(1) Due to the short contact time between the PDC teeth and the teeth of the tooth wheel and the rock 
and the hardness of the PDC teeth and teeth of the tooth wheel is equivalent to the sandstone, thus 
ignoring the wear of the teeth set as a rigid body. 
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(2) When analysing the joint action of the two teeth and the rock, the cutting distance and action time 
are very short, the spiral movement is not considered, and the movement of the PDC teeth is 
simplified to straight cutting while the teeth of the tooth wheel do straight rolling. 

(3) The cutting speed of the PDC tooth and the rotation speed of the tooth wheel tooth are fixed, and 
the depth of the two teeth eating into the rock is also constant. 

3.1 Simulation model 

PDC teeth of 13.44mm diameter were selected to eat 2mm deep, conical teeth model Z120130-4R30 
shown in Fig. 4, pressed into the rock depth of 2mm, ignoring the non-cutting part of the conical teeth, 
PDC teeth cutting distance of 9mm, according to the St. Venant principle to set the model size of the 
rock cutting direction length, width of the rock, height of the rock are: 90mm * 100mm * 16mm, 
composite rock breaking model shown in Fig. 5. 16mm, the composite rock breaking model is shown 
in Fig. 5. 

 
Fig. 4 Conical tooth Z120130-4R30 

 

 
Fig. 5 3D model of composite rock breaking with PDC teeth and tooth wheel teeth 

 

PDC cutting teeth and tooth wheel teeth break the rock by relying on the impact and crushing of the 
tooth wheel teeth on the rock and the scraping and shearing of the rock by the PDC teeth in two ways, 
both teeth have a certain impact load when they first touch the rock and the nature of the rock is more 
different than when it is static, which is a transient dynamics problem. 
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3.2 Material models and their parameters 

The parameters of the H-J-C model were determined according to the literature, and the final 
parameter settings are shown in Table 1, while the parameters of the cutting teeth are shown in Table 
2. 

Table 1. Parameters of the sandstone H-J-C model (basic units: mm-N-s) 

𝜌 𝐺 𝐴 𝐵 𝐶 
2.35e-9 5.43e3 0.55 13 0.0097 

𝑁 𝑓  𝑇 𝜀̇  𝜀  
0.89 67.55 4.35 1 0.01 

𝑆  𝑝  𝜇  𝑝  𝜇  
20 22.5 15e-3 2e3 0.174 
𝐷  𝐷  𝐾  𝐾  𝐾  

0.04 1 3.9e4 -23e5 5.5e5 

 

Table 2. Cutting tooth stiffener material model parameters (basic units: kg-mm-Gpa) 

Cutting teeth Density Modulus of elasticity Poisson's ratio 
Dental wheel teeth 1.45e-9 5.8e5 0.2 

PDC 3.5e-8 8.6e5 0.0768 

 

In finite element simulations, it is necessary to simplify the geometric model appropriately in order 
to reduce the computational time. Considering that the sandstone grain size is usually 0.1 mm to 0.5 
mm, the cell mesh of the rock model being cut in this study is 0.5 mm, and hexahedral meshing is 
used. 

Full constraints were applied to the rock bottom surface and a non-reflective boundary was set to 
simulate a semi-large infinite domain. Applying horizontal directional velocity to the PDC teeth, the 
PDC teeth are cut to a depth of 2 mm at a horizontal velocity of 0.4m/s and the tooth wheel teeth are 
rotated at a rotational speed of 1r/min with a radius of 380mm from the horizontal to vertical position 
of impact pressed into the rock, ending the calculation time for the PDC teeth to move horizontally 
to the centre axis of the tooth wheel teeth, intercepting the cutting state at the time of their interaction 
as shown in Fig. 6. 

 
Fig. 6 Composite rock breaking solution 
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4. Analysis of simulation results 

Simulations were carried out with the cutting angles of 5°, 10°, 15°, 20° and 25° orthogonal to the 
distance between the ridges of the two teeth after cutting at 4mm, 5mm and 6mm (taking into account 
the interference between the two teeth during the cutting process) and the average values are shown 
in Fig. 7. 

 
Fig. 7 The average values 

 

The horizontal coordinates of the graph indicate the forward inclination of the PDC teeth, PDC4 
indicates the simulation case when the distance between the PDC teeth and the teeth of the tooth 
wheel is 4 mm, and so on. 

According to the rock test mechanics of sandstone, the plasticity coefficient is 2.87. The rock is hard 
in sandstone, so the effective plastic strain in the simulation results is used to observe the damage to 
the rock at different rake angles, to calculate the change in cutting force, and to calculate the specific 
work of cutting of the PDC teeth. 

For a single cutting tooth, the calculation of the crushed rock volume can be divided into two methods: 
the projected crushing volume and the actual crushing volume. The projected crushing volume is the 
product of the projected area of the cutting tooth and the displacement of the cutting tooth, while the 
actual crushing volume is the real rock volume removed. The projected volume is simple to calculate 
and differs very little from the actual volume. Therefore, the crushing ratio work in the numerical 
simulation results is calculated from the projected volume. The crushing work (MSE) expressed in 
terms of the projected crushing volume can be written as 

MSE ≈ ≈                                        (6) 

where 𝑓  represents tangential force; 𝑉 - crushing volume; 𝑆 - projected area of cutting teeth. 

The formula for calculating the projected area of the cutting tooth is: 

S = 𝑟 cos  
/  

− 𝑟 − 𝑟sin cos
/  

           (7) 

Where r denotes the cutting tooth radius; d denotes the cutting tooth eating depth; 𝜃 denotes the front 
inclination angle. 

Calculated 2mm depth of cut PDC tooth radius of 8mm, the front inclination angle of 5°, 10°, 15°, 
20°, 25° of the projection area to retain two decimal places: 14.57 𝑚𝑚 , 14.62 𝑚𝑚 , 14.75 𝑚𝑚 , 
14.92 𝑚𝑚 . as shown in the figure below A indicates the inclination angle, the value in front of A 
indicates the specific value of the inclination angle. 
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Fig. 8. Comparison of the crushing ratio work of PDC teeth with different pitches 

 

DIS indicates the pitch in the figure, and Fig. 8 shows that at the same tooth pitch, the overall crushing 
power of the PDC teeth increases at 5°, 10°, 15°, 20° and 25°. The larger the front inclination angle 
of the PDC teeth, the greater the crushing work of the sandstone, the greater the angle of inclination 
of the rock under pressure, the less easy to break, combined with Fig. 11-13 also supports the larger 
the angle of inclination of the destruction of the rock caused by the greater the plastic strain; Figure 
9 shows that the front inclination angle of 25°, 20°, 10°, the case of two teeth spacing in 5mm for the 
crushing work turning point; the front inclination angle of 15 degrees crushing work fluctuation is 
small; 5° when Crushing ratio work single reduction, at this time the PDC teeth nearly 0° forward 
inclination angle rock shear damage, in line with the rock by shear stress damage is lower than the 
law of compressive stress damage, the distance between the two teeth is far to facilitate the PDC teeth 
through the shear damage to the rock, to avoid the tooth wheel teeth after the compaction of the rock 
cutting. 

 

 
Fig. 9 Comparison of PDC tooth crushing ratio work for different inclination angles 
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Fig. 9 shows that when the front inclination angle is 15 degrees, the pitch has a small and smooth 
change in the crushing ratio of the PDC teeth. When the front tilt angle is 5°, the larger the pitch the 
more stable the PDC tooth crushing work becomes. At 10°, 20° and 25°, the breakage ratio of PDC 
teeth is at a turning point of 5 mm. 

The calculation of the crushing ratio work for a single tooth is also expressed as the energy consumed 
by crushing a unit volume of rock similar to that of a PDC tooth breaking a rock whose expression 
formula is. 

MSE = =                                     (7) 

In the formula f indicates the combined force on the tooth; v the combined velocity of the cutting 
tooth; t the action time of the tooth; and V the crushing volume. The crushing volume is known to be 
31.37mm^3, t is 0.01s, v is 105.6mm/s, f is derived from the simulation and the calculated crushing 
ratio work of the single tooth of the tooth wheel is shown in the figure below. The horizontal 
coordinates of the graph indicate the forward inclination of the PDC tooth, teeth 4 indicates the 
simulation case when the distance between the PDC tooth and the ridge of the tooth wheel is 4mm, 
and so on. 

 
Fig. 10 Crushing ratio work of the teeth of the tooth wheel 

 

The area of action of the intercepted two teeth is shown below. The darker the red colour of the 
composite breaking simulation results, the greater the effective plastic strain on the rock as shown in 
Fig. 11-13 below. 

 

 
Fig. 11 Same pitch 4mm 
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Fig. 12 Same pitch 5mm 

 

 
Fig. 13 Same pitch 6mm 

 

As the inclination of the PDC teeth increases the plastic strain of the rock increases, the plastic damage 
of the tooth wheel pit is basically the same in the same situation with the same inclination of the PDC 
teeth at a pitch of 4-6 mm. 

 
Fig. 14 Combined crushing ratio 

 

As Fig. 10 shows that the crushing ratio work of the tooth wheel teeth does not vary monotonically 
compared to the PDC crushing ratio work, it is not possible to evaluate the rock breaking efficiency 
of the combined two (tooth wheel teeth and PDC teeth), so a dimensionless combined crushing ratio 
(CMS) is established to evaluate the combined rock breaking efficiency for different inclinations and 
pitches. The expression for this is: 

𝑀𝑆 =
∑  

+
∑  

                              (8) 
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In the formula, 𝐸 , 𝑊  indicate the crushing ratio of the PDC teeth and the teeth of the tooth wheel 
respectively, and k indicates the crushing work in the same composite rock breaking; n is a positive 
integer, and 1 ≤ k ≤ n. The figure below shows the comprehensive crushing ratio of each entry in the 
composite rock breaking, the horizontal coordinate A indicates the front inclination angle, and the 
vertical coordinate 𝐶𝑀𝑆 indicates the comprehensive crushing ratio, the smaller the comprehensive 
crushing ratio means the higher the rock breaking efficiency. It can be clearly seen that the two teeth 
in the 2mm depth of cut PDC in 5° forward inclination angle and spacing of 5mm parameters with 
the cooperation of rock breaking efficiency is better than other parameters. 

5. Conclusion 

(1) For the same depth of tooth wheel teeth and PDC teeth, the greater the front inclination angle the 
greater the crushing ratio work of the PDC teeth to destroy the sandstone, and the greater the 
inclination angle the less likely the rock is to be crushed under pressure. The distance between the 
two teeth is far enough to facilitate the shearing force of the PDC teeth to destroy the rock with a 
forward inclination of less than 15°, avoiding the impact of the tooth wheel teeth on the rock cut by 
the PDC teeth after the compaction of the rock, revealing the interaction between the two. 

(2) Two teeth at 2mm depth of cut PDC at 5° forward inclination angle and spacing of 5mm with the 
parameters of rock breaking efficiency better than other parameters, its efficiency compared to the 
lowest efficiency 25° PDC forward inclination angle 2mm depth of cut, rock ridge spacing of 5mm 
spacing of composite rock breaking parameters is 25.59% higher. Under the influence of the PDC 
tooth cutting with a 5° forward inclination angle, the rock is more damaged by shear and there is a 
greater variation in the cutting ratio work of the tooth wheel teeth.  
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