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ABSTRACT: The Upper Triassic, particularly the Xujiahe Formation in the Sichuan Basin, exhibits 

significant exploration potential. However, reservoir characteristics such as low permeability, deep 

burial, and strong heterogeneity, limit the rock-breaking efficiency and service life of PDC bits. This 

study conducted experiments on the penetration and cutting of tight hard sandstone under drilling 

motion conditions, and compared the characteristics of triple-ridged PDC cutters (TRC) and planar 

PDC cutters (PLC) penetrating and cutting tight hard sandstone. Research results indicate that the 

optimal rock penetration effect is attained when the penetration angle of the PLC is 30° and that of 

the TRC is 25°. Under drilling motion conditions, the TRC exhibit superior stability during rock 

fragmentation and induce greater damage to the rock bottom. As the penetration velocity rises while 

the rotational speed drops, the extent of rock fragmentation diminishes; however, the fragmentation 

efficiency improves. Under these circumstances, the rock-breaking volume increases, and the 
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mechanical specific energy (MSE) decreases. In the process of drilling in highly abrasive sandstone 

formations, it is advisable to adopt high bit weight and medium - low rotational speed in engineering 

parameters. This research offers theoretical underpinnings for the design of drill bits and the 

selection of engineering parameters within highly abrasive formations. 

 

Keywords: Tight hard sandstone, Triple-ridged PDC cutter, Rotary cutting , Hybrid-cutter PDC bit, 

Hybrid-cutter layout design 

 

1. Introduction 

Since the advent of the 21st century, conventional oil and gas exploration and development 

have entered their mid-to-late stages. Unconventional oil and gas resources, such as shale gas, shale 

oil, tight oil, and tight sandstone gas, have become the focal points of future exploration and 

development1-3. Among these, tight sandstone gas stands out as one of the more successfully 

developed unconventional resources domestically, accounting for one-fifth of China's natural gas 

production3. China boasts abundant tight sandstone gas resources, with the Xujiahe gas reservoirs 

in the Sichuan Basin being notable examples of successful development4,5. The Upper Triassic 

Xujiahe Formation in the Sichuan Basin is a key stratum for natural gas exploration, particularly 

due to its vast exploration potential. The reservoirs are characterized by their tightness, significant 

depth, strong heterogeneity, quartz content exceeding 85%, and rock hardness surpassing grade 7. 

These characteristics lead to severe drill bit wear, short drilling footage, frequent tripping, and a 

higher probability of gauge wear, presenting a series of engineering challenges6-8. 

As a pivotal factor in enhancing drilling speed in challenging formations, the performance of 

drill bits directly impacts drilling efficiency and operational costs. In recent years, PDC 

(Polycrystalline Diamond Compact) bits have experienced rapid development, with their drilling 

performance and variety substantially meeting the demands of oil and gas drilling. These bits now 

account for nearly 80% of the global oil and gas market share and over 90% of the total global 

drilling footage9,10. However, conventional PDC bits have shown limited effectiveness in addressing 

the complex challenges posed by unconventional drilling operations characterized by depth, 

thickness, hardness, and difficulty. In recent years, the widespread application of non-planar PDC 
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cutters has revolutionized the traditional single-shear rock-breaking mode of planar cutters. By 

employing a tensile-shear mechanism for efficient rock fragmentation, these innovative cutters have 

significantly enhanced impact resistance and wear resistance, thereby improving the rock-breaking 

efficiency and service life of PDC bits in deep and ultra-deep hard rock formations11-13. 

Current research methodologies on the rock-breaking mechanism of PDC cutters 

predominantly focus on theoretical modeling, numerical simulation, and cutting experiments. These 

approaches investigate rock-breaking characteristics such as the rock-breaking process, crack 

morphology14, cuttings morphology15, and groove morphology16,17, as well as rock stress response, 

damage evolution characteristics18, and cutter contact stress19. For instance, Souissi et al.20 

conducted penetration experiments on sandstone, limestone, and granite, comparing penetration 

energy, fracture morphology, and penetration force under various conditions. Huang et al.21 

employed the discrete element method to simulate the rock-breaking process of cutters, revealing a 

transition from ductile to brittle failure in rocks with increasing cutting depth. Che et al.22 analyzed 

the rock-cutting process of PDC cutters using high-speed photography, observing the formation of 

a fan-shaped compacted core under shear and compressive stresses, followed by crack propagation 

to the rock surface and eventual large-scale chip detachment. Weiji Liu et al.17 experimentally 

investigated the tensile-shear combined rock-breaking mechanism and groove characteristics of 

planar PDC cutters. In the study of non-conventional cutters, Xiong Chao23-26 systematically 

investigated the rock-breaking mechanism of conical cutters, which primarily involve compaction 

crushing at the cutter tip and tensile fracture at the cutter front. To address the limited cutting area 

of conical cutters while retaining their high rock-breaking efficiency, ridge-shaped PDC cutters have 

gradually been introduced in oilfield applications. Among these non-conventional cutters, axe-

shaped and triple-ridged PDC cutters are the most widely used. Researchers have conducted studies 

on the rock-breaking mechanisms of axe-shaped cutters, the rock-breaking characteristics of triple-

ridged cutters, and the influence of the ridge structure of triple-ridged cutters on rock-breaking 

performance27,28. It has been found that triple-ridged cutters with a gentler ridge angle exhibit 

improved impact resistance27, while their unique three-ridge structure increases the area of rock 

subjected to tensile and shear stresses, leading to greater volumetric fragmentation in brittle rocks29. 
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In addition, some scholars have also studied the fragmentation behavior of rocks under mechanical 

action during the drilling process30, exploring the mechanical response characteristics of rocks in 

drilling engineering31, and found that rocks exhibit a transition from ductile to brittle failure under 

thermal shock32. It provides rich basis and reference for understanding the rock-breaking 

characteristics of PDC teeth under various motion modes. 

In existing experimental and numerical simulation studies, the motion state of PDC cutters is 

typically simplified to linear or circular movements, without considering the actual motion patterns 

under real drilling conditions. Therefore, this study conducts experiments on the penetration and 

cutting of tight hard sandstone by triple-ridged PDC cutters under drilling motion conditions. It 

compares the characteristics of PDC cutters penetrating and cutting tight hard sandstone, providing 

theoretical support for the design of hybrid-cutters PDC bit and the optimization of drilling 

parameters in tight hard sandstone formations. 

2. Rotary Cutting Experiment under Drilling Motion Conditions 

2.1 Experimental Appratus and Sample Preparation 

The rotary cutting rock-breaking experiment by PDC cutters was conducted using the high-

temperature and high-pressure PDC cutter breaking and wear resistance testing system at China 

University of Petroleum (Beijing), as illustrated in Fig.1. The experimental apparatus comprises two 

main components: the cutting system and the control system. The cutting system, which was 

modified from a vertical lathe, includes a high-precision stepper motor, a rock sample holding device, 

a rotary table cutting base, a triaxial force sensor, a tool holding device, and a hydraulic pump. The 

control system consists of a programming system, a motion control system, and a data acquisition 

system. This setup enables the testing of single and multiple PDC cutter wear resistance, rotary rock 

breaking, and linear rock breaking. It also facilitates the monitoring of the rock breaking process 

through the use of infrared thermometer and high-speed photography. The rock sample holding 

capacity is up to 500*500*500 mm, with the rotary table speed ranging from 38 to 170 rpm. The 

cutting speed (The velocity in the cutting direction during the linear motion of PDC cutters) is 

adjustable from 10 to 500 mm/s, and the overall displacement adjustment precision is 0.001 mm. 

The triaxial force acquisition frequency ranges from 0 to 3000 Hz. The experimental equipment 
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provides pressure through a bidirectional hydraulic pump to simulate the formation confining 

pressure, and can heat the rock through a muffle furnace to simulate high - temperature conditions. 

However, the experimental conditions implemented in this study are more focused on simulating 

the motion state of the PDC cutters during the drilling process of the PDC bit, rather than 

emphasizing the simulation of environmental conditions. Therefore, the experiment was conducted 

at room temperature. The hydraulic pump provided a bidirectional clamping force of approximately 

10 MPa to secure the rock. 

 

Fig.1 Rock-breaking experimental system of PDC cutter 

The parameters of the triple-ridged PDC cutters (TRC) and the planar PDC cutter (PLC) used 

in this study are shown in Fig.2 (a), (b), respectively. Fig.2 (c) exhibits the tight hard sandstones 

used in the research. The rock sample utilized in this experiment is a rectangular tight hard sandstone 

with a length and width of 300 mm and a height of 130 mm, which can be collected from the 

outcrops in Xujiahe Formation, Sichuan Basin. The detailed mechanical parameters of the sample 

were obtained from confined compression tests, as shown in Table 1. 
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Fig.2 The geometrical parameter of PDC cutters and sandstone samples 

Table 1 Basic mechanical properties of sandstone samples 

Properties 
Density 

 (g/cm3) 

Young's modulus 

(GPa) 

UCS 

(MPa) 
Poisson's ratio 

Tensile strength 

(MPa) 

Avg 2.435 30.61 197.01 0.219 11.67 

Note: The properties were tested three times. 

The process of the experiment implementation is shown in Fig.3. The experiment is carried 

out in accordance with the following steps: 

(1) Prior to the experiment, put on protective equipment and conduct a safety inspection to 

ensure the testing apparatus is functioning properly. 

(2) Prepare experimental materials, including rock samples, PDC cutters, fixtures, sieves net, 

and an electronic scale. 

(3) According to the experimental protocol, select the appropriate fixture and PDC cutter, 

secure the PDC cutter and rock sample, and perform leveling calibration. Based on the experimental 

principles, program the cutting parameters such as rotation radius, penetration velocity, and 

rotational speed on the programming interface. 

(4) Execute the program, set the parameters for the data acquisition system (with a force 

sampling frequency of 500 fps in this experiment), measure and record the force data. Collect rock 

cuttings during the experiment and save the experimental data to conclude this set of experiments. 

(5) Clean the equipment, adjust the parameters, and repeat the experimental procedure to 

complete all experiments. 

(6) After the cutting experiment, sieve the rock cuttings using 10-mesh (2 mm), 20-mesh (0.84 

mm), 30-mesh (0.59 mm), and 80-mesh (0.177 mm) sieves. Weigh the sieved cuttings using an 

electronic balance (with a precision of 0.01 g) and scan the post-experiment rock surface using a 

RigelScan scanner to complete the post-processing tasks. 
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Fig.3 Experimental procedures and experimental treatments 

2.2 Experimental Design 

During the drilling process, the PDC cutters on the PDC bit move downward under the action 

of the weight of bit (WOB) and simultaneously rotate along with the bit. The schematic diagram 

illustrating the experimental principle is presented in Fig.4. Throughout the experimental process,  

the sandstone sample is secured on the rotating platform and undergoes counterclockwise rotation, 

whereas the PDC cutter is clamped onto the equipment and undergo uniform axial motion therewith. 

The rotation of the rock sample is synchronized with the downward movement of the PDC cutter, 

thereby simulating the motion state of the PDC cutter during drilling operations. This is not a fixed 

cutting depth. The cutting depth of the PDC cutter continuously increases from 0 to 6 mm during 

the motion process. The rotation radius (𝑟), axial penetration velocity (𝑣), and rotational speed (𝑛) 

of the PDC cutter are precisely configured, with the center point of the PDC cutter positioned on 

the XOZ plane to eliminate the influence of lateral angles on the force distribution of the PDC cutter. 

In the penetration experiments, only axial motion was configured. The three-axis forces acting on 

the PDC cutters include the axial force 𝐹𝑧, the tangential force 𝐹𝑦, and the lateral force 𝐹𝑥. 
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Fig.4 Schematic diagram of the principle of experiment 

The penetration experiment scheme and the rock-breaking experiment scheme adopted in the 

research are respectively shown in Table 2 and Table 3. 

As shown in Table 2, the penetration experiment of PDC cutters in tight hard sandstone was 

set up with a total of 30 groups of experiments, including different penetration velocity and different 

penetration angles for the TRC and the PLC. The total penetration depth of the PDC cutters was set 

at 3.5 mm and this is determined based on the exposure height of the PDC cutters on the PDC bit33. 

Table 2 The penetration experimental scheme of PDC cutters in tight hard sandstone 

Number PDC cutter 
Penetration velocity 

(mm/s) 

Penetration angle 

(°) 

1~11 PLC 0.8 5/10/15/20/25/30/35/40/45/50/55 

12~15 PLC 0.4/0.6/1.0/1.2 15 

16~26 TRC 0.8 5/10/15/20/25/30/35/40/45/50/55 

27~30 TRC 0.4/0.6/1.0/1.2 15 

Note: The total penetration depth is set at 3.5 mm. 

The rotary cutting experimental scheme of PDC cutters in tight hard sandstone shown in Table 

3 were conducted with different penetration velocity (𝑣), rotation radius (𝑟) and rotational speeds 

(𝑛) for both TRC and PLC, totaling 26 groups. Considering the structural features of the 8 1/2" PDC 

bits, the rotation radius of 50, 70, 90 and 110 mm respectively represent the inner cone, nose, outer 

cone and gauge of the PDC bit. The different rotational speeds represent the rotational speeds of the 

PDC bit during the drilling process, while the penetration velocity denote the rate of penetration 

(ROP) of the PDC bit in drilling operations. Under the experimental conditions, the equivalent ROP 

ranged from 1.44 to 4.32 m/h. The equivalent ROP referenced herein is derived through the 

conversion of penetration velocity, specifically involving unit transformation between millimeters 

per second (mm/s) and meters per hour (m/h). Throughout the entire process, the maximum axial 
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displacement of the PDC cutter was 6 mm. 

Table 3 The rotary cutting experimental scheme of PDC cutters in tight hard sandstone 

Number PDC cutter 
Penetration velocity 

(mm/s) 

Rotation radius 

(mm) 

Rotational speed 

(rpm) 

1~5 PLC 0.4/0.6/0.8/1.0/1.2 70 76 

6~9 PLC 0.8 30/50/90/110 76 

10~13 PLC 0.8 70 38/65/85/130 

14~18 TRC 0.4/0.6/0.8/1.0/1.2 70 76 

19~22 TRC 0.8 30/50/90/110 76 

23~36 TRC 0.8 70 38/65/85/130 

Note: The axial movement range of the PDC cutter is 0 to 6 mm. 

2.3 Data processing 

2.6.1 Standard error of the estimate 

The standard error of the estimate (SEE) quantifies the average deviation of data points from 

the regression line, with its unit consistent with that of the dependent variable (Y). By performing 

linear regression on the experimentally obtained tangential and axial force data and calculating the 

residual standard error of the data points, we can characterize the fluctuation level of the mechanical 

data. A smaller SEE indicates that the data points are closer to the fitted curve, suggesting lower 

fluctuation and consequently greater stability in the cutting process. The computational 

methodology for determining the residual standard error is as follows: 

𝑆𝐸𝐸 = √
∑(𝑦𝑖−𝑦𝑖̂)2

𝑛−2
                              (1) 

In the Equation, 𝑦𝑖  represents the observed value, 𝑦𝑖̂  represents the predicted value, 𝑛 

represents the number of data points. 

2.6.2 Mechanical specific energy 

The energy consumption for rock fragmentation is an important indicator for measuring 

drilling efficiency. In rock fragmentation science, the mechanical specific energy (MSE) for rock 

breaking reflects the efficiency of rock fragmentation from an energy perspective34. It is defined as 

the energy consumption required for the fragmentation of a unit volume of rock. The 𝑀𝑆𝐸 can be 

expressed as： 

𝑀𝑆𝐸 =
𝑊

𝑉
                                 (2) 

In the Equation, 𝑊  represents the energy consumed for rock fragmentation, and 𝑉 

represents the volume of rock-breaking, which can be directly obtained by scanning the morphology 
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of the cutting slot in this study. 

During this experiment, the tangential force and axial force were used to break the rock and 

do work. The direct acquisition of the mechanical data (𝐹) and the corresponding relationship with 

time (𝑡) in the experiment is shown in Fig.5 (a). It is evident that both the tangential force 𝐹𝑦 and 

the axial force 𝐹𝑧 exhibit a linear increasing trend with time. To calculate the work performed, it is 

necessary to transform the data into the relationship between force (𝐹) and relative displacement 

(𝐿). 

In the axial direction, the PDC cutter exhibits uniform downward motion, yielding the 

following relationship: 

𝐿𝑧 = 𝑣 ∗ 𝑡                                 (3) 

In the Equation, 𝑣 represents the penetration velocity, mm/s. 

And in the tangential direction, the PDC cutter and the rock have a relative rotational motion, 

and thus: 

𝐿𝑦 = 𝑣𝑦 ∗ 𝑡 = 𝜔 ∗ 𝑟 ∗ 𝑡 =
2𝜋∗𝑛∗𝑟∗𝑡

60
                     (4) 

In the Equation, 𝑣𝑦 represents the linear velocity, mm/s; 𝜔 represents the angular velocity; 

𝑛 represents the rotational speed, revolutions per minute (rpm); and 𝑟  indicates the radius of 

rotation, mm. 

According to Equations (2) to (4), the expression of MSE is shown in Equation (5). The areas 

𝑆𝑦 and 𝑆𝑧 in Fig.5 (b) and (c) are calculated by the integration method, representing the work done 

by the tangential force and the axial force respectively. 

𝑀𝑆𝐸 =
𝑊

𝑉
=

𝑊𝑦+𝑊𝑧

𝑉
=

∫ 𝐹𝑦
𝐿𝑦

0 𝑑𝑥+∫ 𝐹𝑧
𝐿𝑧

0 𝑑𝑥

𝑉
                   (5) 
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Fig.5 Force data and processing methods of rotary cutting experiment 

2.6.3 Fractal dimension and maximum size of rock cuttings 

Fractal theory is a mathematical scientific framework employed to delineate the self-similarity 

and scale invariance of systems, constituting a pivotal branch within contemporary nonlinear 

science35. It serves as a crucial mathematical instrument and methodology in scientific research, 

with pertinent studies and applications in rock fragmentation36,37. The relationship between the 

fractal dimension of rock debris and the mass fraction can be expressed as38: 

𝑙𝑛
𝑀𝐿

𝑀𝑇
= (3 − 𝐷𝑙) 𝑙𝑛( 𝑙) − (3 − 𝐷𝑙) 𝑙𝑛( 𝑙𝑚𝑎𝑥)                   (6) 

Among them, 𝑀𝐿 represents the accumulative mass of rock cuttings smaller than size 𝑙,  𝑀𝑇 

represents the total mass of rock cuttings, 𝐷𝑙 represents the fractal dimension of rock cuttings, 𝑙 

represents the size of rock cuttings, and 𝑙𝑚𝑎𝑥 represents the maximum size of rock cuttings. 

3. Results and analysis 

3.1 Penetration characteristics of PDC cutters 
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3.1.1 The penetration force and topography of crushed pit 

Fig.6 illustrates the penetration force (axial force) curves during the penetration experiment 

under various experimental conditions. Within the tested range, the penetration force consistently 

exhibited a continuous loading-fluctuation-loading trend until the penetration depth reached the 

preset value of 3.5 mm, at which point the penetration force attained its maximum value, defined as 

the ultimate penetration force. Prior to reaching the ultimate limit of penetration depth, the 

fluctuation range of the penetration force can reflect the degree of brittle failure. For example, under 

the condition of 30°, the brittle failure mode of TRC under the 30° condition is more prominent than 

that of PLC. The results presented in Fig.7 also serve to validate this viewpoint. The Fig.6 

demonstrates that the rate of increase in penetration force accelerates progressively with greater 

penetration depth. Furthermore, the force curve for the TRC consistently remains above that of the 

PLC, indicating that greater penetration force is required for the TRC at equivalent penetration 

depths, a phenomenon attributable to the prismatic structure of the TRC. The special ridge structure 

of the TRC increases the contact area with the rock during intrusion. 

 

Fig.6 Penetration force curves under different experimental conditions 

Fig.7 illustrates the topography of crushed pits formed by PDC cutters during the penetration 

into rock under various experimental conditions. Based on the corresponding mechanical data and 

graphical analysis, we observed a continuous loading-fluctuation-loading trend in the penetration 

force, which corresponds to the stages of elastic deformation, brittle failure, and elastic deformation 

of the rock. The characteristics of the crushed pits exhibit significant variations at different 
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penetration angles, with greater force fluctuations correlating to more extensive brittle failure zones. 

Optimal design of the PDC cutter angles on the drill bit facilitates enhanced rock penetration 

efficiency under identical weight-on-bit conditions. 

The total penetration depth in penetration experiments is set at 3.5 mm. Post-experiment 

analysis revealed that the crushed pits depth ranged from 0 to 1.8 mm. During the final stage of the 

penetration process, although the penetration force increased, it was not accompanied by rock failure. 

The terminal crater depth remained essentially consistent with the depth at which the last brittle 

failure occurred. This indicates that in drilling operations, there exists a critical weight-on-bit value 

at which the PDC cutter's penetration into the rock maximizes the extent of rock damage, thereby 

optimizing rock-breaking efficiency. After the initial damage, continuously increasing the WOB 

will still cause damage to the rock, but this is a phased process, that is, the PDC cutter first compacts 

and then breaks the rock. Before reaching the critical value of rock breaking, it can be understood 

that the rock undergoes elastic deformation under the extrusion effect and returns to its original state 

after unloading. 

 

Fig.7 The topography of crushed pits under different conditions obtained by the scanner 

3.1.2 The ultimate penetration force model 

The data points of ultimate penetration force under varying conditions are plotted in Fig.8, with 

the data points fitted using both sine and linear functions. As illustrated in Fig.8 (a), within the tested 
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range, the ultimate penetration force at a penetration depth of 3.5 mm initially decreases and 

subsequently increases with the rise in cutting angle, reaching its minimum at a PLC penetration 

angle of 30° and a TRC penetration angle of 25°. Fig.8 (b) demonstrates that within the tested range, 

the ultimate penetration force for the TRC at a penetration depth of 3.5 mm exceeds that of the PLC, 

with both exhibiting a consistent slight increase as the penetration velocity escalates. The derived 

models are presented in Equations (7) to (10). 

𝐹𝑝 = 12593.68 + 4743.09 ∗ sin[𝜋 (𝛼 + 8.35) 26.36⁄ ]     𝑅2 = 0.952           (7) 

𝐹𝑇 = 16114.91 + 3686.13 ∗ 𝑠𝑖𝑛[𝜋 (𝛼 + 21.94) 34.89⁄ ]     𝑅2 = 0.902          (8) 

𝐹𝑝 = 12550.58 + 2197.42 ∗ 𝑣      𝑅2 = 0.976                    (9) 

𝐹𝑇 = 12622.42 + 2589.38 ∗ 𝑣      𝑅2 = 0.938                   (10) 

 

Fig.8 Ultimate penetration force and model 

3.2 Rock-breaking Characteristics of PDC cutters 

3.2.1 Triaxial force 

As illustrated in Fig.9, the triaxial force distribution of PDC cutter under varying penetration 

velocity is presented, where the triaxial forces are denoted as 𝐹𝑥 , 𝐹𝑦 , and 𝐹𝑧 . During the cutting 

process, the PDC cutter remains stationary without any displacement in the x-direction, resulting in 

a negligible lateral force 𝐹𝑥  , which is excluded from the analysis. The tangential force 𝐹𝑦 

represents the cutting force in the direction of the PDC cutter's movement, corresponding to the 

torque in the drilling process. The axial force 𝐹𝑧 is the vertical force required for the PDC cutter to 

penetrate the rock, corresponding to the weight on bit in the drilling process. 
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In the experiment, the axial movement range of the PDC cutter is 0 to 6 mm. From the Fig.9, 

it is evident that both the tangential force 𝐹𝑦 and the axial force 𝐹𝑧 exhibit a linear increasing trend 

with time, accompanied by continuous fluctuations. On one hand, in this experiment, the continuous 

downward displacement of the PDC cutter is fixed, which means the contact area continuously 

increases. This also corresponds to the continuous increase in both the axial force required for 

intrusive rock and the cutting force required for rock cutting. On the other hand, the total penetration 

depth has not reached the critical value at which the PDC cutter is fully embedded in the rock (i.e., 

the radius of the cutter - 8 mm). Consequently, linear fitting methods are applied to 𝐹𝑦 and 𝐹𝑧, 

where the slope of the fitted line indicates the rate of force change per unit time. Additionally, the 

SEE is introduced to characterize the stability of the rock-breaking process during cutting. 

 

Fig.9 Triaxial force curves of TRC under different penetration velocities (G14~G18) 

The slope of the fitted linear regression in the mechanical data represents the rate of force 

variation per unit time. As illustrated in Fig.10 (a), the ratio of slope to penetration velocity yields 

the mean value. It can be computed that for every 1 - millimeter increment in the cutting depth of 

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



PDC cutters, the tangential force of PLC rises by 763 N, and the axial force increases by 1509 N. In 

the case of TRC, the tangential force increases by 620 N, and the axial force increases by 1121 N. 

Fig.10 (b) demonstrates that variations in rotation radius have negligible impact on the force per 

unit depth of PDC cutters. Fig.10 (c) reveals that higher rotational speeds result in greater forces on 

PDC cutters, while the rate of force variation per unit time progressively decreases. 

 

Fig.10 The variation pattern of slope with cutting parameters 

Fig.11 illustrates the variation pattern of the SEE with cutting parameters. It can be observed 

that lower penetration velocity and higher rotational speeds result in reduced SEE values, indicating 

enhanced stability in forces and smoother drilling processes. Conversely, With the increase in the 

penetration velocity, the cutting depth of the PDC cutters is correspondingly greater, which validates 

the observation of more pronounced fluctuations during the cutting process. Elevated rotational 

speeds increase the contact frequency between cutters and rock formations, thereby mitigating force 

fluctuations caused by rotational instability or vibrations during the cutting process. The rotation 

radius exhibits minimal influence on the results, demonstrating no significant pattern. Furthermore, 

under various experimental conditions, the SEE for the TRC consistently remain lower than those 

of the PLC. 
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Fig.11 The variation pattern of SEE with cutting parameters 

3.2.2 Topography of cutting grooves 

The topography scanning of the cutting grooves post-machining experiments yielded the 

groove profiles under various conditions, as illustrated in Fig.12. According to Fig.12 (a) and (b), 

the analysis reveals that higher penetration velocities and lower rotational speeds result in more 

pronounced lateral expansion of the groove surfaces. This phenomenon can likewise be attributed 

to the increase in the relative cutting depth of PDC cutters. The TRC exhibit significantly larger 

limit depth regions and induce greater propagation damage to the rock substrate. 

 

Fig.12 Topography of cutting grooves under different conditions 

3.2.3 Fractal characteristics of rock cuttings 

The cuttings collected from each group of cutting experiments were sieved and weighed, with 

the mass percentages of cuttings of different sizes illustrated in Fig.13. Cuttings larger than 10 mesh 
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(2 mm) were classified as large cuttings. The measurement results indicate that the proportion of 

large cuttings increases with higher penetration velocity, while higher rotational speeds result in a 

lower proportion of large cuttings, with the cutting process predominantly producing powdered 

cuttings. The influence of rotation radius on the mass distribution of cuttings is minimal, showing 

negligible variation across different radius. Additionally, under identical conditions, the proportion 

of large cuttings generated by TRC is greater than that produced by PLC. 

 

Fig.13 The mass proportion of rock cuttings of different sizes 

According to the method introduced in Section 2.6.3 Fractal dimension and maximum size of 

rock cuttings, the fractal dimension and the maximum size of rock cuttings under different 

conditions were calculated, and their variations with cutting parameters are shown in Fig.14. The 

fractal dimension quantitatively describes the degree of rock fragmentation, indicating that the 

higher the degree of fragmentation, the larger the fractal dimension value. As shown in Fig.14, the 

fractal dimension of rock cuttings always remains within the range of 2 to 3, that is, a parameter 

between two-dimensional and three-dimensional is used to describe the degree of rock 

fragmentation. When more large rock cuttings are produced, in the spatial dimension, the shape of 

the rock cuttings tends to be more like the surface form of large rock cuttings rather than the three-

dimensional form of granular and powdered rock cuttings. At this time, the fractal dimension is 

closer to 2 and thus decreases. The fractal dimension of the TRC is always smaller than that of the 
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PLC, while the maximum size of the rock cuttings is always larger than that of the PLC, indicating 

that the TRC have a lower degree of rock fragmentation but a higher rock-breaking efficiency. 

From Fig.14 (a), we find that as the penetration velocity increases, the fractal dimension of 

cuttings decreases, while the maximum size of cuttings keeps rising. When the ROP increases during 

drilling operations, it generally corresponds to a higher drilling pressure, and the single penetration 

depth of PDC cutters is deeper. At this time, the degree of rock fragmentation decreases, resulting 

in larger-sized cuttings and higher rock-breaking efficiency. Fig.14 (b) shows that the rotation radius 

has a relatively small impact on the fractal characteristics of cuttings, and there is no difference in 

the size of cuttings produced by different parts of the drill bit during cutting and rock fragmentation. 

In Fig.14 (c), we can see that as the rotational speed increases, the fractal dimension keeps rising, 

while the maximum size of cuttings keeps decreasing. Moreover, as the rotational speed becomes 

higher and higher, the response degree becomes smaller and smaller. A high rotational speed can 

increase the contact frequency between PDC cutters and rocks, leading to a higher degree of rock 

fragmentation, but it is also accompanied by a decrease in rock-breaking efficiency. 

 

Fig.14 The variation of fractal dimension and maximum cutting size with cutting parameters 

3.2.4 Rock-breaking volume and MSE 

According to the method introduced in Section 2.6.2 Mechanical specific energy, the MSE 

under different conditions was calculated. The variations of the rock-breaking volume, work done, 

and MSE of PDC cutters under different cutting conditions are shown in Fig.15. It is found that the 

rock-breaking volume of the PLC is always less than that of the TRC, while the work done by the 

axial force and tangential force is always greater than that of the TRC, resulting in a higher MSE 

for the PLC than the TRC. That is, from the perspective of MSE, under the simulated drilling 

conditions, the rock-breaking efficiency of the TRC is higher than that of the PLC. An increase in 
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penetration velocity leads to a larger rock-breaking volume by PDC cutters, resulting in a lower 

mechanical specific energy (MSE); conversely, higher rotational speed reduces the rock-breaking 

volume of PDC cutters, causing an increase in MSE. 

 

Fig.15 The variation of rock-breaking volume and MSE with cutting parameters 

The statistical analysis of the work performed by axial and tangential forces during the cutting 

process, as illustrated in Fig.16, reveals that under simulated drilling conditions, the work done by 

axial forces in rock breaking remains consistent across various experimental conditions. Notably, 

the work performed by axial forces in rock fragmentation is significantly smaller compared to that 

of tangential forces, differing by approximately three orders of magnitude. Consequently, the impact 

of axial forces on specific energy consumption for rock breaking is negligible. The axial force work 

and tangential force work of the TCR are both less than those of the PLC. 
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Fig.16 Axial force and tangential force work in the cutting process 

4. Conclusions 

In this study, experiments on PDC cutters penetration into tight hard sandstone were carried 

out, and experiments on breaking tight hard sandstone with triple-ridged PDC cutters (TRC) and 

planar PDC cutter (PLC) were conducted under simulated drilling conditions. The characteristics of 

PDC cutters penetration and cutting tight hard sandstone were analyzed. The main conclusions 

obtained include: 

(1) A continuous loading-fluctuation-loading trend in the penetration force, which corresponds 

to the stages of elastic deformation, brittle failure, and elastic deformation of the rock. The 

fluctuation degree of the penetration force is positively correlated with the range of brittle failure. 

(2) Under identical penetration depths, the TRC requires a greater penetration force. Optimal 

rock penetration is achieved at a penetration angle of 30° for PLC and 25° for TRC. And a 

mathematical model correlating the ultimate penetration force with the penetration angle has been 

established. 

(3) Under simulated drilling conditions, for every 1 - millimeter increment in the cutting depth 

of the PDC cutters, the tangential force acting on the PLC increases by 763 N, and the axial force 

increases by 1509 N. Meanwhile, for the TCR, the tangential force increases by 620 N, and the axial 

force increases by 1121 N. The TRC exhibit superior stability during rock fragmentation and induce 

greater damage to the rock bottom. 
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(4) A faster penetration velocity and a lower rotational speed result in more pronounced 

expansion on the cut groove surface. The maximum size of rock cuttings generated increases, along 

with greater fluctuation in cutting forces. The fractal dimension of rock cuttings decreases, 

indicating a reduced degree of rock fragmentation and higher rock fragmentation efficiency. 

(5) Under simulated drilling conditions, TRC exhibits higher rock-breaking efficiency than 

PLC. Higher penetration velocity with lower rotational speeds increase rock-breaking volume while 

reducing MSE. For strongly abrasive sandstone formations, engineering parameters featuring high 

bit weight and medium-low rotational speeds are recommended. 
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