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The development of high-efficiency polycrystalline diamond compact (PDC) bits plays a major role in developing unconventional oil and gas. Thereby, a series of single cutter tests have been conducted in the past few years. However, most of them were performed under atmosphere conditions due to the limitation of the experimental setup. In the present study, a series of single cutter experiments were performed under pressurized conditions, in which both principal stress and hydrostatic pressures were loaded with a self-developed facility. The cutting force, topography of cutting grooves, and mechanical specific energy (MSE) were analyzed to evaluate rock failure efficiency. Furthermore, a theoretical model was developed to study stress evolution. Combined with experimental results, the rock failure mechanism and the effects of bottom hole pressures on rock breaking characteristics were revealed. The results indicate that the increase in principal stress and hydrostatic pressures cause larger cutting forces and reduced rock cutting efficiency. Additionally, a larger hydrostatic pressure will promote the propagation of subsurface cracks, leading to larger roughness of cutting grooves and facilitating the subsequent rock cutting process. In this study, the hydrostatic pressure has the greatest impact on rock failure process, followed by the principal stress when parallel to the cutting direction. Comparing the experimental and simulation results, we can find that only a fraction of cutting force is directly utilized in breaking rocks, while the remaining force is applied to overcome the friction induced by the flow of cuttings along the cutter surface. Consequently, measures should be taken to prevent bit balling and decrease the friction force, thus weakening the effects of hydrostatic pressures and improving the efficiency of PDC bits.
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1 INTRODUCTION
Polycrystalline diamond compact (PDC) bits have steadily gained favor since their first introduction in the 1970s (Dai et al., 2020a). In 2010, their footage exceeds that of tri-cone bits, and presently, PDC bits are utilized in over 90% of oil and gas wells worldwide (Cheng et al., 2019a). Furthermore, continual improvements to the performance of PDC bits have been driven by innovation in material, geometry, and the arrangement of cutters (Zhu et al., 2022).
Guiding the future development and optimization of PDC bits depends on uncovering the mechanism of rock-cutter interaction during drilling. However, the complexity of realistic field conditions, e.g., the vibration of bits, the cross-affect among different cutters, and the multiple moving directions of cutters make it difficult to investigate rock cutting mechanisms directly (Chen et al., 2016; Che et al., 2017). As a consequence, a great number of single PDC cutter tests were performed in previous studies, in which the effects of cutting parameters and formation conditions on rock failure efficiency were evaluated (Rafatian et al., 2009; Rostamsowlat, 2018; Rostamsowlat et al., 2018). Meanwhile, the evolution of cracks and stress was determined to reveal the rock failure mechanism (Jaime, 2011; Jaime et al., 2015; Cheng et al., 2019b).
Based on the results of previous research, the cutting depth and back rake angles have more pronounced influences on rock failure characteristics in comparison with other parameters. The increase in the depth of cut causes a transition in rock failure modes (He and Xu, 2016; Zhou et al., 2017; Liu et al., 2018; Dai et al., 2021a). That is, ductile failure dominates the rock cutting process and the generated cuttings shows a fine powder form at small cutting depths. Meanwhile, the cutting force is proportional to the cutting depth, and the mechanical specific energy (MSE) remains constant. Once the cutting depth exceeds a specific value that depends on rock properties, brittle failure occurs. Correspondingly, chunk-like cuttings generates, cutting force increases more slowly, and the MSE starts to decrease. These characteristics can serve as important indexes for determining the critical depth. Some scholars also concluded that the failure of cutters changes from abrasive wear to impact wear with increasing cutting depth (Mazen et al., 2020; Mazen et al., 2021). Resulted from a larger rock-cutter interaction area and the variation of ratio between the cutting force and the normal force, a greater back rake angle would diminish the rock cutting efficiency and aggressive of cutters (Rajabov et al., 2012; Cheng et al., 2018). However, some scholars reported that the increase in back rake angles is accompanied by a higher rock penetration efficiency (Dai et al., 2020b; Dai et al., 2021c). Therefore, a trade-off should be made between cutting efficiency and penetration efficiency when selecting the back rake angles.
At present, most studies were performed under atmosphere conditions due to the restriction of experimental apparatus, which has unfavorable impacts on the optimization of rock cutting parameters. To address such an issue, the University of Tulsa developed a novel experimental setup capable of conducting rock cutting tests under simulated downhole pressures (Rafatian et al., 2010; Akbari et al., 2014). This facility can separately or simultaneously load the confining pressure to the side surfaces of cylinder rocks, the borehole pressure to the top surface of samples, and the pore pressure acting on the pore space of rocks. A series of experiments were performed utilizing this apparatus. The results indicate that the MSE can increase by more than 3 times as the confining pressure and borehole pressure rises from 0 psi to 950 psi, meaning an obvious decrease in rock cutting efficiency (Rafatian et al., 2010). Correspondingly, the topography of cuttings varies from chunk-like to ribbon-shaped. Moreover, the cuttings accumulates ahead of the cutter and moves along the cutter surface, rather than splash away at atmosphere conditions (Rahmani et al., 2012; Sheikhrezaei and Taleghani, 2017). These studies suggest that further insight into the influences of realistic downhole pressures on rock failure characteristics is required to optimize the arrangement of PDC cutters.
In recent years, the rapidly increasing computation power of computers makes it more convenient and cost-effective to analyze rock failure characteristics. Several theoretical models and calculation methods such as the finite element method (FEM), discrete element method (DEM), and the combination of both (FDEM), have been developed to evaluate the evolution of stress in rocks and reveal the mechanism of rock-cutter interaction. The development of commercial software further facilitates calculation efficiency and decreases the modeling difficulty. Among these methods, FEM and DEM have specific advantages in determining the distribution of stress and the propagation of cracks in rocks, respectively (Huang and Detournay, 2013; Jaime et al., 2015; Gao et al., 2020; Xi et al., 2023). Based on simulation results, some scholars proposed that the loading of confining pressures results in an overall increase in the cutting force. Meanwhile, cracks cease to propagate after the confining pressure surpasses 15 MPa (Li et al., 2016). Yin et al. (2014) monitored the initiation and propagation of cracks during the penetration process of TBM cutters. The results indicate that the angle of lateral cracks decreases once the confining pressure exceeds a critical value, which is related to the rock strength. At this moment, the volumetric breakage of rocks is limited, thus resulting in lower rock failure efficiency.
Meanwhile, a series of theoretical models have been developed to investigate the effects of different pressures on rock failure characteristics. Compared to commercial software, these models significantly simplify the problem and speed up the calculation by making some reasonable assumption (Detournay and Atkinson, 2000; Chen et al., 2018; Chen et al., 2021b; Xiong et al., 2021). During the analysis process, the effects of downhole conditions, such as the in-situ stress, the hydrostatic pressure, and the rock temperatures can be more easily and freely considered by employing different boundary setups and loading pre-stresses in rocks. According to the analytic solution of stress distribution subjected to a concentration force, some scholars calculated the stress evolution in rocks and predicted the cutting force (Cheng et al., 2019a; Xiong et al., 2021). In these studies, the influences of downhole pressures and thermal stresses were analyzed by superimposing different stress fields. Additionally, Chen et al. modeled the cutting process of a single cuter, two cutters, and the whole bit based on the theory of linear poroelasticity (Chen et al., 2019; Chen et al., 2021a; Chen et al., 2021b). In their models, the rock failure efficiency under different cutting parameters (cutting speed, back rake angles, etc.), formation conditions (confining pressure, hydrostatic pressure, etc.), and the characteristic of cutters (the wear and chamfer of the cutter) were studied, and the accuracy was validated through experimental results.
In conclusion, downhole pressurized conditions have significant impacts on the rock cutting process. Some studies have investigated these effects and drawn valuable conclusions. However, the restriction of facility limits the further experimental studies and the calibration of theoretical models. In the present study, a novel facility is developed to analyze the effects of in-situ stress and hydrostatic pressure on rock failure characteristics. The cutting force, MSE, and the topography of cutting grooves are captured to evaluate rock failure efficiency. Meanwhile, a theoretical model is established to calculate the stress evolution and reveal the rock failure mechanism under different conditions. The results of this study provide an in-depth understanding of rock cutting process under downhole pressurized conditions.
2 EXPERIMENTAL ANALYSIS OF ROCK CUTTING PROCESS UNDER PRESSURIZED CONDITIONS
2.1 Experimental facility
To investigate the rock failure mechanism under pressurized conditions, a novel experimental facility was developed. As shown in Figure 1, this facility mainly includes three parts: the control system, high-pressure generation system, and rock cutting system. The first part can control the movement of PDC cutters and monitor the fluctuation of cutting force with a sampling rate of up to 50 kHz. The high-pressure generation system is capable of producing a confining pressure and hydrostatic pressure with a maximum value of 50 MPa and 30MPa, respectively. The former is loaded by 3 separate pumps to change the overburden pressure on the top surface of rocks and confining pressure on four side surfaces of samples. Meanwhile, a hydrostatic pump is applied to simulate the pressurized condition resulted from the drilling fluid. The core component of this facility is the rock cutting system, which can produce a maximum cutting force of 10 kN through a motor. By changing the rotary speed of the motor, the moving velocity can vary from 1.6 mm/s to 230 mm/s. We machined a series of PDC cutter holders to meet the requirements of different back rake angles and shaped cutters.
[image: Figure 1]FIGURE 1 | The experimental apparatus for rock cutting tests.
2.2 Experimental scheme
Over the past few years, a great number of studies have been performed to study the effects of cutting parameters on rock failure characteristics, and the results have been widely recognized. In the present study, we focused only on the impacts of in-situ stress and hydrostatic pressure on the rock cutting process, with the hydrostatic pressure being equal to the overburden pressure. Other parameters, including the cutting depth, cutting speed, and back rake angles were set as 1.5 mm, 5 mm/s, and 20°, respectively. The PDC cutters with dimensions of ϕ19 mm × 13 mm were used in this study due to their wide application in previous studies and oilfields (Cheng et al., 2019b; Dai et al., 2021b). The cutting force was monitored and recorded with a sampling rate of 100Hz, which reflects the cutter-rock interaction and resistance of rocks to the cutter. Table 1 provides an overview of the parameters designed for our experiments.
TABLE 1 | The scheme of the rock cutting tests under pressurized conditions.
[image: Table 1]After conducting the rock cutting experiments, the ST400 3D Profilometer was applied to capture the 3D topography of cutting grooves. This facility has a measurement precision of 300 nm, enabling accurate determination of the height of different positions. Then, the volume of rock breaking, and the roughness of cutting grooves can be calculated based on the interpolation and integration algorithm. By combining the fluctuation of cutting force, we calculated the MSE as well. In this study, two sampling points at a distance of 30 μm and 40 μm in the parallel and perpendicular direction to the rock cutting direction.
2.3 Materials
The granite was selected to conduct rock cutting tests in this study, which was collected from Shandong province and machined into cube blocks with a side length of 100 mm, with all surfaces polished to ensure their flatness and parallelism. This design allows for precise adjustments to both cutting depth and confining pressures. Table 2 provides some important physical and mechanical properties of samples.
TABLE 2 | Some physical and mechanical properties of granite.
[image: Table 2]2.4 Experimental results
2.4.1 The variation of cutting force under different pressures
Based on the results of previous studies, the cutting force is a valuable indicator of the rock-cutter interaction, the cuttings formation process, and the difficulty of rock breaking. Therefore, the cutting force is captured and the fluctuation of data is presented in Figure 2.
[image: Figure 2]FIGURE 2 | The fluctuation of cutting force in rock cutting experiments.
As shown in Figure 2, the cutting force presents different characteristics with the increase in cutting time. Before point A, the cutting force appears as a straight line because the cutter is within the fluid and without contacting the rock. However, it is worth noting that the average cutting force is larger than 0 due to the friction between the high-pressure fluid and the cutter. This value is calculated and subtracted to determine the average cutting force during the rock failure process. From point A to point D, the cutting force exhibits significant oscillatory behavior, indicating the repeated cycles of energy accumulation and rock failure. The cutting force increases as the PDC cutter compresses the rock in front of it until the energy exceeds a specific value that depends on the rock. At this threshold, cuttings generates, and the interaction between the rock and the cutter ends. Thereby, the cutting force decreases, and the next energy accumulation cycle begins with the continued movement of the PDC cutter. The rock cutting process comes to an end at point D. Because of the limitation of the experimental setup, the final position of the PDC cutter at a distance from the rock boundary. As a result, the average cutting force in Figure 2 tends to be stable after point D, rather than decrease to zero. In the present study, the actual cutting distance is equal to 55 mm. Additionally, to minimize the potential influence of boundary effects on the experimental results, we only calculate the data monitored from point B to point C, with a 2-s interval from point A and point D, respectively. This approach allowed us to focus on a 7-s window of sampled data to calculate the average cutting force.
Figure 3 illustrates the variation of average cutting force under different principal stresses. An overall increase in the cutting force can be observed, indicating that the loading of principal stress limits the rock-breaking efficiency. Similar phenomena are also concluded by other scholars. The first and major reason is that the confining pressure restricts the initiation of and propagation of cracks. The second reason is associated with enhanced rock strength and plasticity. Furthermore, a great difference between the maximum and minimum principal stress facilitates the rock fragmentation process. In the present study, the maximum principal stress remains constant. The stress difference in two mutually perpendicular directions decreases at larger confining pressures, leading to lower rock failure efficiency as well.
[image: Figure 3]FIGURE 3 | The variation of cutting force under different principal stresses.
Another result shown in Figure 3 is that the principal stress has greater effects on rock cutting process when its direction is parallel to the cutting direction. The stress distribution in rocks causes this result, which is further analyzed by the theoretical model developed in Section 3.
This study also investigates the effects of hydrostatic pressure on the rock failure process. Based on the results presented in Figure 4, hydrostatic pressure has a greater influence on cutting force compared to the principal stress. Additionally, nonlinear fitting analysis reveals a strong parabolic relationship between the cutting force and hydrostatic pressures. Therefore, the unfavorable effect of hydrostatic pressures is weakened at greater values.
[image: Figure 4]FIGURE 4 | The variation of cutting force with the increase of hydrostatic pressures.
Previous studies validate that the generated cuttings flow along the cutter surface rather than splash away under the impacts of hydrostatic pressures (Rafatian et al., 2010). As shown in Figure 5, the friction force is induced in this process and significantly increases the difficulty of breaking rocks. Besides, the fracture process of cuttings and the distribution of stress in rocks are also affected by hydrostatic pressures. As a consequence, this pressure has more obvious effects on the rock failure process. The above analysis guides the development of the theoretical model, which would be described in Section 3 in detail.
[image: Figure 5]FIGURE 5 | Rock failure process under the effects of hydrostatic pressures.
2.4.2 The 3D topography of cutting grooves
In the single PDC cutter tests, the failure of rocks mainly occurs in three stages: compression of rocks ahead of the cutter, propagation of major cracks to generate chunk-like cuttings, and the extension of subsurface cracks (Cheng et al., 2019b). Among them, the first stage serves primarily to accumulate energy and dominates the rock failure process at a small cutting depth. The second stage, by contrast, has the greatest effects on rock cutting efficiency, which is evaluated by calculating MSE in the subsequent analysis. The last stage can enhance the follow-up rock failure efficiency by creating a pre-damaged area.
To analyze different causes of rock fragmentation process, the 3D topography of cutting grooves is captured. As shown in Figure 6A, some pits can be observed on the surface of cutting grooves. Due to the great difference in the stiffness of the cutter and the rock, the former can be regarded as a rigid body. Thereby, a flat cutting groove should be formed at a constant cutting depth. Based on the above analysis, the pits located on cutting grooves are a symbol of subsurface cracks, which are quantitatively assessed by the roughness of cutting grooves using Eq. 1.
[image: image]
where Ra is the roughness of surfaces, and A is the area of the corresponding zone. Z (x, y) is the height of different sampling points and is determined by the ST400 3D Profilometer.
[image: Figure 6]FIGURE 6 | 3D topography of cutting grooves and the determination of Ra.
The calculation method reveals that the Ra assumes a substantial value even on wholly smooth cutting grooves. Thereby, the theoretical height of different points is calculated firstly based on the cutting depth, cutter diameter, and back rake angles (Figure 6B). Then, the difference between the actual value and the theoretical value is determined to eliminate the effects of cutter geometry on calculation results. After this step, the obtained value presented in Figure 6C can be applied to compute the Ra using Eq. 1.
Figure 7 displays the effects of confining pressure and hydrostatic pressure on the roughness of cutting groove. Interestingly, an opposite variation trend can be observed in Figures 7A, B. Specifically, the increase in the minimum principal stress results in a smaller Ra, indicating a decrease in the roughness of cutting grooves. Notably, it is found that the direction of minimum principal stress only has a few influences on the propagation of subsurface cracks. The continuous loading of hydrostatic pressure is accompanied by an overall increase in the roughness of cutting grooves. Compared with the results presented in Figure 4, greater hydrostatic pressures can limit the volumetric breakage of rocks and promote the extension of subsurface cracks simultaneously.
[image: Figure 7]FIGURE 7 | The variation of cutting groove roughness under different (A) principal stresses and (B) hydrostatic pressures.
2.4.3 The variation of MSE under different pressures
In addition, the effects of different pressures on the MSE are studied, which is calculated by Eq. 2.
[image: image]
where Fi is the monitored cutting force in experiments and ∆x is the distance between two sampling points, which is determined by the sampling rate and cutting speed. V represents the volume of rock breaking and is determined by Eq. 3.
[image: image]
All parameters included in Eq. 3 are derived from the topography of cutting grooves. Four sampling points adjacent to each other can form a rectangle, which has a width of 30 μm (∆x) and a length of 40 μm (∆y), respectively. Then, the volume of cutting grooves (V) can be calculated based on the height of rectangle vertices (zi).
The effects of different pressures on MSE are evaluated, and the results are shown in Figure 8. The variation trend of MSE presents analogous characteristics with that of cutting force. Specifically, an overall increase in the MSE for the larger confining pressures can be detected. Moreover, more noticeable changes in the MSE is observed as the minimum principal stress is parallel to the cutting direction. Based on our calculations using Eq. 3, we can conclude that the rock failure volume under different conditions varies slightly. This finding is consistent with the variation of cutting groove roughness.
[image: Figure 8]FIGURE 8 | The impacts of (A) in-situ stress and (B) hydrostatic pressure on the MSE.
The MSE also increases at higher hydrostatic pressures. Although the extension of subsurface cracks leads to a larger rock failure volume, the increase in the cutting force is even more pronounced, thus resulting in a greater MSE. When drilling into deep formations, the density of drilling fluid should be as low as possible while ensuring safety.
3 THEORETICAL ANALYSIS OF ROCK-CUTTER INTERACTION UNDER PRESSURIZED CONDITIONS
3.1 The development of the theoretical model
In this section, a theoretical model is developed to investigate the failure mechanism of rocks under varying experimental conditions. As shown in Figure 9, the wear of cutters and side rake angles are neglected due to the short cutting distance and experimental setup used in this study. The distribution of stress in rocks is mainly affected by several factors, including the cutter-rock interaction force, the principal stress (σH and σh), and the hydrostatic pressure (ph). To simplify the analysis, the effects of each parameter are evaluated separately and the superposition principle is applied to calculate the results.
[image: Figure 9]FIGURE 9 | Physical model of cutter-rock interaction under pressurized conditions.
Among them, the first part consists of a contact force (N) and a frictional force (f). With the continuous movement of PDC cutters, the flow of generated cuttings results in a frictional force (f1), which can be determined by Eq. 4.
[image: image]
where the α is the frictional angle between the rock and the cutter.
Meanwhile, the generated cuttings flows along the cutter surface under the impact of hydrostatic pressure rather than splashes away under atmosphere conditions (Figure 5). Correspondingly, another frictional cutting force is induced and the value is expressed as:
[image: image]
where the ph is the hydrostatic pressure and A is the difference between the area of cutter surface and the cutter-rock interaction area, θ is the frictional angle between the cuttings and the cutter. In the calculation process, two frictional angles α and θ are ascertained by experimental results.
Then, the cutting force along the horizontal direction (x-axis direction) can be calculated, which is also measured in the experiments to evaluate rock failure efficiency and validate the accuracy of the theoretical model. Additionally, the vertical component of force (Fy) acting on the cutter can be identified as well. These two values can be expressed as follows:
[image: image]
[image: image]
It is important to note that the Fx1 and Fy1 are loaded on rocks, resulting in a redistribution of stress. Fx2 and Fy2 are consumed to overcome the friction between cuttings and cutter surfaces. Based on the cutter diameter and cutting depth in the present study, the average interaction width between the rock and the cutter can be determined. This simplification facilitates mathematical modeling and has negligible effects on the accuracy of theoretical model (Chen et al., 2021b).
As shown in Figure 10, the Fx1 and Fy1 are assumed to be uniformly distributed over the cutter-rock interaction region. Considering that a single element is significantly small in comparison with the rock, the loaded force can be treated as a concentration value. According to the theory developed by Boussinesq, T. V., and Cerruti, V., the induced stress is calculated by Eq. 8 and Eq. 9, respectively. Finally, the stress distribution within rocks can be determined by the integration algorithm.
[image: Figure 10]FIGURE 10 | The treatment of the cutter-rock interaction area in calculation process.
[image: image]
[image: image]
Based on the distribution of hydrostatic pressure, the evolution of stress in rock planes along the vertical direction can be approximated as a plane strain problem. That is, the strain in the horizontal direction is equal to 0. By applying the constitutive equations in the elastic stage, the effects of hydrostatic pressure on stress in rocks can be solved by Eq. 10.
[image: image]
where the v is the Passion’s ratio.
Similarly, the effects of the maximum and the minimum principal stress on rock stress field can be described as:
[image: image]
Based on the aforementioned results, the stress in rocks can be ascertained by the superposition of different parts. For example, the principal stress in x-axis direction is:
[image: image]
In the present study, the cutting force is calculated by the trial-and-error method. Specifically, a given force Fx1 is applied to confirm the rock stress field. Then, check whether the stress at the corresponding position (the cutting depth of 1.5 mm) meets the rock failure criterion, which is proposed by Ewy et al., and defined by Eq. 13 (Chen et al., 2021b).
[image: image]
where the C0 and [image: image] are cohesive strength and friction angles of rocks. In this study, these values are set as 37.88 MPa and 53.2°, respectively.
If the |Fai| is smaller than the error range ε, the assumed force Fx1 is correct. Then, the cutting force Fx and vertical force Fy can be determined. Otherwise, another value of Fx1 should be given based on the relation between Fai and ε. Specifically, if the Fai is larger than ε, it means that the rock will break at a larger cutting depth. Thus, a smaller Fx1 should be attempted. Inversely, a Fai smaller than –ε indicates that a larger Fx1 is required. In the present study, the bisection method is used to speed up the calculation process.
3.2 The validation of the theoretical model
The accuracy of the theoretical model is crucial in analyzing rock failure mechanisms under pressurized conditions. In this section, we predict the cutting force (Fx) under various hydrostatic pressures and compared the results to experimental data. Notably, the maximum and the minimum principal stress are consistent with the experimental setup. As shown in Figure 11, the differences between different results are below 8%, which can be considered as a good prediction depending on the criterion utilized in previous research. Meanwhile, we can find that the predicted cutting force is always bigger than the experimental measurements. The first and primary reason is that the calculated cutter-rock interaction area is based on the cutting depth and cutter diameter. In reality, this area is irregular and smaller than the theoretical value during the cutting process. A smaller stress is induced due to the larger contact area, which in turn requires a bigger force to meet the rock failure criterion. Another contributing factor is associated with the homogeneity of the rock properties in the theoretical model, which does not account for damaged zones in real granite resulting from weakened cementing surfaces or natural cracks. Hence, the actual cutting force is smaller than the theoretical predictions. Overall, the theoretical model in this study exhibits accuracy sufficient to meet the demands for analyzing rock failure characteristics.
[image: Figure 11]FIGURE 11 | The comparison of cutting force in experiments and calculation.
3.3 The distribution of stress in rocks
To investigate rock failure mechanisms under different conditions, we calculate the distribution of stress in rocks. Figure 12 presents the stress around the cutter, in which the principal stress perpendicular and parallel to the cutting direction are equal to 40MPa and 30 MPa respectively, while the hydrostatic pressure is set at 10 MPa. The tip of the cutter is located in the center of the area, i.e., the x and y coordinate is equal to 0. The cutter moves along the positive direction of the x-axis. As shown in Figure 12, the stress mainly concentrates on the front of the cutter. The maximum value has a distance from the cutter and the stress decreases quickly as distance from the cutter increases. This finding can be correlated with the thickness of cuttings. As the z-coordinate increases from 1.5 mm to 2.0 mm, the maximum stress decreases significantly, implying that the rock at larger depths would not break. The roughness of cutting grooves shown in Figure 7B and previous studies validate this standpoint as well, which generally tends to be stable with the variation of cutting parameters (Dai et al., 2021b). That is, the failure of rocks at the bottom of cutters has a limited value. Besides, we can find that the τzx and σMises show similar characteristics and exert greater effects on rocks compared to the compression stress (σz). Meanwhile, these two values indicate the shear stress in rocks and represent the primary rock-breaking method for cylinder PDC cutters. In the follow-up analysis, only the Mises stress is presented to evaluate the rock failure efficiency.
[image: Figure 12]FIGURE 12 | The distribution of stress at different depths.
Figure 13 depicts how the stress evolves with the variation of the minimum principal stress, with the maximum principal stress being perpendicular to cutting direction and fixed at 40 MPa. Similar outlines of stress distribution shown in Figure 13 mean an approximate mechanism behind rock-breaking. Meanwhile, the maximum Mises stress has varied values in response to changes in confining pressures. As the principal stress increases from 10 MPa to 40 MPa, the maximum Mises stress experiences an increment of approximately 17.89%. This observation indicates that the rock failure process becomes more difficult, and bigger cutting forces are required to balance the principal stress.
[image: Figure 13]FIGURE 13 | The distribution of Mises stress as the σH is perpendicular to the cutting direction.
The Mises stress in the central axis (y = 0) is also calculated to analyze rock failure process. Given that the rock mainly breaks in front of the PDC cutter, only the value located in corresponding positions (x > 0) is studied. Figure 14 shows a larger Mises stress under higher principal stresses, while the position of the maximum Mises stress consistently has a distance from the PDC cutter, consistent with the experimental findings. A compression zone emerges in front of the cutter. Meanwhile, the topography of cuttings generally shows thin slices or thick bodies, but always has a specific thickness. Thereby, the maximum shear stress is not found on the cutter surface. In previous studies, some scholars predicted the profile of cuttings based on the position of the maximum shear stress (Cheng et al., 2019a). The results indicate that the outline of cuttings is a curve rather than a straight line, which is demonstrated by other researchers as well (Hareland et al., 2009).
[image: Figure 14]FIGURE 14 | The distribution of Mises stress in front of the PDC cutter.
Another noteworthy phenomenon in Figure 14 is the variation velocity of Mises stress. Although the value at 40 MPa is larger than that at 10 Mpa, it decreases more quickly as well. A greater decent rate of Mises stress indicates a relatively small impact area in rocks, hence limiting the propagation of cracks and the size of cuttings. In Figure 14, the decreasing rate of Mises stress is negatively correlated to the corresponding maximum value. In light of these findings, a conclusion can be drawn that bigger principal stresses not only lower the rock-breaking efficiency but also limit the sizes of cuttings.
When the minimum principal stress is parallel to the cutting direction, its impact on the Mises stress is displayed in Figure 15. An overall increase in the maximum Mises stress can be observed as the principal stress becomes higher, which indicates a lower rock failure efficiency. It is evident that the loading of principal stress in both directions limits the rock cutting process. Meanwhile, the Mises stress shown in Figure 15 changes more slightly compared with that presented in Figure 13. Therefore, the influence of the principal stress on rock breaking process is weaker when its direction is perpendicular to the cutting direction. This discovery is further validated by the experimental results in the present study (Figure 3).
[image: Figure 15]FIGURE 15 | The evolution of Mises stress as the σH is parallel to the cutting direction.
The impacts of hydrostatic pressure on the rock cutting process are also evaluated, with the corresponding results being shown in Figure 16. Although the hydrostatic pressure only increases from 5 MPa to 20 MPa, the maximum Mises stress still varies from 110 MPa to 132 MPa, rising by about 23%. This value is close to that shown in Figure 13, where the principal stress increases by 30 MPa, twice as much as the hydrostatic pressure. Based on the results, it can be deduced that the hydrostatic pressure has more significant effects on rock failure efficiency.
[image: Figure 16]FIGURE 16 | The evolution of Mises stress at different hydrostatic pressures.
Meanwhile, the hydrostatic pressure should have a larger impact in terms of the cutting force monitored in the experiments. This can be attributed to the varied rock failure mechanism under different conditions. The cutting force is composed of two components: one part is applied to break the rocks, while another one is employed to overcome the friction induced by the flow of cuttings along the cutter surface. During the rock cutting process, only the former component is exerted on rocks. Thus, the evolution of Mises stress shows analogous characteristics with that at different principal stresses. The calculated results highlight the necessity of taking certain measures, such as optimizing pump displacement, adjusting the number and diameter of nozzles, and employing underbalanced drilling to prevent the bit balling. On the basis of this, the cuttings would not accumulate in front of the cutter. Correspondingly, the induced friction force and the total cutting force decrease obviously, thereby improving the rock-breaking efficiency and prolonging the service life of PDC bits.
4 CONCLUSION
In the present study, a series of rock cutting tests under pressurized conditions were conducted using a self-developed facility. Meanwhile, a theoretical model was developed to investigate the evolution of stress in the rock failure process. By combining the experimental results with theoretical analysis, the rock-breaking mechanism is revealed, and the main conclusions can be summarized as follows:
• Both the principal stress and hydrostatic pressure is detrimental to the improvement of rock failure efficiency. An overall increase in cutting force and MSE can be detected at higher pressures. Additionally, the maximum Mises stress in front of the cutter becomes larger as well.
• When the principal stress is parallel to the cutting direction, it has greater effects on rock failure characteristics in comparison with that in the perpendicular direction. The corresponding cutting force, MSE, and Mises stress increase more obviously. Besides, the evolution of stress validates that larger principal stresses will limit the volumetric breakage of rocks.
• The loading of hydrostatic pressure restricts the failure of rocks and the movement of cuttings, thereby inducing friction force and simultaneously increasing the cutting force. To address this issue, the nozzle distribution and hydraulic parameters should be optimized to prevent bit-balling.
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