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Abstract:



Deep underground mines have high energy consumption due to the need to overcome the confining pressure. This study investigates the characteristics of the roadheader used for breaking rock containing a different number and size of holes under different confining pressures. A series of simulations were conducted using the LS-DYNA software to study the cutting torque, thrust force, specific energy, and failure mode during the rock-breaking process. Following this, the results were further validated with experimental data. It was found that the decrease in energy rates of rock containing different numbers (1, 5, 9, and 13) of holes are 12.7%, 19.3%, 25.9%, and 38.4%, respectively. Meanwhile, the decrease in energy rates of rock with different hole diameters (35, 45, 55, and 65 mm) are 10.5%, 19.3%, 24.6%, and 28.1%, respectively. Under the confining pressure of 10 MPa, the increase in the torque of the rock without holes is 23.5%, while this increase in the rock with five holes is 7.9%. This indicates that the high torque and energy consumption caused by the confining pressure can be reduced by drilling holes in the rock.
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1. Introduction


Energy produced from coal accounts for approximately 70% of the energy consumed in China, with the total demand for coal increasing every year. Many of the coal seams in China are at great depths and under high ground stress [1]. Considering the importance of coal for China, deep mining is an inevitable trend and, in fact, the depth of mining is increasing by 8 to 12 m per year [2]. Roadway excavation is the first step for coal mining, which also relates to the progress and safety of the whole coal-mining endeavor [3]. Roadheaders are one of the most widely used machines for fast roadway construction in rocks of soft to medium hardness due to their advantages, such as high advance rates, good mobility, and versatility [4,5,6]. However, when cutting rock under high confining pressures, cutters are subjected to high forces, excessive wear, and high temperatures, which reduces the cutter life and advance rate. Furthermore, this increases the energy consumption and project cost [7].



Some studies have been conducted to investigate the effect of confining pressure on the rock-breaking process of cutters. Bilgin et al. [8] conducted a series of simulations and experiments to analyze the cutting performance of the roadheader under stress conditions. The results of this study revealed that there was a lateral stress of 1/5 or 1/4 of rock compressive strength, which caused an increase of around 60% in cutter force with unrelieved cutting. However, the effect of lateral stresses is less apparent for relieved cutting, as it only causes an increase of around 20% or 30% in the cutter force when compared to the unstressed conditions. Yin et al. [9] investigated the influence of the confining stress on rock fragmentation under the cutter of a tunnel boring machine (TBM) by the indentation test, with the results showing that the force for crack initiation and crushed zone size increased with an increase in the confining stress. This is consistent with the test results obtained by Ma el al. [10,11]. Numerical simulations on rock cutting with lateral pressure were performed by Huang et al. [12] using the LS-DYNA software, with the results showing that the cutting force increases with an increase in the lateral pressure. The discrete element method was adopted by Li et al. [13] to calculate the dynamics of the rock breakage of conical cutters under confining pressure. The analysis results demonstrated that the confining pressure induced a larger cutting force than that in the unconfined condition. Furthermore, the rock failure mode was mainly due to predominantly brittle to predominantly ductile failure with an increase in the confining pressure.



Gnirk and Cheatham [14] conducted the single bit-tooth penetration experiments at confining pressures of 0 to 5000 psi using sharp wedge-shaped teeth and found that there was a critical confining pressure where the rock exhibited a macroscopic transition from the predominantly ductile to predominantly brittle failure mode. Chen and Labuz [15] observed a brittle failure mode with small confinement/compressive strength ratios of 0.1 and 0.06, as well as a ductile failure mode with a ratio of 0.5. Discrete element method (DEM) simulations were performed by Huang et al. [16,17] to investigate the effect of the confining stress on the indentation failure mechanism. The results suggested that an increase in lateral confinement results in an increase in the critical depth of penetration at which the primary crack initiates. Based on laboratory tests and numerical modeling, Innaurato et al. [18] pointed out that a trend of the fracture towards the free edge was frequently observed for a higher lateral confinement, which is consistent with the experimental results obtained by Cook et al. [19], Liu et al. [20], and Li et al. [21].



From the studies reviewed above, it was shown that both the cutting force and the energy consumption increase with an increase in the confining pressure, with the rock failure modes being closely related to the confining pressure. However, attention was mainly paid to the effect of the confining pressure on the rock fragmentation, with little focus on how to reduce the influence of the confining pressure. It was believed that the existence of cracks and holes has a significant effect on the strength and stress distribution of rock [22,23,24,25,26,27]. In this study, a series of simulations were conducted using LS-DYNA software to analyze the characteristics of the roadheader for breaking rock containing a different number and size of holes under different confining pressures. A detailed discussion was presented on cutting torque, thrust force, specific energy, and failure behavior during the cutting process, with the results further validated with experimental data. Moreover, the optimal parameters of holes for the cutterhead under the confining pressure were investigated by considering the effectiveness of energy.




2. Basic Theory of LS-DYNA


ANSYS/LS-DYNA is a finite element software, which can be efficiently used in dynamic analysis in most areas in engineering. Moreover, it is a powerful tool for simulating rock fragmentation [28,29]. For the rock mass subjected to confining pressures, the preloading needs to be applied to the numerical model during the static analysis stage, before the dynamic cutting analysis is conducted. Generally, it is ideal to investigate the static problems using the implicit algorithm method in ANSYS, before solving the dynamic problem by the explicit algorithm method in LS-DYNA [30]. Moreover, the implicit-explicit analysis method, which combines the advantages of both the implicit and explicit algorithm methods, is included in LS-DYNA and can effectively deal with static–dynamic coupling calculation problems [31]. In the implicit analysis, the solid 185 is adopted as the element type, before the preloading is applied to the boundary condition of the rock model. After the calculation of the implicit analysis, the solid 185 elements in ANSYS need to be transformed into solid 164 elements in LS-DYNA to generate the pre-stress in the rock model for the explicit analysis. During the process of transformation, a dynamic relaxation file is generated, before the displacements in the file are used to create the initial stress in LS-DYNA explicit analysis.




3. Establishment of the Rock Breaking Model


3.1. Material Model and Boundary Conditions


The cutterhead is regarded as a rigid body, with the MAT 020 (Rigid) in LS-DYNA chosen for the material model of the cutterhead [32]. There have been a good number of models developed for the rock and concrete. The MAT 145 (Schwer_Murray_Cap_Model) in LS-DYNA is an advanced constitutive model for geomaterials with a sound theoretical background [33,34,35]. However, it has not been as popular as those simple material models, because of the complexity of the model with 42 material parameters involved. A wealth of material model parameters can make the simulation more realistic, and thus the MAT 145 is adopted as the material model for the rock. The main parameters of the rock and cutterhead in the numerical models are shown in Table 1.



Table 1. Main parameters of the rock and cutterhead [34].







	
Material

	
ρ

	
E

	
µ

	
σC

	
σT

	
α

	
β

	
γ

	
θ

	
X0

	
D1

	
D2




	
(kg/m3)

	
(GPa)

	
-

	
(MPa)

	
(MPa−1)

	
(MPa−2)






	
Rock

	
2532

	
15.4

	
0.19

	
28.6

	
2.7

	
7.71

	
0.054

	
2.97

	
0.34

	
70.14

	
6.11 × 10−4

	
2.23 × 10−6




	
Cutterhead

	
7800

	
200

	
0.25

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








Note: ρ, E, and µ are the density, elasticity modulus, and Poisson’s ratio; σC and σT are the compressive and tensile strength; α, β, γ, and θ are the shear failure parameters; X0 is the cap surface parameter; D1 and D2 are the plastic volume strain parameters.








Figure 1 depicts the finite element model of rock breaking by the cutterhead. The rock model is 500 mm high by 500 mm wide by 400 mm thick, while the cutterhead is 302 mm long and up to 362 mm in diameter. There are 64,656 elements for the rock without holes, while the cutterhead consists of 20,827 elements. To avoid the influence of the reflected stress wave, non-reflecting boundary conditions are applied at the upper, bottom, left, right, and back boundaries of the rock model, respectively. To consider the effect of confining pressure σ0, the corresponding pressures are set at the four sides of the rock model, while the normal constraint condition is set at the back boundary of the rock model.


Figure 1. Layouts of the finite element model of rock breaking by the cutterhead.



[image: Energies 10 01154 g001]







3.2. Contact and Failure Criterion


For the cutterhead-rock contact, the “ERODING_NODES_TO_SURFACE” contact type is chosen [36]. The material model itself has a failure criterion. Damage is defined within the framework of continuous damage mechanics and the damage index (DI) is defined to determine whether damage loading occurs or not [37]. The program was able to automatically calculate the stress and damage status of each element after each loading step. When an element is subjected to substantial stress and its damage index (DI) reaches 1, it would lose all its strength and suitability. Following this, it would be regarded as invalid and would be removed from the model immediately. Meanwhile, the program would also automatically redefine the contact relationship between the cutterhead and rock. Additionally, the failure criterions are defined using the keyword of “MAT_ADD_EROSION” to ensure a more reasonable damage process of rock. Specifically, failure criterions based on the effective plastic strain [37] and effective stress [38] are employed to delete an excessively deformed element in the simulation. When the effective plastic strain reaches 0.15 (determined through sensitivity studies) [36] or the effective stress reaches 30 MPa (based on the rock strength), the excessively deformed element of rock is removed from the model.




3.3. Rock Model Design


To investigate the effect of the number of holes on rock-breaking performance, the rock models containing a different number of holes are designed, as shown in Figure 2. The hole ratio η is defined as η = 100 × n× (Dhole/Dmax)2%, where n is the number of the hole, Dhole is the diameter of the hole and Dmax is the maximum diameter of the cutterhead. For example, if the hole ratio η is up to 50%, there will be dense holes in the rock and the cutting efficiency of cutterhead will be high, although it is apparently time-consuming and costly to drill dense holes. In this paper, the maximum value of the hole ratio η is controlled to remain around 20% and the diameter of the hole is chosen as 45 mm, with the holes distributed in the center and along the circle with a diameter of 292 mm. The number of holes is 1, 5, 9, and 13, respectively. These correspond to the hole ratio η of 1.6%, 7.7%, 13.9%, and 20.1%, respectively.


Figure 2. Design of rock models with different numbers of holes: (a) one hole; (b) five holes; (c) nine holes; and (d) 13 holes.
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To discuss the effect of hole size on rock-breaking performance, a sketch of the rock model is shown in Figure 3. For each rock model, there are four holes evenly distributed along the circle with a diameter of 292 mm and one hole distributed in the center. The diameters of the holes are 35, 45, 55, and 65 mm, respectively. The corresponding hole ratios η are 4.7%, 7.7%, 11.5%, and 16.1%, respectively.


Figure 3. Sketch of rock models: Dhole = 35, 45, 55, and 65 mm.
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3.4. Motion Parameters of Cutterhead


In the simulations, the advance speeds are controlled at 400 mm/min and each advancing process occurs for approximately 50 s to ensure that the entire cutterhead is involved in the rock fragmentation process. The rotational speed of the cutterhead is 80 RPM (revolutions per minute). By maintaining a constant advance speed and rotation, the influence of holes and confining pressures on rock-breaking performance are computed and compared.





4. Verification of the Numerical Model


4.1. Experiment Procedures


Figure 4 illustrates the rock-breaking platform used in the study. It includes a cutting table on which the motor, gearbox, bear, and cutterhead are mounted. Two hydraulic cylinders are used to move the table along the tracks. The thrust force of the cylinder is monitored using a force transducer, while the cutting torque of the cutterhead is measured by a torque transducer. A displacement transducer is installed on the table to measure the movements of the cutterhead. The transducers are connected to the data acquisition system, which monitors and records the thrust force, torque, and cutterhead displacement.


Figure 4. Rock-breaking test platform for the cutterhead.
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4.2. Comparison between Experimental and Numerical Results


To validate the developed rock-breaking model, the comparisons were made between experimental and numerical results. Figure 5 presents the graphs of cutting torques and thrust forces against different numbers of holes without the confining pressure. It is evident that the torque and the thrust force of the roadheaders increase over time. The trends of the curves for the rock without holes are similar to those in the rock with holes. The average cutting torques and thrust forces during the whole advancing process are computed to analyze how the holes in the rock affect the cutting performance of the roadheader.


Figure 5. Graphs of data with different numbers of holes: (a) experimental torque and (b) force; (c) numerical torque and (d) force.



[image: Energies 10 01154 g005]






The experimental average cutting torques of 0, 1, 5, and 13 holes are 1280, 1150, 1080, and 774 N·m, respectively. Meanwhile, the average thrust forces drop from 7280 to 6500, 5510, and 4210 N. In the experiments, the reductions in torque and force for the rock containing one hole are 10.2% and 16.9%, respectively. The corresponding reductions in these values for the rock containing five holes are 15.6% and 29.5%, respectively, and for the rock containing 13 holes are 39.5% and 46.1%, respectively. The four numerical curves are considerably consistent with the experimental curves. For one hole, the decrease in numerical values of torque and force are 12.6% and 22.1%, respectively. Moreover, for five holes, the corresponding decrease in these values are 18.5% and 27.1%, and for 13 holes, the corresponding decrease in these values are 32.3% and 48.5%, which indicates satisfactory consistency with the experimental data.





5. Numerical Results and Discussion


5.1. Effect of Hole Number on Rock Fragmentation


The rock breaking of the roadheader is the result of the interaction between the cutterhead and rock. Once the picks of cutterhead makes contact with the rock, and stress appears in the rock. Moreover, the stress causes elastic deformation, plastic deformation, damage, and even breakage of the rock. Thus, a larger stress means that more serious damage is inflicted on the rock, making this rock easier to be cut in the next cutting step. Figure 6 shows the Von Mises effective stress contours of rocks containing a different number of holes at the advance time of 25 s. It should be noted that there are evident phenomena of stress concentration seen around the holes, with this stress concentration becoming more obvious with an increase in the number of holes.


Figure 6. Von Mises effective stress contours of rocks containing different numbers of holes at the advance time of 25 s: (a) no holes; (b) one hole; (c) five holes; (d) nine holes; and (e) 13 holes.
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Figure 7 presents the effective stress contours for a cross-section of the rock center. As shown in Figure 7a, the radial length between the cutting line and the stress termination line is defined as the stress depth h. The stress depth increases with an increase in the number of holes. Specifically, the average stress depth increases from 21 mm (0 hole) to approximately 53 mm (13 holes). Moreover, there is an active zone around each hole and the values for the stress depth near the holes are greater than those far from the holes. Following this, the active zones are superimposed and become coupled to each other, which leads to the efficient expansion of stress in the whole rock.


Figure 7. Effective stress contours for a cross-section of the rock center at the advance time of 25 s: (a) no holes; (b) one hole; (c) five holes; (d) nine holes; and (e) 13 holes.
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To analyze how the hole number affects the cutting performance, the average cutting torque T and thrust force F are computed and compared, with the results shown in Figure 8. It shows that the cutting torque and thrust force decrease remarkably with an increase in the number of holes. Specifically, the cutting torque decreases from 1158 N·m (without holes) to 714 N·m (with 13 holes), while the thrust force drops from 8688 to 4474 N. These correspond to a decrease rate of 38.5% and 48.5%, respectively. At the same time, the hole ratio η of the rock specimen containing 13 holes is 20.1%. We defined the decrease in torque and force rate as εT and εF, while we labelled the ratios of εT and εF to the hole ratio η as the normalized effect indexes ηT and ηF. In addition, for the rocks containing one to 13 holes, their ηT are 7.88, 2.40, 1.86, and 1.91, while the ηF are 13.8, 3.52, 2.75, and 2.41, respectively.


Figure 8. Effect of hole number on (a) cutting torque and (b) thrust force.
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The specific energy (SE) is one of the most important indexes to measure the rock-breaking performance of mechanical excavations. It is defined as the energy required for the fragmentation of a unit volume of rock. Advancement is the most energy-intensive mode for a roadheader. According to Fowell and McFeat-Smith [39], the specific energy required for advancement is approximately three times that for traversing. In the advancement mode of the cutterhead, the specific energy can be computed with the following formula:


[image: there is no content]



(1)




where SE is the specific energy (kW·h/m3); WT is the work performed by the cutting torque (kW·h); WF is the work performed by the thrust force (kW·h); V is the volume of the broken rock (m3); P is the cutting power [23]; [image: there is no content] is the cutterhead rotation speed (RPM); T is the cutting torque (N·m); F is the thrust force (N); t is the cutterhead advance time (h); and l is the cutterhead advance length (m).



Figure 9 shows the influence of the number of holes on the specific energy of rock breaking. The curve trend of the specific energy is similar to the trend for the cutting torque, which results from the fact that the energy consumed by the rotary cutting is far greater than that used for advancement. The decrease in energy rates εE of the rock containing one to 13 holes are 12.7%, 19.3%, 25.9%, and 38.4%. Moreover, the corresponding normalized effect indexes ηE are 7.94, 2.51, 1.87, and 1.91, respectively.


Figure 9. Effect of hole number on specific energy.
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5.2. Effect of Hole Size on Rock Fragmentation


Figure 10 illustrates the effective stress contours of the front face of a rock containing five holes at the advance time of 0.1 s. To investigate how the diameter of the hole affects the rock-breaking performance, Figure 11 shows the effective stress and the maximum principal stress contours of rocks containing holes with different diameters. Figure 11a shows that stress appears on the rock once the pick (not shown in Figure 11) makes contact with the rock, with the position of the maximum value being located around the contact zone between the pick and rock. Moreover, the effective stress increases with an increase in the diameter of holes, with stress concentration phenomena occurring around the holes. Figure 11b shows the distribution of the maximum principal stress (a positive value indicates tensile status and a negative value indicates compressive status). It should be noted that when the pick tip contacts the rock, the rock elements that are in contact with the pick are subjected to the compressive stress and generate a squeeze zone. Meanwhile, the elements around the squeeze zone have a tensile status and form a tensile stress zone (red color). With an increase in the diameter of the hole, the influence of the free surface and the area of the tensile stress zone both increase. The tensile strength of rock is only 10% of its compressive strength. Thus, a greater tensile stress zone means that it is easier to break the rock.


Figure 10. Effective stress contours of the front face of a rock containing five holes at the time of 0.1 s.
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Figure 11. (a) Effective stress contours and (b) maximum principal stress contours of the rocks containing holes with different diameters.



[image: Energies 10 01154 g011]






To investigate the effect of hole diameter on different elements, three types of elements for the cross-section (50 mm from the front face of the rock) are selected and shown in Figure 12. Moreover, Figure 13 shows the effective stress of Elements 1, 2, and 3 during the breaking process. Between the three types, Element 1 is closest to the center hole and is destroyed first at the advance time of 7.7 s, which is followed by Element 2 at 9.4 s and Element 3 at 10.2 s.


Figure 12. Sketch of typical elements.
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Figure 13. Effective stress of Elements 1, 2, and 3.
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Figure 14 presents the effective stress of Element 3 in rocks with different hole diameters. The change in the trends of different curves are similar. At the beginning, the cutterhead is far from Element 3 with a small effective stress of Element 3. With the advancement of the cutterhead, the effective stress increases continuously. However, the stress rises rapidly at the time of around 8.7 s, before decreasing sharply at approximately 10.2 s. This indicates that the rock element is mainly destroyed during this period of time, which is called the damage stage.


Figure 14. Effective stress of Element 3 in rocks with different hole diameters.
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To analyze the influence of hole size on rock breakage, the average effective stress of the elements during the damage stage is calculated. As shown in Figure 12, each type consists of four elements, with the mean values of the four elements computed and shown in Figure 15. For the rock without holes, the mean effective stress of Type 1, 2, and 3 is 25.3, 11.4, and 22.4 MPa, respectively. The cutterhead first makes contact with the elements of Type 1 and there is no free surface for these elements. Thus, the elements of Type 1 are difficult to break and their mean effective stress is high. After the breakage of Type 1, the broken pit provides the free surface for Type 2, so the mean value of Type 2 is reduced. There is a bigger broken pit after the breakage of Type 2. However, the mean value of Type 3 increases compared with that of Type 2. The reason for this is that the elements of Type 3 are destroyed by picks that are installed with a larger rotation radius, which will lead to a faster line cutting speed and greater stress. Thus, the elements are under the influence of the free surface and cutting speed. Specifically, when the diameter of the hole is 65 mm, the mean effective stress of Type 1, 2, and 3 is 14.3, 9.6, and 13.5 MPa, respectively. This was reduced by 43.4%, 15.8%, and 39.7%, compared to the elements in the rock without holes.


Figure 15. Effect of hole diameter on stress of different elements.
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Figure 16 shows the average cutting torque and thrust force of rocks with different hole diameters. With an increase in the diameter, the cutting torque and thrust force decrease gradually. Specifically, the cutting torque decreases from 1158 N·m (Dhole = 0 mm) to 835 N·m (Dhole = 65 mm) with a decrease of 27.9%. Meanwhile, the corresponding thrust force drops from 8688 N to 5452 N with a decrease of 37.2%.


Figure 16. Effect of hole diameter on (a) cutting torque and (b) thrust force.
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Figure 17 shows the influence of the diameter of holes on the specific energy of rock fragmentation. The changing trend of the specific energy is similar to the trend of the cutting torque, which results from the fact that the energy consumed by the rotary cutting is far greater than the energy consumed in the advancement. The decrease in the energy rates εE of rock with the diameter of 35, 45, 55, and 65 mm are 10.5%, 19.3%, 24.6%, and 28.1%, respectively. Moreover, the corresponding normalized effect indexes ηE are 2.23, 2.51, 2.14, and 1.75, respectively. It is evident that larger holes allow for lower energy consumption. However, it also means that more time and energy has to be spent on the drilling of holes. Therefore, an adequate design of holes should be chosen by considering the effectiveness of energy. In this work, the rock containing holes with a diameter of 45 mm is optimal for the cutterhead.


Figure 17. Effect of hole diameter on specific energy.
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5.3. Effect of Confining Pressure on Rock Fragmentation


Figure 18 shows the cutting torque and thrust force of rock without holes under different confining pressures. Specifically, the cutting torque increases slowly under a low confining pressure, although this rises rapidly under a high confining pressure. For example, the increment of the torque is 6.2% when the pressure increases from 0 to 5 MPa, while an increment of 23.5% is obtained when the pressure increases from 0 to 10 MPa. In addition, the thrust force shows a similar change in its trend as the cutting torque. This indicates that the effect of high confining pressure on cutting performance is more evident than that of low confining pressure. Thus, the confining pressure of 10 MPa is selected for studying the effect of hole number on rock breakage under confining pressure. The Von Mises effective stress contours of rocks containing a different number of holes are shown in Figure 19.


Figure 18. Effect of confining pressure on (a) cutting torque and (b) thrust force.
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Figure 19. Von Mises effective stress contours of rocks containing different numbers of holes under confining pressure of 10 MPa: (a) no holes; (b) one hole; (c) five holes; (d) nine holes; and (e) 13 holes.
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Compared with the contours without confining pressure, as shown in Figure 6, the contours under the confining pressure of 10 MPa are more complex. The stress contours are due to the combination of the effect of the confining pressure and the impact of the cutting process. Specifically, comparing Figure 19c to Figure 6c, the stress concentration phenomena around the holes are more obvious in Figure 19c, due to the superimposition of the stresses on the confining pressure and the cutting force.



To study how the cutting performances are affected by the hole number under the confining pressure of 10 MPa, the average cutting torque T and thrust force F are shown in Figure 20. With an increase in the number of holes, the cutting torque and thrust force is reduced. Specifically, the decrease in the torque and force are 39.8% and 41.1% in the rock containing 13 holes, respectively. Moreover, for the rocks containing one to 13 holes, their ηT are 12.69, 3.65, 2.35, and 1.98, while the corresponding ηF are 15.38, 4.09, 2.85, and 2.04, respectively. It should be noted that more holes can result in lower torque and force. However, the normalized effect indexes ηT and ηF decrease with an increased number of holes. For the rock containing five holes, there is a decrease of approximately 30% in the torque and force, with relatively high normalized effect indexes ηT and ηF. Thus, the rock with five holes is optimal for the cutterhead considering the effectiveness of energy.


Figure 20. Effect of the hole number on (a) cutting torque and (b) thrust force under the confining pressure of 10 MPa.
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Figure 21 and Figure 22 show the effective stress and the maximum principal stress contours of rocks containing five holes under the different confining pressures at the advance time of 0.1 s. Figure 21 shows that the stress in the rocks increases with an increase in the confining pressure. For example, the background of rock without the confining pressure is navy blue, which indicates that the effective stress belongs to a pressure of 0–3 MPa. The background of rock under the confining pressure of 10 MPa is light blue, which means that the effective stress belongs to a pressure of 9–12 MPa. There are stress concentration phenomena around the contact zone between the pick and rock. Furthermore, there is an obvious stress concentration phenomenon around the holes with an increase in the confining pressure. Figure 22 shows that the elements around the squeeze zone have a tensile status and form a tensile stress zone (red color). Moreover, the area of the tensile stress zone decreases with an increase in the confining pressure, which indicates that the propagation of tensile stress is limited by the confining pressure. Therefore, the rock under a high confining pressure is difficult to cut and it results in an increase in cutting torque and thrust force, as shown in Figure 18.


Figure 21. Effective stress contours of the rocks containing five holes under different confining pressure.
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Figure 22. Maximum principal stress contours of the rocks containing five holes under different confining pressures.
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Figure 23 shows the fragmentation process of rock containing five holes under the confining pressure of 10 MPa. With the advancement of the cutterhead, the effective stress in the rock changes significantly. For example, at the advance time of 10 s, the elements on the side of the broken pit are green (with an effective stress from 12 to 15 MPa), while the elements on the side of the broken pit are red at an advance time of 45 s (with effective stress from 27 to 30 MPa). This indicates that the effective stress is constantly superimposed during the advancement process, which will lead to the subsequent rock element being easier to destroy.


Figure 23. Fragmentation process of rock with five holes under the confining pressure of 10 MPa.
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Figure 24 shows the fragmentation process of the rock containing five holes under the confining pressure of 20 MPa. At the advancement time of 13.8 s, several main cracks began to appear in the rock. With the advancement of the cutterhead, the elements along the main cracks are constantly being destroyed and deleted. At the same time, the large chips are removed from the rock until the advance time of 14 s. When the confining pressure reaches 20 MPa, there is evident stress concentration around the cutterhead. The interactions between the free surface of holes and the rock boundaries lead to the failure of rock. This also explains why the rock burst occurs during the excavation of the chamber in the rock under a high confining pressure.


Figure 24. Fragmentation process of rock with five holes under the confining pressure of 20 MPa.
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As the large chip failure occurs in the rock under the confining pressure of 20 MPa, the curves of the torque and force are not continuous from the advance time of 14 s. Thus, Figure 25 only shows the average torque and force of rock under the confining pressure from 0 to 10 MPa. As the confining pressure increases, the cutting torque and thrust force increase. Moreover, the increase in the rock with five holes is smaller than that of rock without holes (shown in Figure 18). Specifically, under the confining pressure of 10 MPa, the increases in the torque and force are 23.5% and 15.7%, respectively, in the rock without holes, while the corresponding increases in the rock with five holes are 7.9% and 8.6%, respectively. This indicates that the large torque and force caused by the high confining pressure can be reduced by drilling holes in the rock.


Figure 25. Effect of confining pressure on (a) cutting torque and (b) thrust force of the rock containing five holes.
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The rock fragmentation process using the cutterhead is also a process of energy dissipation. Generally, during the advancement process of the cutterhead, the energy dissipation can be divided into several modes: elastic strain energy, plastic strain energy, brittle failure energy, ductile failure energy, thermal energy, and so on [11]. Specifically, two energy modes are mainly responsible for the rock fragmentation: the brittle failure energy consumed by tensile failure as well as the ductile failure energy consumed by shear and compressive failure. As the tensile strength of rock is smaller than the shear and compressive strength, the energy consumed by the brittle failure is lower than that of the ductile failure. With an increase in the confining pressure, the failure behavior of rock transfers from a brittle mode to the semi-brittle and ductile modes, which needs more energy to break the rock. However, the free surface provided by the holes can weaken the effect of the confining pressure and can lead to the brittle failure of rock around the holes.





6. Conclusions


In this paper, a series of numerical investigations are carried out to analyze the dynamic characteristics of the roadheader for breaking a rock containing different numbers and sizes of holes under different confining pressures. A detailed discussion is presented on the cutting torque, thrust force, specific energy, and failure behavior during the cutting process. The following conclusions can be drawn.



The specific energy decreases with an increase in the number and size of holes, while the decrease in the energy rates of the rock containing a different number (1, 5, 9, and 13) of holes is 12.7%, 17.6%, 25.9%, and 38.4%, respectively. Meanwhile, the decrease in the energy rates of a rock with different hole diameters (35, 45, 55, and 65 mm) are 10.5%, 19.3%, 24.6%, and 28.1%, respectively. The cutting torque and thrust force increase slowly under the low confining pressure, although this rises rapidly under the high confining pressure. For example, the increase in the torque is 6.2% when the pressure increases from 0 to 5 MPa, while an increment of 23.5% is obtained when the pressure increases from 0 to 10 MPa. Under the confining pressure of 10 MPa, the increases in the torque and force of the rock without holes are 23.5% and 15.7%, respectively, while the corresponding increases in the rock with five holes are 7.9% and 8.6%, respectively. This indicates that the high energy consumption caused by the high confining pressure can be reduced by drilling holes in the rock.



The rock fragmentation process by the cutterhead is a process of energy dissipation. Two energy modes are mainly responsible for the rock fragmentation: the brittle failure energy consumed by tensile failure as well as the ductile failure energy consumed by shear and compressive failure. With an increase in the confining pressure, the failure behavior of the rock transfers from a brittle mode to semi-brittle and ductile modes, which requires more energy to break the rock. However, the free surface provided by the holes can weaken the effect of the confining pressure and can lead to the brittle failure of rock around the holes.
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