

  fractalfract-08-00261




fractalfract-08-00261







Fractal Fract. 2024, 8(5), 261; doi:10.3390/fractalfract8050261




Article



Investigation into the Failure Characteristics and Mechanism of Rock with Single Elliptical Defects under Ultrasonic Vibrations



Zhijun Niu, Xufeng Wang *, Lei Zhang, Jiyao Wang, Zechao Chang, Chenlong Qian and Xuyang Chen





School of Mines, Jiangsu Engineering Laboratory of Mine Earthquake Monitoring and Prevention, China University of Mining and Technology, Xuzhou 221116, China









*



Correspondence: wangxufeng@cumt.edu.cn







Citation: Niu, Z.; Wang, X.; Zhang, L.; Wang, J.; Chang, Z.; Qian, C.; Chen, X. Investigation into the Failure Characteristics and Mechanism of Rock with Single Elliptical Defects under Ultrasonic Vibrations. Fractal Fract. 2024, 8, 261. https://doi.org/10.3390/fractalfract8050261



Academic Editor: Francesco Marotti De Sciarra



Received: 13 March 2024 / Revised: 29 March 2024 / Accepted: 23 April 2024 / Published: 27 April 2024



Abstract

:

In order to investigate the effects of elliptical defects on rock failure under ultrasonic vibrations, ultrasonic vibration tests and PFC2D numerical simulations were conducted on rocks with single elliptical defects. The research results indicated that the fracture fractal dimension, axial strain, and crack depth of specimens with elliptical defects at 45° and 90° were the smallest and largest, respectively. The corresponding strain and fractal dimension showed a positive linear and logarithmic function relationship with time. The maximum crack depth of 46.50 mm was observed on the specimens with an elliptical defect angle of 90°. Specimens with elliptical defects at 0°, 30°, 75°, and 90° exhibited more dense and frequent acoustic emission events than those with elliptical defects at 15°, 45°, and 60°. During the ultrasonic vibration process, the maximum total energy (87.86 kJ) and energy consumption coefficient (0.963) were observed on specimens with elliptical defect angles of 30° and 45°, respectively. The difference in the stress field led to varying degrees of plastic strain energy in the specimens, resulting in different forms of crack propagation and triggering differential acoustic emission events, ultimately leading to specimen failure with different crack shapes and depths. The fractal dimensions of elliptical defect specimens under ultrasonic vibration have a high degree of consistency with the changes in axial strain and failure depth, and the fractal dimension of defect specimens is positively correlated with the degree of failure of defect specimens.
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1. Introduction


With the continuous increase in the coal mining scale, easily exploitable resources with shallow burial depths and good geological conditions are gradually depleting [1]. Currently, most coal mining is occurring at greater depths, and coal rock masses in deep environments exist in complex environments with high pressure, high temperature, and high permeability [2], making rock masses more prone to damage and instability [3]. In order to ensure the long-term stability of underground rock mass engineering, more and more tunnels are being arranged in hard rock layers, further increasing the difficulty of rock mass engineering excavation. The construction methods for deep hard rock strata tunnels mainly include mechanized excavation methods and drilling and blasting methods, each facing difficulties such as severe tool wear [4], high equipment failure rates [5], slow drilling speeds [6], low blasting efficiency [7], and a large loss of machinery and materials [8], resulting in a tense situation of mining and replacement. Therefore, in order to improve the excavation speed of deep hard rock strata tunnels and solve the problem of tight mining replacement, developing new and efficient rock-breaking technologies is urgent [9]. Since its discovery in the 1830s, ultrasound has been widely used in fields such as chemical engineering [10], medicine [11], and petroleum [12] due to its advantages of good directionality, strong penetration ability, and energy concentration, providing new ideas and methods for the efficient excavation of hard rocks. In recent years, scholars have conducted extensive research on ultrasonic vibration crushing hard rocks, and the results show that ultrasonic vibration can effectively crush hard rocks [13], indicating the feasibility of this ultrasonic vibration technology in the field of deep hard rock crushing. As a complex natural material, underground rock masses often have varying degrees, scales, and shapes of cracks, pores, and other defects due to their extremely long geological tectonic processes [14], which have a significant impact on the strength and crack propagation of rock masses [15]. The defects present in natural rock masses are complex and cannot be simplified into simple crack-like or pore-like defects. In actual underground rock engineering, elliptical defects are a common type of defect. Scholars have conducted extensive research on the ultrasonic vibration rock-breaking of intact rock samples [16], but no relevant experimental studies have been conducted on defective rocks. In the actual rock-breaking process of underground rock masses, future ultrasonic vibration faces the technical challenge of effectively improving the excavation speed of natural rock masses containing complex defects. Therefore, studying the failure characteristics and mechanisms of rocks with elliptical defects under ultrasonic vibration has significant practical significance for improving the excavation speed of underground complex defect rock masses and solving the problem of tight mining replacement.



	(1)

	
The impact characteristics of ultrasonic vibration on rock drilling, rock failure, and defects on rock failure under conventional loading methods have been studied by many researchers. The impact characteristics of ultrasonic vibration on rock drilling have been studied. Wiercigroch M [17] from the University of Aberdeen first introduced ultrasonic vibration technology into drilling and found that the high-amplitude force generated by ultrasonic vibration was the main reason for improving drilling speed. NASA designed a planetary exploration ultrasonic drilling specimen with high axial force and analyzed the interaction between the sensors, free mass, drill bits, and rocks [18]. Li Siqi et al. [19] clarified the vibration characteristics of rocks under harmonic impact and found that harmonic vibration impact drilling could greatly increase the amplitude of rocks and further improve drilling speed. Fernando P et al. [20] conducted experimental research on the rotational ultrasonic machining of rocks and found that the cutting force of rotational ultrasonic machining was significantly reduced, and the drilling speed was increased by about three times. Wiercigroch M et al. [21] conducted ultrasonic impact drilling research on common underground rocks and found that high-frequency axial vibration significantly improved the drilling speed.




	(2)

	
The process and mechanism of rock failure under ultrasonic vibration have been explored by many researchers. Zhao Dajun et al. [22] revealed the cracking mechanism of rock cracks under ultrasonic vibration, finding that ultrasonic vibration can effectively promote the development of microcracks in granite samples. Zhao Dajun et al. [23] found that fatigue damage caused by ultrasonic vibration and thermal damage caused by temperature increases are the main factors causing granite fracture. Zhou Yu et al. [24], through indoor experiments and numerical simulations, concluded that under ultrasonic vibration, cracks will initiate and propagate when the internal tensile stress exceeds the rock’s strength limit, ultimately leading to rock fragmentation. Zhang Cheng et al. [25] studied the effects of the main loading parameters, such as confining pressure, vibration frequency, and static pressure, on the damage of granite specimens, revealing the mechanism of rock failure under different loading parameters. Wang Jiyao et al. [26] compared the performance of uniaxial compression loading and ultrasonic vibration technology in rock damage and found that ultrasonic vibration technology exhibits higher rock failure ability. Wang Xufeng et al. [27] revealed the failure mechanism of rocks under ultrasonic action, verifying the effectiveness and reliability of ultrasonic rock fragmentation. Zhang Lei et al. [28] discovered that the strain curve of rock samples under ultrasonic vibration excitation can be divided into the compaction stage, elastic deformation stage, and damage stage. Static load can accelerate crack initiation and propagation and improve the utilization rate of rock fragmentation energy. Zhang Lei et al. [29] found that ultrasonic vibration significantly reduces the compressive strength and elastic modulus of red sandstone, resulting in microcrack aggregation occurring at the edge area of the contact surface between the actuator and the rock.




	(3)

	
References related to the impact of defects on rock failure characteristics were found. The studies investigated the failure characteristics of rocks with single [30], multiple [31], and pore-like defects [32]. Elliptical defects are common and complex fracture types found in natural rock masses [33]. Han Zhenyu et al. [34] conducted dynamic uniaxial compression tests on sandstone specimens containing double elliptical inclusions with different inclination angles and found that as the defect inclination angle increased, the influence of the inclusions on the final failure mode became very small. Chen Shaojie et al. [35] established two models of vertical and horizontal crack hole combinations and studied the failure modes, mechanical behaviors, and stress states of elliptical hole crack combination models with different long and short-axis ratios before and after crack generation. Yang Shengqi et al. [36], through indoor experiments and numerical simulations, revealed the strength, deformation, and crack evolution behavior of sandstone containing a single elliptical defect under uniaxial compression. Tao Ming [37] conducted SHPB tests on granite diorite with elliptical defects, revealing its dynamic response and fatigue behavior.







In this study, an ultrasonic vibration device, fractal theory, digital image correlation method, and PFC2D numerical simulation software (5.00) were used to clarify the influence characteristics of the elliptical defect angle on the fractal dimension of specimen cracks, and the relationships between the elliptical angles, strain behaviors, and failure depths of defective specimens were obtained. The acoustic emission, energy evolution, and stress field distribution characteristics of the specimens containing single elliptical defects were analyzed and discussed, and the relationship between the fractal dimension and failure characteristics of the elliptical defect specimens was revealed, which were of great significance for efficient excavation in elliptical defect rock masses.




2. Experimental Program


This section elaborates on the preparation and related parameters of the elliptical defect specimens, introduces the composition and loading principle of ultrasonic vibration devices, and constructs a digital image monitoring system.



2.1. Specimens Preparation


Hard rock from a certain coal mine was selected as the testing specimen. After preparation, the length and height of the rock specimen were 50 mm and 100 mm, respectively. The distance between the center of the elliptical defect and the upper end of the rock specimen was 1/3 of the height. The long axis 2a and short axis 2b of the elliptical defect were 18 mm and 6 mm, respectively. The angle between the long axis of the ellipse and the horizontal line was α. An example of specimens with a single elliptical defect and its loading method are shown in Figure 1. There were a total of 21 defective samples in the experiment, and the center position, major axis, and minor axis of the elliptical defects in all defective samples (SE01–SE21) were the same, with only the included angle α different. Each elliptical defect angle was α, which had three corresponding samples. The elliptical defect angles corresponding to the SE01–SE03, SE04–SE06, SE07–SE09, SE10–SE12, SE13–SE15, SE16–SE18, and SE19–SE21 samples α were 0°, 15°, 30°, 45°, 60°, 75°, and 90°, respectively. The arrangements of the testing programs are displayed in Table 1.




2.2. Sample Testing System


The ultrasonic vibration excitation equipment mainly consisted of an experimental platform and a pressure supply device. The experimental platform included an ultrasonic generator, transducer, amplitude lever, exciter, power supply, pressure cylinder, and base. The pressure supply device was connected to an air compressor. The ultrasonic vibration excitation equipment operated at a frequency of 20 kHz, with a power of 1500 W, and an amplitude of 70 μm. The working principle of the ultrasonic vibration excitation equipment was as follows: after the ultrasonic vibration excitation equipment is powered on, the ultrasonic generator converts the AC power into high-frequency electrical signals, which are processed through a piezoelectric ceramic ultrasonic transducer to convert into mechanical energy. The amplitude lever increases the mechanical vibration, and the air compressor and pressure cylinder provide axial static load force to the equipment. Finally, the exciter acts on the rock sample, causing rock failure. The ultrasonic vibration excitation equipment is shown in Figure 2.



The digital image correlation method was used to monitor the strain characteristics of the specimens with single elliptical defects during the ultrasonic vibration tests. In order to enhance the visibility of the digital image system, the surfaces of the defective specimens were manually polished with 60 mesh, 120 mesh, 240 mesh, 360 mesh, 600 mesh, and 1200 mesh sandpaper in sequence and then cleaned with alcohol cotton pads. White matte paint was evenly sprayed on the surface of the specimens. Once the paint naturally dried, a speckle tool was used to create speckles on the test surface. During the experiment, a stable white light source was used to supplement the illumination of the specimens. The specimen preparation process and the full-field strain platform are shown in Figure 3 and Figure 4, respectively.





3. Test Results and Failure Characteristics


In this section, the digital image correlation (DIC) method was used to monitor the strain evolution characteristics of the elliptical defect samples at different angles under ultrasonic vibration. The fractal characteristics of the cracks and failure depths of the samples were studied, and the axial strain, fractal dimension, and minimum and maximum failure depths of the elliptical defect samples at different angles were determined to be 45° and 90°, respectively.



3.1. Strain Behavior


The digital image correlation (DIC) method was used to monitor the axial strain of samples with different elliptical defects during ultrasonic vibration. Significant differences were observed in the axial strain of samples with different elliptical defect angles. The minimum and maximum axial strains at the moment of crack penetration were obtained, which were 45° and 90° for the elliptical defect samples, respectively.



Deformation control maps were created using the specimen speckle patterns at different times during the test: complete time (11.99 × 106 µs), crack initiation time (29.12 × 106 µs), crack propagation time (37.55 × 106 µs), and crack penetration time (60.20 × 106 µs). To mitigate the impact of speckle shedding caused by specimen damage during ultrasonic vibration on the precision of strain monitoring, a large number of speckles were captured at the moment of crack breakthrough. The strain field distribution characteristics of specimens with different ellipse defect angles at the crack penetration time are shown in Figure 5. It is important to note that the tensile strain is represented as positive, while the compressive strain is negative.



From Figure 5, it is evident that the location and degree of the strain concentration in specimens with different angles of elliptical defects were quite different at the moment of crack penetration. The strain concentration bands of specimens with an angle of elliptical defect at 0° extended from the top of the specimen to the elliptical defect as well as along the two long sides of the specimen. The strain concentration bands with angles of elliptical defects at 30° and 75° were from the top of the specimen to the elliptical defect and the right long side of the specimen, while they were from the top of the specimen to the left long side of the specimen for elliptical defects at 15° and 90°. The strain concentration bands of the specimens with 45° elliptical defects were from the middle of the upper part towards the elliptical defect as well as the right of the upper part, while for 60° elliptical defects, they extended from the left of the upper part to the upper part of the elliptical defect. The experimental results showed that with an increase in the elliptical defect angle, the axial strain of the specimen decreased first, then increased, and then remained constant with a final increase observed. The minimum and maximum axial strains at the crack penetration time were 45° and 90°, and the corresponding strain values were 0.01 and 0.019, respectively.



In order to study the influence of elliptical defect angles on the strain during the failure process, the specimens with elliptical defect angles of 45° and 90° were selected for analysis, and their corresponding axial strain evolution features are shown in Figure 6. From Figure 6a, the axial strain of the specimen with a 45° elliptical defect angle initially concentrated near the upper right corner of the elliptical defect, then produced the strain concentration bands near the middle top of the specimen to the middle upper part of the ellipse. The maximum axial strain increased from 0.0045 to 0.01. As can be seen from Figure 6b, the axial strain of the specimen with an elliptical defect of 90° initially concentrated near the middle left of the elliptical defect, and then the strain concentration bands were produced near the left edge of the top and from the right of the top to the upper edge of the ellipse. The maximum axial strain increased from 0.0075 to 0.019.



The axial strain evolution curves of the specimens with elliptical defect angles at 45° and 90° were obtained by extracting the corresponding strain values at four typical moments in the process of ultrasonic vibration, as shown in Figure 7. As can be seen in Figure 7, with the continuous excitation of ultrasonic vibration, the axial strain of specimens with elliptical defect angles at 45° and 90° increased steadily. Under the two angles, the axial strain of the specimen with an elliptical defect angle had a positive linear relationship with ultrasonic vibration time, and the increasing rate of the axial strain with the 90° elliptical defect was greater than that of the 45° defect. The axial strains of specimens with elliptical defect angles at 45° and 90° were 0.01 and 0.019, respectively. The axial strain of the specimens with 90° elliptical defects was around twice that of the specimens with the 45° defect.




3.2. Fractal Characteristics


Using Matlab software (R2018a) and the FracLab toolbox (the box dimension method), the development characteristics of the cracks in the samples with elliptical defects under ultrasonic vibration were studied. The significant influence of the elliptical defect angle on the fractal dimension of cracks in the defective samples was mastered, and the fractal dimensions of samples with elliptical defect angles of 45° and 90° were found to be the smallest and largest, respectively.



The fractal theory can quantitatively describe the distribution of complex fractures, which is helpful in revealing the fracture development and failure mechanism of rock mass. The box dimension method is one of the most commonly used methods for calculating the fractal dimension of images. Because of its easy empirical estimation and simply programmed calculation, it has been widely used in the field of rock mechanics. Therefore, in order to discern the influencing characteristics of elliptical defects on the fracture development of samples under ultrasonic vibration and improve the failure excavation speed of defective rock masses under ultrasonic vibration, this section uses the box dimension method to calculate the fracture fractal dimension of samples with different elliptical defect angles.



The square boxes with the lengths    δ i    and    δ  i + 1     were used to cover the graphs for calculating the fractal dimension, and the total numbers of boxes are Ni and Ni+1, respectively. The theory of the box dimension is shown in Equation (1).


     N  i + 1      N i    =   (    δ  i + 1      δ i    )  D   



(1)







By constantly changing the length    δ i    of the square box covered in the image, the corresponding total number of boxes is   N ( δ )  . The relationship between the two and the fractal dimension D is shown in Equation (2).


  N  ( δ )  ~  δ  − D    



(2)







Let   N ( ε )   be the minimum number of squares covering all fractures, and the square size is (  ε × ε  ). The log2N(δ)-log2δ double logarithmic curve of the above relationship is plotted. The fractal dimension D is defined as the negative number of the slope of the curve, and the fractal dimension is shown in Equation (3).


  N  ( δ )  ~  δ  − D    



(3)







The impact of the elliptical defect angle on the fractal dimension of fractures was analyzed using MATLAB software and the FracLab toolbox (box dimension method), with the findings presented in Figure 8. From the figure, it’s evident that the fractal dimension of cracks in specimens varied significantly depending on the elliptical defect angle at the moment of crack penetration. The trend of the fractal dimension exhibited an initial decrease, followed by an increase, then another decrease, and finally a continuous increase. Specifically, the fractal dimension of fractures ranged from 1.20 to 1.30. Notably, the fractal dimension was smallest (1.14) at the elliptical defect angle of 45° and largest (1.30) at 90°. This pattern suggests that the degree of fracture development differed among specimens, with the smallest degree observed at an elliptical defect angle of 45° and the largest at 90°. This variation can be attributed to the structural differences in specimens with different elliptical defect angles, leading to distinct stress field distributions under ultrasonic vibration.



In order to analyze the evolution of the fractal dimension of cracks during ultrasonic vibration, specimens with elliptical defect angles of 45° and 90°, representing the minimum and maximum fractal dimensions, were selected for study. The relevant evolutionary characteristics are depicted in Figure 9. From the figure, it’s evident that the fractal dimension of cracks continuously increased during the evolution process of crack initiation, propagation, and penetration for specimens at elliptical defect angles of 45° and 90°. Specifically, the fractal dimension of the specimens at these angles showed linear and logarithmic correlations with ultrasonic vibration time. The fractal dimension of the cracks increased from 1.07 to 1.14 for the 45° angle specimens and from 1.07 to 1.30 for the 90° angle specimens. This represents a 14.04% increase in the fractal dimension at the elliptical defect angle of 90° compared to that at 45° at the moment of crack penetration.




3.3. Failure Characteristics


The failure depths of samples with different elliptical defect angles under ultrasonic vibration were measured using a vernier caliper. It was found that there were significant differences in the failure depths of samples with different elliptical defect angles. The average failure depths of the samples with 45° and 90° elliptical defects were obtained, which were the smallest and largest, respectively.



To analyze the influence of the angle of the elliptical defect on the damage degree of the specimen under ultrasonic vibration, statistical analysis of the specimen’s damage depth was conducted. As depicted in Figure 10, the failure depths of the specimens varied with different elliptical defect angles under ultrasonic vibration. With an increase in the elliptical defect angles, the average failure depth of the specimen showed a trend of first decreasing, then increasing, then decreasing, and finally increasing. The failure depths of the specimens with elliptical defect angles of 45° and 90° were observed to be the smallest and largest, respectively. The average failure depth of the specimen with an elliptical defect angle at 90° was 61.77 mm, which was 32.84% higher than that of 45° at 46.50 mm. The test results demonstrated that the destruction effect of the specimen was most severe and least severe when the elliptical defect angles were at 45° and 90° under ultrasonic vibration.





4. Discussion


In order to further reveal the failure mechanism of specimens with elliptical defects under ultrasonic vibration, the particle flow software (PFC2D) numerical calculation method was used to explore the acoustic emission characteristics, fracture energy evolution, and stress field distribution characteristics of samples with elliptical defects under ultrasonic vibration. The relationship between the fractal dimension of the cracks and the failure characteristics of the samples with elliptical defects under ultrasonic vibration is clarified.



4.1. Numerical Model and Parameter Calibration


This section constructs a numerical calculation model for ultrasonic vibration. By comparing and analyzing the elastic modulus, peak strength, and failure mode of rock samples under indoor experiments and numerical calculations, reasonable parameters related to the samples in the numerical simulation are determined.



4.1.1. Numerical Model and Loading Process


PFC2D was used to build the specimens with a side length of 50 mm and a height of 100 mm. An elliptical defect was generated using fish language at a distance of 1/3 from the top of the specimen, with the long axis being 18 mm and the short axis at 6 mm. A rigid cluster was generated to replace the ultrasonic vibration excitation head for the ultrasonic vibration study. The parallel-bonding model in particle flow software could not only transfer the force between the particles but also the torque. Therefore, the bonding between the rock particles was simulated using the parallel-bonding model. The numerical model is shown in Figure 11.



The loading of the rock specimens was achieved by creating a cluster with cosine velocity at the top of the rock model, replacing the excitation head for the ultrasonic vibration study. The specific application process is shown in Equations (4)–(6).



The displacement load of the ultrasonic vibration is shown in Equation (4).


  U = A sin ( ω t )  



(4)







By taking the derivative of Equation (1), the velocity V applied to the cluster could be obtained, as shown in Equation (5).


  V = A ω cos ( ω t )  



(5)







In the formula, the ultrasonic frequency f is 20,000 Hz, and the amplitude A is 70 μm. The angular velocity ω is equal to 2πf, and t is the time variable of ultrasonic vibration. The Equation (6) is obtained when the relevant parameters are substituted into Equation (5).


  V = 2 π A f cos ( 2 π f t ) = 2.8 π cos ( 40,000 π t )  



(6)








4.1.2. Verification of the Microscopic Parameters


In order to ensure the accuracy and reliability of the numerical calculations, it was necessary to properly calibrate the microscopic parameters before conducting the numerical calculations using PFC2D. By using the “trial and error” method, the simulation-related microscopic parameters were continuously debugged until the simulated calculated values were close to the actual values obtained through laboratory tests. The selected combinations of microscopic parameters are shown in Table 2. A comparative analysis was conducted on the elastic modulus, peak strength, and failure mode of the rock specimens under laboratory experiments and numerical calculations, with the results shown in Figure 12.



From Figure 12a, it is evident that the uniaxial compressive strength of specimens in the laboratory tests and numerical simulations was 91.60 MPa and 91.02 MPa, with a difference of only 0.6%. The elastic modulus value was determined as the second modulus between 30% and 70% of the peak strength of the stress-strain curve. The elastic modulus of the specimens in the laboratory tests and numerical simulations were 45.50 GPa and 45.06 GPa, respectively, exhibiting a difference of only 1.0%. Due to the fact that there were at least three particles in PFC, the contact between the particles was relatively tight, potentially not accurately reflecting the initial stage of pore and crack compaction during the compression process. Therefore, the strain corresponding to the peak intensity of the numerical simulation was 2.06 × 10−2, which was smaller than the indoor test value of 2.59 × 10−2. As shown in Figure 12b, the failure mode of the specimen under laboratory uniaxial compression was very similar to that under numerical calculation, which was mainly characterized as shear failure.





4.2. Acoustic Emission Characteristics


In the field of rock engineering, acoustic emission can be used in PFC to calculate the moment tensor by changing the contact force around bond fracture [38], which can reveal the damage characteristics of rocks from a microscopic perspective. Therefore, the fish language in PFC was used to monitor the acoustic emission evolution characteristics of the rocks during ultrasonic vibration. The acoustic emission distributions and sizes of the samples with defects at different elliptical angles showed significant differences, and it was found that the larger the crack increase, the higher the emission frequency.



4.2.1. Acoustic Emission Events


The distribution characteristics of acoustic emission events in specimens with elliptical defects at different angles are shown in Figure 13. It should be noted that the acoustic emission values are consistent with the severity of damage suffered at the location. From Figure 13, it can be seen that there were significant differences in the distribution and size of acoustic emissions among the specimens with defects at different elliptical angles. The distribution characteristics of acoustic emission events were basically consistent with the crack distribution characteristics of the specimens during the ultrasonic vibration tests, further verifying the rationality of the numerical simulation parameters. Specimens with elliptical defect angles at 0°, 30°, 75°, and 90° exhibited more acoustic emission events compared with elliptical defect angles at 15°, 45°, and 60°. Except for the specimens with elliptical defect angles at 45° and 60°, the acoustic emission events of specimens with elliptical defect angles at 0°, 15°, 30°, 75°, and 90° all extended to the edge of the specimens. The difference in the acoustic emission intensity between the specimens with different elliptical angles was not significant. The peak acoustic emission intensities of the specimens with 75° and 45° elliptical defects were the highest and lowest, with values of −7.1311 and −7.7277, respectively. The maximum acoustic emission intensity of the specimens with 75° elliptical defects was 8.4% higher than that of those at 45°.




4.2.2. Relationship between Acoustic Emission and Crack Propagation


The relationship between the acoustic emission events and the number of cracks in the specimens with elliptical defects at different angles is shown in Figure 14. As shown in Figure 14, the acoustic emission events and crack numbers of specimens with elliptical defects at different angles are significantly different. The number of tensile cracks in specimens with elliptical defects at each angle was greater than the number of shear cracks. The total number of cracks was consistent with the fractal dimension of cracks observed in the laboratory tests. The minimum and maximum total number of cracks were observed in specimens with elliptical defect angles at 45° and 90°, corresponding to 380 and 2900 cracks, respectively. The total number of cracks in the 90° elliptical defect specimens increased by 663.16% compared to that at 45°. The frequency and number of acoustic emission events for specimens with elliptical defect angles at 0°, 30°, 75°, and 90° were greater than those with elliptical defect angles 15°, 45°, and 60°. With the continuous excitation of ultrasonic vibration, the number of acoustic emissions for specimens with elliptical defect angles at 0°, 30°, 75°, and 90° showed a continuously increasing trend, and the maximum value remained unchanged during the last excitation period. However, the number of acoustic emission events for specimens with elliptical defect angles at 15°, 45°, and 60° reached its maximum during the middle time period of ultrasonic vibration. With the continuous excitation of ultrasonic vibration, cracks were generated inside the specimen, leading to the continuous occurrence of acoustic emission events. The larger the increase in the crack amplitude, the higher the frequency of acoustic emission.





4.3. Evolution Characteristics of Fracture Energy


The fish language of the PFC2D numerical simulation software was used to monitor the energy evolution characteristics of different elliptical defect samples under ultrasonic vibration, and it was found that the angle of elliptical defect has a significant impact on the energy evolution of defect samples.



PFC software can monitor the changes and transformation characteristics of different energies inside rocks in real time [39] and can explore the damage and failure mechanism of rocks under ultrasonic vibration from an energy perspective. The energy involved in this simulation mainly included total energy (Et), dissipative energy (Ed), elastic strain energy (Ee), kinetic energy (Ek), sliding friction energy (Eslip), plastic deformation energy (Es), parallel-bonding strain energy (Epd), strain energy (Ec), and energy dissipation coefficient (η).



During the deformation and failure process of an elliptical defect specimen under ultrasonic vibration, the work completed by the external load is converted into two parts: one is the accumulated elastic strain energy (Ee) in the specimen and the other is the dissipated energy (Ed) generated from the friction and motion between the mineral particles. The total energy Et [40] is shown in Figure 6.


   E t  =  E e  +  E d   



(7)




where Et is the external input energy, Ee is the strain energy, and Ed is the dissipation energy.



The total energy calculation formula is shown in Equation (8).


   E t  =  ∑   F ε    Δ  U ε   



(8)




where Fε and ∆Uε are the force and displacement increment of the bottom loading plate, respectively, when the specimen strain is ε.



The elastic strain energy includes the particle strain energy Ec and the parallel-bonding strain energy Epd [41], and its expression is shown in Equation (9).


   E e  =  E c  +  E pd   



(9)




where


   E  pd   =  1 2    ∑  i ∈  N  pd       (       |    F ¯  i n   |   2     A i    k ¯  i n    +      |    F ¯  i s   |   2     A i    k ¯  i s    +      |    M ¯  i   |   2     I i    k ¯  i n     )     



(10)






   E c  =  1 2    ∑  i ∈  N c      (       |   F i n   |   2     k i n    +      |   F i s   |   2     k i s     )     



(11)







In Equations (10) and (11),     F ¯  i n   ,     F ¯  i s   , and     M ¯  i    are the normal force, shear force, and the moment in the parallel bond i, respectively;    F i n    and    F i s    are the normal force and shear force in the contact i, respectively; Ai and Ii are the area and inertia moment of the bond cross section, respectively; Nc is the number of contacts; and Npd is the number of parallel bonds.



The sliding friction energy refers to the energy consumed by the friction between particles, expressed as Equation (12).


   E  slip   =   ∑ N    [   F i s  ⋅    (  Δ  U i s   )    s l i p    ]     



(12)




where    F i s    represents the average tangential force and     ( Δ  U i s  )   s l i p     indicates the incremental sliding displacement.



The dissipated energy Ed includes the plastic deformation energy and sliding friction energy, and the expression is shown in Figure 12.


   E d  =  E  slip   +  E s   



(13)




where Eslip represents the sliding friction energy and Es represents the plastic deformation energy.



The kinetic energy refers to the energy consumed by all the particles in the sample to rotate and move, expressed as Equation (13) [42].


   E k  =  1 2    ∑ N     ∑  i = 1     m i      •   v i  2   



(14)




where N represents the number of contacts;    m i    represents the weight of particles; and    v i    represents the particle velocity.



The energy dissipation coefficient reflects the degree of energy utilization during the fracture process of the specimen, and the energy dissipation coefficient η is shown in Equation (15).


  η =    E d     E t     



(15)




where Et represents the total energy and Ed represents the dissipated energy.



The energy variation characteristics of the specimen during the process of acoustic emission generation were analyzed, as shown in Figure 15. According to Figure 15, there were significant differences in the energy evolution characteristics of the specimens with elliptical defects at different angles during ultrasonic vibration. The cumulative largest and smallest total energies were observed in the specimens with elliptical defect angles at 30° and 60°, respectively. The total energy of the specimens with elliptical defect angles at 30° was 87.86 kJ, which was 575.8% higher than those with elliptical defects at 60° at 13 kJ.



With the continuous occurrence of acoustic emission events, the proportion of dissipated energy and plastic deformation energy of specimens with elliptical defects at different angles was greater than that of other energies. This observation indicated that during the continuous generation of acoustic emission events, the total energy of the specimens was mainly converted into plastic deformation energy, with a small amount converted into elastic strain energy and kinetic energy. The energy consumption coefficients of specimens with different elliptical angle defects rapidly increased to the peak values in the early stage of the acoustic emission events. The energy consumption coefficient of the specimens with elliptical defect angles at 45° was 0.963, which was 9.1% greater than that of 45° at 0.883.



As the ultrasonic vibration continued to excite, the fluctuation amplitude of the specimens with elliptical defect angles at 0°, 15°, 30°, and 45° was small after the energy consumption coefficient reached its peak. While for specimens with elliptical defect angles at 60°, 75°, and 90°, the fluctuation amplitude significantly decreased after the energy consumption coefficient reached its peak. The energy utilization efficiency of the elliptical defect specimens at the corresponding angles was relatively stable and high, and the energy utilization efficiency was unstable and low during the acoustic emission generation process. This was because, with the continuous increase in the number of acoustic emission events, the efficiency of the internal contact force transmission in the specimen decreased, and the severity of plastic deformation failure decreased. This phenomenon resulted in small increases in plastic deformation energy and decreases in the energy consumption coefficient, that is, a decrease in the energy utilization efficiency.



According to the calculation results of the numerical simulation, the peak energy consumption coefficient of the 90° and 45° elliptical defect samples was the smallest and largest, which corresponds to the degree of failure of the 90° and 45° elliptical defect samples. Due to the maximum degree of damage of the 90° elliptical defect specimen under ultrasonic vibration, the internal contact force transmission efficiency of the specimen was low, and the specimen could not effectively produce plastic deformation failure. Therefore, the peak energy consumption coefficient was the smallest, indicating the reliability and rationality of the energy data.




4.4. Stress Field Distribution Characteristics


Using PFC2D numerical simulation software, the force chain distribution characteristics of different elliptical defect samples under ultrasonic vibration were extracted. It was found that the angle of the elliptical defect under ultrasonic vibration has a significant impact on the stress field distribution of the defect samples, and the maximum transmission depth was obtained when the stress concentration occurs in the 90° elliptical defect samples.



By analyzing the stress field at the final acoustic emission time, the stress field distribution characteristics of the specimens with different elliptical defect angles are shown in Figure 16. In Figure 16, the blue line segment represents the pressure, and the green line segment represents the tension. The thicker the force chain, the stronger the contact force. There were significant differences in the stress field distribution of the specimens with different elliptical defect angles, among which the degree of pressure concentration was greater than that of tension. The specimens with elliptical defect angles at 0°, 30°, 75°, and 90° generated compressive stress concentrations at the top and long edge of the specimen, while the specimens with elliptical defect angles at 15°, 45°, and 60° generated compressive stress concentrations at the top and near the elliptical defect of the specimen.



The specimens with elliptical defect angles at 0°, 15°, 30°, 45°, 75°, and 90° exhibited tensile stress concentrations on both sides of the top and near the elliptical defect, while the specimens with elliptical defects at 60° exhibited tensile stress concentrations on both sides of the top and near the middle of the two long edges. The transmission depth of the stress concentration varied significantly among the specimens with different elliptical defect angles, with the minimum and maximum depths of compressive stress and tensile stress concentration occurring at 60°, 90°, and 15°, 90°, respectively. The corresponding depths were 27 mm, 47 mm, 41 mm, and 62 mm. Under ultrasonic vibration excitation, the stress field distribution of the specimens with different elliptical defect angles showed significant differences, leading to different forms of crack propagation and different degrees of acoustic emission events.




4.5. Relationship between the Fractal Dimension and Failure Characteristics


Based on the experimental data of samples with single elliptical defects under ultrasonic vibration mentioned above, the fractal dimension, axial strain, and failure depth data of samples with different elliptical defect angles were sorted and analyzed. The relationship between the fractal dimension and failure characteristics of the samples with single elliptical defects was studied, and it was found that the fractal dimension of the samples with elliptical defects showed a high degree of consistency with the changes in the axial strain and failure depth.



The relationship between the fractal dimension and failure characteristics of the samples with single elliptical defects is shown in Figure 17. As shown in Figure 17, with the continuous increase in the elliptical defect angle, the fractal dimension of the defective sample shows a trend of first decreasing, then increasing, then decreasing, and finally continuously increasing. The minimum and maximum fractal dimensions were found in the 45° and 90° elliptical defect angle samples, respectively. As the angle of the elliptical defect increases, the trend of axial strain change in the defective specimen is basically consistent with the fractal dimension of the corresponding angle specimen. The difference is that the axial strain values of the 60° and 75° elliptical defect angle specimens are the same, but the minimum and maximum axial strain are also in the elliptical defect specimens with 45° and 90° angles, respectively. As the angle of the elliptical defect increases, the trend of the depth of failure of the defective specimen is consistent with the fractal dimension of the corresponding angle specimen. The minimum and maximum depths of failure were also at the 45° and 90° angle specimens of the elliptical defect, respectively. The experimental results show that the fractal dimension of the elliptical defect specimens is highly consistent with the changes in the axial strain and failure depth, indicating a positive correlation between the fractal dimension of the defect specimens and the degree of failure under ultrasonic vibration. This further verifies the reliability of the fractal theory in studying the failure of specimens with single elliptical defects under ultrasonic vibration.



The direction of ultrasonic vibration is vertical and downward, and the different angles of elliptical defects can lead to differences in stress in the long and short-axis directions of the elliptical defect specimens, resulting in varying degrees of stress concentration on the elliptical defects. According to the Griffith theory in fracture mechanics, the tensile fracture at the tip of the crack along the long axis caused by the maximum tensile stress is mainly caused by the tensile force perpendicular to the long axis of the crack, and the crack initiation and expansion of the specimen only occur when the energy provided by the loading system is greater than the energy required to form the crack area. Therefore, based on the Griffith theory, the difference in the stress concentrations of specimens with different elliptical defect angles is the underlying reason for the significant differences in the failure characteristics of the specimens with elliptical defect angles under ultrasonic vibration.



According to the uniaxial compression stress-strain curves obtained from the indoor tests and numerical simulations of the complete specimen mentioned above (Figure 12), it can be seen that the uniaxial compressive strength and elastic modulus of the two differ only by 0.6% and 1.0%, and the failure mode of the complete specimen under indoor uniaxial compression and numerical calculations is very close, indicating the rationality of PFC2D numerical simulation. The comparison between the ultrasonic vibration test and PFC2D numerical simulation results shows that the crack distribution characteristics of the samples with different elliptical defect angles (0–90°) (Figure 5) are basically consistent with the acoustic emission event distribution characteristics of the corresponding elliptical defect angle samples in the numerical simulation (Figure 13). This further demonstrates the rationality of the numerical simulation parameters and verifies the reliability of the PFC2D numerical simulation results.



The above research results show that the fractal dimension of cracks, strain behavior of specimens, and failure depth of elliptical defect specimens reach their minimum and maximum values at 45° and 90°, respectively, with corresponding values of 1.14, 0.01, 46.50 mm, and 0.019, 1.30, and 61.77 mm, respectively. The research results indicate that the damage degree of the elliptical defect specimens at 45° and 90° under ultrasonic vibration is the smallest and largest. In the future ultrasonic vibration rock-breaking processes of underground rock engineering, when there are elliptical defects in the rock mass, it is necessary to avoid the direction of the ultrasonic vibration excitation head being at a 45° angle with the long axis of the ellipse, and adjust the direction of the ultrasonic vibration excitation head to be consistent with the long axis of the ellipse as much as possible, so as to improve the rock-breaking efficiency of underground rock engineering, and then reduce the stress environment of the surrounding rock. This has significant practical significance for the efficient excavation of rock engineering and reducing the possibility of the instability and failure of underground rock mass due to high stress.



PFC2D is a two-dimensional simulation software that can study the failure characteristics of specimens with elliptical defects under ultrasonic vibration. However, due to its two-dimensional limitations, it is not possible to more accurately study the crack development in the entire three-dimensional space of the specimen. In the later stage, PFC3D simulation software can be used to conduct more in-depth research on the failure mechanism of specimens with elliptical defects under ultrasonic vibration.





5. Conclusions


This article detailed laboratory experiments and particle flow PFC2D simulations on specimens with single elliptical defects under ultrasonic vibration. The fractal characteristics of cracks in the defect samples were clarified, and the strain behavior and failure characteristics of the defect samples were obtained. The acoustic emission characteristics, fracture energy evolution, and stress field distribution characteristics of the specimens with elliptical defects were studied and discussed. The relationship between the fractal dimension and failure characteristics of elliptical defect specimens was revealed.



	(1)

	
The fracture fractal dimension and axial strain of specimens with different elliptical defect angles showed significant differences. The fractal dimension and strain of specimens with 45° and 90° defects were the smallest (1.14 and 0.01) and the largest (1.30 and 0.019), respectively. The specimens with 45° and 90° defects corresponding to fractal dimension and strain of the specimens showed a positive linear and logarithmic curve and a positive linear relationship with time;




	(2)

	
The failure depths of the specimens with different elliptical defect angles varied greatly, with the smallest and largest being 45° and 90°, respectively. The failure depths of specimens with 90° elliptical defects increased by 32.84% compared to the 45° defect angle. The results suggested the efficiency of rock-breaking, which could be improved by adjusting the angle between the ultrasonic vibration excitation head and the elliptical defect;




	(3)

	
There were significant differences in the acoustic emission characteristics and crack development of specimens with different elliptical defect angles. The peak intensities of acoustic emission in the specimens with elliptical defects at 75° and 45° were the highest (−7.1311) and lowest (−7.7277), respectively. The frequency of acoustic emission events was positively correlated with the increase in cracks, and the number of tensile cracks was greater than that of shear cracks;




	(4)

	
The angle of elliptical defects has a significant impact on the total energy and energy utilization efficiency. The total energy of the specimens with elliptical defects at 30° was 575.8% higher than that at 60°. The energy consumption coefficient of the specimens with elliptical defects at 45° was highest, which was 9.1% higher than that at 90°. The efficiency of the contact force transmission decreased with the increase in the crack number, which resulted in decreases in plastic deformation and energy utilization efficiency;




	(5)

	
The stress field distributions of specimens with different elliptical defect angles were significantly different, causing different degrees and frequencies of acoustic emission events, ultimately leading to differential failure patterns. The maximum transmission depth at the concentration of compressive stress and tensile stress occurred in the specimens with an elliptical defect angle at 90°, corresponding to depths of 47 mm and 62 mm, respectively.




	(6)

	
The fractal dimension of the elliptical defect specimens is highly consistent with the trend of axial strain and failure depth. As the angle of the elliptical defect increases, the fractal dimension of the defective sample shows a trend of first decreasing, then increasing, then decreasing, and finally continuously increasing. The fractal dimension of the defective sample under ultrasonic vibration is positively correlated with the degree of damage to the defective sample.
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Figure 1. The specimens with a single elliptical defect and loading methods: (a) specimens and (b) loading methods. 
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Figure 2. The ultrasonic vibration excitation equipment. 
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Figure 3. The specimen preparation process: (a) sandpaper, (b) polishing, (c) cleaning with alcohol, and (d) matte paint. 
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Figure 4. Ultrasonic vibration excitation and DIC monitoring system. 
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Figure 5. The strain field distribution of specimens with different ellipse defect angles at the crack penetration time. 
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Figure 6. The axial strain of specimens with elliptical defects (a) at an angle of 45° and (b) at an angle of 90°. 
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Figure 7. The axial strain of specimens with an elliptical defect angle at 45° and 90°. 
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Figure 8. The fractal dimension of specimen cracks at the crack penetration time. 
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Figure 9. The fractal dimension evolution of specimens at elliptical defect angle of 45° and 90°. 
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Figure 10. The damage depths of specimens with different elliptical defect angles. 
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Figure 11. The numerical model of the specimen with the elliptical defect. 
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Figure 12. The laboratory experiments and numerical calculations results: (a) stress-strain curve and (b) fracture modes. 
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Figure 13. The acoustic emission distribution of specimens with different elliptical defect angles. 
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Figure 14. The relationship between acoustic emission and crack number in specimens with different elliptical defect angles. 
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Figure 15. The energy evolution of specimens with different elliptical defect angles. 






Figure 15. The energy evolution of specimens with different elliptical defect angles.



[image: Fractalfract 08 00261 g015]







[image: Fractalfract 08 00261 g016] 





Figure 16. The stress field distribution of specimens with different elliptical defect angles. 
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Figure 17. The relationship between the fractal dimension and sample failure characteristics. 
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Table 1. The arrangements of the testing programs.
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	Specimen
	W/mm
	H/mm
	T/mm
	2a/mm
	2b/mm
	α/°





	SE01
	49.94
	99.72
	50.32
	18
	6
	0



	SE02
	50.12
	100.20
	49.80
	18
	6
	0



	SE03
	50.62
	99.90
	49.96
	18
	6
	0



	SE04
	50.12
	99.82
	50.60
	18
	6
	15



	SE05
	49.80
	99.72
	50.48
	18
	6
	15



	SE06
	49.92
	100.24
	50.40
	18
	6
	15



	SE07
	49.74
	99.60
	50.66
	18
	6
	30



	SE08
	50.40
	100.12
	49.78
	18
	6
	30



	SE09
	49.90
	99.78
	50.56
	18
	6
	30



	SE10
	49.78
	100.08
	50.04
	18
	6
	45



	SE11
	49.72
	99.70
	50.20
	18
	6
	45



	SE12
	49.90
	100.08
	50.42
	18
	6
	45



	SE13
	50.02
	99.82
	50.68
	18
	6
	60



	SE14
	49.92
	100.02
	50.20
	18
	6
	60



	SE15
	49.94
	100.22
	50.20
	18
	6
	60



	SE16
	49.68
	99.74
	50.50
	18
	6
	75



	SE17
	50.02
	100.04
	50.56
	18
	6
	75



	SE18
	49.84
	100.10
	50.12
	18
	6
	75



	SE19
	50.08
	100.36
	50.10
	18
	6
	90



	SE20
	49.70
	99.68
	50.20
	18
	6
	90



	SE21
	49.90
	99.74
	50.32
	18
	6
	90







Note: W: width; H: height; T: thickness.













 





Table 2. The microparameters used in the PFC2D model for the specimens in this research.
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	Microparameters
	Unit
	Values





	Young’s modulus of the particle, Ec (GPa)
	GPa
	2.14



	Young’s modulus of the parallel bond,      E c   ¯    (GPa)
	GPa
	2.14



	Ratio of normal to shear stiffness of the particle, kn/ks
	-
	1.20



	Ratio of normal to shear stiffness of the parallel bond,      k n   ¯  /    k s   ¯   
	-
	1.20



	Particle friction coefficient (μ)
	-
	0.45



	Parallel-bond normal strength (σn), mean (MPa)
	MPa
	32.30



	Parallel-bond shear strength (τn), mean (MPa)
	MPa
	48.45
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