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1. Introduction


To meet the demands of the mining, hydropower, and transportation industries, deep rock mass engineering in China has rapidly developed. As the excavation depth increases, the stress environment in which the rock mass is located becomes particularly complex and diverse. Correspondingly, problems, such as excavation disturbance, blasting, seepage, and water heat coupling, can lead to increasingly serious deformation and damage accidents in rock engineering, thereby posing a threat to normal operations. The lack of comprehensive understanding of the brittle failure behavior and mechanical properties of deep rock masses seriously hinders the effective prevention and control of deep catastrophic accidents. Conducting research on the brittle failure and mechanical behavior of rock masses under high-level stress is still a comprehensive challenge, and it is of great significance for the stability assessment of deep rock mass engineering. This was the reasoning behind publishing this special feature on Experimental Investigation and Numerical Modeling of Rock Brittle Failure Behavior under High-level Stress Conditions.



This Special Issue was introduced to collect the latest research on related topics. More importantly, the failure mechanism and mechanical behavior of rock mass under high-level stress conditions were investigated to provide a reference for the design and construction of deep rock mass engineering. Thirty-one papers were submitted to this Special Issue, and thirteen papers were accepted (i.e., 42% acceptance rate). Looking back on the Special Issues, various topics were addressed, mainly on the failure behavior and mechanical characteristics of microscopic, macroscopic and engineering rock masses under statics, dynamics, seepage and high-temperature conditions.




2. Failure Behavior of Microscopic and Macroscopic Rock Masses


Due to the emergence and development of CT scanning low-field nuclear magnetic resonance (LF-NMR) and scanning electron microscopy (SEM), research on the microscopic and macroscopic mechanical properties and failure mechanisms of rock masses has dramatically developed. The damage evolution law and failure mechanism of mudstone under uniaxial compression were carried out by Duan et al. [1] using high-resolution CT scanning equipment. Combining digital core technology and the digital volume image correlation method, the 3D characterization of the mesostructure and the evolution process of the localized damage of mudstone were analyzed. The results showed that the aggregated mineral zone was prone to local deformation under loading, and the final propagation shape of cracks was very consistent with the propagation shape of the mineral zone. The progressive fracture process and mechanical behavior of multi-scale rocks, considering the microstructure, mesostructure, and macro joints, were estimated using a failure process analysis (RFPA) simulator and digital image processing technology [2]. The effects of shale fractures, mineral spatial distribution, and joints on the fracture formation process were studied for Brazilian splitting and joined rock masses, respectively. The results showed that the multi-scale, micro-to-macro failure process of brittle materials be estimated using the finite element parallel computing simulation method and digital images. The effects of saturation and impact loading on the dynamic mechanical behavior of frozen red sandstone were investigated using a low-temperature split Hopkinson pressure bar system (LT-SHPB) [3]. The dynamic strength, elastic modulus, and brittleness index of the frozen sandstone under impact loading tended to increase, and then decreased with saturation. However, the ultimate deformation capacity of the frozen sandstone showed the opposite trend. Additionally, the energy dissipation capacity of the frozen sample first increased, and then decreased with increasing saturation. The dynamic strength, elastic modulus, and peak strain of the frozen sandstone showed a significant strengthening effect, while its brittleness index gradually decreased at full saturation as the impact load increased. The dynamic evolution of the microstructure of the frozen sandstone due to changes in saturation was estimated using low-field nuclear magnetic resonance (LF-NMR) and scanning electron microscopy (SEM).




3. Failure Behavior and Mechanical Characteristics of Rock Mass under Complex Stress Conditions


To understand the tensile strength of macroscopic rock masses, three respective scholars studied the failure behavior and mechanical properties of conventional, frozen, and temperature–water coupling rock samples. The effect of layer orientation on strength and failure patterns of the layered rocks under direct and indirect tension via experimental and numerical tests were discussed by Gao et al. [4]. The results showed that the tensile strength, failure patterns, and progressive deformation of the layered rocks were significantly affected by the dip angle of the bedding planes. Moreover, the tensile strength obtained in the direct tension test was more accurate than that of the Brazilian disc test. The modified Single Plane of Weakness (MSPW) failure criterion was proposed to predict the tensile strength of layered rocks based on the failure modes of direct tension. The effectiveness of the failure criterion was verified. The original rock specimens were mined and processed in Yulong Copper Mine, and artificially frozen fractured marble specimens were made. Based on physical experiments and numerical simulations, the failure mechanism and mechanical properties of the Brazilian splitting of frozen rocks were studied by Wang et al. [5]. The test results indicated that frozen rock samples exhibited typical brittle failure characteristics. The tensile strength of frozen rock gradually decreased with the increase in the width and length of the ice-filled crack. It first decreased, and then increased with the increase in the ice-filled crack angle. The dynamic tensile properties of annular sandstone specimens under the influence of temperature and water were studied by Ping et al. [6]. The variation in the mass, volume growth rates, density growth rate, dynamic compressive strength, average strain rate, and peak strain with water temperature was evaluated. The results showed that the changes in the dynamic properties of sandstone specimens were not due to their own material composition, but due to the damage to their structure caused by the temperature–water coupling effect.



Furthermore, the seepage characteristics, failure mechanism, and mechanical behavior of rock masses under seepage and dynamic loads were analyzed. Firstly, the seepage characteristics during the stress–strain process of limestone under high water pressure were assessed in an experimental test by Bao et al. [7]. A tool to predict the formation of the seepage channel, namely, acoustic emission positioning technology, was proposed. The results suggested that the sudden drop in the stress–strain curve after its peak indicated the full formation of shear fractures and seepage paths. The dynamic and real-time development of microfractures can be monitored with acoustic emission technology and via seepage monitoring. Then, experiment research was conducted on soft siltstone specimens under a combination of dynamic and static loads by Dong et al. [8]. The mechanical properties and acoustic emission characteristics of soft rocks were quantitatively revealed using a creep disturbance impact loading system and acoustic emission system. The results indicated that the deformation of siltstone specimen increased with the increase in the initial average stress. As the initial average stress increased, the maximum load first decreased, then increased, and finally decreased. Moreover, the influence of the elastic modulus of each loading step on the damage evolution of the specimen under dynamic disturbance was analyzed using RFPA. The wave form characteristics during the damage of the specimens were analyzed by extracting signals at the key points. Finally, the influence of the angle on the dynamic crack propagation behavior under stress wave action was investigated by Zhang et al. [9]. The dynamic propagation behavior of cracks and new cracks around the blast hole were analyzed using AUTODYN’s numerical analysis software. The stress wave theory was successfully used to analyze and predict the dangerous area after failure, proving that cracks ranging from 45° to 90° will induce characteristic cracks, which will accelerate the instability of the model.




4. Discussion on Failure Behavior and Mechanical Problems of Engineering Rock Mass


Currently, the reduction of crustal stress, stability analysis, and control technologies for engineering rock masses are hot research topics. The intelligent inverse method combining a particle swarm optimization (PSO) algorithm with a back propagation (BP) neural network was applied to the inverse analysis of crustal stress by Yan et al. [10]. The application was carried out using an underground powerhouse of Shuangjiangkou Hydropower Station as an example. The results indicated that the method improved the stability and accuracy of the inversion results. Referring to existing tunnel projects, nonelectronic equipment and electronic detonators were used for blasting tests and determining the impact of blasting construction on the range of rock loosening zones and the degree of rock fragmentation, respectively [11]. The results indicated that the range of loose rock circles around the tunnel, the decrease in wave velocity of loose rock masses, and the degree of rock fragmentation caused by normal blasting with nonelectronic detonators were larger than those caused by electronic detonators. Then, the surrounding rock stability of the excavated geologically weak section of the #2 diversion tunnel in the Xulong Hydropower Station was assessed by Qian et al. [12] using a numerical model. The results indicated that during the excavation process, the surrounding rock of the tunnel section was most significantly damaged near the arch crown and corner of the side wall with tensile failure. As the excavation progressed, the number of microseismic events at the corners of the arch and side walls gradually increased, and the energy of acoustic emissions steadily accumulated. Therefore, the likelihood of a collapse and rock burst in the area increased. Furthermore, the effect of the fracture geometric parameters on the failure mechanism and mechanical parameters of engineering rock mass in the dam site area of Lianghekou Hydropower Station were investigated using the ShapeMetriX3D system and RFPA3D in an uniaxial compression test [13]. The results showed that the fractured rock mass mainly represented a compressive–shear composite. Moreover, the influence of the fracture geometric parameters on the uniaxial compressive strength was greater than that of the elastic modulus.




5. Future Development


Although the Special Issue is closed, researchers still require a deeper understanding of the failure mechanism of deep rock masses during construction. In this case, this Special Issue will receive more attention, facilitate in-depth discussions, and encourage outstanding research.







Acknowledgments


This issue would not have been possible without the contributions of brilliant authors, professional reviewers, and the dedicated Applied Sciences Editorial Team. Additionally, congratulations to all the authors. Regardless of the final decision to submit the manuscripts, the suggestions and comments from the reviewers and editors helped the authors to improve their papers. We would like to take this opportunity to record our sincere gratefulness to all reviewers and editors. Finally, all authors have read and agreed to the published version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Duan, D.; Chen, X.; Feng, X.; Wang, X.; Sun, J. Study on Failure Mechanism of Mudstone Based on Digital Core and Digital Volume Correlation Method. Appl. Sci. 2022, 12, 7933. [Google Scholar] [CrossRef]

	



Liu, X.; Liang, Z.; Meng, S.; Tang, C.; Tao, J. Numerical simulation study of brittle rock materials from micro to macro scales using digital image processing and parallel computing. Appl. Sci. 2022, 12, 3864. [Google Scholar] [CrossRef]

	



Xu, J.; Pu, H.; Sha, Z. Dynamic Mechanical Behavior of the Frozen Red Sandstone under Coupling of Saturation and Impact Loading. Appl. Sci. 2022, 12, 7767. [Google Scholar] [CrossRef]

	



Gao, M.; Liang, Z.; Jia, S.; Zou, J. Tensile Properties and Tensile Failure Criteria of Layered Rocks. Appl. Sci. 2022, 12, 6063. [Google Scholar] [CrossRef]

	



Wang, T.; Li, P.; Tang, C.; Zhang, B.; Yu, J.; Geng, T. Tensile Characteristics and Fracture Mode of Frozen Fractured Rock Mass Based on Brazilian Splitting Test. Appl. Sci. 2022, 12, 11788. [Google Scholar] [CrossRef]

	



Ping, Q.; Gao, Q.; Wu, Y.; Wang, C.; Shen, K.; Wang, S.; Xu, Y. Study on the Dynamic Splitting Mechanical Properties of Annular Sandstone Specimens with Temperature–Water Coupling in a Coal Mine. Appl. Sci. 2022, 12, 4608. [Google Scholar] [CrossRef]

	



Bao, C.; Yin, Y.; Tang, S.; Jiang, A.; Li, H. Seepage Characteristics and Failure Prediction during the Complete Stress–Strain Process of Limestone under High Water Pressure. Appl. Sci. 2022, 12, 6041. [Google Scholar] [CrossRef]

	



Dong, L.; Wang, D.; Sun, X.; Jiang, Y.; Luan, H.; Zhang, G.; Liang, B. Experimental Study on the Mechanical Properties and Acoustic Emission Characteristics of Deep Soft Rocks under Low-Frequency Dynamic Disturbance. Appl. Sci. 2023, 13, 6399. [Google Scholar] [CrossRef]

	



Zhang, J.; Wan, D.; Gao, W.; Zhou, L.; Wang, M. Numerical Study on the Dynamic Propagation Model of Cracks from Different Angles under the Effect of Circular Hole Explosion. Appl. Sci. 2023, 13, 7955. [Google Scholar] [CrossRef]

	



Yan, H.; Liu, H.; Li, Y.; Zhuo, L.; Xiao, M.; Chen, K.; Pei, J. Inversion Analysis of the In Situ Stress Field around Underground Caverns Based on Particle Swarm Optimization Optimized Back Propagation Neural Network. Appl. Sci. 2023, 13, 4697. [Google Scholar] [CrossRef]

	



Fu, H.; Guan, X.; Chen, C.; Wu, J.; Nie, Q.; Yang, N.; Liu, J. Formation Mechanism and Control Technology of an Excavation Damage Zone in Tunnel-Surrounding Rock. Appl. Sci. 2023, 13, 1006. [Google Scholar] [CrossRef]

	



Qian, H.; Tan, Z.; Li, B. Stability Analysis of Surrounding Rock in the Diversion Tunnel at the Xulong Hydropower Station based on RFPA3D and Microseismic Monitoring. Appl. Sci. 2022, 12, 9939. [Google Scholar] [CrossRef]

	



Wu, N.; Liang, Z.; Tao, Y.; Ai, T.; Li, G. Sensitivity Analysis of Fracture Geometry Parameters on the Mechanical Behavior of Rock Mass with an Embedded Three-Dimensional Fracture Network. Appl. Sci. 2022, 12, 9284. [Google Scholar] [CrossRef]












	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-13-08429


  
    		
      applsci-13-08429
    


  




  





media/file0.png





