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Abstract

:

Acoustic emission (AE) can reflect the dynamic changes in a material’s structure, and it has been widely used in studies regarding coal mechanics, such as those focusing on the influence of loading rate or water content change on the mechanical properties of coal. However, the deformational behavior of coals with various strengths differs due to the variation in microstructure. Hard coal presents brittleness, which is closely related to certain kinds of geological disasters such as coal bursts; soft coal exhibits soft rock properties and large deformation mechanical characteristics. Therefore, conclusions drawn from AE characteristics of a single coal sample have application limitations. This paper studies the deformation patterns and AE characteristics of coals with different strengths. A uniaxial compression experiment was carried out using coal samples with average uniaxial compressive strengths of 30 MPa and 10 MPa; the SAEU2S digital AE system was used to measure the AE counts, dissipation energy, and fracturing point distributions at each deformation stage of the different coals. The results show that the bearing capacity of hard coal is similar to that of the elastic stage and plastic deformation stage, but it may lose its bearing capacity immediately after failure. Soft coal has a relatively distinct stress-softening deformation stage and retains a certain bearing capacity after the peak. The AE counts and dissipation energy of hard coal are significantly higher than those of soft media, with average increases of 49% and 26%, respectively. Via comparative analysis of the distribution and development of internal rupture points within soft coal and hard coal at 15%, 70%, and 80% peak loads, it was observed that hard coal has fewer rupture points in the elastic deformation stage, allowing it to maintain good integrity; however, its rupture points increase rapidly under high stress. Soft coal produces more plastic deformation under low loading conditions, but the development of the fracture is relatively slow in the stress-softening stage. We extracted and summarized the AE characteristics discussed in the literature using one single coal sample, and the results support the conclusions presented in this paper. This study subdivided the deformation process and AE characteristics of soft and hard coals, providing a theoretical guidance and technical support for the application of AE technology in coal with different strengths.
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1. Introduction


When a rock mass is subjected to external load, the internal stress of the material is redistributed and its structure is altered, causing stress concentration in the rock mass and sudden energy release accompanied by elastic waves. This phenomenon is called acoustic emission (AE), which has been implemented as an effective technique to study the deformation and failure mechanism of rock, coal, and other geo-materials [1,2]. The deformational behavior and failure mechanism of the rock can be inferred through dynamic observations of the AE reflections. AE technology has played an important role in safety monitoring in underground coal mines [3,4].



Most research regarding AE characteristics focuses on hard rocks [5,6,7,8,9]. Result shows that the AE properties of hard rock rely on the rheology of the rock [7] and are closely related to its failure mode [8]. In underground coal mines, more than 80% of the roadway is excavated in the coal seam, and, as such, the stability and failure mechanism of the coal mass are critical to ensuring roadway stability. Therefore, the application of AE technology is of great significance to the studies of coal mass. In the literature, AE properties were used to investigate the water contents of coal mass to prevent water inrush [10,11,12] and to study the proneness of coal bump for rock burst prevention [13,14]. As the stress path induced by mining activities is a key factor affecting coal mass stability [15,16,17], AE technology has also been used to detect the stress state of coal mass [18,19].



While coal is a typical soft rock, its deformational behavior is dominated by two aspects: its microstructure and gas migration [20,21,22]. The structure of coal mass contributes to its geological conditions, including cleats and joints generated before and after the formation of the coal [23,24,25,26,27,28,29,30,31]. The gas contents and migration rules are dominated by the coal grade, pore structure, and permeability, which, in turn, affect the structural stability of the coal mass [32,33,34,35].



The coal matrix, microstructure, and gas contents are considerably differ from case to case. In practice, coal is classified as either hard coal or soft coal from the perspective of excavation. Their deformational behaviors considerably differ, and, therefore, their AE properties may also greatly vary. In the literature, we found only one article [36] studying the AE reflection of the coal deformation undertaken with consideration of different coal strengths; however, the testing procedure was not clearly described, not even addressing the strength of the coal samples. This paper investigated the characteristics and distinctions of AE reflections on the deformation of hard coal and soft coal under uniaxial compression. It provided a basis for the structural stability and failure mechanism of different coals using AE technology in underground coal mining.




2. Materials and Methods


2.1. Sample Preparation


The coal samples studied in this paper were taken from Xinzhouyao Coal Mine, Datong, China, and from Dongronger Mine, Shuangyashan, China. The average compressive strength of the coal samples from the former is over 30 MPa, while that of the coal samples from the latter is around 10 MPa, and, as such, they represent hard and soft coals in China, respectively, presenting typical AE reflections in the process of deformation.



Standard rock mechanics testing was conducted to measure the physical and mechanical parameters of the coals, including compressive, Brazilin tensile, and varying angle shearing. The test results of the samples from different coal mines are shown in Table 1.



For the AE test, the coal blocks were cut by a cutting machine, and then the core was obtained via use of a coring machine. Coal samples were finally processed into standard cylindrical specimens with dimensions of 50 mm in diameter and 100 mm in length, as shown in Figure 1. Sample preparation was conducted in accordance with the International Rock Mechanics Test Recommendation (IRTM), which requires that the error of the parallelism depth between the upper and lower surface is within 0.02 mm. To assure the accuracy of the experiments, 6 coal specimens were prepared for each coal mine (i.e., a total of 12 specimens). We refer to the specimens from Xinzhouyao Mine and Dongronger Mine as Specimen X and Specimen D, respectively.




2.2. Experiment Equipments


2.2.1. Acoustic Emission Device


The use of AE technology is an effective method for detecting dynamic changes in the material structure under the action of external loading through instrumentation. Each channel of the data acquisition system consists of a measuring instrument, digital signal processor, computation program, and other peripheral apparatus, which are finally connected to a computer. The components of each channel include an AE sensor, a preamplifier, and a data acquisition card, as shown in Figure 2. A total of 4 sensors were used for the location of AE sources and the measurements of AE count and AE energy, two on the top sample and two on the bottom sample, with these pairs positioned opposite each other.




2.2.2. Loading Machine


The WAW-600C computer-aided electro-hydraulic servo universal testing machine (Jinan Chenda Testin Machine Manufacturing Co., Ltd., Beijing, China) was used to conduct the compressive test, as shown in Figure 3. The AE monitoring device was simultaneously instrumented to observe the dynamic response of the specimen structure under uniaxial loading. The maximum loading capability is 600 kN, the measuring amplitude ranges from 2% to 100% of the maximum loads, the maximum piston rising velocity is 70 mm/min, the lifting velocity of the loading plate is 150 mm/min, the maximum piston stroke is 250 mm, and the maximum distance between the compression plates is 500 mm.





2.3. Experimental Procedure


The uniaxial compression testing system and the AE monitoring system were used to dynamically monitor the experimental data. The uniaxial compression testing machine is controlled by displacement with a loading rate of 0.5 mm/min. For parameters of the AE instrument, the threshold of the AE monitoring was set as 45 dB to minimize the effect of the surrounding noises. The peak definition time (PDT), the hit definition time (HDT), and the hit locking time (HLT) were set at 300 μs, 600 μs, and 1000 μs, respectively. The sound velocity should be set based on the relationship between the compressive wave velocity and material properties; however, it was set at a common value of 1.8 km/s in this study.



After parameter setting was completed, a fusing test was conducted on the specimen to verify the sensitivity of each sensor to guarantee the reliability of the experiment. Coupling agents need be evenly pasted on the interface between the sensor and the testing sample for high-quality acquisition data. A piece of paper was placed between the testing machine and the specimen to eliminate friction. After the parameter setting and fusing testing were completed, uniaxial compression tests were carried out. The stress loading system and the AE monitoring system were turned on simultaneously. The experimental arrangement and the post-testing samples are shown in Figure 4.





3. Experimental Results


3.1. Results of Uniaxial Compression Tests


Figure 5 shows all the stress–strain curves of the tested samples. It shows that the deformational behaviors of soft and hard coal are considerably different. After the compaction stage, the compressive stiffness of the hard coal remains somewhat uniform until sample failure. However, there is a platform around the peak load for the soft coal. This suggests that the internal deformations of hard coal and soft coal are different.



The conceptualized typical stress–strain curves of hard coal and soft coal as well as the traditional description of coal deformation under uniaxial load are displayed in Figure 6. Traditionally, the deformation of coal under uniaxial compression, represented by curve I in Figure 6, can be divided into the following five stages: In the compaction stage, (1) OA, the pore space and primary microcracks are compressed with an increase in stress. Stages (2) AB and (3) BC are elastic and elastoplastic stages featured by a linear relationship between the stress and strain. The specimen is tightly compressed, and microcracks begin to develop within the specimen. Stage (4) CD is strain softening, during which cracks propagate rapidly to form a macrofracture. The peak stress is point D, indicating failure of the coal sample. Stage (5) DE is the residual strength stage of the coal.



Curves II and III in Figure 6 represent the stress–strain curves of typical coal Specimens X and D under uniaxial compression, respectively. It can be observed that curve III is similar to the traditional description of the deformational behavior. However, curve II, which represents the stress–strain relationship of Specimen X, is considerably different from curve I. Specimen X shows a typical brittleness property.




3.2. Acoustic Emission Characteristics


The AE monitoring device identifies the locations of the fractural sources in the coal specimen through sound waves released in the failing process of the specimen. Figure 7 and Figure 8 show the distributions of the sound sources at the peak stress levels of 15%, 70%, and 80%. In the figures, the blue points are sensors, and the black points are sound sources.



Figure 7 and Figure 8 show that along with the increase in the axial load, the AE activities in the specimen increase, and the AE events are distributed nearly symmetrically along the central axis of the specimen. The AE events of the hard coal specimens are mainly concentrated near the central axis of the specimen, indicating there is strong energy accumulation around the central axis. The AE events of the soft coal specimens are more sparsely distributed in the coal specimens and slightly concentrated near the middle part of the specimens.



By comparing the fractural source locations of two kinds of specimens, it can be found that the AE events of Specimen X increase slightly at the early stage of uniaxial compression. Then, they increase steadily in the linear elastic stage and sharply after the linear elastic stage. For Specimen D, the distribution of the fractured points is similar to that of Specimens X. However, the most fractural sources appear in the middle of the linear elastic stage.



Combining the AE events with the stress levels in the testing process, it can be observed that the specimen undergoes primary crack coalescence, expansion, stable propagation, and, ultimately, macroscopic failure. For Specimen X, it has less AE events when the loading stress is within the range of 10% to 20% of the peak stress. When the stress increases to 70–80% of the peak value, the AE events became more active, suggesting rapid crack propagation in the coal specimen. After the peak stress exceeds 80%, sudden failure of the specimen occurs due to macro fracture. However, the space distribution of the AE events in Specimen D is different and more scattered. It has less AE events than that of hard coal at the early stage, displaying a softening feature. In addition, the development of AE events is more gentle than that in hard coal at 70–80% peak load.



Based on the above analysis, it can be concluded that the crack development and propagation are most likely in the elastoplastic and strain softening stages for soft coal. For hard coal, the cracks develop during the later linear stage.





4. Analysis and Discussion of AE Properties vs. Stress States


In the test, the stress was measured using the testing machine, and the AE count and AE energy were simultaneously obtained via the AE monitoring system. The collected data were used to analyze the AE patterns corresponding with stress states. Since the generation of AE signals changes with time, the horizontal axis of the coordinate system was set as time and the vertical axis as the stress to describe the AE count and AE energy variation in the coal specimens under dynamic loading conditions.



4.1. Stress and AE Count


AE count, also known as ringing count and ringdown count, refers to the number of times that the wave signals formed in acoustic emission cross the threshold value. In this experiment, each wave signal exceeding the threshold is recorded as one AE count, which is regarded as one crack damage in the specimen. The more AE counts, the more damage in the specimen at that moment. The number of AE counts changes with time, as illustrated in Figure 9 and Figure 10.



Figure 9 shows that the AE counts of Specimen X appear during the high-stress stage, and the maximum number is from 3.8 × 106 to 8.2 × 106 with an average of 6.0 × 106. Figure 10 shows that the AE count of Specimen D appears during the initial stage of loading, i.e., the linear elastic stage, and gradually increases afterwards. The peak count of AE events for Specimen D is from 2.4 × 106 to 5.7 × 106 with an average of 4.1 × 106. The result shows that the number of the AE counts of hard coal is 48.1% higher than that of soft coal.




4.2. AE Energy


AE energy is the energy released from all AE events in the specimen. By comparing the AE energy of different specimens, the difference in the energy release between different specimens can be identified. The AE energies for hard and soft coals are shown in Figure 11 and Figure 12, respectively.



Figure 11 shows that the AE energy of the Specimen X is from 2.4 × 1010 to 4.8 × 1010 with an average of 3.6 × 1010. Figure 12 shows that the AE energy of the Specimen D is from 1.8 × 1010 to 5.0 × 1010 with an average of 3.4 × 1010. The AE energy of hard coal is 5.9% higher than that of soft coal.



For most hard coal samples, the peak AE energy appears between the end of the linear elastic stage and peak stress. Only for a few variations of Specimen X is its energy released at the end of the compaction stage and the early phase of the linear elastic stage. For the AE energy of coal Specimen D, the AE energy is accumulated in the compaction and the linear elastic stages. After the linear elastic stage, energy accumulation becomes more gentle than that of hard coal.




4.3. Relationship between Stress and AE Events


Figure 9 and Figure 10 suggest that the coal specimens with high strength have a slow growth of AE events at the early stage of the loading process. At the middle of the linear elastic stage, the fractural sources increase gradually, and at the end of the linear elastic stage, the AE-fractured points increase sharply. For Specimens D with low strength, the fractured points are distributed almost randomly. However, there are fewer fractural sources than for Specimen X during the loading period. Most of the fractures appear at the middle of the linear elastic stage, and there are more fractural sources than for Specimen X during this stage, mainly owing to the influence of primary cracks in the specimen.



Table 2 shows the initiation stages of the AE count and the peak AE energy. It is concluded that the occurrence of the peak energy of coal specimens change with the crack initiation rate during the failure process. That is, the increase in crack initiation causes earlier release of energy, while the energy accumulation time becomes shorter accordingly.



In summary, under the loading condition, coal specimens with the same strength have similar AE features, which allow for the accurate identification of the failure process of different coals. The AE counts of the coal specimens with high strength comply with the growth of exponential function, while the AE count curves of the coal specimens with low strength present an S-shape variation. The peak AE energy of the coal specimen with high strength takes place before the peak stress. Since the failure mode of the specimen is brittle failure, the energy dissipates rapidly after the peak stress, while the AE energy of the coal specimen with low strength presents a bell distribution curve.




4.4. Discussion


Experimental results suggest that there is a relationship between coal strengths and the AE parameters of fractural sources, AE count, and AE energy. The test results of the specimen X indicate the following:



(1) During the compaction and elastic stages, only a few AE events appear, and the number of the AE counts grows gradually, indicating slow accumulation of deformation energy. The primary cracks begin to expand, and the stress has a linear relationship with time. There may be a sudden drop in peak energy, likely caused by redistribution and reconcentration of the stress in the specimen.



(2) In the plastic stage, the original microcracks and new cracks in the specimen develop. When the peak stress reaches 60%~80%, the cracks in the specimen propagate rapidly, and a large number of AE events occur. The AE count and peak AE energy increase sharply, reaching their maximum values before the peak stress.



(3) During the fracture stage, the number of the AE events decreases after the specimen fails at peak stress, and the peak energy drops rapidly after at the residual strength stage.



The AE characteristics for Specimens D are given below:



(1) During the compaction stage, the primary microcracks and pores are compacted, resulting in few AE counts and low AE energy. After entering the elastic stage, the AE count and AE energy begin to grow rapidly, reaching their maximum values at the end of the linear elastic stage. This is mainly caused by the coalescence of cracks and pores, the initiation of new cracks, and the relative sliding of internal particles in the specimen.



(2) During the plastic and softening stages, the number of the AE counts slowly increases, while the AE energy begins to slowly decline. The coal specimen accumulates sufficient energy and begins to be damaged and loses its partial-bearing capacity.



(3) During the residual stage, its residual strength is relatively large and lasts for a long displacement time, during which AE signals are still active.



Coal specimens with the same strength nearly have the same AE characteristics that are capable of inducing the coal failure process. The AE count curve of the hard coal corresponds to exponential function growth, while the AE count curve of soft coal presents an S-style alteration. The maximum AE energy of the coal specimens with high strength appears before the peak stress. Since the failure mode of the specimen is brittle failure, the post-peak energy rapidly dissipates.



From the viewpoint of engineering practice, AE technology has been used successfully in industrial applications, such as in interlayer identification, coal bump proneness, gas contents and migration, and tremor source positioning [1,2,37,38]. From this study, it was found that that the AE properties between of hard coal and soft coal are quite different. For example, the AE count initiation for the high strength coal appears later than that of low strength coal, but the density and intensive of the AE counts and the AE energy of hard coal is much larger than that of the soft coal. Consequently, the pattern of AE property of the coal seam should be recognized in advance to obtain the real deformational state of the coal mass in the field.





5. Conclusions


The AE signals in the failure process of coal specimens are analyzed. There are differences in the AE event distribution, AE counts, and AE energy between the hard coal and soft coal specimens under uniaxial compression conditions. Their AE properties change significantly, especially during the linear elastic and peak stress stages.



(1) AE events of the coal specimens with high strength are mainly concentrated near the central axis of the specimens, indicating that there is a strong ability of energy accumulation around the central axis. The AE events of the coal specimens with low strength are distributed in a more dispersed manner and more evenly in the specimens, and the AE events is slightly concentrated near the middle part of the specimens.



(2) The AE characteristics of the coal specimens with different strengths vary, especially during the linear elastic and peak stress stages, where the AE features have significant variations.



(3) The AE count initiation for the coal specimens with high strength appears later than that of the coal specimens with low strength, but the increase in amplitude of the AE counts and peak AE energy is larger than that of soft coal.
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Figure 1. Pictures of coal specimens. (A) Specimens X (B) Specimens D. 
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Figure 2. Basic composition of acoustic emission system. 
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Figure 3. Testing machinery. 
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Figure 4. (a) Testing procedure and (b) post-testing samples. (A) Specimens X (B) Specimens D. 
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Figure 5. Stress–strain curves of tested samples. 
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Figure 6. Comparison of traditional and typical stress–strain curves of tested hard and soft coals. 
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Figure 7. Distributions of the fractured sources of Specimen X. 
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Figure 8. Distributions of the fractured sources of Specimen D. 
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Figure 9. AE count results of Specimen X. 
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Figure 10. AE count results of Specimen D. 
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Figure 11. AE energy results of Specimen X. 
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Figure 12. AE energy results of Specimen D. 
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Table 1. Physical and mechanical parameters of the coal samples.






Table 1. Physical and mechanical parameters of the coal samples.





	Coal
	Density

kg/m3
	Compressive Strength

MPa
	Tensile Strength

MPa
	Cohesion

MPa
	Internal Friction Angle


	Elastic Modulus

GPa
	Poisson Ratio





	Xinzhouyao
	1350
	30.00
	3.89
	5.16
	29.27
	4.62
	0.32



	Dongronger
	1500
	10.00
	1.89
	2.16
	26.12
	1.38
	0.28
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Table 2. Statistics of coal specimen failure stage.






Table 2. Statistics of coal specimen failure stage.





	
Sample

	
Specimen

	
AE Count

Initiation Stage

	
Peak Energy

Initiation Stage






	
X

	
X1

	
End of stage OA

	
End of stage AB




	
X2

	
Middle of stage OA

	
Peak stress stage




	
X3

	
Middle of stage OA

	
Peak stress stage




	
X4

	
Start of stage OA

	
End of stage AB




	
X5

	
End of stage OA

	
End of stage AB




	
X6

	
End of stage OA

	
Start of stage AB




	
D

	
D1

	
Middle of stage AB

	
End of stage AB




	
D2

	
End of stage OA

	
Peak stress stage




	
D3

	
End of stage OA

	
End of stage AB




	
D4

	
Start of stage OA

	
End of stage AB




	
D5

	
Start of stage OA

	
End of stage OA




	
D6

	
Start of stage OA

	
Middle of stage AB
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