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Abstract

:

We experimentally and theoretically explored the microstructure-related effects of water and specimen size on the tensile strength of coal. Cylindrical coal specimens with different sizes (diameters of 25, 38, and 50 mm) and water contents (immersion time lengths: 0, 4, and 7 days) were processed. The microscopic features and mineral compositions of the coal samples were imaged and characterized via scanning electron microscopy (SEM) and X-ray diffraction (XRD). The physicochemical effects of water on the microstructures and coal matrices were investigated by acoustic emission (AE) and fractal theory. In this research, the tensile strength was found to be reduced in larger specimens, which can be explained by an exponential correlation. Water enhances the scale effect on the tensile strength of coal, although the water content decreases in larger specimens. Meanwhile, greater reductions in tensile strength were observed under the coupled effects of the water and specimen size. Based on the AE variation and fractal feature analysis, water was considered to mainly plays roles in dissolving clay minerals, softening the coal matrix, and lubricating cracks during the tensile failure of coal. In addition, the cumulative AE counts and absolute AE energy values decreased with the water content and increased with the specimen size. Similar variations were also observed in the fractal dimension, indicating the intensification of the AE activity concentration around the peak strength area in specimens with greater water contents, as well as a concentration reduction in larger specimen sizes with different water contents. The percentage of tensile failure increased in the diameter range of 25–38 mm and decreased in the range of 38–50 mm. Water increases the proportion of tensile strength generated during the tensile failure process, and this effects increases with the immersion time. Thus, consideration should be given to the combined water and scale effects when extrapolating lab-investigation results to water-related engineering issues in coal mines.
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1. Introduction


Tensile strength is a fundamental parameter in geotechnical engineering [1,2], which denotes an intrinsic property of coal and rock masses. The tensile strength is usually affected by the water content [3] and specimen size [4,5]. The presence of water is inevitable in the coal mining process due to the existing geological characteristics [6] and the adopted coal mining technologies, including water injection, hydraulic fracturing [7], and water-driven methane [8] techniques. Thus, understanding the mutual influence of water content and specimen size on the tensile strength of coal is helpful in extrapolating the lab-acquired influence of water on tensile strength to fieldwork. This is essential for the tensile strength determination used as part of the coal mass stability estimation process in engineering applications, such as in coal pillar optimization, roadway support processes, and dynamic disaster prevention in water intrusion areas of coal mines.



In general, the scale (size) effect is considered attributable to the microstructural variations due to specimen size differences in coal [9,10,11]. In coal, microstructures such as pre-existing discontinuities and mineral inclusions affect the initiation, propagation, and coalescence of cracks during the loading process [12,13], thereby decreasing the bearing capability as greater amounts or volumes of microstructures appear in larger specimens, contributing to the mechanical variations with specimen size [9,14]. Although uniaxial compressive strength (UCS)-related scale effects have been a central focus for serval decades, limited numbers of investigations have investigated the scale (size) dependency of tensile strength in rock [14,15]. The tensile strength variations in coal with specimen size are not yet fully understood.



The influence of water on the mechanical properties of various rock types has been extensively investigated during the past decades [16,17,18,19], both physically and chemically. Besides the Stefan effect induced by water in some kinds of soft rocks [20,21], water is broadly considered to possess weakening effects on the rock strength [16,22,23], since it converts strong silica–oxygen bonds to weaker hydrogen bonds [24], dissolves some clayey matrices [25], lubricates the surfaces of discontinuities [26], and accordingly reduces the cohesion of rock [3]. Compared with various types of rocks, neither the effects of water on the tensile strength, nor the physicochemical interaction effects of coal and water on the tensile strength of coal have been deeply investigated. The roles water plays during the scale effect on the tensile strength of coal remain unknown. Hence, to extrapolate the lab-obtained tensile strength values of coal samples to coal masses in water intrusion areas, investigations should be carried out to simultaneously assess the effects of water content and specimen size on the tensile strength of coal.



To obtain a fundamental understanding of the effects of scale and water content on the tensile strength of coal, techniques are needed to assess the coal–water physicochemical interactions and evolution of damage in coal [16,27,28]. X-ray diffraction (XRD) is a non-destructive technique which enables researchers to obtain composition information according to the crystalline phases presented in a material [29,30,31]. As a type of visualized microscopic analysis, scanning electron microscopy (SEM) has been broadly utilized to obtain high-resolution three-dimensional surface characteristics of samples [32,33]. The acoustic emission (AE) technique is a non-destructive monitoring technology [34,35] which allows the detection of damage growth by passive monitoring of the AE events generated by the fracture development [36,37]. The effective combination of these techniques would allow mineral composition detection, microstructural analysis, and specimen damage measurements, allowing an in-depth understanding of the effects of water and specimen size on the tensile strength of coal.



Thus, considering the need to investigate the scale and water effects, specimens with different diameters (25, 38, and 50 mm) were processed and respectively immersed at time lengths of 0, 4, and 7 days. XRD analysis, SEM detection, and acoustic emission monitoring were respectively utilized to reveal the physicochemical interactions of coal and water, to determine the roles the microstructure plays during tensile failure, and to understand the effects of water content and specimen size on the tensile strength of coal.




2. Effects of Water on Coal


Coal is a complex material containing both organic and inorganic matter [31,38]. Water seeps into the coal mass via geological movement before or after coal formation and mining activities, and mainly exists in three forms, namely free water contained by physicomechanical forces, adsorbed water held by physicochemical forces, and chemically bonded water in mineral inclusions [27,39,40].



Based on the investigations reported in previous studies [27,40], water exists mainly in two forms (free water and adsorbed water) in pre-existing discontinuities. The adsorbed water is connected by hydrogen bonds (H-bonds) to the oxygen content sites (hydroxyl, -OH) [27], while the free water is mutually attracted by H-bonds and held by capillary forces in pre-existing discontinuities, as shown in Figure 1a. In the figure, the cracks are covered with adsorbed water and the free water existing in the middle of the fissure, as shown in Figure 1b.



The water presence causes structural changes to coal, including dissolution of some clay minerals and the creation of more internal space in the coal [41]. Considering the existing forms and microstructural changes water causes, it may transform the mechanical properties of the coal matrix in three ways:




	(1)

	
Softening effect. The colloidal gel-like structure of coal exhibits a swelling feature in response to water intrusion [42], as shown in Figure 2a, thereby softening the coal matrix and weakening the mechanical properties of the coal.




	(2)

	
Lubrication. The water film generated by the adsorbed water reduces the frictional resistance as the crack surface slides under various mechanical behaviors [28,43], as shown in Figure 2b. As a result, the bearing capacity of the coal weakens.




	(3)

	
Counterforce. The water contained in the fractures also exerts a counterforce as the crack is compressed, as shown in Figure 2c, which may strengthen the mechanical properties under some specific conditions [4]. This phenomenon is known as the Stefan effect [20].










3. Experimental Work


In this section, we measure the fundamental properties of a coal sample, then describe the specimen preparation process, water immersion process, Brazilian splitting test procedure, and AE measurement methodology. Finally, we introduce the experimental parameter settings.



3.1. Coal Sample Properties


The coal sample was initially excavated from coal seam #45, Wudong Coal Mine, in the western part of China. The location is shown in Figure 3. The block coal density was measured as ~1.46 g/cm3, with a natural moisture content of ~1.2%.



The composition was identified and characterized by XRD, verifying that the major proportions of the coal matrix (91.8%) were carbon, hydrogen, and oxygen. Other minerals accounted for the remaining 8.2% of the matrix, including kaolinite (5.08%), nacrite (2.17%), and lizardite (0.83%). Thus, clay was proven to exist in the coal specimens used in this research.




3.2. Specimen Preparation


Three groups of cylindrical specimens were cored, processed, and trimmed, which had diameters of 25, 38, and 50 mm and a unified height-to-diameter ratio. Based on the recommendation of the International Society for Rock Mechanics and Rock Engineering (ISRM) for each group of specimens, at least nine samples were processed and subdivided into three sub-groups. Twenty- seven specimens were processed in this research, as shown in Figure 4.




3.3. Immersion Experiment


The immersion experiment was implemented using pure water. All specimens were oven-dried and weighed before the immersion test. For each group of specimens, the first three specimens were oven-dried only, the middle three specimens were immersed for 4 days (96 h), and the last three specimens were immersed for 7 days (168 h). The representative water content variations in specimens of different sizes are plotted in Figure 5. The water contents of specimens with different diameters and immersion times are summarized in Table 1.



For the water content values, a logarithmic function was applied, which increased with the immersion time. As shown in Figure 5, it increases sharply in the first 20 h, while it is less obvious as the immersion time changes from 4 to 7 days, as shown in Table 1. Compared with the smaller specimen, the larger specimen had a lower percentage of water, as shown in Figure 5, but with a greater water weight. The decreasing water content may be attributed to the greater density of the coal than that of water, which reduces the percentage of water in larger specimens, although more water entered larger specimens than the smaller ones.




3.4. SEM Measurements


The microstructural characteristics were acquired using a field emission scanning electron microscope (Zeiss, Germany). The SEM instrument had an acceleration voltage range of 0.05~300 kV, with resolutions of 1.0 nm/15 kV and 1.7 nm/1 kV in an energy spectrum detection range of B4-U92. This experiment was implemented under 20 kV conditions at various magnifications.



Surface images of coal in different positions were obtained under 200, 300, 1000, and 1800 times magnification, as shown in Figure 6.




3.5. Brazilian Splitting Test and AE Measurements


Brazilian splitting tests and AE monitoring were simultaneously implemented to acquire the damage evolution failure values of coal specimens with different sizes and water contents. The Brazilian splitting tests were implemented using a uniaxial unconfined load instrument with a compressive capacity of 100 kN, equipped with a displacement transducer with a precision of ±0.5%. The testing layout and positions of the AE probes on the specimen are shown in Figure 7. The tests were carried out under displacement-controlled conditions and at a loading velocity of 1 mm/min.



Meanwhile, the acoustic emission (AE) events were captured using an AE signal monitoring system (PAC, USA). This system consisted of four micro 30 S sensors, a 6-type preamplifier, and a PIC recording device. During the test, the waveform streaming mode was selected, which had a maximum signal amplitude of 100 dB.





4. Results and Discussion


The tensile strengths of specimens with different diameters and immersion times were presented and the influences of the specimen size and immersion time on the tensile strength and AE feature were discussed.



4.1. Tensile Strength Variations


In this study, the tensile strengths were calculated based on experimental data and the following Equation (1) [1]:


   σ t  =   2  P  max     π d l    



(1)




where Pmax represents the maximum load during the loading process in N; d and l are the diameter and thickness, respectively, of a disc specimen in mm; and σt is the tensile strength in MPa. The tensile strength values of specimens with different sizes and immersion times are plotted in Figure 8. The mean tensile strength values for the specimens are presented in Table 2.



The tensile strength decreased in larger specimens, which occurred to a greater extent as the immersion time increased. As the specimen diameter increased from 25 to 50 mm, the average tensile strength decreased from 1.32 to 1.19 MPa, representing a reduction of 10.07% (0.13 MPa) under dry conditions. Meanwhile, the reductions for immersion times of 4 and 7 days were greater than those under dry conditions, with values of 14.25% (0.17 MPa) and 17.68% (0.20 MPa), respectively, as shown in Table 2. This may indicate tensile strength reductions in the coal mass when compared with the lab-obtained results, with water enhancing the weakening effect caused by the specimen size on the tensile strength of the coal mass. The roles water played will be discussed in the following section.



The discreteness of the tensile strength values in this research is similar to the discreteness of the coal samples reported by Okubo [44] and Bieniawski [9]. Compared with other types of rocks, the experimental data show greater discreteness in coal, including for the tensile strength and uniaxial compressive strength values [44], due to the greater anisotropic and inhomogeneous features of the coal, which are generated by sedimentary and geological movements during coal formation.



Meanwhile, the discreteness degree of the tensile strength is also reduced as the specimen size and immersion time length increase (Figure 8), since the standard deviation (SD) decreases with the increasing specimen size and immersion time (Table 2). The reduced SD values were 0.199 (dry), 0.048 (4 days), and 0.039 MPa (7 days) for the diameters of 25, 38, and 50 mm, respectively. Similarly, the respective SD values decreased to 0.284 (25 mm), 0.268 (38 mm), and 0.124 MPa (50 mm) as the immersion time increased from 0 days to 7 days. This shows that the tensile strength differences between the various specimens decreased with the increasing specimen size and water content, the corresponding reasons for which will be discussed in the following section.



Meanwhile, specimens showed greater tensile strength losses under the coupling effect of water and the scale effect when compared with the single effect of specimen size or immersion time, as shown in Table 2. For dry specimens, the tensile strength decreased from 1.32 to 1.19 MPa, with a stress loss of 9.85% (0.13 MPa), as the diameter increased from 25 to 50 mm. By contrast, the stress loss was 28.03% (from 1.32 to 0.95 MPa) under the coupling effect of specimen size (25–38 mm) and water (0−7 days), showing an approximately three times greater effect than that of the single effect of specimen size. Thus, consideration should be given to the coupling effect of water content and specimen size in mining engineering problems in water intrusion areas.




4.2. Weakening Effects of Water Content and Specimen Size


The tensile strength variation with the specimen size can be explained by the volume and microstructure differences in the coal. Microstructures (mineral inclusions and pre-existing discontinuities) naturally occur in coal due to sedimentary and geotechnical movement during coal formation. The number of microstructures increases with the increasing specimen size [9,45]. Since the microstructures play a weakening role during the failure process [12,46], the weakening effect increases with the increasing specimen size, thereby decreasing the tensile strength in larger specimens. Meanwhile, the volume difference of microstructures is less obvious in larger specimens, since they more closely represent microstructural features of the coal mass [9], whose microstructural density is to be considered nearly constant. The mechanical difference thus decreased with the increase in the specimen size, as did the tensile strength.



Due to the tensile strength being observed to decrease with increasing immersion time length (water content), it was assumed that water primarily plays a role in the weakening of the tensile strength of coal. Based on the theoretical analysis in Section 2, here the effects of water on the tensile strength mainly appear in three forms: (a) by dissolving clay minerals and producing more interspace; (b) by softening the coal matrix; and (c) by lubricating the cracks, since the coupling effect of these events creates more internal space [41], lowering the threshold for the initiation of micro-cracks and the propagation of macro-cracks [28], therefore decreasing the tensile strength as the immersion time elapses.



In addition, water enhances the scale effect on the tensile strength of coal. This may be attributed to the weakening influence of water on the pre-existing discontinuities and mineral inclusions, as described in Section 2. Compared with smaller coal specimens, the larger ones have a greater volume of pre-existing discontinuities and mineral inclusions (clayey minerals), resulting in greater amounts of interspace and lubricated cracks. In combination with the softened coal matrix, the larger coal specimens are easily damaged and experience greater reductions in tensile strength than the smaller ones.




4.3. AE Variations with Specimen Size and Water Content


AE activities are generated by the initiation, propagation, and coalescence of cracks in rock-like materials [36,47,48]. Here, the AE technique is adopted to investigate the effects of specimen size and water on the tensile failure of coal. The AE features of specimens with different sizes and immersion times are summarized in Figure 9.



The cumulative AE counts (CAEC) and cumulative absolute AE energy (CAEE) values increased with the coal specimen size. As the diameter increased from 25 to 50 mm, the CAEC values increased to 0.47 × 105 (dry), 0.44 × 105 (4 days), and 0.20 × 105 (7 days). Correspondingly, the respective CAEE increments were 0.86 × 105 aJ (dry), 0.51 × 105 aJ (4 days), and 0.52 × 105 aJ (7 days), as summarized in Table 3. Similar to the AE features observed under uniaxial compressive conditions [45], this variation can also be ascribed to two reasons: (a) greater occurrence of pre-existing discontinuities and cracks in larger specimens during the failure process; (b) the increased loading time length as the immersion time elapses, as shown in Figure 9, which generates a greater amount of AE events, extends the AE monitoring time length, and resuls in more AE activities and energy values being captured and recorded.



The cumulative AE counts and absolute AE energy values showed an overall descending trend with the increasing immersion time (water content), although a minimal increase was observed as the immersion time increased from 4 to 7 days, as summarized in Table 3. The respective cumulative AE counts declined to values of 0.98 × 105 (25 mm), 1.18 × 105 (38 mm), and 1.25 × 105 (50 mm); the cumulative absolute AE energy values separately decreased to values of 0.20 × 105 (25 mm), 0.48 × 105 (38 mm), and 0.54 × 105 aJ (50 mm), under dry conditions, 4 days of immersion, and 7 days of immersion, respectively. This indicates a reduction in fracture activities during the loading process under the influence of water, which may have been caused by the water-related softening effect on the coal matrix [49] and lubrication of the cracks [28], since these activities enhanced the deformability of the coal matrix and reduced the amount of minimal cracks generated during the tensile failure of coal. Meanwhile, the reduction in AE activities as the water intruded into the coal specimens also explained the weakening micro-seismic activities as the water was injected into the coal or rock masses, since water played similar roles in both the coal specimens and coal mass.




4.4. Failure Pattern Variations Due to Specimen Size and Water Content


The fracture patterns for coal and rocks can be detected and calculated using the AE parameters during the failure process [50,51,52]. The corresponding failure type classification approach was introduced in conjunction with the following equations:


   N  RA   =    t r     a m     



(2)






   N  AF   =  n   t D     



(3)




where NRA is the RA (ratio of the rise time and the maximum amplitude) value, tr and am denote the raising time (ms) and the maximum amplitude (V), NAF is the AF (average frequency) value, and n and tD, respectively, denote the numbers of AE counts for different durations (ms). Based on the AE parameters monitored during the tensile loading process, the typical failure patterns revealed by RA and AF in this research are shown in Figure 10a,b, indicating that the tensile failure was obviously greater than the shear failure during the Brazil split test.



Meanwhile, the failure pattern variations with the specimen size and immersion time were calculated based on Equations (2) and (3), and are summarized and shown in Figure 11a,b. The percentage of tensile failure was calculated by the ratio of tensile failure AE counts and the sum of AE counts. Apparently, the tensile failure AE counts increased in the specimen range of 25–38 mm, with increments of 3.63% (from 86.41% to 90.04%), 4.18% (from 89.39% to 93.57%), and 0.06% (from 94.67 to 94.73%) under immersion times of 0, 4, and 7 days, as shown in Figure 11a. The tensile failure AE counts decreased in the range of 38–50 mm, with respective reductions of 9.34%, 2.71%, and 2.94% with immersion times of 0, 4, and 7 days. The tensile feature fracture variation with the specimen size was consistent with the conclusion that rock failure changed from pure tension to a combination of shearing and tension as the specimen size exceeded 38 mm, as reported by Masoumi [5], indicating that the optimal specimen size could be determined by measuring the tensile strength of coal using the Brazil split test, as greater tensile failure was observed in this specific specimen size, which may mean that the lower measurement errors and greater variable accuracy described by Quosay [53,54] could be obtained.



Meanwhile, the proportion of tensile failure also increased with the immersion time. In specimens with diameters of 25, 38, and 50 mm, the increments were 8.26%, 4.68%, and 11.08%, respectively. This trend is more obvious in specimens with smaller percentages of tensile failure (at a diameter of 50 mm). This represents an enhancement effect of water on the tensile failure generated during the tensile loading process, which may be caused by the water-related softening effect on the coal matrix and lubrication of the cracks, since these processes improved the deformation capability of the coal matrix, reduced the development and coalescence of pre-existing cracks, and thereby reduced the shear failure caused by them. This also explained the decreasing tensile strength with increasing immersion time length, since more tensile failures were observed in specimens with longer immersion times.




4.5. Fractal Characteristic Variations Due to Specimen Size and Water Content


Fractal theory has been broadly used in describing AE feature variations in brittle materials to evaluate the evolution of damages to coal and rock [55,56,57]. Therefore, the time-sequence-related fractal dimension was chosen to analyze the AE feature differences during the tensile loading process and investigate the effects of water and specimen size on the tensile strength of coal.



The time-sequence-related fractal dimension is actually a correlation dimension, which was developed based on the methodology proposed by Grassberger and Procaccia [58], and then developed in different forms according to various research purposes [59]. For a certain time-sequence with AE records of N and time interval Δt, the suitable m-dimension time phase space with (N−m+1) vectors can be established with a proper time interval mΔt, represented in the form of   q =    q 1  ,  q 2  , … ,  q  N  − m + 1       . Based on the correlation theory, in the constructed m-dimensional phase space, the percentage of vector pairs (q1, q2) with length differences lower than the given Δl has a positive correlation relationship, shown as:


  P ( Δ l ) ∝   ( Δ l )  D   



(4)




where D is the fractal dimension, P(Δl) is the correlation integral that represents the percentage of vector pairs with length differences of less than Δl, which can be expressed as:


  P ( Δ d ) =  1  ( N − m ) ( N − m + 1 )     ∑  i , j = 1   i , j = N − m + 1    F ( Δ l − | |  q i    −  q j  | | ) ,   ( i ≠ j )  



(5)




where F is the Heaviside function, F takes 1 if   Δ l − | |   q i  −  q j   | | ≥ 0  , and otherwise the F value is 0 for the given Δl, which is usually chosen as


  Δ l = k L ,   L =  1  ( N − m ) ( N − m + 1 )     ∑  i , j = 1   i , j = N − m + 1    | |  q i    −  q j  | | ,   ( i ≠ j )  



(6)




where k is a time-series-dependent constant. The fractal dimension, is, thus obtained by:


  D = lim   ln P ( Δ l )   ln ( Δ l )    



(7)







After numerous tests using MATLAB (R2018b, MathWorks, Natick, MA USA), the value of m and the time intervals were respectively selected as 5 and 1 s, while the number series of 0.001, 0.002, …, 0.01 was chosen for the k values. The fractal dimension values for specimens with different sizes and immersion times were obtained and are summarized in Table 4.



The fractal dimensions decrease as the immersion time elapses. As the time length changes from 0 to 7 days, the average fractal dimension value decreases to 0.32 (58.18%) for the specimen with the diameter of 25 mm, 0.27 (46.55%) for that measuring 38 mm, and 0.32 (38.55%) for that measuring 50 mm, as shown in Figure 12. Based on Equations (4)–(7), the greater fractal dimension value indicates the presence of more vector pairs at a distance greater than the given length.



Based on the distribution features of AE events in time series, this variation of the fractal dimension values with the immersion time indicates that larger proportions of AE events occurred before the peak stress and contributed to a lower intensity of AE activities during the loading process. Since the AE activities are generated by the fracture activities [36], as discussed in Section 4.3, this also verifies the presence of water lubrication in pre-existing discontinuities and the softening effect on the coal matrix. These effects reduced the number of AE counts generated, since the fracture activities of pre-existing discontinuities occurred before the progressive failure stage, meaning the density of the AE counts around the peak strength period was relatively greater than in dry specimens.



On the contrary, the fractal dimension values increased with the specimen size, as shown in Figure 13. As the diameter increased from 25 to 50 mm, the fractal dimension increments were 0.28 (dry), 0.31 (4 days), and 0.28 (7 days), as summarized in Table 4, differing from the time-related fractal dimension results under uniaxial compressive loading conditions [59]. This shows that relatively less AE activity occurred around the peak stress period in larger specimens and greater amounts of AE activities were generated before the progressive failure process (Figure 9). This variation also proves that more fractures developed before the progressive failure, since more pre-existing discontinuities existed in the larger specimen, which could have easily coalesced to generate more AE counts before the progressive failure stage.




4.6. Correlations between Specimen Size and Tensile Strength in Coal


The obtained model describing the strength variations due to specimen size will be significant for coal mass strength estimation and fieldwork. Since the scale effects on the tensile and uniaxial compressive strength share a similar predisposing factor, the scale effect characteristics based on the uniaxial compressive strength can also be further extended to the tensile strength.



For practical use, formulas with analog properties were chosen to obtain suitable models for the tensile strength. Based on the experimental data in Table 2, in combination with the previously proposed theoretical analysis of the scale effect [45], a new equation was developed after numerous attempts and is presented in the following form:


  τ = A + B  e  − k d    



(8)




where τ represents the tensile strength in MPa; A and B are a material- and water-content-related constant; d is the diameter of the cylinder specimen in mm; and k is a material- and water-content-related constant. The regression analysis curve is shown in Figure 14, which was based on the experimental data summarized in Table 2.



Obviously, Equation (8) is applicable in describing the tensile strength variations with different specimen diameters under different immersion time length conditions. The fitting curves in Figure 14 show good agreement with the experimental data. The correlation coefficients (R2) in Table 5 are greater than 0.95. Meanwhile, Equation (8) also mathematically indicates that the water weakening effect increases with the immersion time, since the constant k decreases with the immersion time (Table 5).





5. Conclusions


Based on the theoretical analysis and experimental work, the effects of the specimen size and water content on the tensile strength were investigated. The roles played by water during the tensile failure of coal were also studied, and the following conclusions were obtained:




	(1)

	
The tensile strength decreases in larger specimens, while the tensile strength variations due to specimen diameter differences can be described by an exponential correlation function, although the immersion times are different;




	(2)

	
Water strengthens the scale effect on the tensile strength in coal. Greater reductions in tensile strength occur due to the mutual effects of water and specimen size under the discrete effects of each factor. The water content decreases in larger specimens with the same amount of immersion time;




	(3)

	
The cumulative AE counts and absolute AE energy values increased in larger specimens, while these values decreased as the immersion time length increased. Similar behavior was also observed in the fractal dimension for AE activities. The concentration intensity of AE activities around the peak strength period increased as the immersion time elapsed, while relatively less obvious concentrations of AE events in larger specimens were observed;




	(4)

	
The percentage of tensile failure AE activities increased in the specimen diameter range of 25–38 mm, while the percentage decreased in the range of 38–50 mm. The proportion of tensile failures increased as the immersion time increased. Water was considered to play significant roles in dissolving clay minerals, softening the coal matrix, and lubricating cracks during the tensile failure of coal in the specimen diameter range of 25–50 mm.









This work provides the ability to extrapolate lab-obtained tensile strength and AE features to fieldwork to allow the tensile strength estimation of coal mass samples and for coal bump prevention in water intrusion areas.
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Figure 1. Schematic diagram of water forms in pre-existing discontinuities: (a) the presence of free and adsorbed water in the cracks at the micro scale; (b) macroscopic distribution of free and adsorbed water in cracks. 
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Figure 2. Mechanical responses of microstructures in coal under the influence of water: (a) swelling of the coal matrix after water injection; (b) the lubrication properties of water result in crack surface sliding; (c) a counterforce occurs after compression of the cracks holding the water. 
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Figure 3. Location of Wudong Coal Mine. 
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Figure 4. Specimens used in this research. 
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Figure 5. Water content variations with time in specimens of different diameters. 
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Figure 6. The surface features of coal under various magnifications and at different locations: (a) surface image at 200 times magnifications; (b) crack feature at 300 times magnification; (c) surface image at 1000 times magnifications; (d) crack image at 1800 times magnification. 
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Figure 7. Experimental layout of the equipment and specimens. 
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Figure 8. A scatter plot of tensile strength values for specimens with different diameters and immersion times. 
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Figure 9. AE features of coal specimens with different immersion times and diameters: (a) diameter of 25 mm, dry; (b) diameter of 50 mm, dry; (c) diameter of 25 mm, 4 days of immersion; (d) diameter of 50 mm, 4 days of immersion; (e) diameter of 25 mm, 7 days of immersion; (f) diameter of 50 mm, 7 days of immersion. 
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Figure 10. Typical tensile and shear features of coal revealed by the AE activities during the loading process: (a) failure patterns indicated by RA and AF; (b) stress and failure variations with loading time. 






Figure 10. Typical tensile and shear features of coal revealed by the AE activities during the loading process: (a) failure patterns indicated by RA and AF; (b) stress and failure variations with loading time.



[image: Energies 13 06585 g010]







[image: Energies 13 06585 g011 550] 





Figure 11. Failure type variations due to specimen size (mm) and water content: (a) failure type variations with specimen size; (b) failure type variations with immersion time. 
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Figure 12. Fractal dimension variations due to water content. 
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Figure 13. Fractal dimension variations due to specimen diameter differences. 
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Figure 14. Results of regression analysis of tensile strength and specimen size values under different water content conditions, based on Equation (8). 
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Table 1. Variations of water contents due to specimen size and immersion time.
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Immersion Time (days)

	
Average Water Content (%)




	
25 mm

	
38 mm

	
50 mm






	
4

	
4.80

	
3.98

	
3.31




	
7

	
5.56

	
4.59

	
3.89
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Table 2. Tensile strength values for specimens with different sizes and immersion times.
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Immersion Time (Days)

	
25 mm

	
38 mm

	
50 mm




	
Average Tensile Strength (MPa)

	
SD

(MPa)

	
Average Tensile Strength (MPa)

	
SD

(MPa)

	
Average Tensile Strength (MPa)

	
SD

(MPa)






	
0

	
1.32

	
0.376

	
1.21

	
0.354

	
1.19

	
0.177




	
4

	
1.19

	
0.117

	
1.06

	
0.092

	
1.02

	
0.069




	
7

	
1.15

	
0.092

	
1.00

	
0.086

	
0.95

	
0.053
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Table 3. Variations of the cumulative acoustic emission (AE) count and absolute AE energy values due to specimen size and immersion time.
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Immersion Time (Days)

	
25 mm

	
38 mm

	
50 mm




	
CAEC

(×105)

	
CAEE

(×105 aJ)

	
CAEC

(×105)

	
CAEE

(×105 aJ)

	
CAEC

(×105)

	
CAEE

(×105 aJ)






	
0

	
1.99

	
0.86

	
2.34

	
1.58

	
2.46

	
1.72




	
4

	
0.70

	
0.47

	
0.92

	
0.79

	
1.14

	
0.98




	
7

	
1.01

	
0.66

	
1.16

	
1.18

	
1.21

	
1.24
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Table 4. The fractal dimensions of AE values for specimens with different immersion times and sizes.
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Time (Days)

	
Fractal Dimension




	
25 mm

	
Average

	
38 mm

	
Average

	
50 mm

	
Average






	
0

	
0.26

	
0.55

	
0.67

	
0.58

	
0.92

	
0.83




	
0.20

	
0.60

	
1.12




	
1.2

	
0.48

	
0.46




	
4

	
0.68

	
0.37

	
0.37

	
0.46

	
0.62

	
0.68




	
0.18

	
0.69

	
0.85




	
0.24

	
0.33

	
0.57




	
7

	
0.05

	
0.23

	
0.34

	
0.31

	
0.35

	
0.51




	
0.49

	
0.44

	
0.39




	
0.14

	
0.14

	
0.79
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Table 5. Parameters and correlation coefficients of Equation (8) in specimens with different sizes.
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	Dry
	4 Days
	7 Days





	A
	1.04
	0.88
	0.82



	B
	0.75
	0.95
	1.11



	k
	0.40
	0.43
	0.45



	Coefficient (R2)
	0.96
	0.95
	0.99
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