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Abstract

:

The permeability characteristics of a broken coal mass under repeated loading and unloading conditions exert significance on spontaneous combustion of coal in goaf during the mining of coal seam groups. Considering this, by using the seepage test system for broken coal-rock mass, seepage tests under cyclic loading and unloading conditions, were carried out on broken coal masses. The test results show that the fitting curves between permeability and effective stress, strain and porosity are a logarithmic function, cubic function and power function, respectively. Besides, the permeability of a broken coal sample under cyclic loading and unloading conditions is determined by its porosity, which conforms to the cubic law. With increased cyclic loading and unloading times, the permeability loss, stress sensitivity and the crushing amount of the broken coal sample were gradually reduced, but the particle size gradation of the broken coal sample gradually became better. During one loading and unloading cycle, the stress sensitivity of the permeability of coal samples in the loading stage was far higher than that in the unloading stage. In the loading stage, the re-arrangement, breakage and compressive deformation of coal particles can lead to a reduction in porosity, consequently resulting in a decreased permeability. In the unloading stage, only the permeability reduction of coal samples due to particle deformation can be recovered.
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1. Introduction


Coal spontaneous combustion (CSC) threatens the safety and production of coal mines and it often causes great economic loss, casualties and large-scale environmental pollution [1,2,3]. Goaf is easily subjected to CSC, which occurs due to the autothermal reaction between broken coal masses and air [4,5,6]. There are many factors influencing the CSC in goaf, involving internal and external factors [7]. Among various factors, air leaking from the working face is the main factor triggering fire in the goaf, which depends on the permeability of the broken coal-rock mass in goaf [8,9]. Therefore, investigating the permeability characteristics of broken coal-rock mass during compaction is important when trying to prevent CSC in goaf. When multiple coal seams are present in mines, the stress and permeability of goaf are disturbed again during the mining of subsequent coal seams [10,11,12]. Repeated loading and unloading cause further breakage of broken coal-rock masses in goaf, resulting in changes in porosity and permeability, therefore, the evolution of the permeability of a broken coal-rock mass in goaf during the mining of coal seam groups differs from that during the mining of a single coal seam. It is necessary to explore the evolution of permeability of broken coal-rock masses under cyclic loading and unloading conditions.



However, goaf is an enclosed space with complex and unknown environments and therefore it is extremely dangerous to measure directly the permeability of broken coal masses in goaf; such a task is also expensive [13,14,15,16,17,18]. In current research, the permeability of coal masses in goaf is generally indirectly evaluated by establishing the prediction model for permeability of coal masses in goaf based on theoretical analysis, numerical simulation and laboratory trials [19,20,21,22,23]. Jozefowicz [24] acquired the empirical formula for the permeability of coal masses in goaf by fitting the experimental data of permeability of rocks in the post-peak failure zone under different stresses. Li and Logan [25] obtained a simple model to predict the permeability of coal masses in goaf based on Carman–Kozeny (C–K) and Happel (H) equations. Supposing that particles of broken rock masses are cuboidal, Fan and Liu [26] proposed a theoretical calculation model for permeability of broken rock masses based on elastic theory. Karacan [27] proposed a model for fractal porous media, which is used for predicting the porosity and permeability of goaf as well as the air leakage in goaf. Chu et al. [28] experimentally investigated the evolution of strain, porosity and permeability of broken coal samples of different particle sizes, under different stresses and various temperatures. Zhang et al. [29] investigated the evolution of permeability of broken coal-rock mass and its influencing factors during the repeated mining of coal seam groups. Based on Hertzian contact deformation, the deformation of broken coal particles was evaluated. By conducting water seepage tests on broken rock masses, Ma et al. [30] concluded that the water seepage from a broken rock mass is non-Darcian. After carrying out seepage tests on sandstones with different porosities, Miao et al. [31] suggested that different porosities correspond to different non-Darcian coefficients. By utilising a self-designed test system for gas seepage, Li et al. [32] investigated the relationship between the porosity and permeability of broken coal mass under different gas pressures and continuously measured the gas pressures and flow velocities therein.



The aforementioned research concentrates on the permeability characteristics of broken coal-rock mass during compaction while rarely reporting on the permeability characteristics of broken coal-rock masses under cyclic loading and unloading conditions. Therefore, in this work, by applying a seepage test system for damaged coal-rock masses, seepage tests were carried out on the broken coal mass under cyclic loading and unloading conditions. First of all, the permeability evolution law of broken coal samples under cyclic loading and unloading conditions was obtained, and the sensitivity of permeability of broken coal samples was also analysed. Afterwards, the particle breakage and distribution law after each loading and unloading seepage test was analysed. Finally, the reasons for the changes in permeability of broken coal samples under cyclic loading and unloading conditions were revealed, and the relationship between permeability and strain, and porosity under cyclic loading and unloading conditions was discussed. The research results provide important guidance to those seeking to prevent spontaneous combustion of coal in goaf during the mining of coal seam groups.




2. Experiments


2.1. Collection and Preparation of Coal Samples


Coal samples were taken from the #11-2 coal seam in 121109 working face of Xinji No. 2 Coal Mine in Huainan, Anhui Province, China, as shown in Figure 1a. The result of proximate analysis of coal samples through is shown in Table 1. Large raw coal samples, taken from the working face, were artificially crushed into mixed coal samples with different particle sizes. Afterwards, the coal samples with a particle size of 15.1–18.2 mm were obtained by mechanical sifters. The specific treatment process is displayed in Figure 1b.




2.2. Experimental Devices and Test Schemes


The seepage test system for damaged coal-rock mass was applied and the schematic diagram of axial seepage in the system is shown in Figure 2. The coal sample was placed in the colloid sleeve, and the colloid sleeve was installed in the hydraulic chamber of the high-pressure kettle. The diameter of the colloid sleeve was 5 cm, with the maximum height of the colloid sleeve as 10 cm. The maximum vertical loading strength was 70 MPa, with the accuracy as 0.01 MPa. The maximum confining pressure was 25 MPa, with the accuracy as 0.1 MPa.



During the experiment, triaxial seepage testing was conducted using nitrogen (at a pressure of 0.05 MPa) at normal temperature (25 °C), at which the nitrogen density was 1.25 kg/m3 and its dynamic viscosity was 1.76 × 10−5 Pa/s−1. The axial stress and confining pressure were synchronously applied to the samples and the axial stress was equal to the confining pressure. The stress path is shown in Figure 3. The specific experimental steps are shown as follows:



1. Firstly, the broken coal mass was weighed and its mass recorded. Afterwards, the colloid sleeve was put into the high-pressure kettle and then the perforated plate and the metal screen were successively placed into the lower part of the colloid sleeve. Then, the weighed broken coal mass was put into the colloid sleeve to be shaken and compacted in order that the upper surfaces of broken coal samples in the colloid sleeve were smooth at the same horizontal plane. Moreover, the initial height (h0) of broken coal samples in the colloid sleeve was measured using Vernier callipers and this height recorded. Finally, the perforated plate and the metal screen were successively put into the upper part of broken coal samples so that the test specimen was fully installed. The purpose of placing the perforated plate and the metal screen at the upper and lower parts of the colloid sleeve was to prevent pulverised coal carried by the flowing gas from blocking the gas pipeline during seepage testing.



2. The other parts of the apparatus were installed and then the seepage test was carried out according to the stress path shown in Figure 3.



3. After finishing the test, the broken coal samples were taken out and screened using mechanical sifters. Afterwards, the screened coal samples with different particle sizes were weighed and the masses recorded.





3. Test Results


3.1. Permeability of Broken Coal Samples under Cyclic Loading and Unloading Conditions


During the experiment, it was supposed that the nitrogen flow in broken coal samples conformed to Darcy’s law and then the permeability of coal samples was calculated according to various parameters including the flow of coal samples and gas pressures on two ends of coal samples, which can be expressed as follows:


K=2P0Q0μLA(P12−P22)



(1)




where K is the permeability of the coal sample, μm2; P0 is the atmospheric pressure, 10−1 MPa; Q0 is the flow rate of the gas in P0, cm3 s−1; μ is viscosity of the gas, MPa·s; L is the height of the coal sample, cm; A is the sectional area of the coal sample, cm2; P1 is the inlet pressure, 10−1 MPa; P2 is the outlet pressure, 10−1 MPa.



According to the cyclic loading and unloading schemes, three groups of seepage tests were conducted, and the results are shown in Figure 4a. The mean of the three groups of data is taken as the permeability at each stress point in the figure.



It can be seen from Figure 4a that during the loading stage, the permeability of broken coal samples gradually decreased with increasing effective stress while the rate of reduction thereof gradually decreased. During the unloading stage, the permeability of broken coal samples gradually increased with decreasing effective stress while the rate of increase gradually increased, therefore, during the cyclic loading and unloading of broken coal samples, the permeability showed a non-linear relationship with effective stress. By utilising a non-linear function, the test result between the permeability and effective stress on broken coal samples under cyclic loading and unloading conditions was fitted. The fitted curves are displayed in Figure 4b–d and the fitting equations are listed in Table 2. As shown, the permeability of coal samples was a logarithmic function of effective stress and the correlation coefficients of various fitted equations were all greater than 0.99, implying that the test results were favourably consistent with the fitted results.




3.2. Particle Breakage and Distribution Law after Each Loading and Unloading Seepage Test


After each loading and unloading seepage test, the broken coal samples were screened and weighed using sieves with the pore sizes of 1, 2.8, 4.6, 6.8, 10.2, 15.1 and 18.2 mm, respectively. Afterwards, the mass and mass percentage of the coal samples with different particle sizes were recorded and calculated, as shown in Figure 5.



As shown in Figure 5, after the first loading and unloading seepage test, the broken coal sample with a particle size of 15.1–18.2 mm was crushed to form a mixture with multiple particle sizes due to its having been crushed during the test stage; the crushing amount was 59.74%, which was calculated by dividing the crushing mass of the particles after the test by the original mass of the particles. In the mixture, the proportion of the original particle size mass was the largest, reaching 40.26%, followed by the particle size (10.2–15.1 mm) mass produced by crushing, which was 19.60%, and the smaller particle size mass produced by crushing accounted for a smaller proportion and the difference was not significant, which was approximately between 6% and 10%. After the second loading and unloading seepage test, the particles with a particle size of 15.1–18.2 mm in the mixture were further crushed. The crushing amount was 9.21%, the mass proportion of particle size of 15.1–18.2 mm decreased from 40.26% to 31.05%. However, the proportion of other particles in the mixture increased. Among them, the mass proportion of the particle size of 10.2–15.1 mm increased the most, from 19.60% to 25.46%, and the increase amount reached 5.86%. The increase amount of the other smaller, crushed particles was small and the difference was not large; about 0.5% to 1%. After the third loading and unloading seepage test, the particles with a particle size of 15.1–18.2 mm in the mixture were crushed again, with a crushing amount of 4.59%, and the mass proportion of which decreased from 31.05% to 26.46%. The mass proportion of other smaller particles in the mixture increased and the increase amount was small, between 0.5% and 1%.



To sum up, the larger the particle size of a coal sample was, the greater the breakage probability and crushing amount of the particle will be after each loading and unloading seepage test. The major reasons for this are as follows: the larger particles probably contained more defects and their strength was generally lower than that of the smaller particles. Under the same stress, large particle damage probability and breakage amount were obviously greater. With the increase of cyclic loading and unloading times, the crushing amount of broken coal samples decreased gradually (59.74% > 9.21% > 4.59%). The major reasons for this are as follows: with the increase of cyclic loading and unloading times, the particle size of the broken coal samples becomes smaller and smaller, and its equivalent elastic modulus keeps increasing, as shown in Figure 6, which was equivalent to the increase of strength, so its crushing amount becomes smaller and smaller.



According to the data of screened and weighed broken coal samples after each loading and unloading seepage test, the size gradation curve, as shown in Figure 7, before and after the seepage test of broken coal samples was drawn using mesh size as the X coordinate and the sieving rate (calculated by dividing the mass of samples screened by a certain level of sieve by the total mass of samples) as the Y coordinate.



As can be seen from Figure 7, the size gradation curve of the broken coal sample after the seepage test shifted upwards compared with those before the test, which indicates that after the test, the coal sample particles were crushed, the content of fine particles increased, as shown in Figure 5, and the particle size gradation became better. In addition, with the increase of cyclic loading and unloading times of the broken coal sample, the particle size gradation of the broken coal sample gradually became better. The major reasons for this are as follows: with the increase of cyclic loading and unloading times, the crushing degree of coal sample particles increased gradually, and the content of fine particles produced gradually increased, as shown in Figure 5, thus leading to the gradual improvement of particle size grading.





4. Results Analysis and Discussions


4.1. The Changes in Permeability


To analyse the change law of the permeability of broken coal samples under cyclic loading and unloading conditions, the loss (D1) of permeability of coal samples during the loading stage, the recovery (D2) of permeability during the unloading stage and irreversible loss (D3) of permeability after the one loading and unloading cycle were defined. These parameters are expressed as follows:


D1=K1−Ka



(2)






D2=K1′−K′a



(3)






D3=K1−K1′



(4)




where, K1 and Ka refer to the permeabilities (md) of coal samples at the first and the last stress points during loading while Ka′ and K1′ denote the permeabilities (md) of coal samples at the first and the last stress points during unloading, respectively.



By separately substituting the test results of permeability of broken coal samples under cyclic loading and unloading conditions into Equations (2), (3) and (4), the values of D1, D2 and D3 of coal samples were calculated, as given in Table 3 and Figure 8.



As shown in Table 3 and Figure 8, during three loading and unloading cycles, the losses (D1) of permeability of coal samples in the loading stage were 303.7, 79.8 and 36.8 md, while the recovery (D2) of permeability in the unloading stage were 79.3, 41.6 and 15.7 md, respectively. Moreover, the irreversible losses (D3) of permeability after each loading and unloading cycle were 224.4, 38.2 and 21.1 md, respectively. It can be seen that D1, D2 and D3 gradually decreased with increasing cyclic loading and unloading events. During the three loading and unloading cycles, the losses D1 (303.7, 79.8 and 36.8 md) of permeability in the loading stage were far larger than the recoveries D2 (79.3, 41.6 and 15.7 md) of permeability in the unloading stage in the same cycle. This indicated that during the same loading and unloading cycle, the loss (D1) of permeability of coal samples was much greater than the recovery (D2) of permeability in the unloading stage.




4.2. Stress Sensitivity of Permeability


To analyse the sensitivity of permeability of broken coal samples to the stress change under cyclic loading and unloading conditions, the stress sensitivity coefficient (CK) of the permeability was defined, which is calculated as follows:


CK=|∂K∂σ1|.



(5)







By substituting the fitting formula shown in Table 2 into Equation (5), the relationship between the stress sensitivity of the permeability of broken coal samples and effective stress under cyclic loading and unloading conditions can be calculated, as shown in Figure 9.



As shown in Figure 9, the stress sensitivity of permeability of broken coal samples gradually decreased with increasing effective stress during cyclic loading and unloading. Both in loading and unloading stages, the stress sensitivities of permeability of broken coal samples all gradually decreased with increased cyclic loading and unloading. During the same loading and unloading cycle, the stress sensitivity of permeability of coal samples in the loading stage was far higher than that in the unloading stage.




4.3. Reasons for the Changes in Permeability under Cyclic Loading and Unloading Conditions


As shown in Figure 10, the initial height of broken coal samples was recorded as h0 and the compression-induced displacement recorded using the displacement transducer at the vertical direction during the triaxial seepage test was ∆h. Therefore, the axial strain (ε) on broken coal samples during the whole test can be calculated as follows:


ε=Δh/h0.



(6)







It was assumed that the true density of coal samples, the mass of broken coal samples during each test and the initial diameter of the colloid sleeve were ρ, m and d0, respectively. Owing to axial stress being equal to the confining stress throughout the test, that is, the sample was always in a hydrostatic-pressure state, it can be supposed that the radial strain on broken coal samples was equal to the axial strain. Therefore, the diameter (d1) of coal samples during triaxial loading can be expressed as follows:


d1=d0(1−ε).



(7)







In accordance with Equations (6) and (7), and Figure 10b, it can be seen that the porosity (ϕ) of broken coal samples during the test can be calculated as follows:


ϕ=π4d12(h0−Δh)−mρπ4d12(h0−Δh)=πρd02h0(1−ε)3−4mh02πρd02h0(1−ε)3.



(8)







By substituting the data during the test monitored by using the displacement transducer into Equation (6), the stress-strain curves of coal samples under cyclic loading and unloading were calculated and drawn, as shown in Figure 11. By substituting the calculated strain into Equation (8), the relationship curves between the porosity of coal samples and effective stress during cyclic loading and unloading are shown in Figure 12.



It can be seen from Figure 11 and Figure 12 that the increments of strains on coal samples over three cycles were 0.199, 0.079 and 0.041, respectively. Consequently, the corresponding reductions in the porosity were 0.198, 0.078 and 0.04, respectively. It indicated that with the increased cyclic loading and unloading events, the reductions in the porosity of coal samples in the loading stage gradually decreased, thus leading to the gradual reduction in the loss of permeability of coal samples. The reduction amounts of strain on coal samples during three unloading events were 0.077, 0.047 and 0.019, respectively, corresponding to increments of 0.076, 0.046 and 0.018 in porosity. This implied that with increasing loading and unloading cycles, the increment in the porosity of coal samples in the unloading stage gradually decreased, thus causing the recovery of permeability to decrease. During the three loading and unloading cycles, the reductions (0.198, 0.078 and 0.04) in the porosity of coal samples in the loading stage were much greater than the increments (0.076, 0.046 and 0.018) in the porosity of coal samples in the unloading stage within the same cycle. Therefore, during each loading and unloading cycle, the loss of permeability of coal samples in the loading stage was much greater than the recovery thereof in the unloading stage.



The reasons why the porosity of broken coal samples reduced in the loading stage involves three things [34]: (1) the structural re-arrangement of broken coal particles caused a significant reduction in porosity: in the early stage of loading of broken coal masses, there was no cohesion between particles to therefore cause slippage and rotation of particles. The particle structures were rearranged resulting in the significant reduction in porosity, which was the primary reason why broken coal masses were compacted and deformed. (2) Broken coal samples were crushed further and then the broken fine particles filled the void space, resulting in the further reduction of the porosity of the coal samples. (3) The compressive deformation between particles reduced the porosity: the compressive deformation was actually elastic deformation, which can be recovered in the unloading process. Figure 13 shows the porosity change of the broken coal sample during the loading stage. The first two factors caused a significant reduction in the porosity of coal samples, so they were the main reasons causing the reduction of porosity, and this portion of porosity of coal samples cannot be recovered during stress unloading. The reduction of porosity induced by the third factor can be recovered in the unloading process, which was the reason why the porosity of coal samples increased in the unloading stage, however, the influence of the third factor on the porosity was much less significant than those of the first two factors. Therefore, the main reason for the gradually reducing loss of permeability of coal samples in the loading stage with the increase of cyclic loading and unloading times is illustrated as follows: with the increase of cyclic loading and unloading events, the particles of broken coal samples were further crushed and their corresponding structural re-arrangement capability gradually weakened, resulting in the gradual reduction of the porosity (albeit by smaller amounts each time). The main reason why the recovery amount of permeability of coal samples in the unloading stage gradually decreased with the increase of cyclic loading and unloading cycles was that, with an increased number of loading and unloading cycles, some particles being subjected to compressive deformation were constantly crushed. As a result, the recovery after compressive deformation gradually decreased, consequently leading to a gradual reduction in the increment in the porosity. During each loading and unloading cycle, the loss of permeability in the loading stage was much greater than the recovery of permeability in the unloading stage. This was mainly because the influence of structural rearrangement and breakage of particles in the loading stage on the porosity of coal samples was much greater than that of the recovery of particles after compressive deformation in the unloading stage on the porosity.




4.4. The Relationship between Permeability and Strain, Porosity under Cyclic Loading and Unloading Conditions


Based on permeability, strain and porosity data, the scatter diagrams between permeability and strain of broken coal samples were drawn and fitted to thus obtain the fitting curves between permeability and strain under cyclic loading and unloading conditions of broken coal samples, as shown in Figure 14. Besides, the scatter diagrams between permeability and porosity of broken coal samples were also drawn and fitted to thus obtain the fitting curves between permeability and porosity under cyclic loading and unloading conditions of broken coal samples, as shown in Figure 15.



It can be speculated from Figure 14 and Figure 15 that the permeability of broken coal samples decreased with increasing strain and increased with the increasing of porosity of the broken coal samples. The fitting curves between permeability and strain, and porosity are a cubic function and power function, respectively, and the fitting correlation coefficient of two functions was 0.99. In addition, under the same strain or porosity, the permeability of the broken coal sample at the loading stage in each loading and unloading stage was the same as that at the unloading stage. This indicates that as long as the porosity of the broken coal sample is same during each loading and unloading (Equation (8) shows that strain and porosity are equivalent), the permeability of the broken coal sample is the same, independent of the stress state of the broken coal sample at that time. For example, it can be seen from Figure 11 and Figure 12 that in each loading and unloading process, when the strain or porosity at the loading stage was equal to the strain or porosity at the unloading stage, the effective stress at the loading stage was greater than the effective stress at the unloading stage. At this time, the stress states of the broken coal samples at the loading stage and unloading stage were different, but the permeability was the same. Therefore, the permeability of broken coal samples under cyclic loading and unloading conditions was determined by its porosity, which conforms to the cubic law. The relationship between permeability and porosity is as follows [35,36]:


KK0=(ϕϕ0)α



(9)




where α is the porosity sensitive exponent; K0 and ϕ0 are the initial permeability and porosity, respectively.



It can be seen from Figure 15 that the porosity sensitive exponent of the permeability and porosity fitting formula in three loading stages is 3, 2.82 and 2.69, respectively. The porosity sensitive exponent of the permeability and porosity fitting formula in three unloading stages was 2.87, 2.72 and 2.63, respectively. It indicates that both in loading and unloading stages, the porosity sensitive exponent of broken coal samples all gradually decreased with increased cyclic loading and unloading (loading stage: 3 > 2.82 > 2.69; unloading stage: 2.87 > 2.72 > 2.63). During the same loading and unloading cycle, the porosity sensitive exponent of coal samples in the loading stage was higher than that in the unloading stage (first loading and unloading: 3 > 2.87; second loading and unloading: 2.82 > 2.72; third loading and unloading: 2.69 > 2.63). Therefore, this further verifies the above analysis results: Both in loading and unloading stages, the stress sensitivities of permeability of broken coal samples all gradually decreased with increased cyclic loading and unloading. During the same loading and unloading cycle, the stress sensitivity of permeability of coal samples in the loading stage was far higher than that in the unloading stage.





5. Conclusions


In this work, by applying a seepage test system for damaged coal-rock masses, seepage tests were carried out on the broken coal mass under cyclic loading and unloading conditions. First of all, the permeability evolution law of broken coal samples under cyclic loading and unloading conditions was obtained, and the sensitivity of permeability of broken coal samples was also analysed. Afterwards, the particle breakage and distribution law after each loading and unloading seepage test was analysed. Finally, the reasons for the changes in permeability of broken coal samples under cyclic loading and unloading conditions was revealed, and the relationship between permeability and strain, and porosity under cyclic loading and unloading conditions was discussed. The specific conclusions are shown as follows:



(1) The relationship between the permeability of broken coal samples and effective stress during cyclic loading and unloading conformed to a logarithmic function model. Moreover, the fitting equations for the permeability of coal samples and effective stress under various loading and unloading conditions were attained.



(2) The loss (D1) of permeability of broken coal samples in the loading stage, the recovery (D2) of permeability in the unloading stage and irreversible loss (D3) of permeability after one loading and unloading cycle all gradually decreased with increased numbers of cyclic loading and unloading events. During the same loading and unloading cycle, the loss (D1) of permeability in the loading stage was much greater than the recovery (D2) of permeability in the unloading stage.



(3) The stress sensitivity of permeability of broken coal samples gradually decreased with increased numbers of loading and unloading cycles. During the same loading and unloading cycle, the stress sensitivity of permeability of coal samples in the loading stage was much greater than that in the unloading stage.



(4) The larger the particle size of the coal sample is, the greater the breakage probability and crushing amount of the particle will be after each loading and unloading seepage test. With the increase of cyclic loading and unloading times, the crushing amount of the broken coal sample decreased gradually, but the particle size gradation of the broken coal sample gradually became better.



(5) Rearrangement, breakage and compressive deformation of coal particles in the loading stage can cause a significant decrease in the porosity of coal samples, thus resulting in a decreased permeability thereof. In the unloading stage, only the loss of permeability resulting from particle deformation could be recovered.



(6) The permeability of broken coal samples decreased with increasing strain and increased with the increasing of porosity of the broken coal samples. The fitting curves between permeability and strain, and porosity are a cubic function and power function, respectively. Besides, the permeability of broken coal samples under cyclic loading and unloading conditions was determined by its porosity, which conforms to the cubic law.
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Figure 1. Collection site of coal samples and the process of preparing broken coal samples. (a) Sample collection site; (b) The process of preparing broken coal samples. 
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Figure 2. Schematic diagram of the seepage test system for damaged coal-rock masses. 
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Figure 3. Stress path during each loading and unloading cycle. 
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Figure 4. The test results and fitted curve showing the permeability and effective stress on broken coal samples under cyclic loading and unloading conditions: (a) the test result showing the permeability and effective stress on broken coal samples under cyclic loading and unloading conditions, (b) the fitted curve of permeability and effective stress during the first loading and unloading, (c) the fitted curve of permeability and effective stress during the second loading and unloading, (d) the fitted curve of permeability and effective stress during the third loading and unloading. 
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Figure 5. Mass and mass percentage of coal samples with different particle sizes after each loading and unloading seepage test: (a) mass percentage of coal samples with different particle sizes after each loading and unloading seepage test, (b) mass and mass percentage of coal samples with different particle sizes after the first loading and unloading seepage test, (c) mass and mass percentage of coal samples with different particle sizes after the second loading and unloading seepage test, (d) mass and mass percentage of coal samples with different particle sizes after the third loading and unloading seepage test. 
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Figure 6. The correlation between rock mass size and elastic modulus [33]. 
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Figure 7. Size gradation curve before and after the seepage test of the broken coal sample. 
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Figure 8. Relationship curve between D1, D2 and D3 values of coal samples and cyclic loading and unloading times. 
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Figure 9. Stress sensitivity coefficients of permeability of broken coal samples under cyclic loading and unloading conditions. 
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Figure 10. Calculation of strain and porosity: (a) before the seepage test (b) after the seepage test. 
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Figure 11. Stress-strain curves of coal samples under cyclic loading and unloading conditions. 
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Figure 12. Changes of porosity of coal samples under cyclic loading and unloading conditions. 
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Figure 13. Schematic diagram of porosity change of broken coal samples during the loading stage. 
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Figure 14. Relation curve between permeability and strain under cyclic loading and unloading conditions of broken coal samples: (a) the first cyclic loading and unloading, (b) the second cyclic loading and unloading, (c) the third cyclic loading and unloading, (d) the fitting formulas between permeability and strain. 
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Figure 15. Relation curve between permeability and porosity under cyclic loading and unloading conditions of broken coal samples: (a) the first cyclic loading and unloading, (b) the second cyclic loading and unloading, (c) the third cyclic loading and unloading, (d) the fitting formulas between permeability and porosity. 
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Table 1. Results of proximate analysis of coal samples.
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	Air Dry Basis Moisture (Mad)/%
	Air Dry Basis Ash (Aad)/%
	Air Dry Basis Volatiles (Vad)/%
	Actual Density (ρ)/(g/cm3)





	2.01
	23.67
	32.06
	1.43
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Table 2. The fitting equations of permeability and effective stress on broken coal samples under cyclic loading and unloading conditions.
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	Test Status
	Fitting Equation of Permeability (K) and Effective Stress (σ1)
	Correlation Coefficients (R2)





	First loading
	K = 403.2 − 115.4 ln(σ1 + 0.1)
	0.995



	First unloading
	K = 237.7 − 49.8 ln(σ1 + 2.7)
	0.999



	Second loading
	K = 180.2 − 32.4 ln(σ1 + 0.3)
	0.995



	Second unloading
	K = 173.2 − 27.5 ln(σ1 + 3.1)
	0.999



	Third loading
	K = 132.0 − 13.1 ln(σ1 − 0.2)
	0.990



	Third unloading
	K = 121.5 − 8.5 ln(σ1 + 1.6)
	0.998
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Table 3. Calculated values of D1, D2 and D3 of coal samples under cyclic loading and unloading conditions.
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Loading and Unloading

	
Test Status

	
D1/md

	
D2/md

	
D3/md






	
First

	
loading

	
303.7

	
-

	
224.4




	
unloading

	
-

	
79.3




	
Second

	
loading

	
79.8

	
-

	
38.2




	
unloading

	
-

	
41.6




	
Third

	
loading

	
36.8

	
-

	
21.1




	
unloading

	
-

	
15.7
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