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Abstract

:

Protective seam mining is the most economical and effective measure for eliminating coal and gas herniation. To study the unloading effect of the mining of a protective seam on the protected layer, and to better grasp the effect of the protective layer on the abatement, conventional triaxial tests were conducted on coal samples with the unloading of the axial pressure and the peripheral pressure. The results showed that, under the unloading path, the bias stress–axial strain curve showed a sudden upward trend upon unloading, and the slope of the curve increased suddenly, which was more obvious after the peripheral pressure exceeded 10 MPa; stress unloading before the peak accelerated the yielding of the specimen. Under the unloading test path, the deformation modulus of the coal samples decreased with the decrease in the perimeter pressure, while the damage factor and Poisson’s ratio increased with the decrease in the perimeter pressure. Compared to the conventional triaxial test, under the unloading condition, the cohesion of the coal samples at peak stress decreased by 93.41% and the angle of internal friction increased by 37.41%, while the cohesion at the moment of residual strength decreased by 89.60% and the angle of internal friction increased by 37.44°. The brittleness index of the coal samples under unloading conditions with a peripheral pressure of 5 MPa, 10 MPa, 15 MPa, and 20 MPa increased by 178.83%, 159.18%, 87.93%, and 63.89%, respectively, compared to the conventional triaxial test. It can be seen that the greater the enclosing pressure, the smaller the difference in the brittleness index of the coal body.
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1. Introduction


During mining, disasters such as gas, sudden water, ground pressure, and dust pose serious threats to workers’ lives and health [1,2,3,4,5], and with the mining of shallow coal resources, coal resources must be worked at greater depths [6]. Under deep mining conditions, the coal seam itself, the stress distribution thereon, and the gas assignment characteristics tend to be complicated, and the form of the coal seam group assignment becomes more common [7]. Under prevailing mining conditions in coal seam groups, the mining of the protective seam destroys the stress balance in the underlying coal and rock body, and with the advance of the protective seam mining surface, stress concentration develops in front of the coal wall, while the supporting pressure propagates along the bottom coal and rock seam, which in turn affects the lower coal seam, concentrating the stress in the affected coal seam. As the protective seam continues to advance, the stress above decreases and the protected seam is decompressed [8,9,10,11]. Therefore, under the influence of the protective seam mining effect, the lower protected seam undergoes a dynamic loading process involving a stress increase and decrease. Based on this, it is necessary to conduct experimental research into the unloading of the protective seam coal body under such conditions.



Protective seam mining can realize both the stress unloading of the coal body of the protected seam, which reduces the possibility of high-energy disasters, and the resolution of the original adsorbed state gas in the coal body of the protected seam [12], which provides conditions for the extraction of gas from the protected seam. Gas threatens the safe production of coal mines [13,14,15], but it is also a clean energy source [16]. It is economical (and indeed sensible) to conduct coal seam mining while also achieving the extraction and utilization of unburdened gas [17]. Numerous scholars have studied the deformation and damage characteristics of the overlying and underlying coal rock layers during protective seam mining through numerical simulation and analyzed parameters such as the stress change characteristics and expansion and deformation rates of the protected layer. These studies provide practical reference values for coal and gas protrusion, gas extraction, and coal and gas co-mining [18,19,20,21,22]. At the same time, laboratory physical similarity simulation tests have also been widely used to study the mechanical properties and damage characteristics of the overlying coal seams during protective seam mining, which is also the most common approach adopted when providing reference values for practical engineering [23,24,25]. Compared to a single research approach, a combination of multiple approaches is more convincing and can better serve the actual project [26,27,28]. The unloading effect of protective seam mining on the protective seam is affected by many factors. Lei [29] studied the unloading and anti-scouring effects and the mechanism of the subducted coal rock under protective seam mining conditions, comparing the effects of the factors such as the height of protective seam mining, working face length, interval lithology, section coal pilar width, and layer spacing on the unloading effect of the lower protective coal seam. The results indicated that the layer spacing had the greatest effect. Cheng [30] studied the effect of soft rock protective seam mining on the pressure relief effect of the protected seam, and also concluded that the layer spacing had the largest effect. As the spacing between the protective seam layers changed, the burial depth of the coal seam also changed, and the mining of the protective seam exerted some influences on the stress path to which the protective layer was subjected. Based on this, scholars simplified the effect of protective seam mining on the stress path of the protective seam. To achieve this purpose, they explored test paths, such as unloading the circumferential pressure while increasing the axial pressure [31], stabilizing the circumferential pressure to unload the axial pressure [32], and cyclic loading and unloading [33]. These studies provide a theoretical basis for understanding the mechanical deformation and permeability characteristics of the coal body of the protective seam under protective seam mining conditions. Ground stress is the main factor that restricts the development and utilization of underground resources, so it is necessary to study the mechanical effects of underground rock masses [34,35,36,37], and it is even more necessary to study the unloading mechanism.



Based on the above research, we investigated the changes in the stress in the protective seam caused by the change in the support pressure in front of the coal wall during the protective seam mining process. Additionally, we simplified the stress path in the protective seam to obtain the loading and unloading scheme of the unloading test. On this basis, laboratory triaxial unloading test research was conducted to provide a reference for the unloading characteristics of the coal body in the protective seam under protective seam mining conditions.




2. Experimental Process


2.1. Theoretical Solution of Stress Distribution in the Bottom Plate of the Protective Layer Mining


Coal seams with a tendency for outbursts require that coal and gas outbursts are eliminated before mining [38], and mining to protect the layer has a good effect on eliminating outbursts. Cheng [39] simplified the stress boundary condition model of the bottom plate model by treating the bottom plate stress field problem as a semi-infinite plane strain problem subjected to a non-uniform load q(x), as shown in Figure 1.



Using the stress function method to solve for the mining stress field in the bottom plate, the stress function is written as follows.


  U = U ( x , y )  



(1)







The boundary conditions of this mechanical analysis model can be found from the model simplification.


          σ y     y = 0   =       ∂ 2  U   ∂  x 2       y = 0   = − q ( x )         τ xy     y = 0   =       ∂ 2  U   ∂ x ∂ y      y = 0   = 0      



(2)







The Fourier transform of the second and fourth order derivative functions of the stress function can be expressed as follows.


      F [  U ″  ( x , y ) ] −  λ 2  F [ U ( x , y ) ]     F [  U  ( 4 )   ( x , y ) ] = −  λ 4  F [ U ( x , y ) ]      



(3)







From the knowledge of elastic mechanics, the bi-tunable sum equation of the stress solution of the plane problem can be written as follows.


       ∂ 2  U   ∂  x 2    +    ∂ 2  U   ∂  y 2           ∂ 2  U   ∂  x 2    +    ∂ 2  U   ∂  y 2      = 0  



(4)







The Fourier transform of the double reconciliation in Equation (4) and the stress boundary condition in Equation (2) along the x-direction shows that Equations (2) and (4) can be expressed by Equations (5) and (6), respectively.


     d 4  u     dy  4    − 2 λ    d 2  u   d  y 2    +  λ 4  u = 0  



(5)






      −  λ 2    u   y = 0   = − z  λ      λ      d u   d y      y = 0   = 0      



(6)







According to the theory of the Fourier transform, the unknown functions u, z in Equation (6) can be expressed by Equation (7).


      u   x , y   =  1    2 π        ∫  − ∞  ∞   U   x , y       e  i λ x   d x     z  λ  =  1    2 π        ∫  − ∞  ∞   q  x      e  i λ x   d x      



(7)







Solving the differential in Equation (5) yields the exponential form of the general solution of this differential equation.


  u   λ , y   = A  e  λ y   + B  e  − λ y   + C λ y  e  λ y   + D λ y  e  − λ y    



(8)







To ensure that the solution is bounded when y tends toward infinity, i.e., the coal seam is buried at a large depth, the following condition must be met: A = C = 0. Taking the absolute values in Equation (8), Equation (8) can be transformed into the following.


  u =   B + D  λ  y    e  −  λ  y    



(9)







Substituting the boundary condition Equation (6) into Equation (9) yields the unknown constant in the following equation.


  B = D =    z (  λ )    λ 2     



(10)







Substituting the unknown constant analytic Equation (10) into Equation (9) yields the following.


  u =   z  λ     λ 2      1 +  λ  y    e  −  λ  y    



(11)







The transformation stress corresponding to Equation (11) can be written as follows.


      F   σ x   =    d 2  u   d  y 2    = − z  λ    1 −  λ  y    e  −  λ  y       F   σ x   = −  λ 2  u = − z  λ    1 +  λ  y    e  −  λ  y       F   τ x y   = i λ   d u   d y   = − z  λ    i  λ  y    e  −  λ  y        



(12)







To determine its inverse transformation, the inverse function of each function in the right-hand side of Equation (11) can be expressed by Equation (13).


       F  − 1       1 −  λ  y    e  −  λ  y     =  2   3 / 2     π  −  1 / 2     x 2  y     x 2  +  y 2     − 2        F  − 1       1 +  λ  y    e  −  λ  y     =  2   3 / 2     π  −  1 / 2     x 2   y 3      x 2  +  y 2     − 2        F  − 1       i  λ  y    e  −  λ  y     =  2   3 / 2     π  −  1 / 2     x 2   y 2      x 2  +  y 2     − 2        



(13)







According to the convolution theorem, if these functions are the Fourier transforms of the functions, then Equation (14) can be written as follows.


     ∫  − ∞  ∞   F ( λ )    G ( λ )  e  − i λ x   d λ =    ∫  − ∞  ∞   f ( ζ )    g ( x − ζ ) d ζ  



(14)







Using Equation (12) and the convolution theorem from Equation (13), the analytical solution of the stress distribution in the bottom plate subjected to a non-uniform load semi-infinite body can be obtained, that is, the protective seam after mining, as follows.


      σ x = −   2 y  π     ∫  − ∞  ∞         x − ζ    2  q  ζ            x − ζ    2  +  y 2     2       d ζ     σ y = −   2  y 3   π     ∫  − ∞  ∞     q  ζ            x − ζ    2  +  y 2     2       d ζ     τ x y = −   2  y 2   π     ∫  − ∞  ∞       x − ζ   q  ζ            x − ζ    2  +  y 2     2       d ζ      



(15)







Since the self-weight of the subgrade rock was not considered after simplifying the bottom into a semi-infinite plane body, the stress distribution in the actual bottom should be based on Equation (15), plus the stress level due to the self-weight of the bottom rock layer.


      σ x = −   2 y  π     ∫  − ∞  ∞         x − ζ    2  q  ζ            x − ζ    2  +  y 2     2       d ζ − γ y     σ y = −   2  y 3   π     ∫  − ∞  ∞     q  ζ            x − ζ    2  +  y 2     2       d ζ − κ γ y     τ x y = −   2  y 2   π     ∫  − ∞  ∞       x − ζ   q  ζ            x − ζ    2  +  y 2     2       d ζ      



(16)








2.2. Coal Sample Preparation


The coal samples used for the test were taken from a mine in Henan Province, China. The burial depth of this coal seam was about 800 m. Assuming a vertical stress gradient of 25 kPa/m, the geostress was 20 MPa. When drilling for coal blocks down the mine, care was taken that the sampling locations were not too far away to avoid excessive differences between the coal samples. When selecting the target briquettes, the smaller and more broken briquettes were eliminated, and the selected briquettes were transported to the surface, sealed and impact-proofed, and then transported to the laboratory for processing. The prepared coal specimens are shown in Figure 2.




2.3. Test Scheme and Test Process


2.3.1. Test Scheme


In the form of a coal seam group assignment, during protective seam mining, a stress concentration develops in front of the coal wall, and the support pressure propagates downward along the bottom plate of the protective seam. This can disrupt the original stress state of the lower protective seam, resulting in stress on the coal seam within the zone of influence exceeding its original value, thus causing the stress concentration in the lower protected coal seam. The stress concentration in the protected seam was weaker than that in the protective seam because of the loss in the process of the stress transfer. As the working face of the protective layer advanced, the degree of stress concentration gradually decreased, and the disturbed coal seam underneath unloaded and expanded. With the collapse and compaction of the protective seam mining hollow area, the stress under the protected layer gradually recovered.



According to the stress state experienced successively by the protected layer under the protective seam mining for the simplified design of the test chamber stress path, the stress path of the unloading penetration test was obtained in three stages, namely the preloading stage, the axial compression stage, and the simultaneous unloading of the axial pressure and the surrounding pressure.




2.3.2. Test Process


The equipment used for the experiment is shown in Figure 3.



Conventional triaxial tests: Conventional triaxial compression tests were conducted under four hydrostatic pressure conditions of 5 MPa, 10 MPa, 15 MPa, and 20 MPa. In the preloading stage, the axial and radial stresses were applied to the set value by means of equal pressure loading, and the loading rate was 1 MPa/min. In the stabilization phase, the hydrostatic pressure state was maintained for a certain period of time. In the loading phase, a constant circumferential pressure was applied under a displacement control (0.2 mm/min) as well as an axial pressure until the end of the test (deemed to be the time when the sample was damaged).



Unloading tests: In the preloading stage, axial and radial stresses were applied to the set value by means of equal pressure loading. In the stabilization phase, the hydrostatic pressure state was maintained for a certain period of time. In the loading phase, constant circumferential pressure was applied at a rate of 0.002 mm/s to a predetermined stress (0.8 times the triaxial compressive strength).



In the unloading stage, an axial displacement control and a circumferential stress control were adopted to ensure that the axial stress could continue to be applied beyond the peak. The circumferential and axial pressures were reduced unequally, and the rate of circumferential pressure reduction was greater than that of axial pressure reduction, where the axial loading rate was reduced to 0.001 mm/s and the rate of circumferential pressure reduction was 0.1 MPa/s. Immediately after the destruction of the coal sample during the test, we stopped unloading the surrounding pressure, and continued to load the axial pressure in the original manner until the end of the test.






3. Experimental Results


Under conventional triaxial compression test conditions, the internal fracture development characteristics of the coal samples at different stress stages were different, and the internal fracture evolution of the coal samples changed irreversibly when the stress reached the yield stress. The coal samples were destroyed when the peak stress was reached, while the destroyed coal samples still bore a certain residual stress under the action of the surrounding pressure. According to the results of the conventional triaxial compression tests, it can be concluded that when the stress reached 0.8 times the peak stress, the coal sample was in the plastic deformation stage. Therefore, during the unloading test, 0.8 times the peak stress was selected as the unloading point.



According to the stress–strain results of the coal body under the conventional triaxial test conditions, the unloading starting point of the unloading path was selected, and unequal unloading perimeter pressure and axial pressure tests were conducted. The stress–strain curves are shown in Figure 4.



Figure 4 shows that the stress path experienced by the coal sample before unloading was consistent with that under conventional triaxial test conditions, and its stress–strain curve was similar to that of the conventional triaxial test. However, upon axial and radial unloading, the stress–axial strain curve demonstrated a sudden upwards trend. The slope of the curve suddenly increased, the yielding stage before the peak was significantly shorter than that of the conventional triaxial test, and the axial strain value at the maximum partial stress decreased significantly, i.e., the unloading path before the peak accelerated the yielding of the specimen. From the unloading point, the bias stress–lateral strain curve trended downwards, the slope of the curve decreased, and the bias stress–volume strain curve suddenly changed its original trend after the start of unloading and appeared to turn left, indicating that the deformation of the coal sample changed from compressive to expansive. According to the post-peak curve, it can be seen that the post-peak stress drop gradient of the unloaded coal body under the four circumferential pressures was larger, i.e., the axial strain changed less during the post-peak stress drop, indicating that the post-peak damage of the unloaded coal sample was dominated by brittle damage characteristics, and its ductile damage characteristics were substantially weakened compared to those observed during conventional triaxial testing.




4. Discussion


4.1. Analysis of the Deformation Parameter Variation Characteristics


The formula for calculating the deformation parameters of the material under uniaxial compression test conditions is shown below.


  E =    σ 1     ε 1     



(17)






  μ = −    ε 3     ε 1     



(18)




where  E  is the modulus of elasticity and  μ  is the Poisson’s ratio.



Under conventional triaxial test conditions, the surrounding pressure was unchanged, and in Equation (17) could be replaced by      σ   1   −   σ   3     and thus calculate the deformation parameters. Under the unloading path, the surrounding pressure started to decrease from the unloading point, so the solution of the deformation parameters was also different from the conventional triaxial solution method, requiring consideration of the effects of lateral deformation and the surrounding pressure. According to the previous research [40,41,42], a generalized form of Hooke’s law was invoked.


      E =    σ 1  − 2 μ  σ 3     ε 1        μ =   B  σ 1  −  σ 3     σ 3    2 B − 1   −  σ 1        B =    ε 3     ε 1         



(19)








4.2. Deformation Modulus Analysis


The calculation was carried out according to Equation (19), and the variation curve of the deformation modulus of the coal samples with the surrounding pressure during unloading was plotted, as shown in Figure 5.



As illustrated in Figure 5, the deformation modulus decreased with the unloading of the surrounding pressure, and its decrease was divided into two stages, with a gentle decreasing trend in the first stage and a sharp decrease in the second stage. Under different initial envelope pressures, the deformation modulus also showed an increasing trend with an increase in the initial envelope pressure at the beginning of the unloading stage. With continued unloading, the curves showed a change in the deformation modulus with an envelope pressure cross, showing certain dispersion and uncertainty.




4.3. Analysis of the Deterioration of the Deformation Modulus


As shown in Figure 5, the deformation modulus showed a clear deterioration effect with the decrease in the surrounding pressure. To clarify the evolution of damage to the coal samples during unloading, the damage caused by unloading was assumed to be uniformly distributed within the coal sample, and the one-dimensional damage factor [43] was defined according to the effective stress concept and strain equivalence principle, as shown below.


  D = 1 −   E ˜    E 0     



(20)




where   E ˜   is the effective deformation modulus during unloading and    E 0    is the deformation modulus at the initial point of unloading.



Based on Equation (20), the variation of the damage factor with the surrounding pressure was obtained, as shown in Figure 6.



According to the trend in the deterioration of the deformation modulus of the coal body after the start of unloading, the damage factor pertaining to the coal body increased with the decrease in the surrounding pressure (the trend was flat at first, then rapid). At the same time, the damage factor increased with the increase in the initial surrounding pressure. The relationship between the damage factor and the surrounding pressure in the figure was fitted, and the fitting general formula, fitting parameters, and their correlation coefficients for the coal damage factor and the surrounding pressure under different initial surrounding pressures are shown in Table 1. As shown in Figure 6, the regression curve fit the test data. Three of the fitting parameters could be expressed as polynomial functions of the initial envelope pressure, as shown in Equation (21).


      A = 0.0127  σ 3 3  − 0.49195  σ 3 2  + 5.76233  σ 3  − 15.06026     B = 0.04745  σ 3 2  − 1.34511  σ 3  + 10.89527      D 0  = 0.00168  σ 3 3  − 0.07586  σ 3 2  + 1.10523  σ 3  − 5.14394      



(21)








4.4. Analysis of Poisson’s Ratio Variation Characteristics


According to Equation (20), the variation of Poisson’s ratio with the surrounding pressure was obtained, as shown in Figure 7.



As presented in Figure 7, during the unloading process, Poisson’s ratio decreased with the decrease in the surrounding pressure, slowly increasing in the first period and sharply increasing thereafter. Meanwhile, the generalized Poisson’s ratio exceeded 0.5. According to the analysis of the stress state of the coal body and its deformation characteristics during the test, it was known that the unloading of circumferential pressure could be equivalent to applying tensile stress in the ring direction of the coal sample. The lateral deformation of the coal body developed rapidly under the action of ring stress, causing Poisson’s ratio to exceed the limiting value. Poisson’s ratio tended to increase with the increase in the initial surrounding pressure.



The relationship between Poisson’s ratio and the surrounding pressure was fitted by using the general equation of exponential function, and the relationship between Poisson’s ratio and the surrounding pressure of the coal samples under different initial surrounding pressure was obtained. The fitting equation and the fitting parameters are listed in Table 2.



 M  and  N  are the coefficients related to the nature of the coal body itself and the stress paths and magnitudes of the applied stresses.    μ 0    can be used to characterize the ratio of lateral deformation to axial deformation in the more stable unloading phase before the peak of the coal sample. As shown in Figure 7, the regression curves fit the test data. Three of the fitted parameters could be expressed as polynomial functions of the initial enclosing pressure, as given by the following.


      M = 0.00442  σ 3 2  − 0.1066  σ 3  + 1.09581     N = − 0.02515  σ 3 2  + 0.61892  σ 3  + 0.75515      μ 0  = 0.00029  σ 3 3  − 0.01133  σ 3 2  + 0.15021  σ 3  − 0.29134      



(22)








4.5. Analysis of the Strength Characteristics of Coal on the Unloading Path


According to the stress–strain curves obtained from the conventional triaxial and unloading tests, the peak strength of the unloaded coal sample was lower than that of the conventional triaxial at the same initial enclosing pressure. According to the relationship between the change in the axial stress and circumferential stress of the coal samples during the unloading test, the peak strength and residual strength curves of the unloaded coal samples under different circumferential pressures were plotted and compared with the conventional triaxial. The relationship curves were fitted using linear functions, as shown in Figure 8.



The Mohr–Coulomb intensity criterion is shown in Equation (23).


   σ 1  =   1 + sin ϕ   1 − sin ϕ    σ 3  +   2 c ⋅ cos ϕ   1 − sin ϕ    



(23)







The general equation obtained by fitting the experimental data is shown in Equation (24).


   σ 1  = a  σ 3  + b  



(24)







Namely,


  a =   1 + sin ϕ   1 − sin ϕ    



(25)






  b =   2 c ⋅ cos ϕ   1 − sin ϕ    



(26)




where   a   and   b   are the fitting parameters, c is the cohesion, and  ϕ  is the angle of internal friction.



The cohesion and the angle of internal friction were solved according to the fitted relationship and parameters pertaining to the data shown in Figure 8. The cohesion of the peak of the conventional triaxial test was calculated to be 4.25 MPa, the cohesion of the residual strength was 1.25 MPa, the cohesion of the peak of the unloading test was 0.28 MPa, and the cohesion of the residual strength was 0.13 MPa. The internal friction angle of the peak of the conventional triaxial test was 36.41°, the internal friction angle of the residual strength was 34.35°, the internal friction angle of the peak of the unloading test was 50.03°, and the internal friction angle of the residual strength was 47.17°. The internal friction angle of the peak of the unloading test was 50.03°, and the internal friction angle of the residual strength was 47.17°. It can be seen that the cohesion of the coal body under unloading conditions was significantly reduced, while the angle of internal friction increased. The cohesion of the coal samples under unloading conditions was found to be significantly reduced, which was because the binding force of microcracks was weakened during the unloading test due to the reduction in the surrounding pressure, allowing the coal body expand more. The surrounding pressure remained unchanged during conventional triaxial testing, so there was a clear difference between the two. Meanwhile, the cohesion of the residual strength was reduced by 70.59% from the peak in the conventional triaxial test and by 53.57% in the unloading test. There was a 5.66% reduction in the internal friction angle of the residual strength from the peak in the conventional triaxial test and a 5.72% reduction in the unloading test. It was shown that the cohesion decreased more, while the internal friction angle decreased less and the change therein was insignificant.




4.6. Analysis of the Brittleness and Ductility Transformation of the Coal Samples


Based on the previous studies, it is known that the mechanical response of the coal rock body exhibits significant pressure correlation [44], and based on the present research results, the characteristic stresses (yield stress, peak stress, and residual stress) on the coal body all increased with the increase in the envelope pressure. The analysis of Figure 4 and Figure 5 revealed that the extent of the pressure drop after the peak of the stress–strain curve of the coal sample varied with the increase in the surrounding pressure, i.e., the damage characteristics of the coal samples varied with the change in the surrounding pressure. The transformation process of the brittle and ductile properties of the coal rock mass under triaxial compression was generalized [45], as shown in Figure 9.



Figure 9 demonstrated that when the surrounding pressure was low, the restraint capacity of lateral deformation of coal sample decreased, which made the post-peak stress fall rapidly and approach complete brittleness. With an increase in the surrounding pressure, the restraint capacity of lateral deformation increased continuously, the characteristic value of each stress of the coal sample increased continuously, the post-peak stress drop decreased continuously, and the transformation from brittle to ductile continued. When the surrounding pressure increased to a certain degree, the lateral deformation was significantly restrained. Even if the rock was damaged, its bearing capacity could still be maintained, i.e., a fully ductile state was mobilized.



Numerous scholars have conducted extensive research into the brittle nature of rock, and several rock brittleness indicators have been proposed based on rock strength indicators, stress–strain curves, and rupture angles. Zhang et al. [46] proposed a new brittleness index for studying rocks by considering the joint influence of the pre- and post-curve peaks on the degree of rock brittleness, as shown in Equation (27). Based on this, the brittleness–ductility characteristics of the conventional triaxial tests and unloaded coal bodies were analyzed, as shown in Figure 10.


   B 1  =    ε r     σ  3 c   −  σ r       σ  3 c      ε r  −  ε  3 c       +  2  π  ε  3 c     arctan    σ  3 c      ε  3 c      



(27)







As shown in Figure 10, the brittleness indices of the coal samples under conventional triaxial test conditions were all smaller than those in the unloading tests. The smaller the initial enclosure pressure, the greater the difference between the brittleness indices of the coal samples of the two test schemes. The larger the initial enclosure pressure, the smaller the difference, indicating that the brittleness of the coal samples under the unloading path was enhanced. This became more obvious when the initial enclosure pressure was lower. While under the same test path, the brittleness indices of the coal samples also decreased with the decrease in the enclosure pressure, and the range of the brittleness indices of the coal samples with the decrease in the enclosure pressure under the conventional triaxial test path was smaller than that under the unloading test path. This was because under the unloading path, with the reduction in the circumferential pressure, the circumferential binding force of the coal sample gradually weakened, especially when the initial circumferential pressure was small. The unloading of the circumferential pressure reduced the residual circumferential pressure to a lower level, which could not restrain the lateral deformation, leading to the destruction of the coal sample after making the post-peak stress fall sharply and making the brittle damage characteristics more obvious.





5. Conclusions


	(i)

	
Under the unloading path, the bias stress–axial strain curve showed a sudden upward trend after the beginning of unloading, and the slope of the curve increased suddenly, which was more obvious after the peripheral pressure exceeded 10 MPa, and the stress unloading before the peak accelerated the yielding of the specimen.




	(ii)

	
Under the unloading test path, the deformation modulus of the coal samples decreased with decreasing enclosure pressure, while the damage factor and Poisson’s ratio increased with decreasing enclosure pressure.




	(iii)

	
Compared to the conventional triaxial test, the cohesion at peak stress decreased by 93.41% and the angle of internal friction increased by 37.41% for the coal samples under unloading conditions. The residual cohesion decreased by 89.60% and the angle of internal friction increased by 37.44°.




	(iv)

	
Compared to conventional triaxial test conditions, the brittleness indices of the coal samples under unloading conditions with an enclosing pressure of 5 MPa, 10 MPa, 15 MPa, and 20 MPa increased by 178.83%, 159.18%, 87.93%, and 63.89%, respectively. The results indicated that the larger the circumferential pressure, the smaller the difference in the brittleness index.
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Figure 1. Model of the force on the floor. 
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Figure 2. Partial coal specimens. 
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Figure 3. Experimental equipment. 






Figure 3. Experimental equipment.



[image: Sustainability 16 00922 g003]







[image: Sustainability 16 00922 g004] 





Figure 4. Stress–strain curves of coal under the unloading path. 
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Figure 5. Deformation modulus of the coal samples under the unloading path. 
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Figure 6. Deterioration characteristics of the damage factor of the coal samples under the unloading path. 
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Figure 7. Deterioration characteristics of the poisson’s ratio of the coal samples under the un-loading path. 
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Figure 8. Strength characteristics of coal in the conventional triaxial test and unloading test. 
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Figure 9. Schematic diagram of the transformation of the brittle–ductile characteristics of the samples. 
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Figure 10. Change trend of the coal sample brittleness index. 
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Table 1. Damage parameter fitting curve and the related parameters.
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