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Abstract. 
After a gas drainage event causes different degrees of initial porosity in the coal seam, the heterogeneity of the coal mass becomes much more obvious. In this paper, soft coal testing samples with different degrees of heterogeneity were prepared first by a new special experimental research method using hydrogen peroxide in an alkaline medium to generate oxygen. Then, a series of mechanical tests on the soft coal mass samples were carried out under multiple factor coupling conditions of different heterogeneities and confining pressures. The results show that with a low strength, the ductility failure characteristic and a kind of rheology similar to that for soft rock flow were reflected for the soft coal; i.e., the stress-strain curve of the coal mass had no apparent peak strain and residual strength. An interesting phenomenon was found in the test process: there was an upwardly convex critical phase, called the brittle-ductile failure transition critical phase, for the heterogeneous soft coal mass between the initial elastic compression phase and the ductile failure transition phase in the stress-strain curve of the coal mass. An evolution of the brittle-ductile modulus coefficient of the soft coal was developed to analyze the effect of the internal factor (degree of heterogeneity) and external factors (confining pressure) on the transition state of the brittle-ductile failure of soft coal. Further analysis shows that the internal factor (heterogeneity) was also one of the essential factors causing the brittle-ductile transition of soft coal.

1. Introduction
A soft coal mass with a complex composition and a cementation structure is a typical inhomogeneous medium and has more complicated mechanical properties compared with other rock masses [1–7]. In addition, due to the high number of interformational pores, fractures, and microfractures caused by the occurrence of gas, this kind of gas-filled coal mass was found to be damaged to varying degrees [8–11]. In high gas and deep mines, the “three fields of surrounding rock,” i.e., the original rock stress field, the mining stress field, and the support stress field, will change after a gas drainage event or roadway excavation, which will result in instability of the surrounding rocks and even lead to some dynamic destructive disasters, such as coal and gas bursts or rock burst, causing an unrecoverable loss of economy and time [12–20]. In particular, under a high-stress environment and a complex disturbance stress field, the high-pressure gas inside the coal mass not only weakens the strength of the coal but also leads to nonlinear characteristics of the coal mass. Therefore, the mechanical properties of a heterogeneous coal rock mass are dynamically changing under the influence of different stress fields and gas pressure fields in the deep underground.
For the heterogeneity of the soft coal mass, most scholars in past research programmes believed that the parameter value of the mesoscopic unit of the coal mass followed the Weibull distribution [21–24] which could be evaluated by using one defined Weibull distribution function. Additionally, numerous results show that the macroscopic mechanical properties of the soft coal mass depend largely on the heterogeneity of the mesoscopic parameters [25, 26], which is the main reason for the macroscopic inhomogeneity and nonlinear characteristics of the coal mass under an external load [27–31]. Feng and Zhao [32] studied the relationship between the macroscopic deformation behaviour of rock and the mechanical properties of the mesoscopic particles and found that regardless of whether its mesoscopic particles are an ideal elastic-plastic material, an extremely brittle material, or a transitional material, the macroscopic deformation behaviour of the rock depends only on its heterogeneity. Furthermore, the more uniform the mesoscopic particle distribution of the rock is, the more obvious the brittle characteristics of the rock. In contrast, the less uniform the mesoscopic particle distribution of the rock is, the more obvious the elastoplastic characteristics of the rock. Yang et al. [33] found that the inhomogeneity caused by material defects played a key role in the distribution of small voids and cracks in the materials, as well as in the mode of crack propagation. Hudyma et al. [34] showed that the relationship between the mechanical characteristics and the porosity of tuff was that with increasing porosity; its compressive strength and elastic modulus were reduced. From the above, heterogeneity is clearly an important index and has been widely used by scholars to evaluate the mechanical parameters of coal and rock masses. Moreover, the damage accumulation of the rock mass depends largely on the homogeneity of the rock, especially the impact fragmentation of brittle heterogeneous solids [35].
Recently, with the increasing depth of mining, the mechanical characteristics of the coal and rock around roadways at high pressure, high gas pressure [36, 37], and high temperature [38, 39] have been systematically researched. Yang et al. [40] obtained the failure mechanisms and stability control technology for a deep roadway with some soft rocks in the Xin’an Coal Mine in Gansu Province, China, and one new useful “bolt-cable-mesh-shotcrete+shell”-combined support was proposed to support the ventilation roadway. Yu et al. [41, 42] proved that the fracture expansion of the coal and rock mass caused its permeability to increase, weakening the surrounding rock strength. Then, they proposed a core support technology with a prestressed truss anchor cable to support the roadway.
The mechanical properties of intact hard rocks with high homogeneity will change under certain conditions. Researchers found that under high temperature, high confining pressure, and other conditions, the rock would transition from brittle failure to ductile failure [43–45]. Generally, the heterogeneity of rocks is a concentrated expression of microcracks and rock defects from a microperspective. From a macro perspective, it is the result of the dynamic development and penetration of macrocracks and pores, as well as the coupling of various other influencing factors such as water and gas. This special property of rock is not an idealized assumption of simple and single conditions but is the result of multidimensional, multifactor, and multilevel coupling. Unfortunately, most of the researches on the special characteristics of the brittle-ductile transition of rock are concentrated on the analysis of mechanical properties of rock by external single factors (e.g., single confining pressure and single temperature), thus neglecting the influence of mutual coupling with internal factors of rock (e.g., heterogeneity, water, gas, and temperature). Therefore, this paper takes the heterogeneous coal seam mining affected by gas or after gas extraction as the engineering background. A series of mechanical tests were carried out on heterogeneous soft coal samples. The influence of the internal factors (heterogeneity) and external factors (confining pressure) on the brittle-ductile failure and mechanical characteristics of the coal mass was analyzed in detail. The brittleness-ductility of the soft coal mass model was established. Then, the change law of the internal structure of the soft coal mass affected by the gas was inferred.
2. Effect of Gas on the Heterogeneity and Mechanics of Soft Coal Mass
Similar to loose soil, the gas-filled coal mass is easily destroyed under a complicated stress condition due to its soft structure, low strength, poor deformation resistance capability, and the fact that the internal area contains many weak surfaces and original damage. After gas drainage in the coal seam, the coal mass becomes loose and soft, showing macroscopic heterogeneity and nonlinear characteristics due to the combined disturbed stress field.
The heterogeneity parameters of the coal medium are reflected by the expansion degree of the specimen (i.e., the initial porosity of the different coal samples), as shown in equation (1):
where  is the heterogeneity parameter of the coal mass,  is the rock material constant,  is the porosity (initial porosity) of the coal mass, and  is the initial heterogeneity parameter of the soft coal mass.
The comprehensive effect of axial compression, confining pressure, and gas pressure on the gas-filled coal mass can be expressed by an abstract macroscopic effective stress, which is an equivalent parameter to describe the deformation process of the coal mass [46]. The effective stress  can be determined [47]:
where , the rock porosity is related to heterogeneity ,  is the pore pressure of the gas, and  is the total stress of heterogeneous coal and rock.
Assuming that the failure of heterogeneous soft coal conforms to the Mohr-Coulomb failure criterion, the effective stress failure criterion can be obtained:
where  is the cohesive force and  is the internal friction angle.
By substituting equation (2) into (3), we can obtain

Let , where  is the effective internal friction angle, and the value is related to the heterogeneity of the coal and rock mass.

Equation (5) shows that the effective shear strength of the heterogeneous coal and rock mass is composed of cohesion, one strength caused by the stress variable  and another strength caused by the stress variable . The strength caused by the stress variable  is related to the angle of internal friction, while the shear strength caused by stress variable  is related to the effective internal friction angle.
Let , where  is the effective cohesion. Therefore, equation (5) can be simplified as follows:

The stresses  and  in the plane are determined by the stress circles of the principal stresses  and , as follows:

According to equation (7), the obtained theoretical curve of heterogeneous coal is shown in Figure 1. The triaxial compressive strength (TCS) of coal is affected by gas pressure and heterogeneity . Under the action of gas, the TCS of the coal sample decreases linearly with the increase of gas pressure and the coal with higher heterogeneity has lower peak strength.




			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
		
			
			
		
			
			
		
			
		
			
			
			
		
			
		
			
			
			
		
			
		
			
			
			
			
			
			
			
		
			
			
			
		
			
		
			
			
			
		
			
		
			
				
			
				
				
				
				
				
			
			
				
			
				
			
				
			
				
				
				
				
				
			
			
				
			
				
			
				
				
				
				
				
			
			
				
		Figure 1: Theoretical curves of peak strength, gas pressure, and heterogeneity of heterogeneous soft coal rock mass ( MPa, internal friction ).


3. Test Design for a Heterogeneous Soft Coal Specimen
3.1. Process Flow and Preparation Principle
Due to unfavorable construction conditions and test equipment factors, it is difficult to obtain raw coal samples underground. However, corresponding rock samples could simulate the characteristics of raw coal [48–50]. Niu et al. [51, 52] have done a lot of researches on natural and reconstituted anthracite coals, and the results show that the swelling strain of reconstituted coal is similar to the homogeneous isotropic variety. Therefore, this method is used to produce heterogeneous soft coal specimens. The specimens consisted of anthracite coal ash through a 100 mesh screen (the average diameter is 150 μm) as the main aggregate and P32.5 ordinary Portland cement as the main cementitious material, and the degree of heterogeneity was controlled by 30% hydrogen peroxide, which generated oxygen through the disproportionation reaction in the alkaline medium, as shown in the chemical reaction equation (8), to create pores and fissures in the specimens. The basic weight ratio of the white cement to anthracite coal ash in the specimen was 7 : 3, and the water to cement ratio was 0.4.

Additionally, to reduce the three-dimensional distribution of pores and cracks in the sample, we first used the mixer to mix and tamp the sample fully. Then, the coal samples that were screened twice by comparing the quality and testing the rock wave velocity were selected for the test.
Figure 2 illustrates the process flow for preparing specimens with different heterogeneities. The main flow of the sample preparation is as follows: First, the raw materials (except hydrogen peroxide) were measured at the set ratio and the uniform slurry was stirred at a water temperature of approximately 20°C, with the mixing time controlled within 60~80 s. Then, the designated quantity of hydrogen peroxide was added to the slurry and quickly stirred. The chemical reaction occurred after mixing hydrogen peroxide and other materials. Generally, the basic chemical reaction time and initial setting time of the cement were less than 5 min and 10 min, respectively. In the preparation of samples, H2O2 and other aggregates need to be stirred and poured into the mould with other complex procedures. These procedures will take a lot of time, so it is required that adding the H2O2 mixture should be completed in a relatively short time (controlled within 30-40 s). Except for the test specimens into which hydrogen peroxide was not added, the other test samples were filled to 70% of the mould volume. To reduce error, it was forbidden to cast multiple sets of specimens at once. After the vibration compaction and initial setting of the test specimens, the expansion process was observed and recorded for 8 hours. After removing the expansion and smoothing the ends, the specimens were demoulded from the containers and maintained for 28 d at room temperature according to the International Society for Rock Mechanics (ISRM) standards [53, 54].




		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
		Figure 2: Preparation process for a gas-affected heterogeneous soft coal mass specimen.


The test moulding tool is a customized three-opening mould made of cast iron, as shown in Figure 3, which can create a standard test piece with a height and diameter ratio of 2 : 1 (). Figure 3(a) indicates that no expansion occurred in the mould without hydrogen peroxide. The hydrogen peroxide is easily dispersed in the concrete, and the gas velocity and mass can be controlled by the temperature, the concentration of the hydrogen peroxide, and the stirring speed. Different test pieces with different degrees of heterogeneity were made by this process. When only 2% of hydrogen peroxide was added, the volume of coal expanded by 30% (Figure 3(b)).
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		(b)
Figure 3: Swelling behaviour of rock-like specimens made with different hydrogen peroxide contents: (a) specimen without expansion (%, ); (b) specimen with expansion of 30% (%, ).


3.2. Test Scheme
The species were all tested in the digital control electrohydraulic servo rock test system developed by the Wuhan Institute of the Chinese Academy of Sciences (RMT-150C). The test equipment is mainly used for mechanical property testing of rock and concrete materials. Fourteen sensors are equipped to record the load, stress, strain, displacement, and other parameters from the axial and transverse direction of the specimen during loading. The settings of the axial loading rate and the confining pressure loading rate are 0.20 kN/s and 0.05 MPa/s, respectively, and two levels of confining pressure (2.0 MPa and 4.0 MPa) are set for the triaxial test and the uniaxial compression coupling factor test, respectively, for different heterogeneous and gas content soft coal samples.
A comparison test of 6 groups of samples with hydrogen peroxide content varying from 0% to 5% (with % indicating the mass ratio of the hydrogen peroxide content to the aggregate) was established.
According to equation (1), each initial porosity of the soft coal specimen corresponds to the degree of heterogeneity parameter. In this paper, the  value of soft coal is 10 and the value of  is 1 to reflect the mechanical properties of the heterogeneous soft coal mass. The corresponding relationship is shown in Table 1.
Table 1: Relationship between initial porosity and the heterogeneity parameter of the specimen.
	

	Number	Hydrogen peroxide content (%)	Average dilation volume (%)	Heterogeneity ()
	

	A	0	0	1.0
	B	1	25	3.5
	C	2	30	4.0
	D	3	40	5.0
	E	4	45	5.5
	F	5	50	6.0
	



4. Results and Discussion
4.1. External Single Factor (Confining Pressure)
Figure 4 shows the stress-strain curves of the specimens with heterogeneous  under triaxial and uniaxial compression tests. Compared with the uniaxial tests, the test curve obtained under the triaxial confining pressure tests has no apparent peak strain and residual strength, presenting a kind of rheology similar to that for the soft rock flow.




			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
		
			
		
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
			
				
			
				
			
				
					
				
				
					
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
				
				
					
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
					
					
					
					
					
					
					
					
					
					
					
					
				
				
				
					
			
		Figure 4: Stress-strain curves of triaxial and uniaxial compression tests for nonexpansive specimens ().


4.2. Internal Multifactor Coupling (Confining Pressure, Heterogeneity, and Gas Content)
The triaxial compressive stress-strain test results of the soft coal masses with different heterogeneities and gas content under different confining pressure couplings are shown in Figure 5. The test curve is similar to the experimental results of the coal mass with less homogeneity, and there is no obvious peak strain or residual strength. In the process of compression, the effects of the degree of initial porosity (i.e., the heterogeneity parameter ) on the coal mass deterioration are different (Figure 5(a)). The microcracks and pores can produce more massive fissures during the stress loading process, and the specimens will be destroyed when the pores and fissures penetrate to the end (Figure 5(b)).
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		(b)
Figure 5: Stress-strain law of the triaxial test under different confining pressures: (a) 2 MPa confining pressure test and (b) 4 MPa confining pressure test results and failure modes of specimens.


The failure of the specimen (Figure 5(b)) shows that dilatancy failure is the main damage form for the soft coal mass with a low degree of heterogeneity ( value is within 1~4). With increasing degree of heterogeneity (), the distribution of the internal mineral medium becomes more nonuniform, the overall structure becomes worse, and microcracks and pores gradually develop, while the cohesive force decreases slowly. At this point, dilatancy failure can be clearly observed. As the degree of heterogeneity of the coal mass increases, the damaged form of the specimens will become loose and broken due to dilatancy and expansion (see Figure 5(b)).
4.3. Brittle-Ductile Failure of Heterogeneous Soft Coal under Multiple Factor Coupling
After further analysis of the stress-strain failure curves of the specimens with different heterogeneities (shown in Figure 5(a)), the compression process can be divided into the compaction stage, the elastic stage, and the strain-hardening stage. As shown in Figure 5, there is an upwardly convex critical phase between the initial linear elastic compaction phase and the ductile failure phase. And we call this as a critical phase which is a brittle-ductile failure transition phase. The key to distinguish this critical phase is the process of the strain curve from the linear elastic phase to the plastic rupture phase, in which the slope of the tangent line at one point of the overstrain curve is larger than that of the tangent line at the latter point of the critical phase. Figure 6 shows the determination of the critical phase. The slope of the tangent line at point  is larger than that at point  (i.e., ), and hence, the slope can be regarded as the critical phase. Several points fit into the critical phase; therefore, in order to determine the critical inflection point  more accurately in the critical phase, we can select the average value of stress increments in the critical phase as the critical inflection point value , i.e., the critical inflection point value .




			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
			
		
			
		
			
			
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
			
			
		
			
			
		Figure 6: Determination of the critical phase and critical inflection point.


The deformation process of the coal mass exhibits an ideal elastic to brittle feature before point . After this point , the coal mass undergoes typical strain-hardening plastic flow. If the degree of heterogeneity is higher (i.e., the  value increases from 1 to 6), the critical inflection point stress value  is lower (i.e., the critical inflection point stress value  drops from 7.1 MPa to 2.5 MPa). Besides, the compaction degree of the pore and fracture in the line-elastic phase of the coal sample decreases with the increase of heterogeneity parameter . In contrast, the strain grows rapidly after this point and the stress is almost unchanged. The critical inflection point  is one key factor in predicting whether the specimen undergoes ideal brittle failure or the transformation of failure due to strain hardening.
The brittle-ductile transition failure occurs obviously in the soft coal body under the coupling of multiple factors (e.g., confining pressure and heterogeneity). To further explore whether or not the intrinsic factor (heterogeneity) of the soft coal mass can change the brittle-ductile transition failure of the coal, in this section, the critical inflection point stress value  of the brittle-ductile failure transition of the heterogeneous soft coal mass is analyzed statistically, and the relationship between the critical inflection point stress value and the degree of heterogeneity is obtained, as shown in Figure 7.




			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
				
				
			
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
				
					
				
					
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
				
				
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
			
			
				
				
				
				
				
				
				
				
				
				
				
				
			
		Figure 7: The relationship between the critical inflection point stress value and the degree of heterogeneity of the soft coal mass.


The linear regression equation of the test data was obtained by linear function regression, as follows:
(i)Under 2 MPa confining pressure:(ii)Under 4 MPa confining pressure:
Considering fixed external factors (confining pressure), equations (9) and (10) further indicate that the coal mass with a higher degree of heterogeneity  has a lower stress value for the brittle-ductile critical inflection point  and that the probability of brittle-ductile transition of coal increases, i.e., an easier transition from dilatancy and expansion to loose and broken rock. In addition, the variation of the confining pressure has some effect on the change of the critical inflection point stress value. The higher the confining pressure is, the larger the value of . Therefore, a higher confining pressure can increase the integrity of the soft coal mass and enhance its bearing capacity.
5. Brittle-Ductile Failure Transformation of Soft Coal
5.1. Brittle-Ductile Failure
The process from brittle failure to ductile failure of rock is not merely the result of a single factor but more the result of multifactor coupling. In actual complex underground rock engineering, the coupling of high pressure, high temperature, and high pressure gas is often encountered. Therefore, the multifactor coupling is the fundamental reason for the brittle-ductile failure transformation of rock. However, it has great limitations with regard to analyzing the brittle-ductile transition of rocks when compared to only using a single factor, which is an idealized assumption of rock mechanics research. The brittle-ductile failure transition of soft coal refers to the three-dimensional stress relief caused by excavation, gas pressure reduction caused by gas drainage from boreholes, increased heterogeneity of coal mass, or the superposition of various engineering blasting and mining disturbance stresses in deep complex rock engineering. These processes change the external factors (stress environment) and internal factors (heterogeneity) of the coal mass, causing the coal mass to undergo a change from stress concentration to stress relief and then to stress concentration and the corresponding rock to undergo a shift from compaction to loose and then to compaction. Therefore, the change refers to the evolution of the coupling factors between the internal homogeneity and the external stress state of the rock, resulting in different degrees of the brittle-ductile transformation of the coal mass.
The distinction between the brittle and the ductile behaviour depends on whether a macroscopic fracture forms (strain localization occurs) after substantial permanent straining (see Figure 8) [44]. In soft coal, brittle deformation is cataclastic in nature, where deformation involves microcrack formation and frictional sliding along grain boundaries, whereas ductile deformation (different degrees of heterogeneity) transitions to delocalized cataclasis (or “cataclastic flow”). Also, as deformation becomes increasingly ductile, internal factors (pore collapse) begin to play a more significant role than microcracking, leading to an initially compactant stage in porous soft coal deformation.




			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 8: Schematic illustrating changes in failure patterns in relation to internal and external factors and ductility (revised from [44]).


By simplifying the curves and data in Figures 5 and 7, the stress-strain curve of the idealized soft coal mass is obtained [32, 55, 56], as shown in Figure 9. The influence of the confining pressure and the degree of heterogeneity coupling factors on the failure evolution of the soft coal mass is described by  in the figure. Under the influence of an external factor, i.e., a low confining pressure, the damage form of the coal mass is an ideal elastic-plastic failure. Both the  and the elastic-plastic-ductile transition of the failure state of the coal mass decrease faster due to the increase in the confining pressure. Furthermore, the residual strength of the postpeak coal mass increases, and the ductility is enhanced. The heterogeneity of the soft coal mass also has a significant impact on the transformation between failure modes. The higher the heterogeneity parameters are, the faster the change in the elastic-plastic-ductile failure state of the coal mass (the lower critical inflection point value). According to the results given in Figure 7, the influences of the confining pressure and heterogeneity on the brittle-ductile critical transition state of soft coal are discussed in the next section.




			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
		
			
		
			
			
			
			
		
			
			
			
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
		
			
		
			
		
			
			
			
			
			
			
			
			
		
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
		
			
		
			
			
		
			
				
				
				
			
		
			
				
				
				
			
		
			
				
				
				
			
		Figure 9: Idealized triaxial stress-strain curve of soft coal mass (revised from [32, 55, 56]).


5.2. External Factors (Confining Pressure) on Brittleness-Ductility of Soft Coal Mass
The value of  in Figure 9 can be named the brittle modulus, which is the absolute value of the slope of the stress-strain curve at the softening stage after the peak softening of the coal rock specimen and is obtained by
where  is the difference between the peak strength and the residual strength and  is the axial plastic strain during the process of coal mass strength degradation.
Figure 9 shows that with an increase in the confining pressure, the postpeak brittleness and the plasticity of soft coal decrease and the transition to ductile damage gradually evolves. During the increase in confining pressure, a dynamically evolving postpeak brittle-ductile modulus factor can be established:
where  is the brittle modulus of the soft coal mass under uniaxial loading, , and  is the brittle modulus of the soft coal mass under confining pressure.
The corresponding brittle modulus and brittleness coefficient obtained from the triaxial test data of Tennessee marble [55, 57], Gebdykes dolomite [58], Vosges sandstone [59], and heterogeneous soft coal mass are shown in Table 2, and the relationship between the confining pressure and the brittle-ductile modulus of the rock is shown in Figure 10. The brittle modulus  of the rock changes gradually with the confining pressure; i.e., the brittle-ductile modulus coefficient  of the rock undergoes an evolution process with the change of the confining pressure (the  value changes from 0 to 1). According to the heterogeneous coal rock mass and multiple experimental [55, 57–59] results, we obtained the variation law of the brittle-ductile transition inflection point stress  of the rock (see Figure 6). Based on this law, in the relation curve of the confining pressure and brittle-ductile modulus, a brittle-ductile modulus transition boundary of rock can be determined. At present, the brittle-ductile modulus  value is approximately 0.2. According to Figure 10, from the analysis, it can be seen that when the  value is between 0.2 and 1, the coal and rock mass show ideal brittle failure, and the corresponding brittle modulus coefficient is now called the brittle modulus coefficient (Figure 10(b)). When the confining pressure continues to increase,  decreases gradually from 0.2 infinitely to 0. Then, the coal mass transitions from brittle to ductile failure, and the mechanical characteristics are similar to those of the soft rock. The corresponding brittle-ductile modulus coefficient is called the ductile modulus coefficient with a small value (i.e.,  is within 0~0.2).
Table 2: Brittle-ductile modulus for different rocks.
	(a)
	

	Tennessee marble (data from [55, 57])
	

	Confining pressure  (MPa)	0.00	3.45	6.90	13.80	20.70	34.50
	Peak strength  (MPa)	130	145	160	180	195	245
	Residual strength  (MPa)	10	60	80	110	130	230
	Brittleness modulus  (MPa)	174545	104615	85333	74666	34666	5333
		1.000	0.599	0.489	0.428	0.199	0.031
	


	(b)
	

	Gebdykes dolomite (data from [58])
	

	Confining pressure  (MPa)	0	5	20	40	90
	Peak strength  (MPa)	60	98	131	150	180
	Residual strength  (MPa)	10	42	101	148	200
	Brittleness modulus  (MPa)	16667	8000	3529	2000	1900
		1.000	0.480	0.212	0.120	0.113
	


	(c)
	

	Vosges sandstone (data from [59])
	

	Confining pressure  (MPa)	0	10	20	40	60
	Peak strength  (MPa)	31	74	92	108	110
	Residual strength  (MPa)	22	38	75	94	107
	Brittleness modulus  (MPa)	6923	4500	4232	3337	1060
		1.000	0.650	0.561	0.482	0.153
	


	(d)
	

	Heterogeneous soft coal rock mass 
	

	Confining pressure  (MPa)	0	1	2	4
	Peak strength  or critical inflection point value  (MPa)	4.5	6.2	7.1	8.2
	Residual strength  or ductility strength (MPa)	2.2	8.3	10.1	15.3
	Brittleness modulus  (MPa)	575	241	143	70
		1.000	0.330	0.248	0.121
	







			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 10: The relationship between confining pressure and rock brittle-ductile modulus: (a) brittle rock; (b) heterogeneous soft coal rock mass.


If this kind of soft coal mass is under high pressure, regardless of the damage characteristics or mechanical properties of the coal, ductile failure flow appears under the condition of a small confining pressure. Therefore, according to the test results, the modulus coefficient of heterogeneous soft coal is generally in the range of 0 to 0.2.
By fitting the test data, the relationship between the brittle-ductile modulus coefficient  and the confining pressure almost obeys a negative exponential function. With further increases in the confining pressure, the brittle-ductile modulus coefficient  decreases to a certain extent, and the following relationship can be obtained [60]:
where  is the fitting constant of the experiment and  is the confining pressure.
5.3. Internal Factor (Heterogeneity Degree Parameter) on the Brittleness-Ductility of Soft Coal Mass
Whether brittle failure or ductile-plastic failure occurs in the coal mass depends on not only the stress environment but also the impact tendency of the coal mass. The impact tendency of the coal mass is also closely related to the heterogeneity parameter  of the coal mass. Hence, the relationship between the brittle-ductile state transitions of soft coal rock is described by introducing the index  of the impact tendency as follows:
where  is the elastic modulus before the peak strength of the coal mass and  is the brittle modulus of the coal and rock under a certain confining pressure.
Similarly, as shown in Figure 9, the range of values represents the physical and mechanical properties of the coal mass, with  representing the ideal elastoplastic material,  representing the extremely brittle material,  representing the strain-hardening material, and  representing the softening material.
The shape parameter  of the Weibull distribution indicates the heterogeneity parameter  of the mesoelement [61]. The relationship between the shape parameter  and the heterogeneous parameter  can be obtained from the fitting curve of the soft coal mass, as shown in Figure 11.




			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 11: The relationship between the shape parameter  and the inhomogeneous parameter .


The equation of the shape parameter  and the heterogeneous parameter  can be obtained by fitting the experimental data curve, as follows:
where  is the shape parameter.
The above relations can be described as follows.
where both  and  are material constants.
Based on the above analysis, with an increase in the shape parameter  (i.e.,  is increased from 0 to 20), the heterogeneity parameter  of the coal mass decreases gradually (i.e., the  value is reduced from 1 to infinitely close to 0). A decrease in the heterogeneity parameter  causes the impact tendency index  to decrease gradually (see Figure 11). Meanwhile, if the brittleness of the coal mass increases, the critical softening depth of the surrounding rock will decrease, and the rock will be prone to dynamic phenomena, e.g., coal and gas outburst. According to the change law of the critical brittle-ductile inflection point of soft coal with different heterogeneities (see Figure 7), the higher the heterogeneity parameter  is, the smaller the stress intensity of the brittle-ductile critical inflection point of the coal mass and the more obvious the ductile failure characteristic stage. In contrast, the lower the heterogeneity parameter  of the soft coal rock is, the higher the homogeneity of the coal mass and the more homogeneous the mineral composition structure. Therefore, more ideal brittle fracture characteristics of the coal mass are reflected in the macromechanical characteristics.
Equation (17) can be obtained from equations (13) and (16) as follows:
where .
The material parameter  in the expression of the impact tendency index  of the soft coal mass is related to the confining pressure. If the confining pressure is not considered, i.e., , equation (17) is consistent with equation (16). At the same time, the brittle-ductile transition relationship of the soft coal and rock is related only to the heterogeneity parameter . Therefore, even if only considering the heterogeneity of soft coal, it also plays a vital role in the brittle-ductile transition failure of soft coal. If the confining pressure is increased, the coupling effect of the confining pressure and heterogeneity parameter  influences the damage to the coal body. With a change in the confining pressure and the heterogeneity parameter , both the factors have an influence on the change rate of the shock tendency. Both the heterogeneity  of the coal mass and the confining pressure coupling not only determine the speed of the transition between the brittle and the ductile failure of the coal rock but also affect the general failure mode of the gas-bearing coal mass and the probability of coal and gas outburst and rock burst tendency in the underground roadway.
Figure 12 illustrates the evolution of microfracture propagation relative to the fracture macroscopic failure process in the coal rock mass with high heterogeneity (). The soft coal mass forms an initial porosity with different degrees after the internal gas drainage. From a mesoscopic point of view, the effective normal stress  is less than the macroconfining pressure , but the effective normal stress  of the joint is greater than the confining pressure  of the coal mass (see Figure 12(b)), so the ability of the microfissure to resist macroshear yielding of the coal is limited [62]. When the lateral unloading yield of the coal mass is shifted from the three-direction stress state to the two-direction unbalanced stress concentration, the microcrack tends to open, and the stress development deterioration causes a new coalescence fracture between the original fissures. When the lateral limit is large, the whole surface will produce a smooth shear fracture, but when the lateral limit is small, the surface will produce a rough split crack (see Figure 12(c)).




		
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 12: Microfracture propagation in a soft coal mass due to a macrofailure process. (a) Fracture diagram of the coal mass specimen (). (b) Three-dimensional stress stability structure of the coal mass. (c) The microfracture develops into a macroscopic fissure.


6. Conclusions
This study attempts a new experimental research idea, based on the heterogeneity characteristics of the soft coal mass, by using hydrogen peroxide (H2O2) in an alkaline medium to generate oxygen as the major impact indicators. Different proportioning schemes and different kinds of heterogeneous soft coal mass specimens were made in cast-iron moulds. A series of multifactor coupling mechanical tests were carried out for soft coal masses with different heterogeneities, and the brittle-ductile response of a soft coal rock mass was discussed. The following conclusions can be drawn.
(1)The uniaxial and triaxial compression tests were carried out on heterogeneous soft coal samples. The ductility failure characteristic is reflected; i.e., the test curve has no apparent peak strain and residual strength, which presents a kind of similarity to the rheology of soft rock flow. The coal specimens in the loading process show internal factors (different degrees of heterogeneity ) that vary due to the degradation effect on the coal mass, from coal body crack initiation and propagation, overlapping with the process of heterogeneous coal mass destruction from shear compression to bulging expansion and even fracture failure(2)In the heterogeneous mechanical test curve of the soft coal specimen, there is an upwardly convex critical phase between the initial linear elastic compaction phase and the ductile failure phase. A key point can be determined at this phase which is called the critical inflection point  of the brittle-ductile failure transition. Before this point, ideal elastoplastic characteristics are expressed. In contrast, after this point or phase, the mechanical properties of the coal masses are transformed into ductile strain hardening(3)The more the confining pressure and the degree of the heterogeneity parameter  increase, the more obvious the ductile failure of the specimens is. The heterogeneity degree of rock is also the critical factor for the brittle-ductile transition of rocks(4)With the influence of coal mass excavation or gas drainage, the coal rock mass meso- and macropore and fracture development will expand, weaken the strength of the coal mass, or even cause the deterioration of the internal structure, resulting in the incomplete integrity of the coal mass and, after shear and dilatancy, the evolution from loose to broken rock
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