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Abstract

:

Tests of the effects of uniaxial compression on the structural behavior of fractured coals were conducted. The structural behavior is different from the material behavior of intact samples and the discontinuous behavior based on the block theory. It is a macro response of continuous-discontinuous behavior in coal with varied fracture structure geometry, and includes the material behavior with cracking and contact behavior with sliding. The structural behavior is studied based on the complete stress-strain curve, the material parameters, i.e. elastic modulus, Poisson’s ratio, and compression strength, and the structural integrity parameters, i.e. longitudinal and shear wave velocity, and the physical parameter, i.e. density. All the parameters are compared with the different fracture patterns. Various types of parameter degradation damage are defined to describe the structural characteristics with the different fracture patterns. They shows the effective relation of damage with strength. Furthermore, the mechanisms of the structural modulus degradation, structural failure deformation, and structural strength evolution are discussed. The results show that the post-peak behavior can be defined as the structural behavior. With the structural formation-reloading failure cycle, the mutual conversion changes between structural geometry instability and stability, and the characteristics are stress drops or stress platforms generated by structural rebalance. It is pointed out that the post-peak unloading is a macro response of the structural geometry. It includes the recovery of elastic strain and structural resilience strain, and structural stress drop.
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1. Introduction


The fractured or jointed rock nature of excavated coal, the complex composition [1,2] as well as the fracture or crack distribution [3,4,5,6] are all likely to deteriorate its macro- and meso-mechanical behavior. The structural geometry of crack networks may dominate the macro behavior, which cannot be connected to the intact coal without fractures. The real state of fractured coal is in a continuous-discontinuous state. Most studies focus separately on the material behavior with cracking or contact behavior by the block theory with sliding. The structural behavior should consider the coupled effect of cracking material and sliding contact. It is important to directly understand the continuous-discontinuous behavior based on the fractured coal nature. Some important work [7,8] is based on the intact coal only [9], without considering the fractured coal. However, with the evolution of stress fields [10,11], the generation of new fractures will also deteriorate the mechanical behavior [12]. The degradation of surrounding coal plays a role in maintaining the stability of the roadway and working face [13,14]. During the excavation process, coal rarely exists as intact coal [15] but rather forms a structural coal mass by discontinuous geometry cutting [16]. The fracture topology shows complex and diverse geometric patterns [17]. It is also affected by complex geological internal forces, temperature, and human engineering activities [18]. Fractured coal tends to control the mechanical behavior of the regional zone including the material behavior of the intact part and the contact behavior, i.e. the nonlinear sliding of the geometrical structure of the fractures.



In lab, the coal is often processed into an intact cylinder [19,20] for studying the material behavior considering it as a porous medium [21,22]. Fractured cylinders are apt to be discarded because of their broken block composition [23]. Many studies of the macro-nonlinear behavior of fractured rocks are based on the material behavior without considering the structural effects [24,25,26]. Indeed, the material behavior focuses mainly on the continuous responses, and the structural behavior mainly focuses on the interactions between blocks and blocks, blocks and fractures, and fractures and fractures. It depends on the structural elements of fractured geometry, the structural mode, and the structural characteristics, i.e., the permutations and combinations of the discontinuous structural elements. Classical results show that the continuum assumption is applicable to both pre- and post-peak behaviors [27,28,29], but ignore the post-peak structural behavior caused by the failure with newly generated structural elements.



In situ experiments are the most direct forms of studying fractured coal [30,31]. However, there are challenges including the non-universality of the fractures and the experimental difficulty. To overcome the complexity, similar materials are often used. However, this will cause new problems due to the analogy of material parameters. To learn the difference of material behavior and structural behavior, we conducted uniaxial compression tests in the lab using prepared fractured coal. It is difficult to group fractured coal samples into the same class. To simplify the discussion, we have used the following classification, which is not a perfect classification method, but helps us understand the structural behavior. As shown in Figure 1, the fractures can be classified into four typical patterns according to the cutting combination of the backbone fractures: main direction dominated fractures (MDF), simple cross fractures (SCF), complicated distribution fractures (CDF), and parallel direction fractures (PDF) [32]. PDF can be regarded as a complex case of MDF, which is between MDF and SCF. For the macro behavior of fractured coal, the combination that plays a leading role is known as backbone fracture.




2. Fractured Coal Sample Preparation


2.1. Coal Geology and Sample Classification


Coal blocks were collected from the working face of a mine in China at a depth of 705 m. The mining length of the working face is 864 m and the inclination width is 190 m. The thickness is mostly between 3.2–3.9 m with the inclination angle between 17°–25°. The roof and floor are both about 3.0 m thick and constituted by sandy mudstone, which easily swells with water.



Two locations have been chosen for sample collection. The results show these samples have different physical properties. One group (Group 1) has an average density of 1.34 g/cm3 and an average longitudinal wave velocity of 815 m/s. Similarly, the second group (Group 2) has a density of 1.51 g/cm3 and a velocity of 1600.4 m/s. The difference is due to different contents of minerals in the coal. Here, we define Group 1 as weakened coal, and Group 2 as strong coal. It is not an absolute classification, but is can be used to analyze the structural behavior of fractured coal with different physical and mechanical properties.




2.2. Sample Preparation under Various Stress Unloading Paths


The typical stress-strain curve of intact coal can be easily divided into four stages (Figure 2a): (1) compaction (OA), (2) elastic deformation (AB), (3) plastic deformation (BC), and (4) failure drop (CD). Before the peak stress, the coal shows continuous behavior. After, there is a rapid deformation transition connecting all local damage. Before failure, the fractured coal undergoes a gradually developing process, i.e., from the peak point C to the failure point D. In other words, the fracture connection occurs at the point C’.



The coal samples were processed into cylinders: Ф50 × H100 mm. A MTS815 rock mechanics system with a very high stiffness was adopted due to its excellent control system, which can automatically achieve conversions from stress to strain control. In the complete stress-strain process, stress control is first used to load the intact sample into the vicinity of peak C (   σ  max    ), and then strain control is used to unload the stress until it reaches C’ (   σ ′  =  (  92 % − 96 %  )   σ  max    ).



Due to the stress change, different loading and unloading paths will lead to different fractures. Three kinds of designed tests are adopted including the uniaxial compression (UC), conventional triaxial compression (CTC), and mining-induced triaxial compression (MTC). The MDF and PDF are often generated from the UC tests due to radial tensile stress, while the shear stress related fractures (MDF and SCF) can be obtained by the CTC tests. The complex and crossed fractures (SCF and CDF) can be prefabricated by the MTC tests. Three stress paths are described in detail. For UC tests, the axial stress is applied at a rate of 10 kN/min until the peak value is reached. The lateral deformation control is used at the post-peak stage at a rate of 0.02–0.04 mm/min until the axial stress reaches the pre-set stress value (   σ ′  =  (  92 % − 96 %  )   σ  max    ). For CTC test, there are two main stages. First, the confining pressure is loaded at a rate of 3 MPa/min. Then, the axial stress is applied at a rate of 30 kN/min. The post-peak stage has the same method as the UC tests. For MTC test [33], the unloading paths are based on the stress redistribution of surrounding coal in Figure 2b.





3. Experimental Results


3.1. Material Behavior of Intact Coal under Uniaxial Compression


3.1.1. Comparison of Physical and Material Parameters


The results of intact coal in the UC tests are shown in Table 1. The average of physical parameters for Group 1 includes uniaxial compressive strength σc of 5.99 MPa, Poisson’s ratio µ50 of 0.07, µ100 of 0.44 (the subscript 50 of µ50 means the Poisson’s ratio at a compressive strength of 50%, the subscript 100 of µ100 means the Poisson ratio at the peak) and the corresponding elastic moduli E50 and E100 are 1.47 GPa and 1.15 GPa, respectively. For Group 2, the uniaxial compressive strength is 15.82 MPa, Poisson’s ratio µ50 is 0.14, µ100 is 1.08, and the elastic modulus E5 is 2.62 GPa, and E10 is 1.87 GPa.



The average value indicates that the physical parameters of Group 1 are significantly different from those of Group 2. The uniaxial compression strength of Group 2 is 2.64 times greater than that of Group 1, the Poisson’s ratio µ50 of Group 2 coal is twice that of Group 1, while µ100 is 2.45 times bigger, and the elastic modulus E50 of Group 2 is 1.78 times that of Group 1, while E100 is 1.63 times. The density ρ and the longitudinal wave velocity Vp of Group 2 are 1.12 times and 1.96 times more, respectively. For Group 1, µ50/µ100 = 0.16 and E50/E100 = 1.28. For Group 2, µ50/µ100 = 0.13 and E50/E100 = 1.40. For Poisson’s ratio, 0.13 < 1 and 0.16 < 1 indicate a greater deformation at peaks after fracture generation. 0.13 < 0.16 indicates the lateral deformation of the strong coal is smaller than that of the the weakened coal. For elastic modulus, 1.40 >1 and 1.28 > 1 indicate deteriorated stiffness. 1.28 < 1.40 means the decrease of deteriorated stiffness of strong coal is more than that of the weakened coal.




3.1.2. Macro Behavior under Uniaxial Compression


Based on four intact samples, we analyzed the strength and deformation under uniaxial compression, which is strongly dependent on the composition and integrity. The different stages of deformation are clear for the post-peak stage, which shows a class II type with brittle failure [34]. For the four samples, the physical and material properties in average are similar, with density of 1.35 g/cm3 and compressive strength of 6.31 MPa. Figure 3a shows the relationship of    ε 1  −  ε V   . The majority of the four curves overlap before the dilatant volumetric strain, while the axial strain continues to increase after the dilatant point,    ε  lmax  1  >  ε  lmax  2  >  ε  lmax  3  >  ε  lmax  4   . A similar     ε ^  V 1  >   ε ^  V 2  >   ε ^  V 3  >   ε ^  V 4    relationship of the volumetric strain is also observed. Figure 3b shows the relationship between volumetric strain and longitudinal wave velocity before failure    V p 1  >  V p 2  >  V p 3  >  V p 4   , and the velocity drop   Δ  V p 1  < Δ  V p 2  < Δ  V P 3   . Figure 3c shows the relationship between volumetric strain and shear wave velocity before failure    V s 1  >  V s 2  >  V s 3  >  V s 4   , and the velocity drop   Δ  V s 1  > Δ  V s 2  > Δ  V s 3   . These results suggest that with increasing volumetric strain, the velocities both decrease. However, the drop of the two wave velocities is different. For the longitudinal wave, the larger the volumetric strain the smaller the drop, while for shear wave, the larger the drop. On average, the longitudinal Vp and shear Vs wave velocities decrease by 8% and 14%, respectively.





3.2. Structural Behavior of Fractured Coals under Uniaxial Compression


3.2.1. Differences of Structural Deformation


Figure 4a shows the complete stress-strain curve of fractured coal. Two samples for each of the MDF, PDF, SCF, and CDF are selected and the strength decreases significantly. Similar to the intact coal, the stress-strain curve of fractured coal can also be divided into four stages. However, fractured coal has three different properties. First, the loading curve is fluctuating and a dramatic stress drop exists. Second, a peak stress plateau appears. The increasing strain with unchanged stress is mainly due to the structural friction. Third, the post-peak curve is apt to a class I type.



The effect of increasing volume caused by discontinuous sliding can be defined as structural dilatancy. It can describe the dilatant behavior in the post-peak. There are three main characteristics of structural dilatancy (Figure 4b). First, the dilatant rate, i.e., the slope of any point of the axial strain-volumetric strain curves, is positive before the dilatant point. As the complexity of the fractures increase, the dilatant rate decreases and nearly converges to zero at the CDF condition. It indicates that the dilatant point may appear when the axial strain is very small and the volume compression does not necessarily appear before the peak. Second, when εV < 0 the dilatant rate is negative. The more complex distribution of the fractures, the greater the dilatant rate. It leads to more intersections among different curves, while for the intact coal there are almost no intersections among the curves (Figure 3a). Third, when εV < 0, the axial and volumetric strain continues to increase, while the axial strain of the intact coal stops increasing and even decreases.




3.2.2. Distribution of Peak Strength


Figure 5 shows the uniaxial compressive strength distribution.    σ c  /  σ c *    represents the strength ratio, where    σ c    is the uniaxial compressive strength and    σ c *    is the mean value. For intact coal, the average strengths of Groups 1, 2 are 5.99 MPa and 15.82 MPa, respectively. As the fractures evolve from intact to a mixed state, the strength ratio decreases      (     σ c     σ c *     )    N F   >    (     σ c     σ c *     )    M D F   >    (     σ c     σ c *     )    P D F   >    (     σ c     σ c *     )    S C F   >    (     σ c     σ c *     )    C D F    .



The strength is significantly weakened by the connected length of the backbone fracture in Table 2. For MDF coal, the average strengths of Groups 1, 2 are 4.67 MPa and 10.42 MPa, respectively. For the PDF coal, the strengths are 3.18 MPa and 8.72 MPa, respectively. For the SCF coal, the intersected fractures are significant and the strengths of Group 1, 2 are 2.28 MPa and 5.29 MPa, respectively. For the CDF coal, the strength continues to decrease with strength of 0.74 MPa and 1.62 MPa (Table 2) for Group 1 and 2, respectively.



The intact coal mainly behaves with continuous deformation. The fact that the strength of CDF coal is smaller than that of MDF coal indicates that the fracture complexity and distribution gradually dominate the strength. In other words, the structural geometry of fractures plays an important role in strength during the material-structural behavior transition. Compared to intact coal, the strength reduction in fractured coal is significant, and the higher the strength the greater the decrease.



The damage can describe the continuous process before the peak [35]. The damage, Dc, can be defined by strength degradation [36] as follows:


   D c  = 1 −    σ c     σ c *       (  0 ≤  D c  ≤ 1  )     



(1)







Figure 6 shows the relationship between strength and damage. The strength decreases linearly with increasing damage and the drop of strong coal (Group 2) is significantly larger than that of weakened coal (Group 1).




3.2.3. Distribution of Elastic Parameters


Figure 7a shows the distribution of Poisson’s ratio µ50. In the same group (1 or 2), the distribution is concentrated, while in the different groups (1 and 2) there is a notable difference. With increasing complexity, the discrete degree increases and the deformation becomes more dependent on the structural geometry deformation. The discrepancy of transverse deformation is determined by the complexity. The conventional definition of Poisson’s ratio is based on a continuous concept, which is not effective for describing the structural behavior [37,38].





   E s  =   Δ σ   Δ ε      



(2)




where   Δ σ   and   Δ ε   are the stress and strain increments, respectively.



Figure 7b shows the distribution of elastic modulus. It is similar in the same group and varies between different groups. The higher the modulus, the higher the strength. The elastic modulus decreases with increasing complexity. The impact of the fracture on the modulus is growing, which results in a smaller decrease for MDF coal than CDF coal (Table 3). The elastic modulus is often used to determine the damage DE [39] as follows.



The elastic modulus is analyzed by the average modulus [40]:


   D E  = 1 −    E s     E s *       (  0 <  D E  < 1  )     



(3)







Figure 8 shows the relationship between strength ratio and damage. As the damage increases, the strength ratio decreases exponentially as follows:


   {       σ  c 1      σ  c 1  *    = 3.99  e  −  D  E 1   / 4.79   − 3.20  (  0 <  D  E 1   < 1  )    for   weaken   coal        σ  c 2      σ  c 2  *    = 1.71  e  −  D  E 2   / 1.50   − 0.08  (  0 <  D  E 2   < 1  )    for   strong   coal        



(4)







The strength ratio of the weakened coal is greater than that of the strong coal. However, the ratio drop of strong coal is more significant than that of the weakened coal. The higher the strength ratio, the more the stress drop.





3.3. Relationship between Strength and Physical Parameters of Fractured Coal


3.3.1. Bulk Density Distribution


The bulk density can indirectly reflect changes of the internal structure. The relationship between the density and strength is shown in Figure 9. The density drop is defined as    (  ρ −  ρ *   )  /  ρ *   , where ρ* and ρ represent the density of the intact and fractured coal, respectively.



The density drops of MDF, PDF, SCF, and CDF are 0.21%, 0.365%, 0.623% and 1.884%, and the corresponding strength ratios are 28%, 46%, 64%, and 89%, respectively. The greater the density drop, the more complex and the smaller the strength ratio, suggesting better homogeneity of the fractured coal. The fracture converts from ordered to disordered, but the overall performance of the coal converts from disordered to ordered. This can be explained by the differences in volume dilatation. For example, the fractures in the CDF coal are the most complicated, which corresponds to the highest increase in volume. The density reductions of weak and strong coal are different even if their fracture patterns are the same, e.g., the density decrease of Group 1 is larger than that of Group 2 (Table 4).




3.3.2. Longitudinal Wave Velocity


The longitudinal wave velocity is often used for rock integrity evaluation. The longitudinal wave velocity ratio    V p  /  V p *    and the strength ratio distribution are shown in Figure 10.    V p    and    V p *    represent the velocity of fractured and intact coal. For the same fracture patterns, the velocity of Group 2 is greater than that of Group 1. When the velocities of MDF, PDF, SCF, and CDF are reduced by 14%, 20%, 23%, and 42% in Table 4, the corresponding compressive strength decreases by 28%, 46%, 64%, and 89%. The greater the velocity decrease, the greater the strength decrease.



The damage Dp based on the longitudinal wave velocity is defined as [41]:


   D p  = 1 −    V p     V p *       (  0 <  D p  < 1  )     



(5)







Figure 11 shows the relationship between strength ratio and damage. With an increase in damage, the strength ratio shows an exponential decrease as follows:


   {       σ  c 1    /   σ  c 1  *    = 1.74  e  −  D  V 1   / 0.14   − 0.01    (  0 <  D  V 1   < 1  )    for   weaken   coal        σ  c 2    /   σ  c 2  *    = 3.47  e  −  D  V 2   / 0.10   + 0.08  (  0 <  D  V 2   < 1  )    for   strong   coal        



(6)







The strength ratio of the weak coal is slightly larger than that of the strong coal, but the decreasing strength ratio of the strong coal is significantly greater than that of the weak coal. The higher the strength ratio, the greater the decrease in integrity:




3.3.3. Density Drop and Velocity Drop


The density drops of MDF, PDF, SCF, and CDF coal are 0.21%, 0.365%, 0.623%, and 1.884%, and the corresponding longitudinal wave damages are 0.14, 0.20, 0.23, and 0.42, respectively. This indicates a linear relationship between velocity drop and density drop (Figure 12).






4. Discussion on Structural Failure Mechanism


4.1. Structural Failure Characteristics


Under uniaxial compression, the intact coal tends to show splitting tension and shear failure. The tension failure and the slippage failure on the fracture surface occurred simultaneously in the MDF and SCF coal, which indicates the transition from material to structural failure. The CDF coal is mainly accompanied by structural failure, rarely with material failure. From NF to CDF coal, the failure mode converts from material failure to structural failure of geometrical fractures. The more complex the fracture distribution, the stronger the structural failure dominance (Table 5).



Fractured coal shows different block sizes, shapes, arrangements of structural planes, i.e., rough surfaces, which dominate the deformation and failure. The fractured coal can be regarded as a structural mass including the block and the fractured surface. The intact part can be analyzed by the continuous medium theory. However, for the fractured part it is difficult to reasonably explain the contact behavior without considering the structural effect.



As a structural mass, fractured coal not only depends on the material behavior from the continuous part, but also contains structural behavior from the discontinuous part. The macro deformation U includes material deformation Um and structural deformation. The material deformation includes elastic deformation, plastic deformation, and viscous deformation, and the structural deformation includes structural plane deformation, open deformation, dislocation deformation, slipping deformation, etc. All deformation is as follows:


  U =  U m  +  U s     



(7)







Indeed, for brittle structural glass material as well as fractured coal, the observed structural failure mechanism is related to the test data [42]. “Structural” failures are mostly associated to materials in use for civil engineering buildings and applications. In this regard, it would be very helpful and useful to understand the structural effect of discontinuities for the coal mining from artificial material to natural rock.




4.2. Structural Modulus Degradation


Based on the stress-strain curve, the elastic strain completely rebounds if unloading in the elastic zone. The plastic strain cannot rebound if unloading in the plastic zone. Post-peak unloading is not equal to plastic unloading, which should include structural unloading. The post-peak unloading can be defined as a comprehensive unloading with structural unloading and material unloading.



As shown in Figure 13, if unloading through the elastic modulus E0, the material unloading will be dominant, and the corresponding plastic strain is ε0, but, the unloading curve usually follows Ef. When Ef < E0, the plastic strain decreases to εf, and the increasing strain εs = ε0 −εf is defined as the structural resilience strain. Therefore, the post-peak unloading includes the elastic strain recovery corresponding to material unloading and the resilience strain recovery corresponding to structural unloading. If the energy dissipation of the hysteresis ring is not considered, the loading recovery of fractured coal still goes along with Ef. However, it cannot return to the original strength. It is due to the strength loss caused by structural resilience and the lost stress can be defined as the structural stress drop Δσs.



The modulus Ef reflects the coupling effect of the block cracking and the fracture sliding, which can directly reflect the degradation of the structural effect and is defined as the structural modulus. Ignoring the cracking effect, the structural damage Ds equals to damage based on the degradation of elastic modulus and the normalized fitting curve of the fractured coal strength can be obtained (Figure 14).




4.3. Mechanisms of the Structural Deformation


Fractured coal shows differences in deformation and strength with intact coal [15], which is dependent of the geometry of the fracture structure. The structural deformation includes the continuous deformation of the coal block and the discontinuous deformation of the fracture sliding.



Figure 15 shows the illustration of deformation evolution for fractured coal. The symbols  Λ  and  Δ  are used to characterize the increment of axial and lateral deformation, respectively. For the continuous part, the shear-induced matrix deformation and new fracture deformation caused belong to the material deformation. The axial and lateral displacement are Λm and Δm, the lower right superscript “m” represents material (Figure 15a). The material deformation occurs mainly before fractures are fully connected. After, the structural deformation will be dominant.



The structural deformation is caused by the interaction between the discontinuous rough surfaces. There are several main factors influencing the structural effect of stress concentration on the crack front, including structural plane formation, fracture grouping, density, extension scale, topological morphology, openness, volume density, RQD, and connectivity probability, etc. Figure 15b illustrates the structural deformation. The blue part represents the discontinuous rough surfaces, which means the friction effect of the contact surface and the asperity sizes control the strength change due to the decreasing contact area and stiffness difference of various asperities. The aperture and closure easily lead to new structural combination from instability to stability. The occurrence probabilities of different asperities are equal, i.e., the new structure may either have a higher or lower strength in the next transition.



Under the uniaxial compression, the structural deformation mainly includes seven parts. First is compression of the structural body between two rough surfaces, which means surfaces closer in the axial direction. For the lateral direction,there is a beginning deviation of the upper and lower blocks with axial deformation, Λc, and later deformation, Δc. Second is dislocation. When compressed to a certain extent, the surfaces start to contact and due to their different asperity sizes, the contact part cannot be completely engaged. Deformation will be dislocated under increasing stress and the dislocation components are Λd and Δd. Third is slippage. The potential cracking parts begin to generate relative motion and the friction occurs influencing the internal friction angle. The deformation components are Λsl and Δsl. Fourth is reversal. In the absence of the lateral stress, friction cannot be sustained. The fracture geometry is weakened and the contact may turn from one side to the other side with deformation components of Λr and Δr. Fifth is touching. The asperities begin to re-contact with each other, then squeeze and collide with deformation components of Λt and Δt. Sixth is local failure. Under the increasing force, the contact parts produce strong stress concentration causing local failure and the deformation components are Λt and Δt. Seventh is final failure or reversal cycle. The failure continues developing and different asperities cyclically come in contact with the shear failure. The connected fractures are formed from reversal deformation cycles with deformation components of Λs and Δs.




4.4. Mechanism on Structural Strength Evolution


The internal friction angle can illustrate the whole behavior of the coal block and the fracture structure. The dynamic adjustment of the structure will affect the internal friction angle. As shown in Figure 16, when the intact coal reaches the peak stress, the adjustment of the internal structure reaches its limit with internal friction angle of ϕ*. The new fractures terminate the balance of stability. The axial stress and shear stress decrease simultaneously. When the stress drops to point a, the deformation may be one or more combinations of the structural deformation, and the temporary contact deformation forms a new stable geometry structure with new internal friction angle, ϕA.



At this point, the stress has dropped below the yield line, but the unloading is in a passive state and when the stress loading continues to increase, the stiffness of fractured coal will be recovered until it reaches point A. New fractures will occur, disrupting the balance. Then the stress drops to point b, and the new structure formation will be present with reloading failure cycles. Or no new structure, balance will be present. Such repeated cycles are reflected in the fluctuation of the stress-strain curve. There is a limit state with stress drop until the internal friction angle reaches zero. The fractured sample cannot go on carrying and the structure fails with the residual stress, σr.





5. Conclusions


Fractured coal samples with various different fracture patterns were prepared for the uniaxial compression test. The structural behavior influenced by material, physical and mechanical parameters were quantified. The main conclusions drawn are as follows:




	(1)

	
The structural behavior of fractured coal with the stress drop fluctuation is different from the material behavior. It is a structural rebalance rather than the ductile mechanism that leads to the stress plateau. Describing the complexity of fractures based on the macroscopic damage is still valid.




	(2)

	
The backbone fractures significantly impact the strength as verified by different material and structural parameters. Based on the damage of elastic modulus and longitudinal wave velocity, the strength ratio shows an exponential decrease. The application of Poisson’s ratio for fractured coal is not effective due to the discontinuous effect. The greater the density drop, the lower the strength ratio. There is a linear relationship between drops of wave velocity and density.




	(3)

	
There is a transition of failure mode from material failure to structural failure, i.e., continuous to discontinuous failure. It is observed that the post-peak unloading is a coupling of the structural unloading and the material unloading. The post-peak unloading includes the elastic strain recovery and resilience strain recovery. The structural damage defined based on the structural modulus can effectively illustrate the evolution of strength.




	(4)

	
A new model is proposed to illustrate coupling material and structural effects. The structural deformation includes compression, dislocation, slippage, touching, local failure, and final failure or reversal cycle. Based on the internal friction angle, a new mechanism on structural strength evolution is suggested to improve the understanding of the falling stress cycles effectively.
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Figure 1. Backbone fracture patterns. (a) NF, (b) MDF, (c) PDF, (d) SCF, (e) CDF. 
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Figure 2. Stress paths for fractured sample. (a) Typical stress-strain curve. (b) Unloading paths of MTC tests. (Unit of stress: MPa). 
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Figure 3. Dilatancy and integrity evaluation. (a) Relationship between axial strain and volumetric strain. (b) Longitudinal wave velocity. (c) Shear wave velocity. 
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Figure 4. Deformation of fractured coal. (a) Complete stress-strain curve. (b) Volumetric strain-Axial strain. 
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Figure 5. Strength distribution. 
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Figure 6. Relationship between uniaxial compressive strength and damage. 
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Figure 7. Distribution of elastic parameters. (a) Poisson’s ratio. (b) Elastic modulus. 
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Figure 8. Relationship between strength ratio and damage of elastic modulus. 
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Figure 9. Density drop and strength ratio distribution (minus means decrease). 
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Figure 10. Distribution of longitudinal wave velocity ratio and strength ratio. 
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Figure 11. Strength ratio vs. damage of velocity. 
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Figure 12. Relationship between velocity drop and density drop. 
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Figure 13. Constitutive law of structural unloading. 
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Figure 14. Structural modulus degradation of the test curve. 
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Figure 15. Deformation of fractured coal. (a) Material deformation. (b) Structural deformation. 
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Figure 16. Strength evolution of fractured coal. 
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Table 1. Results of intact coal under uniaxial compression.
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Samples

	
Peak Strength

	
Poisson’s Ratio

	
Elastic Modulus

	
Density

	
Longitudinal Wave Velocity




	
σc/MPa

	
µ50

	
µ100

	
E50/GPa

	
E100/GPa

	
ρ/g⋅cm−3

	
Vp/m⋅s−1






	
Group 1

Weakened Coal

	
1

	
5.96

	
0.07

	
0.44

	
1.5

	
1.28

	
1.33

	
-




	
2

	
5.18

	
0.08

	
0.31

	
1.39

	
1.16

	
1.36

	
836.03




	
3

	
6.71

	
0.09

	
0.78

	
1.48

	
1.18

	
1.32

	
694.94




	
4

	
6.14

	
0.05

	
0.49

	
1.42

	
0.8

	
1.36

	
-




	
5

	
5.97

	
0.06

	
0.17

	
1.54

	
1.31

	
1.39

	
916.7




	
Means

	
5.99

	
0.07

	
0.44

	
1.47

	
1.15

	
1.35

	
815.89




	
SD

	
0.49

	
0.02

	
0.20

	
0.05

	
0.18

	
0.02

	
-




	
Group 2

Strong Coal

	
1

	
18.8

	
0.12

	
0.42

	
3.2

	
2.14

	
1.54

	
1652.8




	
2

	
15.5

	
0.14

	
1.53

	
2.46

	
1.99

	
1.52

	
1548




	
3

	
13.16

	
0.15

	
1.28

	
2.2

	
1.49

	
1.46

	
-




	
Means

	
15.82

	
0.14

	
1.08

	
2.62

	
1.87

	
1.51

	
1600.4




	
SD

	
2.31

	
0.02

	
0.48

	
0.42

	
0.28

	
0.03

	
-




	
Times(II/I)

	
2.64

	
2.0

	
2.45

	
1.78

	
1.63

	
1.12

	
1.96








Note: SD is the standard deviation.
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Table 2. Compressive strength of intact and fractured coal.
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Fracture Pttern

	
Mean Strength

	
Strength Ratio




	
     σ c *  / MPa    

	
       σ c  /  σ c *     




	
Group 1

	
Group 2

	
Group 1

	
Group 2

	
Mean






	
NF

	
5.99

	
15.82

	
1.00

	
1.00

	
1.00




	
MDF

	
4.67

	
10.42

	
0.78

	
0.66

	
0.72




	
PDF

	
3.18

	
8.72

	
0.53

	
0.55

	
0.54




	
SCF

	
2.28

	
5.29

	
0.38

	
0.33

	
0.36




	
CDF

	
0.74

	
1.62

	
0.12

	
0.10

	
0.11
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Table 3. Elastic modulus of intact and fractured coal samples.
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Fracture Pattern

	
Elastic Modulus

	
Modulus Ratio




	
     E s *  / GPa    

	
     E s  /  E s *     




	
Group 1

	
Group 2

	
Group 1

	
Group 2

	
Mean






	
NF

	
1.47

	
2.62

	
1.00

	
1.00

	
1.00




	
MDF

	
1.42

	
2.17

	
0.97

	
0.83

	
0.90




	
PDF

	
1.03

	
1.97

	
0.70

	
0.75

	
0.73




	
SCF

	
0.65

	
1.23

	
0.44

	
0.47

	
0.46




	
CDF

	
0.18

	
0.44

	
0.12

	
0.17

	
0.15
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Table 4. Density drop and longitudinal wave velocity ratio.






Table 4. Density drop and longitudinal wave velocity ratio.





	
Fracture Pattern

	
Density Drop

	
Velocity Ratio




	
     (  ρ −  ρ *   )  /  ρ *  / %    

	
       V p  /  V p *     




	
Group 1

	
Group 2

	
Mean

	
Group 1

	
Group 2

	
Mean






	
MDF

	
0.33

	
0.09

	
0.21

	
0.89

	
0.83

	
0.86




	
PDF

	
0.47

	
0.26

	
0.365

	
0.84

	
0.81

	
0.80




	
SCF

	
0.647

	
0.599

	
0.623

	
0.79

	
0.75

	
0.77




	
CDF

	
1.829

	
1.939

	
1.884

	
0.64

	
0.51

	
0.58
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Table 5. Failure conversion.






Table 5. Failure conversion.





	
Fracture Pattern

	
Compressive Strength

	
Failure Conversion




	
     σ c  /  σ c *     

	
Trend

	
Failure Mechanism

	
Structural Failure






	
NF

	
1.00

	
 [image: Energies 11 02538 i001]

	
Tension and shear failures

	
 [image: Energies 11 02538 i002]




	
MDF

	
0.72

	
Tension material failure; Slippage structural failure




	
PDF

	
0.54

	
Material and structural failures co-influence




	
SCF

	
0.36

	
Tension material failure, slippage, tension structural failure




	
CDF

	
0.11

	
Slippage, expansion structural failure, rarely in material failure
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