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Abstract

:

Coal failure is often the precursor of dynamic disaster. The energy evolution behaviour at different stress values was analysed under the gradation of equal amplitude cyclic loading/unloading. Based on the energy dissipation behaviour, the energy evolution model of the coal specimen was established. The multi-parameter energy behaviour predicting model was proposed. Then, the energy storage factor criterion, the energy tangent factor criterion, the energy dissipation growth factor criterion and the energy damage factor criterion of the coal specimen were proposed during the coal fracture process. The energy density and the energy storage status showed different evolution patterns under cyclic loading/unloading. The energy behaviours and status were different in fracture stages of coal specimens, and the dissipated energy behaviour had a sudden response during the failure process. The energy storage and energy dissipation mechanism were related to their respective limits. The energy storage mechanism showed a growth pattern of “low energy promotion, high energy suppression and dissipation promotion, cumulative suppression”. The damage evolution equation and the energy behaviour evolution criterion were established under the cyclic loading/unloading.
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1. Introduction


Coal material is a complex natural geological medium that contains many randomly distributed flaws, such as natural joints and cracks [1,2,3,4]. Coal fracture is a mechanical behaviour of status instability under the action of energy [5,6,7]. Many well-established theories for the observation, identification and analysis of microcracks in rock and coal samples have been proposed [8,9,10,11]. Coal material often shows different mechanical characteristics that are associated with the cycle number under loading/unloading [12,13,14,15]. Therefore, energy behaviour was considered essential to describe the energy state and stability of coal materials. Rocks fracture during axial compression to absorb energy, and they fracture under closed pressure reduction to release energy. Energy evolution models and energy evolution behaviour are recognized as the basis for design and evaluation in rock engineering, and it is one of the key problems in underground engineering [16,17,18].



The main purpose of this study is to develop an understanding of damage and deformation characteristics under cyclic loading/unloading. Many researchers have made contributions to the study of the strength and deformability of rocks and coal materials under cyclic loading conditions. In these studies, the damage variable was described for the rock failure behaviour under cyclic loading, as the closure pressure increases, the axial strain at damage increases, as does the residual volume strain at the beginning of expansion [19,20]. Based on this, the energy evolution mechanism and the evaluation model of dissipated energy were proposed based on the energy principle of rock damage. This was a meaningful finding for rock damage by studying the energy storage and dissipation characteristics of rocks at different deformation stages, and using the energy principle of damage to derive the energy intensity criterion [21,22,23]. Meanwhile, the fatigue evolution of rock materials was crucial to the stability of engineering structures under cyclic loading, for a given energy condition, rocks yield more easily at low frequencies and amplitudes than at high frequencies and amplitudes [24,25]. Therefore, many researchers have investigated the damage of rock materials under cyclic loading. For example, the damage evolution pattern of rocks was analysed in multi-valued amplitude cyclic loading tests at different confining pressures [26,27,28]. After this, the energy dissipation characteristics of coal specimens were used to describe the propagation of crack growth behaviour under layered cyclic loading [29,30]. In particular, the peak stress of cyclic loading has a strong influence on the fatigue behaviour of coal specimens and the degree of damage increases with increasing energy dissipation density [31,32].



Up to now, it has been shown that the damage pattern of specimens under cyclic loading is different from the damage pattern under static loading, and some studies have also advanced the constitutive relations and damage behaviour aspects of rocks under quasi-dynamic loading. However, the dynamic damage of rocks from an energy perspective remains unclear, especially in cyclic loading condition. The results of the exploration of the relationship between energy transformation and coal damage showed that the energy behaviour was different at different stages of deformation [33,34,35,36]. Therefore, the energy density of rock materials increased nonlinearly under different loading/unloading rates; it is also worth noting that the loading and unloading speed has a considerable effect on the dissipated energy density [37,38,39]. In actual projects, rock materials are usually loaded/unloaded repeatedly, such as in coal mining, tunnel excavation and roadway support [40]. The strength and deformability are closely related to the stress state and loading history. It was widely accepted that the damage evolution was driven by energy, and different stress paths had different mechanical behaviour and energy conversion characteristics. This is also a feasible way to reveal the phenomenon of energy release and stress dissipation during rock destruction from the perspective of energy [41,42,43,44]. The damage variable of the coal materials was defined by different parameters under cyclic loading/unloading, but the description of other mechanical behaviours of rock samples was ignored. Moreover, it was not comprehensive to describe the failure characteristics of rocks only using the damage variable, which is defined by dissipative energy. It also ignored the influence of other energy behaviours on their failure state under the cyclic loading/unloading process. Therefore, the energy behaviour and evolution patterns of coal specimens under different stress paths were explored, and the prediction model of energy evolution of coal specimens was also constructed. In view of this, this paper provided a theoretical basis for the stability analysis of engineering structures, and has practical engineering application value.




2. Experiments and Methods


2.1. Specimen


The coal sample collection area is a monoclinic structure with the overall direction of north-east, inclination of north-west and dip angle of about 3°. No fault or obvious fold structure are found in the mining area, and there are no magmatic rocks, only some wide and gentle undulations are developed above the framework of the monoclinic structure. The thickness of the seam in the mining area was 142.09~267.46 m, with an average of 169.29 m. The value of true density was between 1.38 and 1.52, and the value of apparent density was between 1.28 and 1.39. The specimens were selected from the same value for processing, sampling and testing. The coal sample was processed into a cylindrical piece with the size of 50 mm × 100 mm. The coal specimens were carefully ground to ensure that the two ends were smoothed without major damage. The non-parallelism of the coal specimen should not exceed 0.05 mm, and the deviation should not be more than 0.25° in the axial direction. In this study, a total of 10 standard coal specimens were processed as shown in Figure 1.




2.2. Experimental Equipment


The loading equipment was a Yaxing YDSZ-2000 (Yaxing Numerical Control Technology Co. Ltd., Changsha, China) which was controlled by microcomputer, as shown in Figure 2. The acoustic emission (AE) monitoring equipment was a PCI-II AE signal acquisition and analysis system (Physical Acoustics Corporation, Princeton, NJ, USA). AE signals could be acquired, displayed and stored during the whole loading process. To ensure and improve the spatial positioning accuracy of the AE events during the loading process, the arrangement of the AE sensors was as follows: they were placed 20 mm away from the end of the coal specimen and it should be ensured that the AE sensors were at an angle of 90° to each other, and all AE sensors should not be coplanar. According to the noise value of the laboratory, the threshold of the AE system was set to 45 dB, the sampling rate was 1 MHz, the gain of the preamplifier was set to 40 dB and the data were collected by 6 channels in this experiment. The layout of the AE monitoring equipment is shown in Figure 2.




2.3. Experimental Process


The stress–strain curve of the coal specimen could well describe the basic mechanical behaviour of coal under the uniaxial loading. The coal strength under the uniaxial static loading could be used as a reference to estimate the strength under uniaxial cyclic loading/unloading. Then, the upper and lower limit stress value would be determined by the strength under uniaxial static loading.



To reduce the influence of the friction noise of the press head and the end of the specimen on the AE signal, an appropriate amount of Vaseline was applied between the sensor and the surface of the coal specimen. The AE sensors were fixed by tape at both ends of the specimen and the press head, and the loading/unloading rate was controlled at 0.05 MPa/s. It should be ensured that the AE monitoring and loading process was always synchronized. Therefore, the AE monitoring system and the loading device should be proofread and unified before the test. The loading system recorded the deformation and strength parameters of the coal specimen, and the AE monitoring system monitored the deformation and damage process of the coal specimen.



With respect to the type of the cyclic loading/unloading, it was mainly divided into two kinds of stress paths. The first method was the grading cyclic loading/unloading and the repeated cycles’ influence on fracture behaviour was analysed by this method. Moreover, the mechanical response characteristics and energy distribution state of the coal specimens were also investigated under different stress gradients. The second method was the equal amplitude cyclic loading/unloading. It was mainly used to explore the influence of continuous cyclic loading/unloading on the damage state under different stress values. Meanwhile, it was also used to analyse the effects of different cyclic times on the fatigue damage state under the same stress value.





3. Theoretical Basis


3.1. Energy Conversion of the Coal Specimen


Under the action of energy drive, the macroscopic fracture and deformation of the coal specimen occurred, and the input energy was stored or dissipated in different forms, as shown in Figure 3. Part of the energy would be stored in the form of elastic strain energy    U e   . Some energy    U d    would be dissipated during crack initiation, propagation and plastic deformation. In addition, a small amount of energy    U r    would be dissipated in different ways, such as thermal radiation, thermal conduction and ejection kinetic energy [45,46,47]. Since this part of energy took up a relatively small proportion and had a small impact on the failure state and failure stage of coal specimens, it was ignored and will not be discussed in this paper.




3.2. Energy Calculation of the Coal Specimen


Under the action of axial loading, the coal specimen produced strain and accumulated energy. Equation (1) is the energy integral formula [48]. Since the radial strain value of coal specimen was low, the energy generated by radial strain was not considered in this paper.


  U =   ∫ σ   d ε =   ∑  i = 0  n    1 2    (  ε   i + 1   −  ε  i  ) (  σ  i  +  σ   i + 1   )  



(1)




where the  U  is the total energy absorbed under the action of axial force, the    σ i    is the axial stress and the    ε i    is the axial strain.



In fact, the total energy can be converted into two parts, one is the elastic strain energy    U e    stored in the coal specimen, and the other is the dissipated energy    U d    consumed by the coal specimen. Under the action of axial loading, the stored elastic strain energy at a certain  t  moment can be expressed as Equation (2) [49]:


   U e  = U −  U d  =  1  2  E i     σ  2   



(2)







As shown in Figure 4, the loading process is represented by a solid line and the unloading process is represented by a dotted line. The area between the loading curve (OA) and the transverse axis of the first cycle is the total strain energy generated by the coal specimen under external loading. The area between the unloading curve (AEBC) and the horizontal axis of the first cycle is the elastic strain energy released by the coal specimen. The plastic strain energy is equal to the area under the loading curve, and the difference between the area under the unloading curve and the area of the hysteresis loop, which is the dissipated energy required to produce a new crack.





4. Results and Analysis


4.1. The Characteristics of AE Energy under Cyclic Loading/Unloading


4.1.1. AE Energy under Gradation Cyclic Loading/Unloading


During the grading cyclic loading/unloading process, the AE energy count of the coal specimen shows a sudden increased effect in the peak stress of each graded stage, as shown in Figure 5. As AE energy count can reflect the intensity and frequency of AE signals, it can be seen that AE signals will be generated with higher intensity than in the previous loading stage when each stress loading stage reaches a new stress peak. However, the AE energy count at the peak of 0–4 MPa is slightly higher than the peak stress of the 2–6 MPa stage.



The AE energy count shows the evolution trend of a small decline (compacting stage)–stable large rise (linear elastic phase)–slow rise (plastic deformation phase)–disappearance (fracture instability phase). The cumulative AE energy count presents an obvious step-like curve feature. When each graded stress reached the peak, the accumulated AE energy counts show a good “stepped” rise characteristic. The accumulated AE energy counts change a little during the unloading phase, they continue to change with a small increase or retention. It also can be observed that each higher stress than the previous stage will cause a large number of new AE events, especially at the peak stress. The cumulative AE energy counts also show the characteristic of an extreme speed increase in the new stress phase.




4.1.2. AE Energy under Equal Amplitude Cyclic Loading/Unloading


It can be known that the failure strength of the coal specimen is reduced when compared with the staged cyclic loading/unloading, and the failure strength is approximately 16 MPa, as shown in Figure 6. The process of the equal amplitude under cyclic loading/unloading is mainly divided into three stages: 0–5 MPa (the compaction stage), 5–10 MPa (the linear elastic deformation stage) and 10–15 MPa (the plastic deformation stage). This is mainly used to analyse the damage degree of the coal specimen at different deformation stages. It can be seen that when the stress reaches the peak stress for the first time in each stress stage, AE energy counts shows a sudden increase, and there is a significant decrease in the subsequent cycle stage compared with the first time. The cumulative energy counts of AE shows simultaneously an obvious “step-like” growth characteristic and the sudden increase at the stress peak. The sudden increase effects at the first stage (0–5 MPa) are much smaller than that at the second stage (5–10 MPa) and the third stage (10–15 MPa). This indicates that the AE activity at the compaction stage is much smaller than that at the stage of elastic deformation and plastic deformation.





4.2. Energy Evolution Characteristics of the Coal Specimen


4.2.1. Evolution Characteristics of Energy Storage Rate


The Evolution Characteristics of the Energy Storage Rate under Grading Cyclic Loading/Unloading


The elastic energy storage rate and the dissipative energy dissipation rate are important indicators which can demonstrate the energy storage state of the coal specimen. It is also an important indicator in engineering practice. The definition and calculation formula of the storage rate and the dissipation rate can be expressed as:


   k  S  F e    =    U e   U   



(3)






   k  S  F d    =    U d   U   



(4)




where the    k  S  F e      is the storage rate of the elastic energy the    k  S  F d      is the dissipation rate of dissipated energy; the    U e    is the elastic energy, J/mm3; the    U d    is the dissipated energy, J/mm3 and the  U  is the total energy accumulation of the coal specimen, J/mm3.



It can be known that the elastic energy storage rate of the coal specimen is at lower values at stage Ⅰ, but the rising rate value rises rapidly and faster from 0.2 to 0.8, as shown in Figure 7. It maintains steady development trend at stage Ⅱ. The elastic energy accounts for slightly downward values, but they have remained at a higher value (around 0.84) at stage Ⅳ. Conversely, the dissipative energy dissipation rate shows an extremely rapid downward stage Ⅰ. At stage Ⅱ, it remains at a low value of about 0.12. At stage Ⅳ, the proportion of dissipated energy has a slight upward trend, but it still remains at a low value of 0.16. The elastic energy is lower at stage Ⅰ, and the dissipation energy is higher. The main reason was that the input of total energy was less and the elastic deformation occurred less, so most of the energy was mainly used for the original and irreversible fracture and deformation, and more energy was wasted at this stage. Both the dissipated energy and the elastic energy basically maintained a stable value state at stage Ⅱ. As the coal specimen entered the yield deformation stage, a large amount of plastic deformation occurred inside the coal specimen. Therefore, the proportion of the dissipated energy will increase to a certain extent.




The Evolution Pattern of the Energy Storage Rate during the Equal Amplitude Loading/Unloading


The proportion of dissipated energy of coal specimens is much larger in the first cycle than that in the follow-up cycle stage, as shown in Figure 8. In the first stage (0-5-0 MPa), the dissipated energy storage rate is basically in a stable state of fluctuation, and does not change significantly. However, the dissipative energy dissipation rate is high. In the second cycle stage (5-10-5 MPa), the changes of energy storage rate and dissipation rate are relatively stable, and the elastic energy storage rate is always maintained at a high value. The third stage (10-15-10 MPa) mainly took place after the yield stage, and a large amount of plastic deformation occurred in this stage and it is not recoverable. Then, the energy dissipation rate increases to a higher value, while the storage rate of elastic energy decreases to an appropriate degree.



The pattern of the energy evolution can reflect the energy storage state and energy consumption state as well as the stability degree and damage situations. It shows a higher elastic energy storage rate and lower energy dissipation at low stresses. The reason for this was that the coal specimen mainly showed the closure of the original crack and produced new cracks at the low stress. Moreover, the damage degree of the coal specimen was relatively low or basically did not occur. Therefore, the elastic energy storage rate of the coal specimen was relatively large. In the second stage, the coal specimen underwent the linear elastic reversible deformation, so the elastic energy was greatly improved. In the third stage, the coal specimen produced unrecoverable plastic deformation, thus, the dissipation rate could provide a larger value. It also indicated that the coal specimen can produce a large amount of fracture behaviour at this stage. The energy status was close to the limitation of energy storage and energy consumption. Furthermore, the coal specimen was in critical stable state.





4.2.2. Evolution Characteristics of Energy Tangent Factor


The change rate of the energy is a very important parameter for judging the state of the coal specimen. It is also of great significance for judging the energy evolution stage and energy drive mechanism. To show the change of energy growth rate of the coal specimen under axial load, the energy growth tangent factor was proposed. The calculation formula can be expressed as Equation (5):


   k  T F   =   d  E i    d  σ i    =   Δ E   Δ σ    



(5)




where the    k  T F     represents the energy tangent factor; the energy factor increment   Δ E =  E  i + 1   −  E i   , and the stress increment   Δ σ =  σ  i + 1   −  σ i   .



Energy Growth Pattern under Graded Cyclic Load


It can be known that the elastic energy growth rate keeps increasing, while the dissipative energy tangent factor fluctuates at a low value at stage Ⅰ, as shown in Figure 9. It mainly shows crack closure and cracking behaviour in this stage, and there is basically no plastic deformation. Therefore, the elastic energy tangent factor is continuously increasing. The tangent factor of elastic energy fluctuates at a higher value, and the dissipative energy tangent factor also fluctuates after a certain jump at stage Ⅱ. The reason for the jump of the dissipative energy tangent factor was that the deformation gradually reached the yield stage with the increase of crack growth, and irreversible plastic deformation occurred in the coal specimen. Then, it would lead to a step-like jump of dissipative energy tangent factor.



It can be known that the tangent factor curve of elastic energy and dissipative energy shows a large value of continuous decline at stages Ⅲ and Ⅳ. This was mainly caused by how the high energy storage state inhibited the energy storage capacity of the coal specimen. When the coal specimen is in a high energy state, the stable state decreases, and the energy storage rate decreases after being restrained. Therefore, the variation of the energy tangent factor exists in the state of “promoting storage with low energy and inhibiting storage with high energy” under different stress states.




Energy Growth Pattern under Equal Amplitude Cyclic Load


It can be known that the tangent factor of elastic energy and dissipative energy are both in stable fluctuation during the equal amplitude loading/unloading. The change of the energy growth rate will only fluctuate to a certain extent, as shown in Figure 10. However, the energy tangent coefficients are different for different deformation or stress states. The elastic energy is at a lower value in the first stage and at a higher value in the second stage. Furthermore, it is also at a lower value in the third stage, but still higher than the first stage. The change of dissipative energy tangent factor also shows a change trend of low value rise–high value maintain–second high value decline. It indicates that there also exists a “low facilitation, high inhibition” model of change.





4.2.3. Evolution Characteristics of Energy Damage Factor


Different energy states are likely to induce different energy behaviours to characterize the damage degree of the coal specimen. In particular, the dissipated energy state can be used to describe the deformation and stability degree of the coal specimen to some extent. Therefore, the energy damage variable was proposed by the dissipation energy. It can be expressed as Equation (6):


   k  D F   =    U   d n    −  U   d m       U  max   −  U   d 0       



(6)




where the    k  D F     is the damage variable of the coal specimen; the    U   d n      is the dissipated energy state under the stress value, n; the    U   d m      is the dissipated energy state under the stress value, m, and   n > m  ; the    U  max     is the dissipated energy under the highest stress value of coal specimen and the    U   d 0      is the dissipated energy state at the initial stress stage.



It can be known that the damage state of the coal specimen is quite different at different stress stages, as shown in Figure 11. When    σ /   σ p      ≤ 0.1, the damage status is at a low level. However, with the increment in stress, the damage variable shows fast growth. This was mainly related to the rock cracks’ initiations. The energy state was continuously improved. After the accumulated energy broke the minimum activation energy of rock cracks, these cracks began to expand. At the moment of rock crack initiation, it had a great influence on the damage state of the coal specimen. In a short time, the damage variable increased to a large extent. When the stress continued to increase, it entered a stable elastic deformation stage. When the stress (   σ /   σ p     ) was within the range of 0.2~0.75, the dissipated energy did not increase significantly. In fact, the energy damage variable also changed gently and gradually increased at a nearly gentle rate. It meant that the damage state had not changed significantly, and the crack growth was gentle and stable. The damage state showed a high mutation when the stress    σ /   σ p      was greater than 0.85. This indicated that the dissipated energy played a leading role in this stress level. Then, it could cause greater damage over a small stress gradient, and the damage variable reached the peak state before the critical peak stress.



The damage variable showed the characteristics of the phases during the cyclic loading. In the elastic deformation stage, the damage variable increased slightly and slowly. In the critical fracture stage, the energy damage variable showed a high mutation, which indicated that the coal specimen was completely destroyed. Therefore, the energy damage variable displays a pattern of the small rapid growth–slow growth–jump mutation state.





4.3. Energy Evolution Model of Coal Failure Process


The coal specimen was loaded with cyclic loading/unloading at the same stress value, which would have a significant impact on its damage and deformation, and it would further affect the energy state and stability. The damage was closely related to the number of cycles. For the cyclic loading/unloading, if the number of cycles was 0 (  N = 0  ), the coal specimen was intact (  D = 0  ). When the cycle numbers reached the maximum cycle number (  N =  N f   ), the damage of coal specimen is more serious. Then, the damage variable reached the peak value, and it may be a failure. The relationship between the damage variation and the cycle numbers can be expressed as Equation (7):


  D = 1 − [ 1 −   (  N   N f    )    β  1 − α     ]  



(7)




where the  D  is the damage variable of coal specimen; the  N  is the cycle numbers of coal specimen under the same stress value;  β  is the stress-related constant of the loading process of the coal sample, the larger  β  the greater the damage to the coal sample during the destruction process and the  α  is the stress index of coal specimen, which can be expressed as Equation (8):


  α = 1 − γ (    σ  max   −  σ f    σ −  σ  max     )  



(8)




where the  γ  is the coefficient related to the properties of coal specimen and it is a constant; the    σ  max     is the maximum axial stress; the    σ f    is the threshold of yield stress and the  σ  is the stress value under any strain state of the coal specimen.



The dissipated energy evolution curve of the coal specimen is shown in Figure 12. The dissipated energy state evolution equation is as below during the failure process. It is shown that the Equation (9) can well coincide with the evolution pattern of the energy state under axial cyclic loading.


   U d  = ( 1 − υ )  E 0   1  1 +  e  −   ( ε −  ε c  )  2  + ζ      



(9)







The dissipated energy behaviour of the coal specimen had obvious evolution characteristics under axial cyclic loading. The dissipative energy behaviour of coal specimens has a distinct evolutionary feature under axial cyclic loading. Therefore, the energy state evolution equation can represent the energy state evolution mode of coal specimens. An energy evolution model was used to describe the energy state and stability of the coal specimen.



The cumulative micro-flaws can represent the failure state and stability degree of the coal specimen to a large extent. The calculation formula for the generation of micro-flaws is Equation (10).


  V ( ε ) = A  α γ   e  ( −    U 0   α  )   [  e  (   γ ε  U d  ( ε )  α  )   − 1 ]  



(10)




where the    ν ε    is the formation rate of the micro-crack in the coal specimen which related to strain parameters; the  A ,  γ  and  α  are parameters that related to the properties of coal specimens and they are constant; The    U 0    is the minimum activation energy generated by micro-flaws in the coal specimen and the    U d  ( ε )   is the energy state of the dissipated energy.



The coal failure is closely related to its energy state and strain characteristics. Therefore, when the coal failure stress (   σ c   ) reaches the peak value, the relationship between the coal’s strength (   σ c   ) and the energy state is Equation (11).


   σ c  =  1 γ  [ α ln (   γ ε  α   U d  ( ε ) +  e  −    U 0   α    ) +  U 0  ]  



(11)







This equation expresses an energy destruction criterion for coal fracture evolution characterized by the dissipation energy. In fact, when the coal specimen reached the threshold of yield stress    σ f    under the axial loading, it had already entered the critical failure state.



Therefore, the point of the dissipated energy state    U  f d   ( ε )   could be taken as the key predicting point of the failure of the coal specimen when it reached the axial compressive strength    σ f   . The point of the dissipated energy state    U  c d   ( ε )   could be taken as the failure point when it reached the axial compressive strength    σ c   . According to the analysis of the relationship between the stress state, damage state and energy state during the failure of the coal specimen, an energy evolution predicting model is constructed based on the dissipated energy state, which can be expressed as Equation (12):


      D = 1 − [ 1 −   (  N   N f    )    β  1 − α     ]      U d  = ( 1 − υ )  E 0   1  1 +  e  −   ( ε −  ε c  )  2  + ζ          σ c  =  1 γ  [ α ln (   γ ε  α   U d  ( ε ) +  e  −    U 0   α    ) +  U 0  ]      



(12)







Based on the dissipated energy behaviour, the discriminant equation can be used to determine the damage state and stability of the coal specimen. It mainly summarizes the relationship among the dissipative energy state equation, the damage state equation and the strength state equation of the coal specimen.





5. Discussion


5.1. Energy Behaviour Criterion of the Coal Specimen


5.1.1. Energy Storage Factor Criterion


The variation pattern of the dissipative energy storage factor    k  C F     can reflect the energy state and stability of the coal specimen to a large extent. The dissipative energy state has the evolution pattern of “slow growth rate, linear high, rapid growth and slowing rate decrease”. Moreover, the dissipative energy storage factor (   k  C F    ) also experiences the pattern of “small decline, low value maintenance and then jumping sudden increase”. Based on the variation characteristics of the dissipation energy, the dissipative energy storage factor criterion is proposed.



As shown in Figure 13, when    k  C F     ≤ 0.25 ± 0.03, the dissipative energy state of the coal specimen is lower, and it is in a stable state. When 0.25 ± 0.03 ≤    k  C F     ≤ 0.5 ± 0.02, the dissipative energy state of the coal specimen increases sharply into the critical failure state. When    k  C F     ≥ 0.5 ± 0.02, the dissipative energy exceeds the ultimate limitation, and the coal specimen is unstable and broken. It can be indicated that the dissipative energy storage factor criterion can better describe the energy state and stability of the coal specimen in different deformation stages.




5.1.2. Energy Consumption Growth Factor Criterion


The main reason for coal failure was that the dissipative energy and the elastic strain energy reached a certain equilibrium mechanism. In fact, the elastic strain energy of the coal specimen reached the limitation of its energy storage, and the accumulation of the dissipation energy also reached the maximum state. Therefore, the energy consumption growth factor can better reflect the energy state of the energy storage mechanisms to a large extent. Then, it also can accurately reflect the energy state and stability of the coal specimen. Therefore, the energy consumption growth factor criterion was proposed in this paper.



As shown in Figure 14, when the energy consumption growth factor (   k  H F    ) ≤ 0.22 ± 0.003, the ratio of the dissipative energy to the elastic energy is at a low value and a small slow decline occurs. The coal specimen is in a stable state at this stage. When 0.22 ± 0.003 ≤    k  H F     ≤ 0.40 ± 0.002, the ratio of the dissipative energy to the elastic energy changes to a large extent. The dissipative energy ratio has a sudden growth, and the energy consumption growth factor also has a sudden growth in a short period, the coal specimen is in a critical state of failure. When the energy consumption growth factor    k  H F     ≥ 0.40 ± 0.002, the coal specimen has been completely destroyed. It can be known that the energy consumption growth factor criterion of coal specimen can well describe the energy dissipation state and stability state.




5.1.3. Energy Damage Factor Criterion


The generation and variation of the dissipative energy can better reflect the internal fracture and crack of the coal specimen. Therefore, the energy damage factor (   k  D F    ) is defined by the dissipative energy, and it is more convincing and accurate to describe the energy state and stability.



As shown in Figure 15, when the energy damage factor    k  D F     ≤ 0.32 ± 0.03, the damage of the coal specimen is at a lower value. Due to the crack closure and re-cracking, the energy damage factor shows a small rapid rise. When the energy damage factor 0.32 ± 0.03 ≤    k  D F     ≤ 0.50 ± 0.05, the damage state of the coal specimen is in a stable and slow linear growth state. When 0.50 ± 0.05 ≤    k  D F     ≤ 1, the dissipative energy increases suddenly, the stability of the coal specimen also decreases, and it is in a critical stable state. When    k  D F     = 1, the coal specimen is in the state of destruction. In fact, it was completely destroyed when the energy damage factor was close to 1 under the axial loading. It can be known that the energy dissipation energy state can distinguish different deformation stages of the coal specimen and it also can better evaluate its stability.





5.2. Prototype of Energy Behaviour Predicting Pattern


As shown in Figure 16, it can be known that the criterion of the energy behaviour can better reflect the stable and fracture stage of the coal specimen. Stage Ⅰ and stage Ⅱ can be regard as a stable state in the failure process of the coal specimen. The demarcation point between stage Ⅱ and stage Ⅲ can be regard as the initial predicting point of the coal failure. Furthermore, it is also the turning point of the dissipate energy behaviour of the coal specimen. This point is also the boundary point of the energy state and stability degree of coal specimens.



The dissipated energy demonstrates a sudden acceleration in stage Ⅲ. Although coal specimens will not be completely unstable at this stage, it will have produced a large number of cracks and begun to gradually fracture. Then, the dissipation energy of the coal specimen grows faster. The stage Ⅳ is regarded as the critical fracture stage of the coal specimen, where the value of the stored dissipation energy is higher, but the growth drops obviously. The internal cracking of the coal specimen has been basically fractured and it is in the critical damage stage.



The demarcation points between stage Ⅲ and stage Ⅳ, namely the peak of the dissipate energy tangent factor, can be regarded as the predicting key point of the coal failure. It is also the inflection point that the growth rate of other energy behaviours slows down. Therefore, it is appropriate to take this point as the key predicting point of coal fracture. Moreover, it can well describe and judge the stable state of the coal specimen. Then, the parameters that are based on the dissipated energy behaviour also show a changing trend of slowing down or decreasing in a relatively short time.



Additionally, many studies were not further enough in this paper, and there are still many problems which need to be further explored in the next studies. The stress gradient was 2 MPa and that is still relatively large. It is difficult to accurately capture the energy behaviour of the coal specimen in the critical failure state. Next, it will be important to continue lowering the gradient to improve the accuracy of the experiment Ten cycles have been carried out in each stage under the equal amplitude cyclic loading/unloading. This means it is not possible to study the detailed effects of repeated damage on the energy behaviour. Next, the stress gradient will be further reduced, and the number of cycles will be increased to improve the accuracy of the experiment.





6. Conclusions


Based on cyclic loading/unloading experiment and theoretical analysis, the energy behaviour of the coal specimen was analysed. Furthermore, the evolution pattern was also explored in this study. Then, the energy evolution predicting model of the coal specimen was also constructed in this paper, and the following three conclusions were obtained:




	(1)

	
The energy density of the coal specimen has experienced the evolution pattern of “slow growth rate–linear high speed growth–slowing growth rate” under the staged cycle loading/unloading. Furthermore, the energy storage state of the coal specimen has experienced “lower value–extreme speed growth–stable value–a small decline”. Under the equal amplitude loading/unloading, the energy density gradually decreases in stage I and stage III. It basically maintains a stable state without a large degree of fluctuation in stage II, and its energy storage rate has undergone the evolution pattern of “high value–higher value–medium-to-high value”.




	(2)

	
The coal specimen exhibits different energy behaviours and energy states in different fracture stages. The energy behaviours of the coal specimen can well reflect the steady state of different deformation stages of the coal failure, and the dissipative energy behaviour has a sudden effect in the fracture process. This contributes to describing the sudden characteristics of the coal failure. The energy-driven mechanism of coal failure is determined by the energy storage mechanism and the energy consumption mechanism. It is related to the energy storage limit and the energy consumption limit. The energy storage mechanism of the coal specimen presents the pattern of “low energy promotion, high energy suppression and dissipation promotion, cumulative suppression growth”.




	(3)

	
Based on the energy dissipation behaviour of the coal specimen, the damage state evolution equation and the energy behaviour evolution criterion are established under the cyclic loading/unloading. Then, an energy evolution predicting model of the coal specimen is constructed in this paper.
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Figure 1. Partial test coal specimens after processing. 
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Figure 2. Mechanical loading equipment and AE system. 
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Figure 3. The energy conversion of coal specimen in the failure process. 
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Figure 4. The elastic and plastic strain energy calculation under loading/unloading. The red dots indicate the critical points of dissipated energy required to create new cracks. 
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Figure 5. The AE energy characteristics of AC1 coal specimen; (a) Stress–Time–AE energy counting curve; (b) Stress–Time–AE cumulative energy counting curve. 
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Figure 6. The AE energy characteristics of BC1 coal specimen; (a) Stress–Time–AE energy counting curve; (b) Stress–time–AE cumulative energy counting curve. 
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Figure 7. The energy storage rate evolution under staged cyclic loading/unloading. The green line is used to delineate the different stages through which the coal samples in the diagram have gone. (a) Variation curves of elastic energy storage rate and energy dissipation rate of coal sample S1. (b) Variation curves of elastic energy storage rate and energy dissipation rate of coal sample S2. 
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Figure 8. The energy accumulation and dissipation during equal amplitude loading/unloading. (a) Results of cyclic loading of coal sample S3 in stage I (b) Results of cyclic loading of coal sample S4 in stage I (c) Results of cyclic loading of coal sample S3 in stage II. (d) Results of cyclic loading of coal sample S4 in stage II. (e) Results of cyclic loading of coal sample S3 in stage III. (f) Results of cyclic loading of coal sample S4 in stage III. 
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Figure 9. The energy tangent factor during grading cyclic loading/unloading. (a) Elastic energy tangent factor and dissipative energy tangent factor of coal sample S1. (b) Elastic energy tangent factor and dissipative energy tangent factor of coal sample S2. 
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Figure 10. The energy tangent factor under equal amplitude cyclic loading/unloading. (a) Elastic energy tangent factor and dissipative energy tangent factor of coal sample S3 in stage I. (b) Result of coal sample S4 in stage I. (c) Result of coal sample S3 in stage II. (d) Result of coal sample S4 in stage II. (e) Result of coal sample S3 in stage III. (f) Result of coal sample S4 in stage III. 
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Figure 11. The damage variable evolution of the coal specimen in the fracture process. The green line is used to delineate the different stages through which the coal samples in the diagram have gone. (a) The damage variable evolution of the coal sample S1. (b) The damage variable evolution of the coal sample S2. 
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Figure 12. Trend diagram of coal specimen dissipation energy under axial cyclic loading. (a) The dissipated energy evolution curve of the coal sample S1. (b) The dissipated energy evolution curve of the coal sample S2. 
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Figure 13. The evolution of energy storage factor during the failure process. The green line is used to delineate the different stages through which the coal samples in the diagram have gone (a) Dissipative energy stage and    k  C F     of the coal sample S1. (b) Dissipative energy stage and    k  C F     of the coal sample S2. 
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Figure 14. Energy consumption growth factor evolution diagram of coal specimen failure process. The green line is used to delineate the different stages through which the coal samples in the diagram have gone. (a) Dissipative energy stage and    k  G F     of the coal sample S1. (b) Dissipative energy stage and    k  G F     of the coal sample S2. 
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Figure 15. Evolution diagram of energy damage factor in coal specimen failure process. The green line is used to delineate the different stages through which the coal samples in the diagram have gone. (a) Dissipative energy stage and    k  D F     of the coal sample S1. (b) Dissipative energy stage and    k  D F     of the coal sample S2. 
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Figure 16. The energy behaviour predicting pattern of the coal failure process. The green line is used to delineate the different stages through which the coal samples in the diagram have gone. (a) Dissipative energy stage,    k  C F    ,    k  G F    ,    k  D F     and    k  T F     of the coal sample S1. (b) Dissipative energy stage,    k  C F    ,    k  G F    ,    k  D F     and    k  T F     of the coal sample S2. 






Figure 16. The energy behaviour predicting pattern of the coal failure process. The green line is used to delineate the different stages through which the coal samples in the diagram have gone. (a) Dissipative energy stage,    k  C F    ,    k  G F    ,    k  D F     and    k  T F     of the coal sample S1. (b) Dissipative energy stage,    k  C F    ,    k  G F    ,    k  D F     and    k  T F     of the coal sample S2.



[image: Applsci 13 04324 g016]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg





media/file8.jpg
o Bt ey comel

(b)





media/file27.png
19y a0 4 ymouo uogdwnsuo) ABseul
eq et - o

= S
fail o =
1
5
-
uw
g5
w5
5 a
¥
w e
28 -
5 |
$ -
58 = _
I
H A
2 1
A T v 1 b 1 N ! i
= = © < o =
—_ (= (=] (=] (=] (=]
( ww/r) awrs Aisu3z angedissig
19y Jope 4 ymois uondwnsuo) ABsug
S e © <+ o =
- (= S (=] (=] N (=]
r T g— | S ThE T o i "
s
m -
w
m I L
o B |
i I
w o po
s :
g 2 : :
. A W S . . r e
35 _ : .
8 d [
I i
* -
m 1
a1
- T T T T T v
= = © A o S
—_ (=} S [ — — |
((wuwyr) ses ABeuz snedssig

ele

(a)

(b)





media/file13.png
Energy Storage Rate
O 9 0 e 0 @ O f
o W w o N
1 1 1 1 [

<
]

S
o

—Ww— Elastic Energy : —Ww— Elastic Energy
I | [—A— DisspatveEnery 0.9 i —A—Disspative Energy
! ' | |
SHENRIE e S 0.8 -
‘ '/ j ; 0.7 1 v/ [ |
[ I 06 ,/ [ |
3 : T 05 : 4
I - o | I II WA
. I I £ 0.4 | '
\ | I I s \ i | i
! I : §le sy ) !
< / - ___A-——-—‘\ '
g PP e LR 5] $ g, g g Ty
| ! | i | i
| | | 0.1 5 | [ |
1 ! 1 |l | I ! v l. 1 1 O 0 ! I I ' I v I l. ll o I
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18
Stress (MPa) Stress (MPa)

(a) (b)





media/file31.png
State (J/mm’)
= ee e

spal_j__ru Energy

Dis:

99 R - L r1-2-7 0. 15
Enirgy Slorg Fax Predicisg Kev Paint
# ——— Energy Consumption Growth Factor it
A== Energy Danage Factor = 1.0
— _|——Energy Tangent Factor : - 0. 12
i
i = 0.8
, H - 0.09
51 I i -
L
4 -
] ad = 0,
31 - 0. 4y
a !
2 ! = 0. 03
- 0.2
14 !
: 1
{ T Y T T T T T T = v T 0 0. (0
(1. 000 0. 001 (1. 002 0. 003 0. 004 (1. 005 0. 006 (. 007

Strain

(a)

Disspative Energy State (J/mm3)

94 icti i rE2 018
| [—=— Disspative Energy State (1/mm3) Pr:dlgg:mg Foint
g4 Energy Storge Factor _i'
—— Energy Consumption Growth Factor )
~ 1 —— Energy Damage Factor - L0001
! 7| |—— Energy Tangent Factor
. Inital Key Point f L o0.8 Fo.12
' i !
0 \na
= 0, bi:‘- 0, O
14 | f
1 3
3 -0.4 006
E -
=02 FoOo0s
J -
0 T y T v T |I y T v T & & == 0,00
0. 00 0,001 0. 002 0,003 0,004 00005 Q006 0,007 0,008

Strain

(b)





media/file12.jpg
'
V
[
[
)
HENE] TR R e n »
Stz (P St ouen
(a) (b)





media/file18.jpg





media/file9.png
Stress (MPa)

9.00x10*

Stress
AL Cnergy Counts

2()

<\

0 500 1000 1500

Time (s)

(a)

2000

2500

3000

4 7.50x10*

4 6.00x10"

4 4.50x10"

- 3.00x10?

= 1.50x10°

0.00
3500

AL Energy Counts

Stress (MPa)

6x10°

20 1

—
>
|

—_
[ ]
]

o]
1

— Stress

—— AE Cunulative Encrgy Counts

- sx10°

- 4x10°

~ 3x10°

- 2x10°

=4 1x10°

0

500

1000 1500 2000
Time (s)

(b)

2500

3000

3500

AE Cumulative Energy Counts





media/file14.jpg
@

Mg





media/file20.jpg
o0, y
%0 a1 0z 03 o4 05 s a7 o3 00 T W on 03 03 o4 05 Gs 07 ox w0 T

(a) (b)






media/file23.png
Dissipative Energy U (J '‘mm”)

= Data Point = Data Point
1 |=— Fitting Curve " Fitting Curve
0.8 4 -~ 0.8 4
=
E
0.6 - = 0.6
s
o
] ]
c
w
0.4 g 0.4 4
©
B ‘9‘ -
@
0.2 4 0 02
0.0 ...' T v T v T v T v T v T % 1 0.0 aucta T ¥ T v T v T v T v T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain Strain

(a) (b)





media/file5.png
Total Energy

U

Input

> Coal Specimen

U,

Elastic Strain Energy)

| & Expansion

Fracture Initiation

Thermal Radiation
& Ejection






media/file15.png
Percentage

Parcentage

Percentage

l ﬂ - |—Y—Eurgy Sioroge Som l 0 _ .
4 —dh— [ rerny Cormarion S 9 —v= ElaSUC Enarg','
o - '—-—‘ -'—'_T/ \v'_—' —
0.8 4 084 ¢ : (I
0.7 0.7
0.6 0.6 4
0.5 1 l% 0.5 -
4 = :
0.4 8 044
o .
0.3 4 0.3 -
' ) \ R ——a
0.2 ‘_.__‘___‘___‘_____‘____‘___—_‘_—‘-__‘_____‘ 0.2 - ‘——.‘_,..--""" ‘-___‘__-“__,.-—-‘
0.1 - 0.1 4
P+ oo+ 7771
o 1 2 3 4 5 6 7 8 9 10 11 o 1 2 3 4 5 6 7 8 9 10
Cyde Slage Cycle Stage
(a) (b)
I stage
1.0 - —w— Elastic Energy 1.0 9 |—w— Elastic Energy
: —A— Disspative Erergy 1 [~&~—Disspatve Energy
0.9 - 5 v—" 0.9 - - v—V—y
{ T W { W e Bn = s
0.8 - 0.8 -
0.7 - 0.7
0.6 - - 0.6
- g’ g
0.5 £ 0.5
©
- 9 B
0.4 4 F 0.4+
1 -
0.3 4 0.3 -
0.2 4 0.2 4
00 % 1 |l I | | 1 1 || 1 1 1 ¥ | 00 M I M T v I M I ! I ’ I N I M |l ! | N I
0 | 2 3 4 5 6 7 8 9 10 Il 0 I 2 3 4 5 6 7 8 9 10
Cycle Stage Cycle Stage
(c) (d)
II stage
1.0 4 1.0 -
{ ™ Elasm.: Energy { |—w— Elastic Energy
09~ [r—DaspatveEnergy 09 |—A—DisspatveEnemgy
0.8 0.8
0.7 - 0.7 -
< v '*_'/'\' p
\/ \v/'\v _ v v v
06- / % 0.6 . /"'/ \/ \'__'/ \
0.5 - 205
' 8 | \ N A
0.4 - & 0.4 - 4 A ~—~—p—A—A—_,
0.3 - 0.3 -
0.2 1 0.2 -
0.1 - 0.1 1
U 0 1 IO | I L L) I Bz oty & | 1 0.0 T Som R o | T | T T | L, T |
0 | 2 3 4 S 6 7 8 9 10 11 0 | 2 3 4 5 6 7 8 9 10
Cycle Stage Cycle Stage

(e) (f)
III stage





media/file19.png
0.06 0.048 0.048 —— 0.042
—w— Elastc Enengy —w— Elastic Energy
— & — Disspative Erargy —A— Disspative Enemy 10.036
0.05 4 0.040 0.040 A 03
o * 5 5 400308
o ﬂ.ﬂ' 0. 2 —_ p =
g H . 03 B 5 0.032 ‘“?
o E = 40024 E
= o = 87
2 0.03 4 0.024 = 8, 0.024 4 :
= [ = —
= > 3 4 40018 >
5 (.02 0016 & % 5
i LU I = [ =4 9 ‘)0'6 = @
2 4 w 2 v 4001240
o \ V—v N 3 e \v/ \’/'\v/ N—v—v | £
% 0.01 y— h-;' /\ {0008 & 2 0.008 - a——ha ®
@ — A 3 S A—a—a— A A, 00062
o rw B
)
0.00 T T T T T T T T LI 0.000 0.000 — e e B e e A 1 0.000
o1 2 3 5 6 7 8 9 10 I 6 .1 2 3 4 5. & T '8 10 11
Cycle Stage Cycle Stage
(a) (b)
I stage
0.048 0.042 0.030 0.015
-—w— Elastic Energy —w— Elastic Energy
—&— Disspatve Enengy —A— Dissipative Enengy I
H0.036 "
0.040 - 0.025 0.012
5 T x
- - 0.030 < S -
2 - > 2 " 1 o
g 0032 |8 : 0.02 8
‘,; 400245 o ‘ 199
8 0.024 4 . 0015 ‘ g
S = @ -
@ H0.018 S v v
- & 3 \V' W 1 0.006 &
©0.016 - g £0.010 - e g
@ . 40.012& 2 — &
g / \/' v ()] w [
5 " ~ N | e 8 Joons £
= 0.008 4 a—a 4 E 0.005 - %
] : 3 L 1 : 3
[a] [=]
0.000 T T T T T T T r——1 0.000 0.000 T T T T T T T ——1 0.000
0 | 2 3 5 6 7 h 9 10 11 0 | 2 3 4 5 6 7 8 10 1N
Cycle Stage Cycle Stage
(c) (d)
II stage
0.006 0.12 0.0040 0.05
Elastic Energy —w— Elastic Energy
Disspative Enemgy 1 l—&-osmmeamg,
o 12 0.0032 4 4 0.04
~ |
. e e 2
g 0.004 ~ < 0.08 d.% g <
W
& p 8000244 v 4003 &
£ 5z 4
@ ().003 = - 0.06 € (1] c
& 8 2 &
(]
- 2 F 0.0016 4 \vv'\v v Y—v Jo0m z
o> = >
50,002 8 KA~ 1™ § % St 5
W 1 u
= ‘ '\/ 2 & ‘/\‘ \A/\ ‘/\ 2
L = L (.0008 + A 4001 S
% 0.001 - é‘\ /‘\ {0028 7 2
s \ \ / 8 o ~ @
(] (a]
0.000 | RN SR (R [ T T | S T 0.00 0.0000 ——rT—  BRoTEn remre ) T g o, 5 0.00
0 | 2 3 5 6 7 8 9 ll) I 0 1 2 3 4 5 6 7 8 9 10 11

Cycle Stage

(e)

III stage

Cycle Stage

(f)





media/file28.jpg
(b)

(I

(a)





media/file2.jpg





nav.xhtml


  applsci-13-04324


  
    		
      applsci-13-04324
    


  




  





media/file11.png
Stress (MPa)

17.5 3.0x10° 17.5 8x10°
] Siress Slress | :
]5.0 - |we= AE Epergy Counts 15 5x10° 15.04 |—— AL Cumulative Fnergy Counts 1 7x10
1 | l i 5
12.5 - : 12.5 ““““l -6x10
d20x10° &2 - [ ‘ ’
] = 5 y '”H’, = 5x10°
10.0 A S 2 10.0 .
] 4 15x10° @ 8 - 4x10°
7.5 - 5 5 75 -
. | 5
| 1 1oxi0° = il M | 310
5.0 - 5.0 s
i - X
i 4 | 1
2.5 5.0x10 2.5 “““l“ 4 1x10°
1 | 1T T '
0.0 lJ!.I.LII.l!.L 'lul}u,u{h albtilbile 0.0 0.0 A1fIT A B D D 0
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
Time (s) Time ()

(a) (b)

AL Cumulative Energy Counts





media/file6.jpg





media/file24.jpg





media/file29.png
E« Jope abeweq ABiaug

1.2
410

]

Dissipative Energy State
Energy Damage Factor

.
T
04

|
|
e .
K s X
— .ﬂ - (=]
a2
I B
[ N
I
! —
N 1 N 1 1 N 1 1 N 1 | o
o s o b ! ” ~ o <
=) — (=) (=) (=) o o S S
(Jwwyr) aeig ABsaug angedissiq
10y Jope4 abeweq ABiau3
™ <= o0 o == ™ =
o= - o (=) S = S o
= ' .2 T e T —— - | B =
= |
|
— T SR W ——— — —
|
. 'M
I
I
-—
'6.
S
2.
a5
> '
g [ [ <
o 3 ¢ =
o 8 |
E
>3 ' « |
25 : :
= W e W e — o — —
2 3 ! 1 «
= = | 8 X
ow P u S
: .
t . |
! .
| S
T B — =
x b= o o - ™ — S
S S S S S

&
= =
(,wui/f) seg ABauz anedssig

(b)





media/file1.png
50mm

100mm






media/file10.jpg
(b)

(a)





media/file7.png
F
Ay

\\\\\\\\\\\






media/file16.jpg
(%) oicey weGuey AGseu3 euiedisnig

1838

(a)

Stross e






media/file3.png





media/file22.jpg
warort wa
H
LES
o om 0w om on om0 G ob ok o oo o ow o
Stan Strain

(a) (b)





media/file17.png
Elastic Energy Tangent Factor

0.18

0.15 4

0.12 4

0.09 4

0.06 +

0.03 4

0.00

0.024 —~
-°
Elasuo Enomgy -~
o o 4002085
@
1 | | i w
| | | 40016 €
@
m
| | 40012+
I Il 1 /i >
I | | @
] o c
I —— | IV 00085
J (0]
- [ | >
I | | 4 0.004 ‘g
I | | ) v
! — - ——— '. ! . 0.000 O
0 4 6 S8 10 12 14 16 18 20
Stress (MPa)

(a)

0.16 0.024
—9— Elnotic Enory ;
0.144 | —&—DaupsyoEnery
o } - 0.020
2 0 b
et 1 5 *
w
v 1 40016
& 10 e VAR ‘V/h
@ | | 1
o)
€ 0.08 - | | 40012
’; ] I | | 1
210.06 - | | I A
@ 4 0.008
ch ) | | | [V
L | & W
= 1 Il 4 0.004
m 0.02 4
w ) | 1 1
0.00 v lt ey T | B | |1 ¥ II | 0.000
0 4 6 8 10 12 14 16 18 20
Stress(MPa)

(b)

Dissipative Energy Tangent Factor (%)





media/file4.jpg
Total Encrgy
U

Elastic Strain Energ

Fracture Initiation
& Expansion

Thermal Radiation
& Ejection






media/file30.jpg





media/file25.png
1.0

o0

1)y Jope 4 abeiojg Afuauz anedissq
© - o

Dissipative Energy Storage Facior

Dissipative Energy State

| =

T i T M T - v
< o0 ° - ™~ <
o o < =] =] <o
(,wwyr) aeg Absauz anjedissig
13y Jope 4 sbeioig ABiauz anedssig
= 0o e = ™~ <
-+~ T —-r— T rnqu - T oo v
n n
T
m
[V
@
@
28
G B
H
W w I
L9
3 !
B g
is 1+ -F|
LA — L
oo :
] Ao
1 H
.2 T . L A d 1 N
< o o = ~ <
— = =] = = =

(wwyr) ewEs Abieu3 eanedssig

1.0

0.8

(b)

(a)





media/file0.jpg
50mm

100mm






media/file21.png
1.0 - 1.0 -
: [—-¢— Damage Curve ] » 1 [+ Damage Curve ] "
0.9 4 0.9 4
0.8 4 . 3 0.8 - &
: | I : |
0.7 0.7 4
| I ] I
© o
g 0. 6 . : : £ 0.6+ :
S s = 0.5
© I l H l (4] '
IS8 1 =2 1 | I1
g 0 4 = - o - ' L T ——— -___—__-%— -— .- E 0‘4 - '
9034 et I 0.3 ] et g
0.2 - -/: | 0.2 - /‘ |
I I ; I
0.1 1 | 1 0.1+ | 1
00 . ! ’ 1 v 1 e 1 b I v I ‘fl I o - v 4 O'O * T ¥ ! b 1 v 1 e | o T b ' I L ) > L o 1
00 0 1 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 10
o/o,, c/o,,

(a) (b)





