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Abstract

:

The establishment of a rock constitutive model considering microcrack propagation characteristics is an important channel to reflect the progressive damage and failure of rocks. The prepeak crack strain evolution curve of rock is divided into three stages based on the triaxial compression test results of granite and the definition of crack strain. According to the nonlinear variation characteristics of crack strain in the stage of rock crack stable propagation, rock deformation is expressed as the sum of matrix strain and crack strain. Then, the exponential constitutive relationship of rock crack stable propagation is deduced. The axial crack strains of the rock sample and its longitudinal section are equal. Thus, the longitudinal symmetry plane of the rock sample is abstracted as a model containing sliding crack structure in an elastic body, and the evolution equation of crack geometric parameters in the process of stable crack propagation is obtained. Compared with the experimental data, results show that the rock crack stable propagation model based on crack strain can adequately describe the evolution law of crack strain and wing crack length. In addition, the wing crack propagates easily when the elastic body with small width contains an initial crack with a large length and an axial dip angle of 45° under compressive load. This study provides a new idea for the analysis of the stable propagation characteristics and laws of rock cracks under compressive load.
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1. Introduction


The damage and failure of rock mass are closely related to the evolution behavior of cracks. For many rock engineering disasters, such as rock burst in deep tunnels, splitting of high sidewalls of large caverns, and coal/water outburst in mining engineering, the key to exploring their mesoforming mechanism is to understand the propagation and evolution process of microcracks [1,2,3]. However, the fracture combination of natural rock mass is complex and changeable, and the expansion and penetration path under load cannot be determined easily; thus, the study of mesoscopic damage and fracture of rock mass has always been a popular and difficult issue in rock mechanics [4]. In recent years, acoustic emission (AE) and other methods have effectively identified the evolution characteristics of cracks in loaded rock samples [5,6]. The corresponding relationship between the evolution process of cracks in rocks and the stress–strain curve of rocks has been also clarified. Therefore, the establishment of a rock stress–strain constitutive model considering microcrack propagation is an important channel to reflect progressive damage and rock failure. This approach is essential to understand the crack evolution law and construct rock engineering disaster assessment and warning systems.



The deformation and failure of rocks result from closure, initiation, propagation, and coalescence of the internal cracks under the action of external load. Theoretical studies related to cracking processes can be broadly classified into three categories [7,8,9,10], namely, development and verification of crack initiation criteria, studies based on analytical methods, and studies based on numerical methods. The effects of loading conditions, sample boundary size, crack geometric characteristics, crack angle, crack number, and crack surface mechanical parameters on crack phenomena and crack patterns on rock samples were observed and studied through a large number of laboratory and numerical tests [11,12,13,14,15,16]. The effects of off-notch location on the crack initiation and propagation behaviors were examined by in situ observation, which indicated that the strength, failure patterns, and deformation properties of the rocks containing the pre-existing flaws evidently depended on the crack evolution [17]. Lee et al. [18] carried out a numerical simulation for the coalescence characteristics in Hwangdeung granite containing two unparallel fissures by using PFC2D, and the simulated peak strength, crack initiation stress and ultimate failure mode of Hwangdeung granite were compared with the experimental results. Martin proposed the definition of crack strain [19,20] to describe the crack size quantitatively and provided a method to determine the damage stress based on the inflection point of volume crack strain. Cai et al. [21] proposed a generalized crack initiation stress and crack damage stress threshold of rock mass according to crack strain.



The existence of initial cracks in hard and brittle rocks and the evolution of crack propagation during loading have an important influence on the stress–strain relationship of rocks. Liu et al. [22] and Zhao et al. [23] proposed the stress–strain relationship of porous rock under different stress states by using the double-strain Hooke law. Li et al. [24] theoretically analyzed the macro stress–strain relationship of rocks caused by crack propagation based on the airfoil crack model assuming crack angle. Zhang et al. [25] abstracted brittle rock as fracture material and skeleton material. They also established a constitutive model of brittle rock by considering initial void closure and its influence. Zuo et al. [26] regarded rock matrix and porous materials as “hard part” and “soft part” and proposed axial crack closure model and axial crack propagation model.



Mesoscopic damage and macroscopic deformation failure caused by crack evolution in rocks have been widely studied, mainly because of the randomness of crack distribution and uncertainty of evolution. However, the crack strain ignores the complex distribution shape of the crack and only considers the overall macrodeformation of the crack, effectively avoiding the difficulties caused by this uncertainty [27,28]. Based on the axial crack strain, the prepeak crack evolution behavior and its propagation model of rock have been preliminarily studied. However, the crack propagation in the model starts from the yield damage of rocks. The crack has been generated and propagated slowly and stably before the differential stress reaches the yield damage stress. When AE/microseismic technology is used to monitor the damage degree of rock mass in the actual rock engineering site to evaluate the stability of surrounding rock [29], the crack characteristics in the stable crack propagation stage before the yield damage (long-term strength) of surrounding rock must be mastered. Therefore, studying the stable propagation characteristics and laws of rock cracks under compressive load is necessary.



Given the above knowledge, the evolution characteristics of crack strain in the process of rock deformation and failure are analyzed in this study based on the stress–strain curve data of typical granite peaks. A rock crack stable propagation constitutive model was also established based on axial crack strain. This model was verified by comparing the results with the experimental data. Based on the principle that the axial crack strains of a rock sample and its longitudinal plane are equal, the equation describing the variation of crack geometric parameters in the process of stable crack propagation of rock sample is deduced, and the law of stable crack propagation is revealed.




2. Constitutive Model of Rock Crack Stable Propagation Based on Axial Crack Strain


Spatial AE for real-time positioning combined with stress–strain relationship is commonly used to describe the evolution process of crack damage during rock deformation [30,31]. Figure 1 shows the stage characteristics and stress levels at key points of the prepeak deformation process of granite. In general, the prepeak stress–strain curve of rocks can be divided into four stages, namely, crack closure stage, linear elastic deformation stage, stable crack propagation stage, and unstable crack propagation stage. The characteristic stresses corresponding to different stages are crack closure stress σcc, crack initiation stress σci, crack damage stress σcd, and peak stress σc. The crack initiation stress level is the beginning of crack initiation and stable propagation, accompanied by AE events. The crack damage stress level indicates the beginning of unstable crack propagation, which is usually determined by the inflection point of volume strain. In addition, the crack in the rock may close under hydrostatic pressure when the confining pressure is sufficiently large. Thus, the differential stress–strain curve has no crack closure stage.



2.1. Evolution Characteristics of Prepeak Crack in the Rock


The closure, initiation, propagation, and coalescence of internal cracks in rocks under compressive load cause rock deformation. The crack strain represents the rock deformation caused by the crack or the deformation of the cracked body, and its value is equal to the total measured strain minus the elastic strain of the rock. The crack strain ignores the complicated distribution patterns of the crack in the rock deformation process and directly represents the total macrodeformation of cracks, which can quantitatively describe the characteristics of crack evolution. Under conventional triaxial compression, the crack strain [19] can be expressed as follows:


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



(1)






   ε v c  =  ε v  −   1 −  2 μ   E     σ 1  +    2 σ   3     



(2)




where    ε 1 c    and    ε v c      represent axial crack strain and volumetric crack strain, respectively; ε1 and εv are axial strain and volumetric strain, respectively; σ1 and σ3 represent axial stress and lateral stress, respectively; E and μ are the elastic modulus and Poisson’s ratio at the linear elastic stage, respectively.



This section analyzes the variation law of crack strain based on the triaxial compression test data of typical rock to describe the prepeak crack evolution characteristics of the rock. The triaxial test rock samples were taken from fine-grained granite with a buried depth of 450–460 m, mainly composed of plagioclase, quartz, alkaline feldspar, and biotite. Figure 2 shows the prepeak stress–strain curve of granite under different confining pressures. The increase in confining pressures increases the peak strength, elastic modulus, and peak strain of granite, and the initial compaction stage almost does not appear. According to the definition of crack strain in Equations (1) and (2), the variation trend of crack strain before granite peak under 10 MPa confining pressure is calculated and plotted, as shown in Figure 3. Under confining pressure, the prepeak differential stress–axial crack strain curve can be roughly divided into three stages, namely, linear elastic stage, stable crack growth stage, and unstable crack growth stage. First, the increase in the differential stress makes the axial crack strain nearly equal to 0, indicating that the cracks in the rock are closed. Second, the axial crack strain increases when the differential stress increases to the effective crack initiation stress (σci–σ3). However, the rate of increase is slow, indicating that the crack initiation and propagation in the rock are stable. The axial crack strain increases at a fast rate when the differential stress reaches the effective crack damage stress (σcd–σ3), indicating that the crack is in a state of unstable propagation. The variation trend of crack volumetric strain can also reflect the evolution characteristics of cracks in the rock. The variation law of crack volume strain is similar to that of axial crack strain, which is not explained further.




2.2. Constitutive Model of Stable Crack Propagation


Rock is a natural heterogeneous material. Its physical composition includes hard materials, such as rock grain skeleton, and soft materials, such as a large number of cracks or pores. Therefore, the macroscopic deformation of rock can be expressed as the sum of matrix strain and crack strain [22], as shown in Figure 4. The crack body is assumed as a unique material with its own physical and mechanical properties to reflect reasonably the deformation in the mechanical properties of soft and hard materials, and its deformation can be described by natural strain [32]. In comparison, the rock matrix is an elastic material, and its deformation is described by engineering strain. On the basis of this idea, Zuo studied the stress–strain relationship model of the prepeak crack closure stage and the unstable crack propagation stage [26] and regarded the stable crack propagation stage as the linear elastic stage. However, the crack strain changes nonlinearly during the stable crack propagation in rock, as shown in the above section. On the basis of the above ideas, a model of stable axial crack propagation in front of rock peak is attempted to be established in this section.



The natural strain is the ratio of the absolute deformation to the existing size of the sample, which is suitable for describing the deformation of soft matter. If the compression direction is positive and the tensile direction is negative, then the strain of the crack body during stable propagation is as follows:


     d ε   1 c  =     dh  c     h c     



(3)




where hc is the equivalent height of crack in the process of stable crack propagation.



The crack propagation in the rock is stable when the differential stress is between the effective crack initiation stress (σci–σ3) and effective crack damage stress (σcd–σ3). In this study, the effective differential stress (σe) is defined, that is, the differential stress minus the effective crack initiation stress, as expressed in Equation (4). A uniformly distributed force is imposed on the surface of the rock specimen (including cracks and the matrix). Therefore, the stress on the crack body in the process of stable crack propagation is the effective differential stress σe.


   σ e  =    σ 1  −  σ 3    −    σ  ci   −  σ 3     



(4)






     d σ   e  =  E c       d ε   1 c   



(5)




where Ec is the equivalent elastic modulus of the crack body.



The substitution of Equation (3) into Equation (5) and their integration obtain σe.


   σ e  =  E c      ln    h c    + C  



(6)




where C is the integration constant.



Cracks in the rock begin to crack when the differential stress reaches the effective crack initiation stress. Therefore, the crack initiation conditions can be obtained as follows: σe = 0, hc = Hci ≈ 0. Hci is the equivalent crack height at the moment of crack initiation in rock. However, this condition makes Equation (6) mathematically meaningless. Assuming that the equivalent height of the crack is Hcd, the crack damage conditions can be obtained as follows: σe = σcd − σci, hc = Hcd. The integral constant C can be obtained by substituting this condition into Equation (6).


  C =  σ  cd   −  σ  ci   −  E c       ln H    cd    



(7)







hc can be obtained by substituting Equation (7) into Equation (6).


   h c     = H    cd      exp       σ e  −    σ  cd   −  σ  ci        E c       



(8)







Based on Equation (8), the relationship between axial crack strain and effective differential stress of the crack body at the stage of stable crack propagation can be obtained.


   ε 1 c  =    H  cd    H     exp       σ e  −    σ  cd   −  σ  ci        E c       



(9)




where H is the height of the rock sample.



The stress–strain relationship model at the stage of steady crack growth can be obtained by replacing Hcd/H with    ε 1  cd     and substituting Equation (4) into Equation (9).


   ε 1 c     = ε   1  cd      exp       σ 1  −  σ  cd      E c       



(10)




where    ε 1  cd     is the axial crack strain of rock under yield damage.



The relation between stress and axial strain can be obtained by substituting Equation (10) into Equation (1) in the stable crack propagation stage (σci < σ1 < σcd).


   ε 1     = ε   1  cd      exp       σ 1  −  σ  cd      E c      +  1 E     σ 1  −    2 μ σ   3     



(11)








2.3. Model Validation


The stable crack propagation growth model is verified by the test data, as shown in Figure 5. The test data were taken from the stable crack propagation stage of the typical granite stress–strain curve (Figure 2). By using the definition of crack strain, the test data of differential stress–axial crack strain and axial stress–axial strain of granite under different confining pressures can be obtained. From Equations (10) and (11), combined with relevant fitting parameters, the corresponding theoretical curve can be drawn. Figure 5a shows that the stable crack growth model is highly consistent with the test data of differential stress–axial crack strain, and the model can well describe the nonlinear evolution characteristics of crack strain in the stable crack growth stage before the rock peak. The stress–strain constitutive relation curve obtained based on this model at the stage of stable crack growth also coincides well with the test data, verifying the correctness of the model again, as shown in Figure 5b. The relevant fitting parameters are shown in Table 1.



The evolution starting point of axial crack strain shown in Figure 5a is not zero because a certain number of wing cracks are generated at the moment of crack initiation under low confining pressure. The axial crack strain at the moment of crack initiation in rock is denoted as    ε 1  ci    , and its theoretical value can be obtained by substituting    σ 1     = σ    ci     into Equation (10).    ε 1  ci     is related to the confining pressure, and the model parameters    ε 1  cd     and Ec are affected by the confining pressure.



The effects of low confining pressure σ3 (0–10 MPa) on the damage axial crack strain    ε 1  cd    , crack equivalent elastic modulus Ec, and instantaneous crack initiation axial crack strain    ε 1  ci     are shown in Figure 6. The equivalent elastic modulus Ec of crack increases with the increase in confining pressure, whereas the damage axial crack strain    ε 1  cd     and the instantaneous crack initiation axial crack strain    ε 1  ci     show a decreasing trend. Compared with no confining pressure, the confining pressure of 10 MPa increased Ec by 31.8%, whereas    ε 1  cd     and    ε 1  ci     decreased by 54.6% and 71.7%, respectively. These results indicate that confining pressure has an obvious inhibition effect on crack initiation and stable propagation.





3. Evolution Model of Crack Geometric Parameters in the Process of Stable Crack Propagation in Rock


3.1. Mechanical Model of Structures with Cracks


New cracks begin to sprout in the rock when the axial stress reaches the crack initiation stress σci. A large number of microscopic observation test results [33,34] show that the new cracks generated at the end of the initial crack are tensile cracks. Most of them are consistent with the direction of the maximum compressive stress, and the new cracks only expand to some extent under a given stress increment. On the basis of this finding, some scholars proposed a two-dimensional plane strain model with crack structure and performed mechanical analysis. If the rock sample is considered an assembly of extremely thin longitudinal sections, the axial crack strain of the rock sample is equal to the axial crack strain of each longitudinal section. Therefore, the longitudinal plane of symmetry of the rock sample is abstracted as a model containing a sliding crack structure in an elastic body. An equation that can characterize the change of crack geometric parameters (wing crack length) during the stable crack propagation process of the rock sample can be obtained by calculating the axial crack strain and combining this calculation with the formula of the axial crack strain of the rock sample proposed above.



No interaction exists between microcracks at the stage of stable crack propagation. Each microcrack extends along different propagation paths until the axial stress reaches the crack damage stress σcd, and the intersection and penetration occur between them. Therefore, the deformation caused by each microcrack in the longitudinal symmetry plane of the rock sample in the process of stable expansion is superimposed as equivalent to the impact of a single crack structure on the rock, as shown in Figure 7a. Some scholars proposed an actual sliding crack model with a curved wing crack, but the stress intensity factor solution of this structure has no analytical form [35]. Therefore, the sliding crack model with straight axial wing crack is often adopted, as shown in Figure 7b, and this structure is confirmed to be an effective approximation in the analysis [36].




3.2. Evolution Equation of Crack Geometric Parameters


In the two-dimensional plane strain mechanical model shown in Figure 7b, the length of the elastic body is 2w, the height is 2h, the sliding crack with half-length a is at an angle θ with the horizontal plane, and the initial length of the wing crack is l. They are subjected to axial and lateral compressive stresses σ1 and σ3 and resist sliding through friction. The stress intensity factor solution for this structure [21] is as follows:


   K I  =    2 a τ cos θ       π l      −  σ 3     π l     



(12)




where KI is the I-type stress intensity factor at the crack tip. When KI = KIC, the crack begins to grow stably; KIC is the fracture toughness of the rock. τ is the driving shear stress, which is expressed as follows:


   τ =   1 2       σ 1  −  σ 3     sin 2 θ  −    λ [ σ   1     + σ   3     + ( σ   1  −  σ 3   ) cos 2 θ ]     



(13)




where λ is the coefficient of friction.



The axial displacement of the model is the sum of the axial displacement caused by the applied stress in the noncracked body and the axial displacement caused by the sliding crack. The axial displacement caused by sliding cracks can be derived from elastic strain energy, and the derivation process can be referred to in Reference [37]. The effective axial strain of the crack under the applied load is finally obtained by dividing the axial displacement by the height of the model.


   ε 1 c  =    2 a sin θ       1 − μ   2      Ewh        π τ a     4 cos θ    +    2 a τ cos θ   π  ln  l a  −  σ 3    l − a      



(14)




where E is Young’s modulus, and μ is Poisson’s ratio.



The stress–strain curves of the crack body are obtained by abstracting the rock sample and its longitudinal symmetry plane into a matrix–crack composite model and an elastomer–slip crack structure model, respectively, i.e., Equations (10) and (14). The evolution equation with the geometric parameters of the crack in the stable crack propagation stage (σci < σ1 < σcd) under low confining pressure can be obtained by combining the two models.


   ε 1  cd   exp      σ 1  −  σ  cd      E c      =    2 a sin θ    1 −  μ 2      Ewh        π τ a     4 cos θ    +    2 a τ cos θ   π  ln  l a  −  σ 3    l − a      



(15)








3.3. Evolution of Wing Crack Length in the Stage of Stable Crack Propagation


The relevant parameters in the evolution equation of geometric parameters with cracks in the stable crack propagation stage (σci < σ1 < σcd) of rock are assigned, the variation law of wing crack length with axial stress is analyzed, and the influence of some parameters on it is discussed. The related parameters are assigned as follows: the height of the elastic body with sliding crack structure 2h = 100 mm and its mechanical parameters (E, μ) are the same as those of the rock sample at the linear elastic stage, and λ = 0.3 is the friction coefficient between initial cracks. Other related parameters are shown in Table 1. The effects of the initial crack inclination angle θ and the elastic half-width w on the evolution of the wing crack length with the axial stress are analyzed and compared with the experimental results by taking the case without confining pressure as an example. The effect of the initial crack half-length a on the wing crack growth is also discussed.



Figure 8 and Figure 9 show the growth of wing crack length with axial stress under different initial crack inclination angles θ and different model half-widths w, respectively. In the stable crack growth stage, the wing crack length increases slowly at first, and then the increasing rate increases continuously. When the initial crack inclination angle is 45°, the wing crack tends to expand. Cracks in the narrow elastic body spread easily. The results of the progressive compression test of a prefabricated single crack in PMMA plates carried out by Ashy [36] showed that the cracks grow much more easily in narrow samples and cracks which lie near 45° to the compression axis grow most easily, though all those in the range 30 < θ< 60 nucleated wings at nearly the same stress. These results are consistent with the results of the test carried out by Ashy, which verified the correctness of the geometric parameter equation with cracks in the stable crack propagation stage proposed in this study.



The initial crack length a also has an important influence on the wing crack growth, as shown in Figure 10. The increase in the initial crack length simplifies wing crack propagation. The longer the initial crack is, the larger the total length of the compacted cracks in the rock is, or the greater the number of microcracks is. The new cracks may be initiated under a low axial compression.





4. Conclusions


The evolution characteristics of crack strain before peak are analyzed in this study based on the triaxial compression test results of typical granite and the definition of crack strain. On this basis, the constitutive relationship of stable crack propagation and the evolution equation of crack geometric parameters are derived by abstracting the rock sample and its longitudinal symmetry plane into a matrix–crack composite model and an elastomer–slip crack structure model, respectively. Moreover, the law of stable crack propagation is revealed. The main conclusions are listed below.



	(1)

	
The prepeak differential stress–axial/volume crack strain curve of granite can be roughly divided into three stages: linear elastic stage (crack strain is approximately 0), stable crack growth stage (nonlinear change with slow crack strain growth), and unstable crack growth stage (nonlinear change with fast crack strain growth).




	(2)

	
The exponential constitutive relation of rock crack stable propagation derived from the matrix–crack composite model can thoroughly describe the nonlinear evolution characteristics of crack strain in the stage of stable crack propagation.




	(3)

	
Based on the principle that the axial crack strain of the rock sample and its longitudinal section are equal, the equation of the change of crack geometric parameters in the process of rock crack stable propagation can well reflect the evolution law of wing crack length.




	(4)

	
The crack equivalent elastic modulus increases with the increase in confining pressure, whereas the damage axial crack strain and the instantaneous crack initiation axial crack strain show a decreasing trend. The initial crack inclination angle is 45°, the elastomer width is small, the initial crack length is large, and the wing crack is easy to expand.




	(5)

	
The stable crack propagation model of rock based on axial crack strain supplements the neglect of the stable crack growth stage in previous studies and can semiquantitatively describe the evolution law of crack strain and wing crack length with fewer parameters. By embedding the proposed model into numerical software, more extensive studies on crack stable propagation can be carried out in the future.
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Figure 1. Stage division of the prepeak deformation and failure process of brittle rock. Reproduced from [19], Elsevier Science Ltd.: 1994. 
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Figure 2. Prepeak stress–strain curves of typical granites under different confining pressures. 
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Figure 3. Prepeak crack strain trend of typical granites under confining pressure (10 MPa): (a) the differential stress–axial crack strain curve; (b) the axial strain–volume crack strain curve. 
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Figure 4. Schematic of rock deformation analysis: (a) mesoscopic treatment of rock; (b) rock deformation after loading. 
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Figure 5. Stress–strain test values and theoretical curves at the stage of stable crack propagation in rock: (a) differential stress–axial crack strain; (b) axial stress–axial strain. 
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Figure 6. Effect of confining pressure on model parameters    ε 1  cd    , Ec, and    ε 1  ci    . 
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Figure 7. Rock model with crack structure: (a) superposition equivalence of microcracks; (b) sliding cracks with long wing crack limit. 
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Figure 8. Variation curves of wing crack length during stable crack propagation under different initial crack inclination angles θ (σ3 = 0, w = 25 mm, a = 5 mm). 
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Figure 9. Variation curves of the wing crack length during stable crack propagation of rock under different model half-widths w (σ3 = 0, θ = 30°, a = 5 mm). 
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Figure 10. Variation curves of the wing crack length in rock crack stable propagation stage under different initial crack lengths a (σ3 = 0, θ = 45°, w = 25 mm). 
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Table 1. Theoretical parameters of granite crack stable propagation model.






Table 1. Theoretical parameters of granite crack stable propagation model.





	
σ3/MPa

	
E/GPa

	
μ

	
σcd/MPa

	
   ε 1  cd    /10−3

	
Ec/MPa




	
Test Value

	
Theoretical Value






	
0

	
64.05

	
0.15

	
103.70

	
0.1281

	
0.1284

	
16.81




	
5

	
75.69

	
0.17

	
161.27

	
0.0709

	
0.0710

	
21.14




	
10

	
77.98

	
0.19

	
174.47

	
0.0580

	
0.0583

	
22.15
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