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Anisotropic dynamic fracture and energy dissipation characteristics of interbedded marble subjected to multi-level uniaxial compressive cyclic loading
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Abstract: This work aims to investigate the anisotropic fracture and energy dissipation characteristics of marbles cored along an angle of 0°, 30°, 60° and 90° with respect to interbed planes, subjected to multi-level cyclic loading conditions. Rock fatigue deformation, strength, lifetime and dissipated energy first decreases and then increases with increasing interbed orientation, they get to the minimum for sample having 30° interbed orientation. Rock stiffness degradation is significant with the increase of cyclic level and the stiffness evolution is affected by interbed structure. The incremental rate of dissipated energy becomes faster with increase of cyclic loading level and it presents an abrupt increasing trend at the last cyclic loading level. A damage evolution model was first established based on the dissipated energy to describe the two-phase damage accumulation characteristics. It suggests that the proposed model fits well to the testing data and favorably represents the non-linear characteristics of damage accumulation.
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1. Introduction
Rock mass is often subjected to complex stress disturbance, environmental and human-induced loading acting on rock is cyclic in essence. Typical forms of stress disturbance include blasting vibration, earthquake, excavation, drilling and vehicle loading, etc [1-6]. Usually, stress disturbance condition is inferred as a kind of dynamic loads and differs dramatically from those under static loads. To reveal the influence of disturbance stress on rock damage and fracture, disturbance stress is often equivalent to cyclic or fatigue loading [6-10]. Investigation of the cyclic and fatigue loading on rock is always vital to the rational design and the long-term stability prediction of rock constructions. 
[bookmark: baep-author-id2]After literature review, it is found that considerable efforts have been performed to investigate the fatigue mechanical behaviors of rock. The influence of the applied loading frequency, stress amplitude, maximum stress, and loading waveform, etc., on rock fatigue behaviors have been revealed [11-14]. It is obviously that most of studies are focused on rock under constant stress amplitude loading conditions [12-16]. Representative studies showed that the applied stress amplitude affects the fatigue deformation and strength, especially, rock fatigue lifetime decreases with increasing stress amplitude. Bagde and Petrosˇ [17] tested intact sandstone samples from a coal mine under cyclic loading, and found that the stress amplitude have great influence on the rock dynamic fracture behaviors. AttewellI and Farmer [18] conducted a number of fatigue tests on dolomite samples, and pointed that the stress amplitude impacts rock failure morphology. Song et al. [19] conducted acoustic emission test on salt to investigate the impact of stress amplitude on AE responses, and found that the number of AE events increases with the increasing the applied stress amplitude. They found also that the fatigue life decreases with the increase in the stress amplitude. Liu et al. [20] studied the fatigue mechanical behaviors of three kinds of intact rock subjected to low frequency and various stress amplitude loading conditions. They found that the failure morphology is impacted by the applied stress amplitude. Liu et al. [21] conducted cyclic compression testing for intermittent jointed rocks with different stress amplitude, and found that the jointed rock was characterized by higher cumulative fatigue damage under high stress amplitude. Fan et al. [22] conducted discontinuous cyclic loading tests on salt and revealed the differential fatigue life of salt in comparison with continuous cyclic loading tests, especially the influence of stress amplitude on lifetime was revealed. However, the rock mass are likely subjected to multi-level cyclic loading condition in the practical engineering. The fatigue mechanical behavior of rock under variable stress amplitude condition and the associated damage evolution model should be conducted deep investigation. For example, in the underground mining, the cyclic loading generated by blasting also exerts multi-level effects on a certain rock structure; in open pit mining, with the continuous excavation of the rock slope, the applied stress amplitude is varied and not constant, that is to say, rock accumulative damage resulting from the increasing amplitude cyclic-stress conditions alters the rock structure, and the final failure of rock body; in a hydropower station, the cyclic loads generated by the rise and fall of the water level is multi-level; in railway or highway, the cyclic loading generated by the increase and decrease of load capacity and also the number of vehicles is multi-level. As a result, the multiple level cyclic loading conditions can well reflect the real stress condition of rock mass.
Due to the complexity of rock fracture mechanism, the common mechanical indices can hardly describe the damage evolution and fracture process. Since rock deformation and failure is essentially actuated by the conversion of energy [24-26], therefore, energy analysis method is a convenient and crucial perspective to annotate the damage evolution during deformation process and to reveal failure mechanism under fatigue loading. Nowadays, plenty of studies on energy evolution of rock failure have been conducted [27-31]. For rock under cyclic loading conditions, Zhang et al. [30] revealed energy dissipation characteristics of coal subjected to multi-level frequency cyclic loading, and the effects of frequency on energy dissipation rate were studied. Yang et al. [31] studied the energy dissipation characteristics of coal subjected to multi-level cyclic loading, and found that the applied maximum stress strongly influences the failure pattern and energy dissipation evolution. Li et al. [32] conducted multi-cycle loading on rock and proposed a damage evolution model to consider the initial damage rock. Peng et al. [33] investigate the energy dissipation characteristics of sandstone with pre-existing flaws and revealed the influence of flaw angle on rock fracturing. He et al. [34] conducted fatigue test to investigate the evolution of dissipated energy. They found that the energy dissipation per cycle remained stable and was exponentially related to the applied cyclic stress amplitude. 
In this work, the multi-level uniaxial compressive cyclic loading testes of interbedded marble were carried out by using a GCTS RTR 2000 rock mechanics system. The marble samples obtained from an open pit slope were prepared with interbed orientation of 0°, 30°, 60°, and 90°, respectively. The influence of interbed orientation on rock fatigue deformation, strength, lifetime and energy dissipation are discussed in detail. According to the damage accumulation characteristics, a damage evolution model based on the dissipated energy was established to describe the damage characteristics of marble. 
2. Materials and methods 
2.1. Rock materials and sample preparation 
The tested rock material was obtained from an open pit slope located at the Jiama copper polymetallic mine in Tibet, China (Fig.1). It is a typical skarn deposit located at a high altitude region, the maximum elevation is 5225 m and the designed pit level is 4715 m. After outcrop investigation, obvious interbedded structure can be clearly observed, and the marble was composed of rock matrix and interlayer. Lithology of the matrix rock and interlayer is gray marble and black limestone, respectively. According to the method recommended by ISRM, the rock mass obtained from the open pit slope was prepared into a cylinder with a diameter (D) of 50 mm and a height (H) of 100 mm with interbed orientation of 0°, 30°, 60°, and 90°, respectively. Polishing both ends of the sample to ensure that the non-uniformity error is less than 0.05 mm and the parallelism is less than 0.1 mm. All the tested samples were selected to have roughly the same ultrasonic velocity and interbed structure. Typical marble samples used in this work are shown in Fig.1d.
The scanning electron microscope (SEM) analysis reveals differential mesoscopic structure of rock matrix and interlayer, as shown in Fig.2. Here, a back scattering electron (BSE)-SEM image for the rock core is selected. From the SEM image in Figs.2a, 2b, matrix rock and interlayer can be distinguished by the naked eye, the matrix rock displays as black color and the interlayer rock displays gray color. By energy spectrum analysis of the elementary composition in Figs.2c-2e, different kinds of mineral element was found. The detailed mineral composition was further identified by X-ray powder diffraction (XRD) analysis. The result reveals that the matrix rock is composed of quartz (55.3%), muscovite (16.7%), phengite (13.3%), lepidolite (7.6%), berlinite (4.8%) and illite (2.3%), respectively. However, the interlayer rock is mainly composed of quartz (51.32%), bytownite (33.24%) and phlogopite (15.44%), respectively. Petrographic analysis deduces that the black limestone is the result of alteration of marble during ore deposit formation. 
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	Fig.1 Rock sample preparation for the test. (a. Relative location of the South open pit slope; b. Outcrop of rock mass in the north pit slope, obvious interbedded structure can be observed. c. Scheme of coring direction; d. Typical marble samples used in this work)



	


	Fig.2 SEM observation of the microscopic structure of marble. (a-d: the BSE-SEM images of marble to detect the interbedded structure; c-e: Energy spectrum picture of P1, P2, and P3 in figure b) 


2.2. Testing scheme
The multi-level uniaxial compressive cyclic loading tests were performed at a GCTS RTR 2000 rock mechanic testing apparatus, as shown in Fig.3a. The axial and circumferential strain LVDT devices were installed onto the sample during the whole deformation process (Fig.3b). The testing machine can realize a dynamic loading frequency of 0~10 Hz. At the same sampling frequency, fatigue deformation and strength parameters, including axial strain, axial stress and volumetric strain, were recorded simultaneously. The detailed testing procedure is described as below:
(1) The sample was first loaded to a stress of 5 MPa at a constant displacement rate of 0.06 mm/min (i.e., 1.0 × 10−5 s−1), this stage is realized by static loading.
(2) According to the stress disturbance characteristics obtained by the blast vibration measurement instrument and the moving frequency of tramcar loading, a dynamic loading frequency of 0.5 Hz was applied to the marble samples. This is to say, a cycle containing loading and unloading can be realized within 2 s. The determination of loading frequency is based on the stress disturbance characteristics of far-field rock mass from blasting. In each subsequent cyclic loading stage, the stress amplitude was increased by 5 MPa and also controlled by sinusoidal cyclic loading type, as shown in Fig.3c. Stress cycling was continued in this way until the sample eventually failed. For each dynamic cyclic loading level, 50 stress cycles were applied to the marble sample. 
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	Fig.3 The testing method for the interbed marble samples. (a. GCTS 2000 rock mechanic machine; b. The LVDT deformation measurement device; c. Scheme of the fatigue loading path.) 



2.4 Energy balance mechanism during sample deformation
It is assumed that no heat exchange occurs during sample deformation between the outside environment and tested rock samples. According to the basic principle of the first law of thermodynamics, the change in the work done by the external force is equal to the change in the internal energy of each volume element under the adiabatic condition, that is, rocks are thermally insulated. According to Solecki and Conant [35], the relationship between the total input energy, elastic energy and dissipated energy of rocks can be expressed as:

                                      (1)
where En is the total input energy by external forces; Ene is the elastic energy stored in rocks during loading process; End is the dissipated energy, which is mainly used for damage and irreversible deformation of rocks.
According to the studies of Solecki and Conant [35] and Xie et al. [23], the Eq. (1) can be transformed by energy density, this is:

                                  (2)
where V indicates the rock volume; U is the total strain energy density, Ue is the elastic energy density and Ud is the dissipated energy density.
For rock subjected to uniaxial fatigue loading tests, the fatigue energy density can be calculated by integrating the cyclic stress-strain curve during the whole sample deformation. The total strain energy U, elastic strain energy Ue and dissipated energy Ud is calculated as below:

                       (3)

                      (4)

                               (5)
As plotted in Fig.4a, it shows the calculation of U, Ue and Ud for a loading cycle. The area in the region of ABCD under the loading stress strain curves indicates the total energy U; the region of EFDC under the unloading curve indicates the elastic energy Ue, Ue is released during the unloading process. The differential area between U and Ue is the dissipated energy Ud, and Ud is dissipated because of damage of rock structure, e.g., crack initiation, propagation and coalescence. 
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	Fig.4 Calculation of strain energy density. (a. Schematic diagram for calculation of strain energy density; b. The obtain of accumulative dissipated strain energy for N cycles.)



For rock damage inducted by the fatigue loading testing, a fatigue damage variable, which reflects the accumulated damage evolution during fatigue loading process, is critical to fatigue instability predication. Different physical and mechanical parameters have been used to define damage variable, such as ultrasonic velocity, elastic modulus, acoustic emission, density, hardness, electrical resistance, dissipated energy, etc. Xiao et al. [15] used six common definition methods to obtain damage variable and revealed the advantage and disadvantages of those methods, definition of damage variable can be expressed using dissipated energy during sample deformation. In this work, a definition method using dissipated energy is introduced to obtain the fatigue damage, and it is shown as below:

                               (6)

where DFL is the damage variable caused by fatigue loading, Ni is the i~th cycle number, Nf is the cycle number of rock failure,  is the dissipated energy of i~th cycle.
3. Experimental results
3.1. Typical stress–strain responses
The multiple level cyclic loading experiments were performed for the marble samples with different bedding orientations, typical loading paths and the axial, lateral and volumetric stress strain curves are shown in Fig.5. The fatigue mechanical properties are summarized in Table 1. From the loading path in Fig. 5a-1,5b-1,5c-1,5d-1, it shows that the fatigue lifetime and maximum bearing capacity are affected by the bedding orientation. Although using the same loading path, the experimental duration is different and affected by the interbed orientation. The fatigue loading stage and lifetime first decrease and then increasing with increasing interbed orientation, they are the maximum for a sample with interbed orientation of 90°, and minimum for a sample with interbed orientation of 30°. It can be seen that the rock fatigue lifetime is 842, 206, 719 and 882, respectively for rock sample with an interbed orientation of 0°, 30°, 60° and 90°. These results indicate that the interbed structure alters the ability of resisting deformation, stress distribution in rock sample when subjecting to fatigue loading influenced by rock structure, and rock with horizental bedding structure has the best capacity to resist deformation. 
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	Fig.5 The axial and lateral stress strain curves for typical marbled samples subjected to multiple level cyclic loading. (a-d: Marble samples were subjected to F-T treatment of 0, 20, 40, and 60 cycles, , respectively.)



Table 1 The mechanical properties of F-T weathered marble samples subjected to fatigue loading conditions 
	Sample No.
	Fatigue strength
(MPa)
	Fatigue axial strain, ε1f
(%)
	Fatigue lateral strain, ε3f
(%)
	Fatigue volumetric strain, εvf
(%)
	Fatigue stage, Nc
	Fatigue lifetime, Nf

	M-0-1
	90.05
	0.3061
	-0.6212
	-0.8763
	17
	842

	M-0-2
	90.03
	0.3106
	-0.7132
	-1.1158
	17
	821

	M-30-1
	29.98
	0.1819
	-0.2393
	-0.3288
	5
	206

	M-30-2
	35.10
	0.1624
	-0.2532
	-0.3440
	6
	285

	M-60-1
	80.06
	0.3217
	-0.2632
	-0.2093
	15
	719

	M-60-2
	80.01
	0.3512
	-0.3641
	-0.3771
	15
	745

	M-90-1
	95.10
	0.3854
	-0.9021
	-1.4188
	18
	882

	M-90-2
	100.02
	0.4065
	-0.8566
	-1.3067
	19
	919



The stress strain curves in Fig. Fig. 5a-2, 5b-2, 5c-2, 5d-2 reflect the axial, lateral and volumetric deformation characteristics. Detailed fatigue mechanical properties are summarized in Table 1. Rock strength shows obvious anisotropy, and it is 90.05, 29.28, 80.06 and 95.1 MPa for rock sample with an interbed orientation of 0°, 30°, 60° and 90°, respectively. Deformation is also impacted by the interbed structure, for axial and lateral strain, it firsts decreases and then increases with increasing interbed orientation. It is the maximum and minimum for a sample having 90° and 30° interbed orientation. We can also calculate the rock volumetric strain as εv=ε1-2ε3 according to the axial strain (ε1) and lateral strain (ε3) measured during rock deformation [35]. The volumetric strain reflects the rock volume changes during deformation and it is a good index to reveal the fracture behavior of rock. Similar to the axial and lateral deformation, the volumetric deformation shows the same change trend, and it is the minimum for a sample having 30°interbed orientation. Due to the occurrence of irreversible deformation during repeated loading and unloading, stress hysteresis loop forms. The area of the hysteresis loop reflects the dissipated energy and the this part of energy is mainly used to drive crack initiation, propagation and coalescence. As deformation grows, the irreversible deformation increases and hysteresis loop becomes sparse and sparse at the end of each cyclic loading level. Affected by the interbed structure, they present different patterns when subjecting to fatigue loading. The shape of hysteresis loop can be clearly seen on volumetric stress strain curves than the axial and lateral curves. Before the final loading stage, at the sudden increment of stress amplitude, hysteresis loop shows sparse pattern and then becomes dense within a fatigue loading stage; however, the hysteresis loop becomes sparser and sparser until failure of the sample at the last loading stage. The pattern of hysteresis loop is obviously different especially at the final cyclic level. The area of hysteresis loop for sample with 0° 60°, 90° are larger than sample with 30° interbed orientation. This results indicates that the dissipated energy is influenced by interbed structure, and anisotropic energy dissipation characteristic exists for the marble samples. 
3.2. Fatigue deformation characteristics analysis
The basic reason for the formation of hysteresis loop is the plastic deformation during fatigue loading. The axial deformation for the tested marble is shown in Fig.6. It can be seen that the axial deformation increases with increasing cycle number and its change trend is different for sample before and at the last cyclic loading level. At the onset of each loading level, deformation increases quickly and then it becomes steady until the last cycle apart from the last cyclic loading level. The sudden increase of stress amplitude results in a relatively large deformation, and the accumulative plastic deformation continuously increases with cyclic loading level. This kind of deformation present a typical two-phase characteristics, this is an initial fast increase and then a linear and slight increases pattern. However, for the last cyclic loading loading, axial deformation increases sharply after a period of steady increasing until sample failure. The deformation characteristics during this increasing-amplitude fatigue loading are different from that of conventional constant amplitude loading. For rock subjected to constant amplitude loading, usually an invert “S” shaped deformation curve were observed from the axial deformation by Xiao et al. [16], Ren et al. [36], Zhang et al. [37] and Ge et al. [38]. Under constant amplitude loading, three differentiable phases of initial deformation phase, steady deformation stage and the accelerated deformation stage were presented. However, in this work, when the applied stress amplitude is far below the rock maximum bearing capacity, steady damage evolution occurs within a cyclic loading level and last for a long time.
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	Fig.6 Plots of the changes of axial strain during fatigue deformation at different loading levels (a~d: Rock sample with bedding orientation of 0°, 30°, 60° and 90°, respectively.)



Figs.7a~d plot the lateral deformation at different cyclic loading levels. Similar change trend can be observed with the axial deformation, what is different is that the lateral deformation is much more sensitive. After a steady increment at the last few loading level, lateral strain increases suddenly until failure. The change trend of lateral strain curve is influenced by the interbed orientation, at the last fatigue loading stage, it increases faster than the other cases. The relationship between the volumetric strain and cycle number is shown in Figs.7e~h. Rock sample experiences a first compression and then expansion with increasing cyclic loading level, and volumetric strain changes from positive to negative. Affected by rock interbed orientation, the inflection loading level is different for the tested marble samples. Interesting is that curve pattern of volumetric strain is very similar to the lateral strain curve, this result indicates that rock lateral deformation has much more effect on rock overall deformation and its fatigue failure. This result can also be drawn from the lateral and volumetric stress strain curves in Fig.7. The volume expanding rate continuously increases and increasing rate becomes sharply at the last cyclic loading level. From the changes of axial, lateral and volumetric deformation of marble in this work, we can see that deformation characteristics at various cyclic levels are different from the result of constant amplitude loading conditions in the literature of [15-17]. 
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	Fig.7 Plots of the changes of lateral strain and volumetric strain for sample with bedding orientation of 0°, 30°, 60° and 90°, respectively (a~d: Rock lateral deformation during fatigue deformation at different loading levels; e~h: Rock volumetric deformation during fatigue deformation at different loading levels.)


3.4. Changes of elastic parameters during fatiuge loading
During fatigue loading conditions, change of rock strength and lifetime have close relationship to the stiffness characteristics [17]. In this section, two elastic parameters of secant modulus (Es) and Poisson’s ratio (V) are used to reflect the stiffness changes of rock. Illustration of the calculation of calculation of Es and V after each cycle is plotted in Figs. 8a and Fig. 8e. The definition of Es of each cycle as the slope of line joining the initial point and the upper limit stress point of that cycle in the stress-strain curves. The definition of the Poisson’s ratio is the ratio of lateral strain to axial strain at the middle stress point of each cycle. In Fig.8a~d, they present the change of secant modulus with fatigue loading cycle at different cyclic levels. For the secant modulus in a cyclic level, fluctuation trend can be observed, this reflects the complex interactions between the matrix rock and interlayer. Due to the stiffness difference of the matrix rock and interlayer, the propagation path of stimulated cracks is strongly impacted by the interaction between the matrix rock and interlayer. Due to the non-recoverable deformation in the marble samples, the starting point of each cycle is offset towards the right with respect to the starting point of the previous cycle in the stress strain curves. As a result, the secant modulus decreases with the increase of cyclic level, and the decreasing rate increases with experimental duration. This result indicates the gradual deterioration of rock stiffness, and sudden increase of stress amplitude has obvious effect on rock stiffness degradation. Fig.8e~h show that the Poisson’s ratio increases as loading level grows, its increasing rate becomes faster as loading cycle increases, indicating the degradation of rock structure. When sample failure occurs, the Poisson’s ratio equals to 0.5. Within each loading cycle level, Poisson’s ratio increases quickly at initial loading cycle, then it gets to steady as loading cycle increases. This result indicates that the increasing rate of lateral deformation gradually improves with increasing cyclic level, lateral deformation is much more sensitive to rock failure.
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	Fig.8 Evoltuion of elastic parameters with fatigue loading cycle at different levels. (a~d: Changes of secant modulus against cyclic number for marble with bedding orientation of 0°, 30°, 60° and 90°, respectively; e~f: Changes of Poisson’s ratio against cyclic number for marble with bedding orientation of 0°, 30°, 60° and 90°, respectively)



To reveal the influences of interbed orientation on the changes of these two parameters, Fig.9 shows the relationship among secant modulus and Poisson’s ratio at the end of each loading level and fatigue loading stage. It can be seen that the secant modulus present obvious anisotropy characteristics. The secant modulus decreases with increasing fatigue loading stage. This result is in consistent with the static loading results for rock with bedding structure or interbed structure [25]. The secant modulus is the largest for rock with vertical interbeds and minimum for rock with horizontal interbeds. For Poisson’s ratio, it increases with increasing fatigue loading stage and increasing rate becomes faster near to sample failure. As the lateral strain is obtained at the middle part of the rock sample, it reflects rock local deformation and not the mean lateral deformation, therefore, no obvious rule can be found between Poisson’s ratio and interbed orientations.
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	Fig.9 Changes of secant modulus (a) and Poisson’s ratio for marble with different interbed orientations at different cyclic levels


3.3. Energy evolution characteristics
  As is known, rock deformation and failure is energy-driven [28-30]. Using Eq. (3)-(5), the relationships between the total energy (U), elastic energy (Ue), dissipated energy (Ud) and relative cycle (n/Nf) are plotted in Fig.10. It shows that the overall change trend of the energy curves is similar to rock under monotonic loading. At initial cyclic loading stage, the input energy is almost all converted to elastic energy and stored inside rock; little dissipated energy is consumed owing to the little damage of rock. The total energy curve is overlapped with the elastic energy curve, and dissipated energy is zero. With the increase of fatigue cycles, rock damage occurs and damage accumulation grows gradually, part of the input energy is consumed to generated cracks, at this time, the elastic energy curve is not overlapped with the total energy curve. It should be noted that the dissipated energy begins to increase and its growth rate becomes faster as cyclic number increases. The increment of Ud is not obvious within a cyclic loading level, however, it increases abruptly at the moment that stress amplitude increases. At the final fatigue loading level, incremental rate of Ud becomes faster and faster until rock failure. The results indicate that the fatigue loading would lead to the further damage of marble, however, the damage accumulation is not so serious. The continuous increase of stress amplitude accelerates rock damage. The overall increasing trend of Ud becomes faster until sample failure, indicating that the energy needed to drive the propagation of cracks increases, and damage degree of rock becomes larger. 

	[image: ]
	[image: ]

	[image: ]
	[image: ]

	Fig.10 Evolution of total strain energy, elastic energy and dissipated energy with relative cycle during sample deformation. (a-d: The marble samples subjected to 0, 20, 40, and 60 F-T cycles, respectively.)



Although under the same loading path, the rock internal interbed structure influences damage propagation and the associated energy dissipation and release. As shown in Fig.11, it depicts the evolution of U, Ue, Ud and fatigue loading stage (Nc) for marble with different interbed orientations. Similar change trend can also be observed to the energy evolution curves in Fig.10. The input energy that transferring to elastic energy and dissipated energy, and the proportion of the dissipated energy increases with increasing cyclic loading level. Damage accumulation caused by the fatigue loading continuously increases and this results in the increase of dissipated energy. Most of the energy is dissipates instead of storing in from of elastic energy during rock fatigue deformation. The internal microscopic and macroscopic damage generate and develop sufficiently. Affected by the interbed structure, U, Ud and Ue display obvious anisotropy. The U, Ud and Ue are the largest for a sample with interbed orientation of 90°, and it is the minimum for a sample with interbed orientation of 30°. The energy required to drive crack propagation and coalescence occupies a smallest proportion. 
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	Fig.11 Relationship between the strain energy and fatigue loading stage (a loading stage refers to an increased stress amplitude loading level. (a-d: The marble samples subjected to 0, 20, 40, and 60 F-T cycles, respectively.)



The energy curves presents a step-increment pattern, relatively large energy increment occurs when stress amplitude increases suddenly. This implies that the energy dissipation and release characteristics are impacted not only by the loading cycle number but also the cyclic level. For the tested marble samples, the relationship between U, Ue, Ud and upper limit axial stress is shown in Fig.12. Curve fitting approach is used to reveal the relationship of the strain energy and upper limit stress. The fitting results demonstrate that the U, Ue and Ud grow with upper limit axial stress in each fatigue loading, and the incremental rate becomes faster. In addition, obvious non-linear growth trend is observed, and the data meets a power function with high correlation. The fitting results as presented in Table 2.
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	Fig.12 Fitting results of the total energy, elastic energy, dissipated energy and upper axial stress at the last loading cycle of each level for typical marble samples experiencing different F-T cycles. (The marble samples were subjected to 0, 20, 40, and 60 F-T cycles, respectively.)



Table 2 Fitting relationships among U, Ue, Ud and the upper limit of axial stress for typical marble samples
	Sample ID
	Bedding orientation (β)
	Type of strain energy
(MJ/m3)
	Fitting function
	Correlation coefficient 
(R2)

	M-0-1
	0
	U
	U=3.556E-7σ3.4105
	0.998

	
	
	Ue
	Ue=2.702E-7σ3.4515
	0.998

	
	
	Ud
	Ud=1.936E-7σ3.001
	0.993

	M-30-1
	30
	U
	U=6.330E-7σ3.272
	0.999

	
	
	Ue
	Ue=2.405E-7σ3.505
	0.999

	
	
	Ud
	Ud=2.381E-6σ2.343
	0.993

	M-60-1
	60
	U
	U=3.089E-6σ3.029
	0.998

	
	
	Ue
	Ue=3.132E-6σ3.001
	0.998

	
	
	Ud
	Ud=7.711E-8σ3.361
	0.964

	M-90-1
	90
	U
	U=9.073E-7σ3.397
	0.978

	
	
	Ue
	Ue=6.183E-7σ3.455
	0.981

	
	
	Ud
	Ud=7.759E-7σ2.949
	0.957


[bookmark: OLE_LINK1][bookmark: OLE_LINK3]3.4. Fatigue damage evolution modeling 
  According to Eq. (5), dissipated energy is used to express the damage evolution during sample deformation. Fig.13 presents the relationship between the dissipated energy Ud and relative cycle (n/Nf). The dissipated energy increases slowly at the first few loading stages and it increases quickly at the last few fatigue loading stage near to sample failure. At the last fatigue loading stage, dissipated energy increases abruptly until sample failure. The sharp increase of dissipated energy indicates crack unstable propagation and coalescence pattern. In addition, dissipated energy shows obvious anisotropy for the tested marble samples, and it is the largest for a marble sample with 90° interbed orientation and minimum for a marble sample with 30° interbed orientations. The dissipated energy is 0.152, 0.007, 0.217 and 0.629 MJ/m3, respectively. 
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	Fig.13 Depict of dissipated energy with relative cycle. (a~d: Rock sample with bedding orientation of 0°, 30°, 60° and 90°, respectively.)



Accroding to Eq. (6), the damage variable is calculated based on the dissipated energy, as plotted in Fig.14. The accumulated damage curve presents a first steady and then faster increasing trend. As is known, the widely used inverted “S” shape models are suitable for a three-phase damage accumulation case. Especially, Mao and Mahadevan [39] proposed a versatile new damage model to describe the deterioration of composite material, and they found that this model can more accurately simulate the rapid damage growth of damage in the early and near the end of fatiuge life. The suitability of Mao and Mahadevan’s model to rock has also been proved by Wang et al., [12] for rock subjected to constant amplitude fatigue loading. However, in this work, two-phase damage accumulation rule is found for marble under multiple level fatigue loading condition, the previous models are not suitable to describe the damage evolution characteristics for rock subjected to this loading path. Based on rock damage evolution characteristics, a new damage accumulation model is presented here to describe the deterioration of marble according to energy dissipation. The proposed function is of the form:
   D=1-(1-(n/Nf)a)b                                    (7)
where D is the damage variable caused by dissipated energy, it is 0 for rock before loading (n=0) and it is 1 when rock fails (n=Nf); n is the number of the applied loading cycles; Nf is the fatigue lifetime; a, b are the material dependent parameters. The fitting results are listed in Table 3, it shows that high correlation exists for D and relative cycle (n/Nf), the values of coefficients of determination R2 is 0.999, 0.999, 0.999 and 0.997 for typical marble samples, respectively.  
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	Fig.14 Damage evolution modeling of the marble samples under multiple level cyclic loading. (a-d: The marble samples were subjected to 0, 20, 40, and 60 F-T cycles, respectively.) 


4. Discussions
In this work, a special fatigue loading path was applied to marble with different interbed orientation to mimic stress disturbance. The applied fatigue loading is not the conventional constant stress amplitude type, it is a kind of increasing-amplitude cyclic loading. Actually, stress disturbance acted on rock is usually varied and not constant with various amplitudes in most of civil and mining engineering, generally, the applied stress amplitude increases with the increase of excavation and blasting [40, 41]. The stress strain responses, fatigue deformation characteristics and the energy dissipation and releases characteristics were investigated in this work. The testing results show that the interbed structure has obvious influences on the rock fatigue mechanical behaviors and associated energy evolution characteristics. This founding implies that the source of macroscopic non-linear fatigue mechanical responses is the mesoscopic heterogeneity. Rock mesoscopic structure affects the stress propagation internal rock and further leads to the differential stress strain characteristics. Due to differential responses of the rock matrix and interlayer to fatigue loading, the interactions between rock matrix and interlayers control the energy dissipation and release characteristics. In addition, it is found that the energy conversion characteristics of rock subjected to multi-level cyclic compressive loading is similar to rock under monotonous loading path. This is to say, energy evolution of rock under fatigue loading may be controlled by the monotonous loading condition. Since the deformation and failure of rock is essentially driven by energy, the impact of interbed structure on energy dissipation and release characteristics may be attributed to the differential failure pattern of marble [12, 16, 23]. 
Due to the complexity fatigue loading damage and also the interactions between the rock matrix and interlayers, crack initiation, propagation and coalescence behaviors is difficult to model and predict by general mechanics theory. Fracture of rock is energy-driven, and energy analysis should be an important and crucial method to reveal the damage evolution of rock under stress disturbance conditions [24-28]. In this work, the energy conversion mechanism and especially the energy dissipation characteristics of rock subjected to multiple level fatigue loading conditions is investigated. It is found that the sudden increases of stress amplitude leads to relatively large damage for marble. Within a cyclic loading level, steady damage evolution occurs, and damage accumulation increases abruptly only at the last fatigue loading stage. This is to say, a two phase damage propagation characteristics exist for rock under multiple level fatigue loading. At the first few loading stage, micro-cracks are compacted, the input energy is almost all converted into elastic energy and stores inside rock, this kind of energy would releases at the moment of sample failure. Therefore, the dissipated energy is little. However, accompanied by the crack initiation, propagation and coalescence, the dissipated energy used to drive the crack evolution increases and the increasing rate becomes faster. In this work, for marble subjected to multiple level fatigue loading condition, the damage evolution is different from three-stage pattern, and the invert “S” shaped model is not suitable for the description of damage accumulation. From the energy mechanism of rock failure, a two-phase damage accumulation model based on energy dissipation was first put forward. The model agrees well with the experimental data during whole cyclic loading process, this helps to increases the confidence to lifetime predication of marble. It should be noted that the experiment in this work only considers the rock subjected to a constant dynamic loading frequency, and also the increased amplitude is constant. In the further studies, energy dissipation mechanism of rock under variable frequency and variable stress amplitude loading conditions should be deeply investigated.
5. Conclusions
Multi-level uniaxial compressive cyclic loading experiments were performed on marble samples with interbed orientation of 0°, 30°, 60° and 90°, respectively. The anisotropic dynamic fracture behavior and energy conversion are investigated as well as accumulative damage evolution characteristics. The main conclusions are summarized as below:
 (1) The fatigue deformation, strength, energy dissipation and damage accumulation characteristics are influenced by interbed structure of marble. Pattern of stress hysteresis loop reveals plastic deformation inside marble and the input strain energy inside marble is dissipated owing to the formation of hysteresis loops. Rock volumetric deformation increases slowly at the first few cyclic levels and then grows abruptly near to fatigue failure.
(2) The total energy, elastic energy and dissipated energy first decreases and then increases with increasing interbed orientation angle. It gets to the minimum for marble with a 30° orientation. The proportion of dissipated energy used to drive the crack propagation increases quickly with increasing cyclic loading indicating the occurrence of crack coalescence pattern. Relationship between these three kinds of energy and the upper limit stress obeys a power function.
(3) Accumulative fatigue damage is characterized by energy dissipation, and a damage variable is calculated using dissipated energy to illustrate the progressive fatigue damage. Two-phase damage accumulation pattern of marble subjected to multi-level compressive cyclic loading is found and a damage evolution model was first established based on energy dissipation principle. The model agrees well with the experimental data and can be used to describe the two-phase damage accumulation. 
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