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Abstract: Multistage constant-amplitude-cyclic (MCAC) loading experiments were conducted on
Tibet interbedded skarn to investigate and characterize fatigue mechanical behavior of the tested rock.
Rock volumetric deformation, stiffness change, and fatigue damage evolution were analyzed along
with the macroscopic failure morphology. The experimental results demonstrated that the volumetric
deformation of the tested skarn was influenced by the interbed structure. Rock damage presented a
two-stage pattern. The rock damage increased quickly at the beginning and subsequently became
steady for long periods of time within a cyclic loading stage. A new damage evolution model was
proposed on the basis of axial strain. Macroscopic failure morphology analysis revealed different
fracture mechanisms, combining a tension-splitting mode, shear-sliding, and mixed shear-tension. In
this study, the understanding of the anisotropic mechanical properties of interbedded skarn was
highlighted, and this could contribute to the ability to predict the stabilities of rock engineering
structures.

Keywords: Interbedded skarn; Anisotropy; MCAC loads; Volumetric deformation; Damage

evolution

1. Introduction

In civil and mining engineering works, rock fatigue is frequently encountered in many
geotechnical engineering projects exposed to cyclic loads, such as earthquakes, blast vibrations in
deep mines, and loading due to truck movements. Fatigue damage is a failure mode that cannot be
ignored for rock engineering, during which many hazards occur due to cyclic or fatigue loads, such

as rock bursts, mining landslides, and premature goaf collapses [1-4]. As such, investigation and
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characterization of fatigue damage behavior of rock masses is important for ensuring the long-term
durability and safety of rock engineering structures.

Regarding rock fatigue damage, significant attention has been paid to maximum stress [5], stress
amplitudes [6-7], dynamic frequency [8], loading waveforms [9-10], and strain rates [11]. Several
fatigue models were proposed according to ultrasonic velocity [12], rock deformation [13-14], elastic
modulus [15], energy dissipation [16-17], acoustic emission characteristics [ 18], and the load-unload
response ratio (LURR) [19]. For most experiments, constant amplitude during the entire fatigue
loading tests was used, whereas the mean load of the applied load was constant. Furthermore, the
applied upper stress was used to determine the fatigue lifetime of the rock. This fatigue testing
included low-cycle and high-cycle constant amplitude tests. The low-cycle tests were primarily used
to reveal the rock fatigue behavior because the rock could fail after limited numbers of cyclic loading
[20]. High-cycle constant amplitude tests were extensively employed to obtain the fatigue limitation
of rocks [21-22]. It was proved that the amplitude cyclic loading path variation is closer to the actual
stress disturbance circumstances. For example, in deep mining, frequent blasting could be viewed as
cyclic loading, through which multi-level effects are applied on specific rock structures. In open-pit
mining, the applied stress amplitude on open-pit slopes was not constant because the amplitude cyclic
stress conditions increase in rock cumulative damage change the rock structure. In a hydropower
station, the rise and drop of the water level of periodic loading is a multistage process, during which
the rock will eventually be fractured because of the multistage cyclic loading. For roads and railways,
the periodic load is multi-level because of the increase and decrease of the load capacity in parallel
to the density of the vehicles on the road. For example, Zhang et al. [23] carried out multi-level
frequency cyclic loading tests on coal, for which the energy dissipation, hysteresis, and micro-
seismicity characteristics were identified. Peng et al. [24] revealed the loading frequency on sandstone
strength and deformation under triaxial cyclic loading conditions, for which the influence of loading
frequency on irreversible deformation was investigated. Yang et al. [25] conducted triaxial testing on
granite and sandstone in a multi-level cyclic way, and the influences of two typical loading paths on
the evolution pattern of the damping coefficient, damping ratio, and elastic modulus under different
confined conditions were investigated. Zhou et al. [26] conducted numerical tests on rock material
that was exposed to multi-level cyclic loads, and the effects of the loading path on both strengthening
and fracture were revealed. Wang et al. [27] conducted testing on granite samples in a multi-level
cyclic loading way, and the influences of the previous freeze-thaw cycle on the mechanical properties
and acoustic emission pattern were revealed. According to the fatigue strain for rock that was exposed
to multi-level cyclic loads, Wang et al. [28] proposed a damage evolution model, in which a two-

phase damage evolution pattern was studied. Because rock fracture is an energy-driven process, Gao
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et al. [29] conducted multi-level triaxial cyclic testing on jointed and intact rock masses, for which
the stress state on the process of rock progressive failure was examined. Wang et al. [30] investigated
the energy dissipation characteristics of rock under cyclic loading and found that the energy
conversion pattern is strongly impacted by rock structure. Vaneghi et al. [31] carried out multistage
uniaxial cyclic compression loading experiments; the deformation and damage response of sandstone
(soft rock) and granodiorite (hard rock) and the stress-strain hysteresis loops of soft rock showed
three stages, whereas there were two stages for hard rock.

In nature, most rocks exhibit anisotropy and heterogeneity, and there are many geological
discontinuities and layers that have considerable tensile or shear strength [32]. However, the
aforementioned cyclic and fatigue loading experiments were mostly conducted on intact rocks. In this
work, the cyclic mechanical behavior of anisotropic rocks under multi-stage cyclic loading was
revealed. In addition, in all studies to date, the increasing-amplitude cyclic loading test, rock damage,
and fracture characteristics exposed to multistage constant-amplitude-cyclic (MCAC) loads have
been studied but not in depth. Therefore, the aim of this research is to study the effects of rock
structure (e.g., interbed structure orientation) on rock deformation and damage evolution under
MCAC loads. Rock samples with interbedding orientation angles of 0°, 30°, 60°, and 90° with respect
to the coring direction were used to perform the MCAC experiments. This study focuses on the effects
of interbed structure on the deformation and damage evolution characteristics of skarn. The study
results will help to improve the understanding of the damage and fracture behaviors within
interbedded and anisotropic rocks under complex loads.

An introduction section that includes a literature review has been included in the first section. In
section 2, experimental methodology is explained, particularly with respect to the multi-level cyclic
loading path and testing procedure. In section 3, the rock volumetric deformation, fatigue damage

evolution, and macroscopic failure pattern are analyzed.

2. Experimental methods and procedures

2.1. Rock sample preparation

The tested rock was collected from the Jiama mine in Tibet, China. The lithology of the rock is
gray skarn. The Jiama mining area belongs to the jurisdiction of Jiama township and Sibu township
of Mozhugongka county of Lhasa city. The geographic coordinates are east longitude 91°43 '06
"—91°50" 00" and northern latitude 37 © 29 '49 "- 29 °© 43' 53", The climate in the mining region is a
typical continental climate. The rainy season is wet and cold, and the winter is cold and dry; there is

a large temperature difference between day and night. The annual rainfall is about 500 mm, and most
3
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of the rainfall is from June to September. The frost-snow season is July to August. The minimum
temperature in winter can reach 40 degrees below zero, and the maximum temperature in summer
can reach 38°C. The sampling site is an open pit slope, and the elevation is 4970 m (Fig.1). After
observation of the fresh rock section, which is produced through blasting excavation, the skarn
presented as an interbedded structure, and black limestone interlayers could be observed; in addition,
the skarn was characterized by pyrite bands and natural fractures.

The interbed structure can also be observed from the BSE-SEM (Electron backscattered
diffraction- Scanning electron microscope) image shown in Fig. 2. This demonstrates that the
structure within the tested rock samples is homogenous; specifically, the rock matrix was grey,
interbed bands were cyan black, and pyrite grains were white. The rock matrix is fine crystal with a
low degree of cementation. The particle size is 0.5-2 mm, and the matrix content is about 70%. The
interlayer part has a fine vein-like structure with high mineral grain cementation and relatively dense
and high stiffness. The particle size is 0.2-0.5 mm, and the content is about 30%. The matrix is
relatively unconsolidated and has a small density; the matrix tends to generate strain localization, and
thus, it is easy to produce axial deformation in the process of uniaxial compression. The XRD (X-
Ray Powder Diffraction) results presented in Fig.3 reveal that the mineral composition of the skarn
samples was composed of quartz (63.4%), biotite (8.9%), anorthite (9.9%), and calcium (18.8%); the
black interlayer was mainly composed of quartz (15%), muscovite (80%), pytite (1%), and
polylithionite (1%). Using the method suggested by the International Society for Rock Mechanics
and Rock Engineering (ISRM), the diameter of the rock samples was determined to be 50 mm, and

the length was determined to be 100 mm.

2.2. Experimental apparatus and scheme

For the interbedded skarn samples, MCAC loading testing was conducted with a rock mechanics
testing apparatus (GCTS RTR 2000). During the entire deformation process, a pair of LVDT (Linear
Variable Differential Transformer) devices were installed at the longitudinal parts of rock sample to
measure axial deformation, and an LVDT was installed at the middle part of rock to obtain lateral
deformation. A dynamic loading frequency of 0~10 Hz could be achieved with the testing machine.
A series of mechanical parameters (such as axial strain, lateral strain, loading, stress, damping ratio,
elastic modulus, and Poisson’s ratio) could be recorded throughout the entire deformation. Before
fatigue loading, a static loading condition with a constant displacement rate of 0.06 mm/min (such as
1.0x1073 s ') was employed, and the axial stress reached 10 MPa. Subsequently, a dynamic loading

frequency of 0.5 Hz (signifying that the achieved loading and unloading cycle was within 2 s) was
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applied to the test skarn, and the loading path was controlled by sinusoidal stress. The stress control
method was adopted through cyclic loading with a specified stress amplitude of 10 MPa applied to
the samples with 0°, 30°, 60°, and 90° interbedding orientation.

2.3. Damage evolution based on axial deformation

During fatigue deformation, the skarn axial strain was measured with a pair of LVDT devices.
According to studies related to rock fatigue mechanical properties, the axial strain is a good parameter
for describing damage evolution compared to the lateral strain. Because the lateral strain of the middle
part of the sample was measured, local deformation characteristics of the rock were produced. As a
result, the cyclic axial strain was employed in this work to characterize the accumulation of rock
damage at each loading cycle. According to previous studies [33-34], the stress, strain, and elastic
modulus during fatigue deformation can be expressed as follows:

g - GE €]

E ¢, -¢,
where g, ¢, and E are respectively the stress, strain, and elastic modulus of the tested rock before
cyclic loading; & is the initial axial strain before mechanical testing, and &4 is the final axial strain at
the moment of sample failure.

The damage index, D, could be obtained as follows:

A

D 2)

£ &8,
According to Eq. (2), the characteristics of damage evolution during fatigue loading were obtained.

The final strain, &4, was determined as the strain value when the specimen failed at the peak stress

value.

3. Experimental results

3.1. Cyclic stress-strain characteristics

For typical skarn samples with various interbedding orientations, the complete stress-strain
curves are presented in Fig.4, and the fatigue mechanical parameters are summarized and presented
in Table 1. There is a clear pattern showing that the stress-strain curves and the associated fatigue
mechanical behaviors were impacted by the rock structure. At first, fatigue peak stress presented a
decrease and subsequently increased with an increase in interbedding orientation; the stress was a

minimum for a sample having an interbedding orientation of 30°. The fatigue loading stage and

5



164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186

187

188
189
190
191
192
193
194
195

fatigue lifetime were also affected by the interbedding orientation. The fatigue loading stages were
13, 3, 8, and 13 for samples with interbedding orientations of 0°, 30°, 60°, and 90°, respectively. The
corresponding fatigue lifetime values were a maximum and minimum for a sample with interbedding
orientations of 0° and 30°, respectively. Affected by the interbed structure, the deformation between
the rock matrix and interlayer differed, and the capacity to resist deformation was structural-
controlled. For the samples that contained one single fracture with a 30° dip angle, the failure stress
is the smallest. The samples tended to break under this dip angle, which is supported by the theory of
structural plane mechanics proposed by Jaeger et al. [35]. As presented in Fig. 4, a hysteresis loop
formed because of irreversible plastic deformation. During the first several cyclic stages, the rock
samples were under a compaction state, and the area of the hysteresis loop was relatively low; in
addition, the sample shapes changed slightly. As the cyclic loading stages increased, the area of the
stress hysteresis loop increased, and the corresponding shape changed significantly during the last
several cyclic stages, indicating that there was relative large plastic deformation within the skarn
samples. It is noteworthy that the hysteresis loop displayed a pattern that changes from sparse to dense
at each loading stage except for the final failure stage. The sparse pattern was attributed to the large
plastic deformation that was caused by the increase in axial stress; in contrast, after a few cycles, the
rock structure was compacted again, and the hysteresis loop changed to a dense state. This result
demonstrates that the rock fracture increased during the axial stress-increasing period, whereas the
cumulative damage of rock was mainly influenced by the stress increase. For the samples with 0° and
30° interbedding orientations, rock failure occurred during the cyclic loading stage; however, rock
failure occurred during the stress-increase stage. At the fatigue loading stage, the damage degree of

the rock was less than that of the stress-increase stage.

3.2. Cyclic deformation characteristics

The hysteresis loop is due to irrevocable plastic deformation in rock samples. In this case, the
deformation characteristics were studied to reveal the influence of interbedding orientation on rock
damage evolution. The relationship between the maximum axial strain and cycle number during
various cyclic stages is presented in Fig.5. The changes of axial strain were not apparent within a
cyclic stage except for the ninth loading stage for the skarn with 0° interbedding orientation. However,
axial strain increased, and the corresponding incremental rate became higher in different cyclic stages.
The pattern of axial strain was impacted by the rock structure, whereas the incremental rate was the

highest for the sample with 30° interbedding orientation.
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The relationship between the maximum lateral strain and the cycle number is presented in Fig.6.
The lateral strain was measured with a chain-typed LVDT, which was installed in the middle of the
rock samples. Lateral deformation was not apparent during the first few cyclic loading stages and
changed abruptly after several cyclic loading stages. Lateral strain increased quickly at the 9, 2,
31 and 6™ cycles, whereas the incremental rate was affected by the interbedding orientation. For the
sample with 0° interbedding orientation, before the 9™ cyclic stage, the change in the lateral strain
was relatively low; however, once high lateral deformation occurred, the corresponding rate increase
became higher. For the sample with 30° interbedding orientation, sliding deformation was prone to
occur at the interface of the rock matrix and corresponding interlayers, for which the lateral
deformation was controlled by shear-sliding. For skarn samples with 60° and 90° interbedding
orientations, lateral deformation increased slowly during each cyclic loading stage.

Once the axial and lateral strains were obtained, rock volumetric strain could be calculated using
ev=¢€a1+2€1. The volumetric strain was the overall reflection of rock deformation. Fig.7 shows that the
rock volume changed from compression to expansion at the 8" 2" and 3™ stages for skarn for
corresponding orientation angles of 0°, 30°, and 60°, respectively. However, for skarn with 90°
interbedding orientation, the rock volume was in a compression state during the entire loading process.
The reason for this is that the uneven deformation of the rock interbedded structure results in large
axial deformation, which results in the constant compression of rock volume deformation. The change
in the volumetric strain reflected well the structural-control characteristics of rock fatigue

deformation.

3.3. Changes of rock elastic parameters

Irreversible rock deformation is also an expression of rock stiffness reduction. Fig.8 presents the
relationships among secant modulus (E;), Poisson’s ratio (v), and cycle number. It was demonstrated
that E; presents a decreasing trend, with a decreased rate of acceleration, especially near the rock
failure stage. In addition, Es decreased within a cyclic level. The decrease in Ej indicates the
degradation of rock stiffness, and the cyclic loads resulted in accumulated damage within rock
samples. The results presented in Fig.8 also indicate that £y was impacted by the orientation of
interbedding structures; its value was the highest for the sample with 0° interbedding orientation and
the minimum for the sample with 30° interbedding orientation. From the evolution of Poisson’s ratio
with cycle number (Fig.8e-h), v increased with cycle number, and it increased faster as the cycle
number increased. A fast increase in Poisson’s ratio indicates an abrupt increase in lateral deformation

of the rock, possibly resulting in an increase of volumetric deformation. For rock with 30°
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interbedding orientation, the change in v was higher than in the other cases. This result indicates
that the shear-sliding among the rock matrix and interbeds was the most severe during the fatigue

loading process.

3.4. Damage evolution analysis

According to Eq. (1), the damage evolution of rock during the fatigue loading process was plotted
and is presented in Fig.9. The changes in the damage factor with cycle number demonstrate the
accumulated damage of the tested skarn samples. Among the multiple cyclic stages, the accumulated
damage was large during the first few stages, and the corresponding incremental rate of decrease was
analogous to the increase in cyclic stages. Because of the increase in axial stress at the adjacent two
cyclic loading levels, large irreversible deformation appeared at the beginning of each cyclic loading
stage and then tended to be stable. That is, in each cyclic loading stage, the damage evolution
increased rapidly at first and then remained stable for a long time. Within a fatigue loading stage,
high damage occurred because of the increase in the axial stress level, and a certain amount of
microcracks formed during this time frame. However, the previous microcracks were subsequently
compacted in a cyclic loading stage. At the last cyclic loading stage, it was observed that damage
accelerated until sample failure occurred.

To predict the damage evolution of interbedded skarn during the entire loading process, the
accumulated damage at the end of each cyclic loading stage can be expressed as a function of the
relative cycle (n/Ny), as presented in Fig.10. A model of fatigue strain, which is used to describe
damage evolution, is presented in Eq. (3) and has been proven to be the same as that in the studies of

Wang et al. (2021). The form of the proposed function is expressed as:
D:l—(l—(n/Nf)”)b 3)

where D is the damage variable defined by the dissipated energy; n and Nr are the cycle number and
fatigue lifetime, respectively; a and b are the material-dependent parameters. The fitting results
obtained using Eq. (3) are listed in Table 2 and demonstrate that there is a high correlation between
D and the relative cycle (n/Ny); in addition, the fitting results presented in Table 2 indicate that the
anisotropic damage pattern was affected by the interbed structure. The fitting curve morphologies
differed for rocks of different interbedding orientations. For skarn samples with 0°, 60°, and 90°
orientations, rock damage first increased quickly and then became slow at high relative cycles;
however, for the sample with 30° interbedding orientation, damage first increased slowly and then

increased with an accelerating rate until rock failure occurred. It was demonstrated that the proposed
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damage evolution model could be used to express these two types of trends with high correlation,

further proving the reliability of the proposed damage evolution model.

3.5. Failure morphology analysis

The aforementioned analysis demonstrated that rock damage and deformation characteristics
were strongly impacted by the corresponding internal structure. Macroscopic failure morphology of
rock was the external expression of the corresponding internal damage evolution. The failure
morphology and crack sketch pictures are presented in Fig.11. Different failure modes can be
observed from the macroscopic failure pattern, and the failure pattern was influenced by the interbed
structure. Although the tested rock samples have strong anisotropy and heterogeneous characteristics,
a certain amount of natural fractures can be found from the rock surface, for which the interbed
structure was controlled through a failure mode. For the sample with 0° interbedding orientation, the
scale of the crack network was the highest, and a high amount of cracks that were parallel to the
loading directions were stimulated, corresponding to a typical tension-splitting failure mode; for the
sample with a 30° interbedding orientation, the crack scale was a minimum and shear-sliding occurred
during rock deformation; for the sample with a 60° interbedding orientation, it was demonstrated that
a mix of shearing and the tension failure mode occurred for this sample, and a portion of the cracks
propagated along the interbeds; for the sample with a 30° interbedding orientation, the two apparent
cracks formed from the rock top to bottom, and the width of these two cracks was larger than for the
other two cases. In addition, these two cracks should be the stimulants of the pre-existing natural
fractures, and the tension failure mode was observed for this sample. The macroscopic failure
morphology description further proved the fact that rock failure was the corresponding structural

dependence.

4. Discussion

Considering the complicated stress disturbance effect on engineering rock mass, the applied
cyclic load differed from the conventional constant amplitude loads; specifically, it was a type of
multi-level constant-amplitude load. This signifies that although the stress amplitude was constant,
the cyclic loading was applied at various stages with a stress-increase pattern. This loading mode was
much more suitable for rock in open pit mining. With rock mass excavation from the top down for
an open-pit mine, the geostatic stress that acted on rock mass increased as the excavation depth

increased. At each excavation level, because of the disturbance of blast variations and tramcar loads,
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the actual stress disturbance that acted on rock was multi-level instead of single-level during the entire
loading process. Therefore, fatigue mechanical properties of interbedded skarn were investigated
under MCAC loads. The influences of interbed structure on rock strength, volumetric deformation,
elastic characteristics, and damage evolution were analyzed. The testing results demonstrated that
rock axial strain, lateral strain, volumetric strain, strength, lifetime, secant modulus, Poisson's ratio,
and damage accumulation were impacted by interbed structure.

What is different from the previous constant amplitude loading with one loading level is that the
damage at each cyclic stage presented a two-stage trend. Rock damage first presents a quick increase
and then achieves a stable level. This damage evolution pattern is similar to that of rock that is
exposed to amplitude-increasing cyclic loads. At the start of each cyclic loading stage, the sudden
increase in axial stress led to relatively large damage to the rock. After cyclic loads, damage to the
rock was not severe compared to the stress-increasing moment. The damage evolution of rock
exposed to MCAC loading was revealed by a nonlinear power function, and it was found that the
model could well characterize damage accumulation. It is noteworthy that the shape of the damage
model curve was impacted by the interbed structure. For rock with 30° interbedding orientation, the
damage propagation mode differed from that of the other cases. This first demonstrates a slow pattern
and then a fast pattern, indicating that once shear-sliding occurred, damage displayed an accelerating
growth pattern.

In this study, a dynamic loading frequency of 0.5 Hz was utilized, and the stress-increasing range
was 10 MPa. This is a kind of low-frequency disturbed stress, and the loading condition corresponds
to the far-field blast vibration. In a further study, complicated stress disturbance with a variable
loading frequency and a stress increment will be performed. Moreover, the Jiama mining region is a
typical high-altitude and cold region, and repeated freeze-thaw cycles occur during mining. The
influences of the freeze-thaw treatment on the mechanical behavior of rock fatigue should be
investigated. Previous studies have indicated that deterioration of rock structures is strongly impacted
by freeze-thaw cycles [36-39]; for the interbedded skarn that was studied in this work, the previous
freeze-thaw damage accumulation on the internal structure of rock may degrade its fatigue life when
it is subjected to MCAC loading conditions. Thus, the combination of freeze-thaw cycles and

disturbed loads should be considered simultaneously for Tibet skarn.

5. Conclusions

MCAC loading experiments were carried out on Tibet interbedded skarn to investigate the

anisotropic fatigue mechanical responses. The strength and deformation characteristics and the
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damage evolution were investigated. According to the above analysis, the following conclusions are
obtained:

The volumetric deformation of the tested anisotropic skarn was influenced by the interbed
structures. The transition stage from rock volume compression to expansion was different; in addition,
the rock volume was always under a compressive state for the sample with 90° interbedding
orientation. The rock secant modulus, which indicates the stiffness and weakness characteristics,
decreased as the cyclic stage increased, whereas the increase in Poisson’s ratio was rapid until rock
failure.

Rock damage displayed a two-stage pattern: damage first increased quickly and then was steady
for a long time within a cyclic stage. A new damage evolution model was proposed on the basis of
rock axial strain, and the damage accumulation curves displayed various patterns, which were
influenced by the interbed structure.

Macroscopic failure morphology analysis revealed different fracture mechanisms and was
influenced by rock structure. Failure of rock began as the tension-splitting mode and transformed to
shear-sliding and to mixed shear-tension for the tested skarn samples. The differences in the rock

failure morphology were the external expression of the rock damage evolution.

Acknowledgments

This work was supported by the National Key Technologies Research & Development program
(2018YFC0808402), the National Natural Science Foundation of China (NSFC) (No. 41941018,
52104125 and No. 42007256), the funding of State Key Laboratory for GeoMechanics and Deep
Underground Engineering, China University of Mining & Technology, Beijing (SKLGDUEK?2133),

and the Fundamental Research Funds for the Central Universities.

Data Availability Statement

All of the data, models, and code that support the findings of this study are available from the

corresponding author upon reasonable request.

Conflict of interest statement

11



355
356
357

358

359

360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

No conflict of interest exists in the submission of this manuscript. The manuscript was approved for
publication by all of the authors. We would like to declare that the described work was original

research that has not been previously published.

References

[1] Bruning T, Karakus M, Akdag S, Nguyen GD, Goodchild D. Influence of deviatoric stress on
rockburst occurrence: An experimental study. Int. J. Min. Sci. Techno. 2018;28(5):763-766.

[2] Wang F, Cao P, Wang Y, Hao R, Meng J, Shang J. Combined effects of cyclic load and
temperature fluctuation on the mechanical behavior of porous sandstones. Eng. Geol.
2020;266(5):105466.

[3] Sun Y, Zuo J, Karakus M, Wen J. A novel method for predicting movement and damage of
overburden caused by shallow coal mining. Rock Mech. Rock Eng. 2020;53(4):1545-1563.

[4] Tao ZG, Zhu C, He MC, Karakus M. A physical modeling-based study on the control mechanisms
of Negative Poisson's ratio anchor cable on the stratified toppling deformation of anti-inclined slopes.
Int. J. Rock Mech. Min. 2021;138:104632.

[5] Bagde MN, Petros V. Fatigue properties of intact sandstone samples subjected to dynamic uniaxial
cyclical loading. Int. J. Rock Mech. Min. 2005;42:237-250.

[6] Roberts LA, Buchholz SA, Mellegard KD, Diisterloh U. Cyclic loading effects on the creep and
dilation of salt rock. Rock Mech. Rock Eng. 2015;48 (6):2581-2590.

[7] Thongprapha T, Liapkrathok P, Chanpen S, Fuenkajorn K. Frictional behavior of sandstone
fractures under forward-backward pre-peak cyclic loading. J. Struct Geol. 2020;138:104106.

[8] Cerfontaine B, Collin F. Cyclic and fatigue behaviour of rock materials: review, interpretation
and research perspectives. Rock Mech. Rock Eng. 2018;51(2):391-414.

[9] Singh S K. Relationship among fatigue strength, mean grain size and compressive strength of a
rock. Rock Mech. Rock Eng. 1998;21:271-276.

[10] Singh S K. Fatigue and strain hardening behavior of greywacke from the flagstaff formation,
New South Wales. Eng. Geol. 1989;126:171-179.

[11] Fuenkajorn K, Phueakphum D. Effects of cyclic loading on mechanical properties of Maha
Sarakham salt. Eng. Geol. 2010;112:43-52.

[12] Song Z, Frithwirt T, Konietzky H. Inhomogeneous mechanical behaviour of concrete subjected
to monotonic and cyclic loading. Int. J. Fatigue. 2020;132:105383.

[13] Xiao JQ, Ding DX, Jiang FL, Xu G. Fatigue damage variable and evolution of rock subjected to
cyclic loading. Int. J. Rock Mech. Min. 2010;47:461-468.

12



388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421

[14] Faradonbeh RS, Taheri A, Karakus M. Post-peak behaviour of rocks under cyclic loading using
a double-criteria damage-controlled test method. B. Eng. Geol. Environ. 2021;80(2):1713-1727.

[15] Xiao JQ, Ding DX, Xu G, Jiang FL. Inverted S-shaped model for nonlinear fatigue damage of
rock. Int. J. Rock Mech. Min. 2009;46:643-648.

[16] He M, Huang B, Zhu C. Energy dissipation-based method for fatigue life prediction of rock salt.
Rock Mech. Rock Eng. 2018;51:1447-1455.

[17] Wang Y, Y1 XF, Li CH, Han JQ. Anisotropic fracture and energy characteristics of a Tibet
marble exposed to multi-level constant-amplitude (MLCA) cyclic loads: A lab-scale testing. Eng.
Fract. Mech. 2021;244,107550.

[18] Voznesenskii AS, Kutkin YO, Krasilov MN, Komissarov AA. Predicting fatigue strength of
rocks by its interrelation with the acoustic quality factor. Int. J. Fatigue. 2015;77:194-198.

[19] Sun B, Zhu Z, Shi C, Luo Z. Dynamic mechanical behavior and fatigue damage evolution of
sandstone under cyclic loading. Int. J. Rock Mech. Min. 2017;94:82-89.

[20] Wang Y, Feng WK, Li CH. On anisotropic fracture and energy evolution of marble subjected to
triaxial fatigue cyclic-confining pressure unloading conditions. Int. J. Fatigue. 2020;134:105524.
[21] Haimson BC, Kim CM. Mechanical behaviour of rock under cyclic fatigue. In: Cording EJ (ed)
Stability of rock slopes. Proceedings of the 13th symposium on rock mechanics. ASCE, New York:
1971. pp 845-863.

[22] Le J, Manning J, Labuz J. Scaling of fatigue crack growth in rock. Int. J. Rock Mech. Min.
2014;72:71-79.

[23] Zhang M, Dou L, Konietzky H, Song Z, Huang S. Cyclic fatigue characteristics of strong burst-
prone coal: Experimental insights from energy dissipation, hysteresis and micro-seismicity. Int. J.
Fatigue. 2020;133:105429.

[24] Peng K, Zhou J, Zou Q, Song X. Effect of loading frequency on the deformation behaviours of
sandstones subjected to cyclic loads and its underlying mechanism. Int. J. Fatigue. 2020;131:105349.
[25] Yang B, He M, Chen Y. Experimental study of nonlinear damping characteristics on granite and
red sandstone under the multi-level cyclic loading-unloading triaxial compression. Arab. J. Geosci.
2020;13(2):72.

[26] Zhou Y, Sheng Q, Li N, Fu X. Numerical analysis of the mechanical properties of rock materials
under tiered and multi-level cyclic load regimes. Soil Dyn. Earthq. Eng. 2020;135:106186.

[27] Wang Y, Li C, Han J, Wang H. Mechanical behaviours of granite containing two flaws under
uniaxial increasing amplitude fatigue loading conditions: An insight into fracture evolution analyses.
Fatigue Fract. Eng. M. 2020;1-16.

[29] Gao Y, Feng XT. Study on damage evolution of intact and jointed marble subjected to cyclic

13


https://doi.org/10.1016/j.engfracmech.2021.107550

422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

452

453
454

true triaxial loading. Eng. Fract. Mech. 2019;215:224-234.

[30] Wang Y, Gao SH, Li CH, Han JQ. Investigation on fracture behaviors and damage evolution
modeling of freeze-thawed marble subjected to increasing-amplitude cyclic loads. Theor. Appl. Fract.
Mec. 2020;102679.

[31] Vaneghi RG, Thoeni K, Dyskin AV, Sharifzadeh M, Sarmadivaleh M. Strength and damage
response of sandstone and granodiorite under different loading conditions of multistage uniaxial
cyclic compression. Int. J. Geomech. 2020;20(9):04020159.

[32] Shang J, Hencher SR. West LJ. Tensile strength of geological discontinuities including incipient
bedding, rock joints and mineral veins. Rock Mech. Rock Eng. 2016;49(11):4213-4225.

[33] Ren S, Bai YM, Zhang JP, Jiang DY, Yang CH. Experimental investigation of the fatigue
properties of salt rock. Int. J. Rock Mech. Min. 2013; 4:68-72.

[34] Wang Y, Gao S, Liu D, Li C. Anisotropic fatigue behaviour of interbeded marble subjected to
uniaxial cyclic compressive loads. Fatigue Fract. Eng. M. 2020;43(6):1170-1183.

[35] Jaeger JC, Cook NGW, Zimmerman RW. Fundamentals of rock mechanics, 4th edn. Blackwell,
Malden, 2007, 475pp.

[36] Nicholson DT, Nicholson FH. Physical deterioration of sedimentary rocks subjected to
experimental freeze—thaw weathering. Earth Surf. Proc. Land. 2020;25(12):1295-1307.

[37] Momeni A, Karakus M, Khanlari GR, Heidari M. Effects of cyclic loading on the mechanical
properties of a granite. Int. J. Rock Mech. Min. 2015;77:89-96.

[38] Mateos RM, Garcia-Moreno I, Azanon JM. Freeze—thaw cycles and rainfall as triggering factors
of mass movements in a warm Mediterranean region: the case of the Tramuntana Range (Majorca,
Spain). Landslides. 2012;9(3):417-432.

[39] Zhou XP, Niu Y, Zhang JZ, Shen XC, Zheng Y, Berto F. Experimental study on effects of freeze-
thaw fatigue damage on the cracking behaviors of sandstone containing two unparallel fissures.

Fatigue Fract. Eng. M. 2019;42(6):1322-1340.

Figure captions:

Fig.1 Rock sampling site.
Fig.2 Interbedded structure detection in a skarn sample from a BSE-SEM image.
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Fig.3 XRD results for mineral composition identification.

Fig.4 Axial and lateral stress-strain curves for samples with interbedding orientation angles of 0°, 30°,
60°, and 90°.

Fig.5 Maximum axial strain evolution with cycle numbers during cyclic loading stages for skarn
samples with different interbedding orientations.

Fig.6 Maximum lateral strain evolution with cycle numbers during cyclic loading stages for skarn
samples with different interbedding orientations.

Fig.7 Maximum volumetric strain versus cycle numbers in various cyclic loading stages.

Fig.8 Rock stiffness changes during the fatigue loading process for skarn samples with interbedding
orientation angles of 0°, 30°, 60°, and 90°.

Fig.9 Damage evolution of skarn samples with cyclic loading number.

Fig.10 Predictive model between the accumulated damage variable and relative cycle for skarn
samples.

Fig.11 Failure morphology of interbedded skarn samples with different orientation angles.

Table captions:

Table 1 Summary of skarn fatigue mechanical parameters of different rock structures.

Table 2 Fitting parameters of damage evolution model for tested skarn samples.
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