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Naturally fractured rock mass is susceptible to stress disturbance and could result in the stimulation of natural fractures and even
serious geological hazards. In this work, multilevel uniaxial fatigue loading experiments were carried out to reveal the fracture and
energy evolution of naturally fractured granite using stress-strain descriptions and energy evolution analysis. Results reveal the
influence of natural fracture on mechanical properties of granite, regarding the fatigue lifetime, fatigue deformation
characteristics, fatigue damage, energy evolution, and fatigue failure pattern. Volumetric and shear processes caused by the
sliding and shearing along the natural fracture control the whole failure process. The energy dissipation and release
characteristics are strongly impacted by natural fractures. The elastic energy and dissipated energy both decrease with increasing
natural fracture volume, growth of the dissipated energy becomes faster for rock near to failure. It is proved that the dissipated
energy is mainly used to activate the preexisting natural fractures.

1. Introduction

Most of the engineering and environmental loads applied to
the rock mass are cyclic loads. For example, the tides, earth-
quakes, and volcanic eruptions are natural phenomenon
closely related to cyclic loading conditions; in addition,
human-induced activities like mining activities [1, 2],
hydraulic fracturing, traffic loading [3], or gas storage [4, 5]
can be also categorized as cyclic loading essentially. Under
practical engineering conditions, it is inevitable that rocks
are disturbed by various cyclic loads, which can lead to cer-
tain fatigue damage or even failure of the rock. As a result,
characterization of the fatigue mechanical properties and
failure mechanism of rock subjected to fatigue loading condi-
tions is crucial to ensure the long-term stability of rock struc-
tures in mining or civil engineering.

A large number of experimental investigations have
documented the fatigue mechanical properties of rock. Rock
physical and mechanical properties, e.g., stiffness [6],
strength [7, 8], elastic modulus [9, 10], or ultrasonic pulse
velocity [11], decrease for rock under cyclic and fatigue load-

ing conditions. Deterioration of rock mechanical properties
is the external reflection of damage accumulation inside the
rock, and many different kinds of damage factor defined by
ultrasonic velocity, rock density, and energy density have
been studied. In addition, it is accepted that the factors of
loading frequency, loading waveform, and stress amplitude
are the main factors impacting the fatigue behavior of rock,
and numerical experiments have been performed to reveal
the influence of those factors on fatigue characteristics of
rock [12–15]. Fatigue/cyclic loading can load the rock at
levels below the peak rock strength principal and can also
lead to rock failure, mainly because of the accumulation of
plastic deformation and/or postcyclic failure cycles. From
reading the literature, the effect of cyclic loading on rocks
containing natural fractures has been little studied and most
of the studies have focused on intact rocks.

In addition, many scholars have considered constant
amplitude loads on rocks in uniaxial or triaxial stress states
at different frequencies, but in practical engineering of
mining and civil engineering, rocks are always disturbed by
stresses such as blasting, vibration, and mechanical
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excavation [16, 17], and the forms of loads acting on rocks
are multilevel. For example, in railroads or roads, the increase
or decrease in the number of vehicles affects the amount of
loading, and the cyclic loading is multilayered. In under-
ground mining, the impact from blasting is also multilayered;
in slope production, the periodic loads carrying geological
disturbances are also multilayered.

Numerous studies at home and abroad have shown that
the destruction of rocks is due to energy damage, and energy
dissipation and release fracture have been widely studied in
the scientific community [18–21]. Zhao et al. [22] used
RFPA2D to study the damage behavior of rock specimens,
including damage processes, damage modes, damage mecha-
nisms, and shear strength. Zhang et al. [23] performed rock
damage model process analysis (RFPA) simulations and
count fractal analysis to investigate the effect of interfracture
density on the shear fracture and fractal properties of rock
bridges in jointed rocky slopes. Bai et al. [24] presented an
experimental study of the dynamic compressive behavior of
concrete confined with unidirectional natural flax fiber-
reinforced polymers (FFRPs) under axial impact loading. A
new dynamic strength model was also proposed to predict
the dynamic compressive strength of FFRP-confined con-
crete in the studied strain rate range. Wang et al. [25] deter-
mined the type I (open mode) dynamic fracture toughness of
rocks by affixing strain gauges to Brazilian disc (CSTBD)
samples with cracks on the sample surface and subjecting
them to the radial impact of a Hopsonkin separator. Wang
et al. [26] conducted an experimental study on the mechani-
cal and energetic properties of granite under dynamic triaxial
loading and investigated the effects of impact velocity and
enclosure pressure on the stress-strain curve response,
dynamic strength, plastic deformation, energy loss, and dam-
age mode of granite. Wong et al. [27] investigated, through
uniaxial compression tests, the friction of rock-like fracture
materials with different fracture dip angles, different dip
bridges, and different fracture contact surfaces. The crack
closure and strength characteristics of rock-like fracture
materials with different crack inclination angles, different
inclination bridges, and different frictional characteristics of
the crack contact surface were studied by Wong et al. [27],
who classified the crack extension and closure into three
modes, shear (S-mode), mixed tensile-shear (M-mode), and
winged tensile damage (W-mode). Li et al. [28] found that

the evolution of energy of rocks can be divided into three
stages by studying the energy evolution and fatigue behavior
of sandstone under cyclic loading: fatigue hardening stage (I),
stable development stage (II), and steep damage stage (III).
Erarslan and Williams [29] used both sinusoidal cyclic load-
ing and cyclic with increasing average level to load the tuffs
and studied the energy changes of different loading on rock
damage. From these studies, it can be seen that previous
studies were based on constant fatigue loading rather than
on the energy variation under different loading conditions
at multiple stages.

Based on the above discussions, in this work, multilevel
uniaxial fatigue loading experiments were performed using
a GCTS rock testing system for granite samples containing
natural fractures. The tested rock was obtained from an open
pit slope located at the Hejing Beizhan iron mine in Xinjiang
province, northwest of China. Based on the experimental
data, the macroscopic stress-strain responses, dynamic elas-
tic modulus, damping ratio, and damage evolution were
systematically studied; in addition, energy evolution during
different fatigue loading stages was also investigated to clarify
the energy dissipation and release during sample
deformation.

2. Equipment and Test Scheme

2.1. Tested Rock Material Descriptions. The tested rock mate-
rial was obtained from an open pit slope at the Hejing Beiz-
han iron mine in Xinjiang province, northwest of China.
The rock slope is mainly composed of naturally fractured
granite, a set of dominant structural plane can be clearly
observed on the slope, which controls the stability of the open
pit slope, as shown in Figure 1. The rock mass structural
plane has an inclination of 290° and a dip angle about 70°.

The core containing natural fractures was drilled into a
cylinder with a diameter (D) of 50mm and a height (H) of
100mm and ground flat within ±0.1mm according to the
method recommended by ISRM. The tested samples were
oriented in the structural plane parallel to the natural rock
structure plane and contained natural fractures inside. The
natural fracture scheme of the granite samples is shown in
Figure 2. Typical samples are labeled as NFG1, NFG3,
NFG5, and NFG7, corresponding to natural fracture volume
ratios (Rv, defined as the ratio of total natural fracture volume
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Figure 1: Rock mass structure of the Beizhan open pit slope, a set of dominant structural plane can be observed as drawn in orange color.
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to sample volume) of 0.08%, 0.12%, 0.56%, and 2.11%,
respectively. By observing the fractures on the rock surface,
one inclined natural fracture was observed on samples
NFG1 and NFG3, and two natural fractures were observed
on samples NFG5 and NFG7. The fractures on sample
NFG7 showed an “X” shape. CT scans were performed to
detect the initial damage characteristics, followed by fatigue
mechanics experiments.

2.2. Testing Equipment. The rock samples were subjected to
multilevel fatigue loading tests using a servo-hydraulically
controlled rock mechanics test rig (GCTS RTR 2000). Axial
and circumferential strain LVDT devices were installed on
the sample surface to monitor the entire deformation pro-
cess. The tester enables dynamic loading frequencies from 0
to 10Hz, with axial strain, axial stress, and lateral strain
recorded by a central computer at the same sampling
frequency.

2.3. Testing Procedure and Scheme. Granite samples contain-
ing different natural fracture volumes were subjected to mul-
tistage uniaxial cyclic loading tests using stress control mode,
and cyclic loading with specified stress amplitude of 10MPa
was applied to set the initial damage levels of granite samples
to 0.08%, 0.12%, 0.56%, and 2.11%, respectively. A sinusoidal
cyclic compression load in the axial direction was applied,
and loading and unloading were performed once in 2 sec-
onds. The average stress was increased by 10MPa per cycle,
and the samples were cyclically loaded for 30 cycles. The
fatigue loading was completed until all samples finally failed.
Detailed description of the cyclic loading path can be found
in Wang et al. [9].

2.4. Method to Damage and Energy Evolution. In order to
characterize the changes of stress hysteresis loop, two param-
eters of dynamic elastic modulus (Ed) and damping ratio (Dr)
are employed according to the studies of Wang et al. [30] and
Lamas-Lopez [31]. The detailed definitions of these two
parameters can be found in the studies of Wang et al. [31].
In addition, a damage factor defined by axial strain was intro-

duced to quantitatively reveal the damage deterioration pro-
cess of two-defective granites during the fatigue loading
phase. Previous studies have shown that the variation of axial
strain under fatigue loading conditions is a good predictor of
damage propagation and fatigue life prediction [15, 32, 33].
Therefore, to better evaluate the damage evolution process
of rocks under fatigue loading, the damage factor of the max-
imum axial strain was used for evaluation. In general, consid-
ering the strain-equivalent mechanism of continuous
damage mechanics, a one-dimensional damage constitutive
equation has been proposed [15, 32, 33]. According to the
definition of the damage index by Wang et al. [15], the char-
acteristics of the damage evolution under fatigue loading
were analyzed.

Assuming that the test system is a closed system with no
heat exchange with the outside world during the test, the
relationship between the total input energy, elastic energy,
and dissipation energy of the rock can be expressed accord-
ing to the first law of thermodynamics and the study by
Solecki and Conant [34]. The definition of the energy conver-
sion during rock failure has been studied by Solecki and
Conant [34] and Hai et al. [21]. As damage and fracture of
rock are energy driven, the dissipation energy is due to the
damage of the rock structure, such as initiation, propagation,
and coalescence of cracks [13].

3. Experimental Result Analysis

3.1. Represented Cyclic Stress-Strain Responses. The loading
path and the associated complete stress-strain curves for
the granite samples containing different natural fracture vol-
ume are cited from the previous studies of Wang et al. [9],
and they are shown in Figure 3. It can be seen that the preex-
isting natural fracture impacts the fatigue lifetime of granite.
Under the sample loading method, the fatigue loading stage
is 7, 5, 3, and 2, respectively. The corresponding loading cycle
number is 210, 150, 90, and 60, respectively. The fatigue
strength is influenced by the natural fracture volume in rock
samples; it is 78.40, 63.55, 44.50, and 26.51MPa, respectively.
The plasticity deformation is relatively large due to the

Rv = 0.08%
NFG1

Rv = 0.12%
NFG3

Rv = 0.56%
NFG5

Rv = 2.11%
NFG7

Curved surface

Natural facture

Disc surface

Figure 2: Scheme of natural fractures on granite samples used in the multistage fatigue loading test, the natural fractures are schemed in black
color on the curved surfaces and disc surface.
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Figure 3: Continued.
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existence of natural fracture inside the samples; the hysteresis
loop forms at low stress level. The peak strain is different for
the tested samples, which is related to the rock fatigue failure
mode; it is 0.21%, 0.09%, 0.06, and 0.11%, respectively. It can
be seen that failure of the typical tested samples all occurs at
the stress-increasing stage, indicating that damage at the
stress-increasing stage is larger than the fatigue loading stage.
Fatigue failure mode is different which can be observed from
the stress-strain curve morphology. For the sample of NFG1
and NFG7, they gradually fail with experimental time;
however, abrupt failure occurs for the samples NFG3 and
NFG5, and the stress-strain curve presents a sudden drop
pattern.

Since the volumetric strain is a comprehensive reflection
of the specimen deformation, the volumetric stress-strain
curve can better reflect the overall deformation of the speci-
men. Under the influence of natural fractures, the volume

of NFG7 natural fractures is the largest and expands at the
beginning of loading. But for the other three samples of
NFG1, NFG3, and NFG5, their capacity underwent a process
of first compression and then expansion. At each fatigue
loading stage, the morphology of hysteresis loop changes
from sparse to dense. The hysteretic sparse pattern is caused
by the sudden increase of axial stress. The results show that
the damage degree of the rock is serious in each stress
increasing stage, and the deformation amount is relatively
small in the fatigue loading stage.

3.2. Fatigue Volumetric Evolution Analysis. Rock deforma-
tion grows as loading cycle increases, and the incremental
rate is impacted by the loading stages and the initial natural
fracture scale. Figure 4 plots the relationship between the
axial, lateral, and volumetric strain against the experimental
time. It can be seen that deformation steadily increases
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Figure 3: The loading path and axial stress-strain curves for the granite samples with natural fractures. (a–d) The natural fracture volume
ratio is 0.08%, 0.12%, 0.56% and 2.11%, respectively.
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within a fatigue loading stage; however, it grows faster a cer-
tain loading stage. The onset of deformation accelerating
increment corresponds to different loading stages, indicating
the influence of natural fracture on the stress dilatancy of
granite. The accelerated growth stage is 4, 3, 2, and 1, respec-
tively. For sample NFG7, the sample volume expands at the
first loading stages when loading acts on the sample, and
deformation grows faster and faster until failure. For the
other samples, the sample volume first decreases due to the
compression of the preexisting natural fractures and then
increases when fractures are stimulated again. The final vol-
umetric strain is the maximum for NFG1 and minimum for
NFG3; this is related to the fatigue failure mode. Accelerated

growth of deformation implies the damage accumulation
resulting from the initiation of the preexisting natural frac-
ture and the interaction between them and the new stimu-
lated fractures.

3.3. Characterizations of Ed andDr. To describe the evolution
of stress hysteresis loop during sample deformation and
reveal the impact of the initial natural fracture volume on
the damage evolution, two dynamic indices of dynamic elas-
tic modulus and damping ratio are analyzed in Figure 5.
Figures 5(a)–5(d) plot the relationship between the dynamic
elastic modulus and loading cycle number. Interestingly, the
Ed cycle curve presents different changing trends for the
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Figure 4: Fatigue deformation characteristics of the tested granite samples containing different natural fracture volumes. (a–d) The natural
fracture volume ratio is 0.08%, 0.12%, 0.56%, and 2.11%, respectively.
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Figure 5: Continued.
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tested samples. For NFG1 and NFG3, Ed first decreases and
increases within a loading stage for the first three loading
stages; and then, it decreases monotonously until the last
loading cycle. Ed presents an overall decreasing trend, and
the decreasing rate becomes faster with increasing loading
cycles. However, for NFG5 and NFG7, Ed increases before
the last fatigue loading stage and it decreases at the last load-
ing stage. The increasing of Ed indicates the compaction of
natural fractures, and the rock stiffness improves; decreasing
of Ed indicates the growth of accumulative damage. The
change of Ed implies the compaction and opening of the
preexisting fractures and the formation of new fractures.

The evolution of Dr with loading cycle is presented in
Figures 5(e)–5(h). Dr reflects the energy loss during rock
deformation; the evolution of Dr is influenced by the preex-

isting natural fracture volume. Within a fatigue loading stage,
Dr first decreases and then increases;Dr shows an overall first
decreasing and increasing trend during sample deformation.
It can be seen that Dr decreases sharply at the onset of each
fatigue loading stage; this indicates that the hysteresis loop
changes from sparse to dense. This result is consistent with
the result in the stress-strain responses. The sudden stress
increasing results in the larger damage in rock, preexisting
natural fracture slides and then they are closed under fatigue
loading. Accompanying the damage accumulation inside the
granite samples, Dr shows an increasing trend, indicating
that the dissipated energy used to drive damage propagation
increases accordingly.

In order to well describe the influence of the preexisting
natural fracture on the evolution of hysteresis loop,
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Figure 5: Evolution of the dynamic elastic modulus (Ed) and hysteretic damping ratio (Dr) with cyclic number for sample with natural
fracture volume ratio of 0.08%, 0.12%, 0.56%, and 2.11%, respectively. (a–d) Plots of Ed against loading cycle number during sample
deformation; (e–f) plots of the Dr against loading cycle number during sample deformation.
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Figure 6 shows the relationship between the dynamic elastic
modulus (Ed), damping ratio (Dr), and fatigue loading stage.
In Figure 6(a), it can be seen that Ed decreases with the
increase of natural fracture volume. It is the maximum for
sample NFG1 and minimum for sample NFG7. In
Figure 6(b), Dr presents fluctuation trend as fatigue loading
stage grows. This result indicates the complexity of hysteresis
loop evolution; the pattern of hysteresis loop is influenced
not only by the applied fatigue loading but also the preexist-
ing natural fractures. For sample NFG7, it has the largest
natural fracture volume, and Dr is relatively high than other
cases. This result indicates that the energy input used to drive
the evolution of damage is relatively larger, and the plastic
deformation for this sample is also larger than that for other
samples.

3.4. Fatigue Damage Evolution Analysis. Using Equation (9),
the damage evolution is shown in Figure 7. For the four
tested samples, the evolution of damage factor in
Figures 7(a)–7(d) shows a step increasing trend, and the
increasing rate is different during the whole deformation.
The damage factor increases quickly at the first several
fatigue loading stages, and then, the increasing rate decreases.
This result implies that the influence of preexisting natural
fractures is greater than the newly formed fractures. Defor-
mation caused by the sliding and shearing along the natural
fracture controls the whole damage evolution process.
Within a fatigue loading stage, damage grows faster for the
sample NFG7 than the samples NFG1, NFG3, and NFG5.
Interesting is that the damage factor increases to 0.75 after
the first fatigue loading stage; the first fatigue loading stage
almost controls the fatigue lifetime of the sample. The effect
of natural fractures on damage evolution is plotted in
Figure 7(e). This figure clearly presents the differential dam-
age characteristics due to the existing natural fractures. Dam-

age factor is the largest for sample NFG7 and smallest for
sample NFG1. Influenced by the preexisting natural frac-
tures, the damage growth trend becomes steady with increas-
ing fatigue loading stages. The compaction and sliding of
natural fracture are the main factors resulting in the failure
of granite sample.

3.5. Energy Evolution during Sample Deformation. As the
fracture evolution of rock is strongly related to the energy
dissipation and release, we plot the relationship between total
energy U , elastic energy Ue, dissipated energy Ud, and rela-
tive cycle (n/N) in Figures 8(a)–8(d). At the first several
fatigue loading stages, it can be seen that input energy stored
as elastic energy in granite samples, the differences between
U and Ue are small. Ud in the initial stage of fatigue loading
is due to the compaction of natural fractures; the proportion
ofUd is relatively small. With the increases of fatigue loading,
most of the input energy transfers into dissipated energy; the
dissipated energy is used to activate the preexisting natural
fractures and stimulate new fractures. As the cyclic loading
continues, the preexisting natural fractures are totally com-
pacted. The elastic energy Ue that can be released in rock
increases quickly than the dissipated energy Ud. The incre-
ment of dissipated energy is steady and increasing rate is rel-
atively small; this is influenced by the natural fracture. The
reason of this result is that fracturing of rock is slow because
of the sliding of main fracture plane along the natural frac-
tures, and most of the dissipated energy is used to reactivate
the natural fractures. At the last few fatigue loading stages, it
can be clearly observed that the difference between U and Ue
becomes larger accordingly. The relationships between U ,
Ue, Ud, and the natural fracture volume ratio Rv are fur-
ther studied, as shown in Figures 8(e) and 8(f). The fitting
results show that U , Ue, and Ud decrease with increasing
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Figure 6: Comparison of the (a) dynamic elastic modulus and (b) damping ratio for the samples with different natural fracture volume ratios.
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natural fracture volume and they obey exponential rela-
tions with good correlation.

It can be seen that energy dissipation and release during
fatigue loading are not only related to the number of cycles
but also related to the loading level. The relationship between
strain energy and upper limit axial stress of granite under
multistage loading is shown in Figure 9. The experimental
data of total energy density U , elastic energy density Ue,
and total energy density Ud of each sample were fitted. The
fitting results show that, although the natural fracture volume
is different, U , Ue, and Ud increase with the increase of the
upper limit of axial stress under each fatigue load. In addi-
tion, an obvious nonlinear growth trend was observed, and
the data were fitted using quadratic function. The fitting
results show high correction, as presented in Table 1.

4. Discussions

Rock containing natural fracture subjected to fatigue loading
conditions was conducted in this work. The macroscopic fail-
ure pattern is controlled by its internal mesoscopic struc-
tures, such as microcracks, pores, interbeds, joint, and
flaws, [35–38]. Unlike previous studies, since sinusoidal sig-
nals may be more representative of stress waves generated
during blasting or earthquakes than uniaxial and triaxial
loading of rocks [24], in order to better simulate the stress
perturbation effects during open-air slope mining, this paper
fatigue loads granite containing natural fractures, and cyclic
stresses are applied in a sinusoidal pattern. The macroscopic
stress-strain curves show that the initial damage degree (i.e.,
natural fracture volume) has a significant effect on fatigue
strength and deformation. The rock enters the volume
expansion phase during fatigue loading, and for the large nat-
ural fracture volume, the fracture leading to the rock in the
stress increase phase is due to the cumulative effect of the

damage effect in the fatigue loading phase, and the fatigue life
of the rock decreases with the increase of the natural fracture
volume. Due to the preexistence of natural fracture, a large
plastic deformation occurs during fatigue loading, and the
evolution of the stress hysteresis loop indicates the evolution-
ary characteristics of plastic deformation. In this work,
dynamic elastic modulus and damping ratio are used to
describe the evolution of the stress hysteresis loop, and it is
found that the dynamic elastic modulus and damping ratio
gradually decrease with increasing loading cycles. These
changes in dynamic indices are influenced by natural cracks.

The energy conversion analysis further reveals the frac-
ture evolution mechanism. The input energy is composed
of elastic energy and dissipated energy. The dissipated energy
is mostly used to stimulate the preexisting natural fractures.
Shearing and sliding along the natural fracture consume
most of the energy; ratio of energy consumption is the largest
for a sample with relatively high natural fracture volume
ratio. The energy evolution in this work is different for intact
rock without natural fracture or rock with artificial flaws.
Frictions between the natural fractures also consume a part
of energy. The increasing rate of elastic energy is faster than
the dissipated energy, implying that rock has a certain
strength reservation although with natural fractures. How-
ever, the capacity of energy storage is weaker than intact rock.
These results indicate that larger deformation may occur for
naturally fractured rock mass, and geological disaster (e.g.,
landslide and collapse) is prone to occur for this kind of rock
mass. This phenomenon has been confirmed by the previous
studies [39, 40]. The increment of dissipated energy is first
steady and then abrupt, and increasing rate becomes larger
near at the last fatigue loading stage; this is influenced by
the natural fracture. The evolution characteristics of the dis-
sipated energy may be helpful to early warning of rock disas-
ters. The final crack network pattern is the external reflection
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Figure 7: Plots of the damage evolution for the tested granite samples with different natural fracture volume ratios.

11Geofluids



0.0 0.2 0.4 0.6 0.8 1.0

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11

NFG1: Rv = 0.08%

St
ra

in
 en

er
gy

 d
en

sit
y 

(M
J/m

3 )

Relative cycle (n/N)

U
Ue

Ud

(a)

0.000

0.005

0.010

0.015

0.020

0.025

0.030
NFG3: Rv = 0.12%

St
ra

in
 en

er
gy

 d
en

sit
y 

(M
J/m

3 )

Relative cycle (n/N)

0.0 0.2 0.4 0.6 0.8 1.0

U
Ue

Ud

(b)

0.000

0.005

0.010

0.015 NFG5: Rv = 0.56%

St
ra

in
 en

er
gy

 d
en

sit
y 

(M
J/m

3 )

Relative cycle (n/N)

0.0 0.2 0.4 0.6 0.8 1.0

U
Ue

Ud

(c)

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014 NFG5: Rv = 2.11%

St
ra

in
 en

er
gy

 d
en

sit
y 

(M
J/m

3 )

Relative cycle (n/N)

0.0 0.2 0.4 0.6 0.8 1.0

U
Ue

Ud

(d)

Figure 8: Continued.

12 Geofluids



0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
0

1

2

3

4

5

6

7

8

9

10

11

U
Exponential fit of sheet1 B"U",
% (3, @LG), % (4, @LG)

(e)

0.0 0.5 1.0 1.5 2.0 2.5
0

2

4

6

8

10

(f)

Figure 8: Depiction of the evolution of U , Ue, Ud, and relative cycle for granite having different natural fracture volumes.
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of energy dissipation and releases. Shearing along natural
fracture consumes relatively small proportion of energy than
formation of new cracks. The crack pattern provides us
insight about the mesoscopic fracturing process of rock; the
interactions between the preexisting natural fracture and
the newly formed crack can be clearly observed from the
CT images.

5. Conclusions

The multistage uniaxial fatigue loading tests of granite sam-
ples with natural fractures were carried out in laboratory.
The effects of natural fractures on deformation characteris-
tics, hysteretic loop pattern, damage evolution, energy evolu-
tion, and final failure pattern were revealed by macroscopic
stress-strain response description. The following conclusions
can be drawn from this study:

(1) Rock fatigue deformation is caused mainly by the
compaction and stimulation of the preexisting natu-
ral fractures. Volumetric deformation suddenly
increases from a certain fatigue loading stage, indicat-
ing the acceleration of rock damage. Rock damage at
the stress-increasing stage is much more severe than
the fatigue loading stage

(2) Evolution of hysteresis loop is characterized by the
changes of dynamic elastic modulus and damping
ratio. The overall decrement of dynamic elastic mod-
ulus indicates the stiffness degradation of granite
samples, and the overall decrement of damping ratio
indicates the increment of energy loss. The changes
of these two parameters are closely related to the evo-
lution of natural fractures

(3) The energy dissipation and release characteristics are
strongly affected by natural fractures. The total input

energy, elastic energy, and dissipated energy all
decrease with the increase of loading cycles. The dis-
sipated energy is used to activate existing natural
fractures and create new ones. The dissipation energy
increases rapidly near the failure of the sample, which
indicates that the dissipation energy can be used to
predict the instability of rock mass structure
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