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Abstract: To investigate the mechanical properties and damage characteristics of granite under
frequent disturbance loads in the process of underground engineering construction, laboratory
uniaxial compression tests were conducted on granite under combined dynamic and static loading
conditions. The following conclusions were reached: (1) under a dynamic disturbance, the failure
stress of granite grows gradually as the initial stress and disturbance load rise due to the coupling
of damage and strain-rate effect; (2) the characteristic stresses of granite specimens grow with
the increasing amplitude of disturbance ∆σ under the disturbing loads; with the same ∆σ, the
characteristic stresses show an increase trend with the increasing initial stress σm; (3) the particle size
distribution of rock fragments broken under the disturbance load follows the fractal law, and the
fractal dimension F gradually enlarges with the growth of ∆σ, indicative of an increased degree of
fragmentation; and (4) the damage variable grows rapidly at first, then steadily, and, finally, shows a
rapid growth trend again under the disturbance loads. The ∆σ significantly influences the number of
cycles and rate of change of the damage variable during the steady increase. This research has certain
theoretical significance and engineering guidance value for dynamic disaster recognition and control.

Keywords: granite; uniaxial disturbance load; characteristic stress; fractal dimension; damage

1. Introduction

In geotechnical engineering and mine and rock mechanics, the stability of rocks is
generally impaired by frequent disturbances. Especially in the underground excavation,
the rock mass is subjected to the combination of high static load and frequent or cyclic
external disturbances, among which the external disturbances include blasting, earthquake,
mechanical vibration, etc. [1–4]. Under these conditions, the stress redistribution within a
certain range caused by rock excavation and the external disturbance is the main cause of the
frequent occurrence of disasters, such as rockbursts [5–7]. The strain rates for remote seismic
and mechanical vibration loads range from 10−4/s to 10−2/s, which are quite different
from the static loads’ strain rates of less than 10−4/s. The mechanical properties of rock
vary greatly under high static stress and external disturbance [8,9]. Therefore, research on
the mechanical properties and damage effect of rocks under disturbance loads is important
for prevention of disasters and accidents in underground engineering operations.

In recent years, numerous scholars have conducted many experimental studies on
the fracture characteristics of different types of rocks under cyclic loads. Zhu et al. [10]
developed a disturbance electro-hydraulic servo triaxial test system. A series of disturbance
relaxation tests on marble with different frequencies and amplitudes were carried out. The
influence of cyclic disturbance parameters on the relaxation amplitude, relaxation rate, and
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peak stress was analyzed. Ghasemi et al. [11] conducted monotonic and cyclic loading
tests on gabbro specimens to study the evolution of micro-cracking therein under static
and dynamic loading. The results indicated that compared with monotonic loading, cyclic
loading facilitates the extension of micro-cracks earlier in the rock specimens, and the micro-
cracks are longer. In order to study the deformation characteristics of brittle hard rock under
cyclic disturbance loading, Cheng et al. [12] carried out cyclic loading and unloading tests
at different loading and unloading rates, and analyzed the stress–strain curve‘s modulus
elasticity. Wang et al. [13] conducted multi-level compressive cyclic loading experiments to
investigate the fracture evolution of naturally fractured granite using acoustic emission
monitoring and post-test CT (Computer Tomography) scanning. Xu et al. [14] conducted
a series of conventional uniaxial compression tests and cyclic loading tests on sandstone
specimens and revealed that the maximum stress and the amplitude of the disturbance
stress were the main factors influencing the fatigue life of sandstone. Meanwhile, the larger
the maximum stress and the amplitude of the disturbance stress, the shorter the fatigue life
of sandstone specimens. Manouchehrian et al. [15] established a tunnel numerical model
and simulated the rock mass failure with static and dynamic loads. The results showed
that the disturbance can accelerate the tunnel failure. Yang et al. [16] developed a loading
method applicable to granite specimens under combined dynamic and static loading
conditions. By using the method, they revealed changes in the mechanical properties of
granite before and after loading and verified that the method is feasible through tests.
Chen et al. [17] studied the influences of disturbance loads of different frequencies and
amplitudes on the stress–strain characteristics, damage evolution, and failure modes of
sandstone. The results show that the degree of fragmentation and ductility of the rock
specimens both increase with the increasing frequency and amplitude of disturbance.
Su et al. [18] conducted a true triaxial experimental study and found that under the
action of low-frequency periodic disturbance, the threshold values of the axial static stress
and amplitude of the disturbance load existed in a rockburst. Moreover, many scholars
also have explored the mechanical properties of rocks under cyclic loading from the
perspectives of acoustic emission (AE) characteristics, infrared thermography, and energy
dissipation [19–29].

The aforementioned research has proved fruitful and is of important theoretical signif-
icance and guiding significance in engineering for those seeking to understand the failure
mechanism of rocks under disturbance loads. However, most researchers focus on the
deformation and mechanical characteristics of rocks under different initial stresses and dis-
turbance loads, while seldom studying the fracture mechanism and damage characteristics
of rocks under cyclic disturbance loads. Considering this, granite collected from the deep
underground powerhouse in Shuangjiangkou Hydropower Station in Sichuan Province,
China, was taken as the research object to conduct mechanical tests under low-frequency
cyclic disturbances. On this basis, the characteristic stresses, fractal dimensions of frag-
ments, and damage evolution of deeply buried rocks under dynamic disturbances were
investigated, which has important theoretical significance and engineering guidance value
for dynamic disaster recognition and control.

2. Materials and Methods
2.1. Test System and Specimen Preparation

The apparatus used in the test was an RTM electro-hydraulic servo test system devel-
oped by the Institute of Rock and Soil Mechanics, Chinese Academy of Sciences (Figure 1).
Consisting mainly of a loading system, a measurement system, and a control system, the
system can realize axial cyclic disturbance loading from 0 to 500 kN at frequencies from
0 to 20 Hz and can accurately, and in real-time, measure the mechanical properties of
the specimens.
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Figure 1. Test equipment.

The granite used in the test was collected from the underground powerhouse of
Shuangjiangkou Hydropower Station in Sichuan Province, containing fine and uniform
grains, tight textures, and few pre-existing cracks. With an intact structure, the rock
specimens mainly comprise minerals including quartz (33%), potassium feldspar (26%),
and plagioclase (36%), as well as accessory minerals (3%), such as black mica (Figure 2).
After indoor coring, the granite was processed into standard cylinder specimens with
a length of 100 mm and a diameter of 50 mm. The unevenness is less than 0.5 mm on
both ends, and the tolerances on the diameter and height are within 0.3 mm. The two
ends are perpendicular to the axis of the specimen, with the largest angle of deviation
being no greater than 0.25◦, which meets the requirements of the standard. The RMT
electro-hydraulic servo test system was used to conduct uniaxial compression tests. The
stress–strain curves are shown in Figure 3, and the basic parameters of the natural water
content specimen (i.e., in the natural state) are shown in Table 1.
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Figure 2. Mesoscopic characteristics of granite: (a) scanning electron microscopy micro-structures
(×500); (b) polarized light microstructures.
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Figure 3. Stress−strain curves in the uniaxial compression test.

Table 1. Basic parameters of granite.

Serial
Number

Uniaxial Compressive
Strength/MPa

Elastic
Modulus/GPa Poisson Ratio Density

/kg × m−3
Wave Velocity

/km × s−1

A1 142.32 32.15 0.21 2667 3.33
A2 144.84 31.29 0.21 2650 3.35
A3 147.36 30.43 0.21 2633 3.37

2.2. Test Schemes

Uniaxial dynamic and static combined loading was used in the tests (Figure 4). The
stress control was used to apply axial static loads slowly on the specimens initially. After
loading to the initial stress σm, cyclic disturbance loads with a sinusoidal waveform were
applied. In the figure, T represents a loading cycle, and the upper and lower limits of
disturbance loads are σmax and σmin, respectively, so the amplitude of disturbance is
∆σ = σmax − σmin.
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The test schemes are listed in Table 2. At first, axial static loads are applied to the
rock specimens at a rate of 1 kN/s to 60%, 70%, and 80% of the uniaxial compressive
strength (UCS). The loading rate of 1 kN/s is based on the recommended range of test
specification (Rock Test Code for SL/T 264-2020 for Water Conservancy and Hydropower
Engineering) and the existing research results [30,31]. Afterwards, disturbance loads with
amplitudes of 20, 30, and 40 MPa are applied, and the tests continue until failure of the
specimens. In deep rock engineering, the dynamic disturbance loads are the main sources of



Buildings 2022, 12, 1008 5 of 24

low-frequency cyclic disturbance loads [18]. These loads include stress waves propagating
from a distant blasting source, seismic waves emitted from failure of a large volume of
rocks near a cavern under excavation, vibration waves induced by mechanical drilling
or low-frequency vibration of heavy equipment, and seismic waves triggered by natural
earthquakes. Therefore, the cyclic disturbances frequency is set to 1 Hz for simulation of
the conditions of deeply buried rock under different intensities of disturbance loads in an
environment of certain static loads.

Table 2. Mechanical test schemes under cyclic dynamic disturbances.

Serial
Number

σmax
/MPa

Upper-Limit Stress
Ratio/%

σmin
/MPa

Lower-Limit Stress
Ratio/%

σm
/MPa

Average Stress
Ratio/%

Amplitude
/MPa

Gra60%-1 96.904 66.90 76.904 53.10 86.904 60 20
Gra60%-2 101.904 70.36 71.904 49.64 86.904 60 30
Gra60%-3 106.904 73.81 66.904 46.19 86.904 60 40
Gra70%-1 111.388 76.90 91.388 63.10 101.388 70 20
Gra70%-2 116.388 80.36 86.388 59.64 101.388 70 30
Gra70%-3 121.388 83.81 81.388 56.19 101.388 70 40
Gra80%-1 125.872 86.90 105.872 73.10 115.872 80 20
Gra80%-2 130.872 90.36 100.872 69.64 115.872 80 30
Gra80%-3 135.872 93.81 95.872 66.19 115.872 80 40

3. Results
3.1. Stress Analysis

Figures 5–7 show the stress–strain curves of various specimens under dynamic and
static combined loading, in which ε1 and ε2 separately represent the longitudinal strain
and transverse strain. It can be seen from the figures that the curve under the dynamic and
static combined loading gradually shifts to the direction of increasing stress. Before failure
of the rock, the stress–strain curves deviate significantly from the trajectory in historical
cycles, and, finally, the rock is damaged at a certain point below the peak stress. Under
the disturbance load, numerous shear fractures develop in the rock: these propagate and
coalesce to form multiple shear failure planes that run through the specimen. In the context,
macroscopic shear failure occurs to the rock. Because the stress on the rock specimen is
relatively uniform in the loading process, the granite, as an elasto-brittle material, remains
in the elastic deformation stage for a long time.
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Table 3 lists the strengths of the rock specimens under different conditions. When
the same initial axial static load σm is applied, the peak stress rises with the increasing
amplitude of disturbance ∆σ; if the amplitude ∆σ is the same, the peak stress shows
an increasing trend with the increasing σm. Under uniaxial compression conditions, the
specimen has a strength of 144.84 MPa. When the initial stress is 60% of the UCS, the peak
stress separately decreased by 37.57%, 31.66%, and 27.33% with the growing amplitude
of disturbance, compared with the UCS; when the initial stress is 70% of the UCS, the
peak stress drops by 24.58%, 23.37%, and 18.39% as the amplitude of disturbance has an
increment; and, with the increase in the initial stress to 80% of the UCS, the peak stress of
the granite decreases by 20.47%, 12.17%, and 6.80% as the amplitude of disturbance grows.

Table 3. Strengths of granite specimens under different conditions.

σm
Amplitude

/MPa

60% 70% 80%

20 30 40 20 30 40 20 30 40

Strength
/MPa 90.42 98.98 105.25 109.23 111.00 118.19 115.19 127.19 134.99
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Under a low initial stress, the rock experiences many disturbances and then the route
to failure, so it is more likely to be damaged, and, therefore, the failure load is low. If the
initial stress is high, only a low number of disturbances are performed, so the degree of
damage is low, and the specimen is damaged under higher stress. Under disturbances of a
large amplitude, the failure load also enlarges because of strain-rate effects on the specimen.

The pre-peak section of the stress–strain curves of rocks during loading can be divided
into four stages, i.e., an initial crack compaction stage, an elastic deformation stage, a stable
crack propagation stage, and an unstable crack propagation stage [32,33], as illustrated in
Figure 8. The four stages are characterized by the crack-closure stress σcc, crack-initiation
stress σci, crack-damage stress σcd, and peak stress σc. The volumetric strain of cracks is 0
in the initial state. Under axial stress, the pre-existing cracks inside the rock are gradually
closed, so their volumetric strain increases. When the stress corresponding to the volumetric
strain reaches σcc, pre-existing cracks are completely closed. Thereafter, the curve of the
volumetric strain of cracks basically remains unchanged, indicating that no damage occurs
inside the rock. If the stress is unloaded in this context, the rock can recover to its initial
state, so the stage belongs to the elastic deformation stage. When the load is increased
further, the volumetric strain associated with the cracks changes; new cracks are initiated
within the specimen, and the stress corresponding to the point is the crack-initiation stress
σci. In the initial stage of the initiation of new cracks, there are a small number of new
cracks, which develop slowly. As the volumetric strain ascends and reaches its maximum,
the cracks enter a stage of rapid development, corresponding to the crack-damage stress
σcd. When the load exceeds the peak stress σc, the specimen enters the unstable crack
propagation stage.
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Figure 8. Division of damage evolution stages of the rock.

Existing methods used for calculating characteristic stresses mainly include strain
measurement, AC measurement, and an approach based on the volumetric strain of cracks.
Among these, the one based on the volumetric strain of cracks has been widely used due to
its definite concept and convenience of determination [34,35]. The method mainly divides
the volumetric strain of rocks into the elastic volumetric strain and volumetric strain of
cracks. Under uniaxial compression, the volumetric strain of cracks,εv

c, in the rock can be
calculated thus [36,37]:

εc
v = εv − εe

v = εv −
1 − 2 × µ

E
× σ, (1)

εv = ε1 + 2 × ε2, (2)
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where εv and εv
e separately represent the volumetric strain of rocks and the elastic volu-

metric strain; ε1 and ε2 denote the longitudinal strain and transverse strain; µ represents
the Poisson’s ratio; and E represents the modulus of elasticity.

The volumetric strain of cracks calculated using Formulas (1) and (2) is displayed in
Figures 9–11. Table 4 shows the normalization results of characteristic stresses (characteristic
stresses/UCS) corresponding to each stage.
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Figure 9. Volumetric strain of cracks under 60% of the UCS: (a) Gra60%-1; (b) Gra60%-2; (c) Gra60%-3.
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Figure 10. Volumetric strain of cracks under 70% of the UCS: (a) Gra70%-1; (b) Gra70%-2;
(c) Gra70%-3.
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Figure 11. Volumetric strain of cracks under 80% of the UCS: (a) Gra80%-1; (b) Gra80%-2;
(c) Gra80%-3.

Table 4. Values of characteristic stresses of rock specimens.

Serial Number σcc/MPa σci/MPa σcd/MPa σc/MPa

Gra60%-1 0.065 0.148 0.279 0.409
Gra60%-2 0.069 0.172 0.292 0.450
Gra60%-3 0.071 0.179 0.301 0.470
Gra70%-1 0.066 0.168 0.281 0.414
Gra70%-2 0.072 0.176 0.300 0.458
Gra70%-3 0.084 0.186 0.302 0.471
Gra80%-1 0.067 0.173 0.296 0.438
Gra80%-2 0.080 0.188 0.303 0.465
Gra80%-3 0.095 0.202 0.338 0.477

As shown in Table 4, the characteristic stresses increase with the increasing amplitude
of disturbance ∆σ when the same initial axial static load σm is applied; when ∆σ is same,
the characteristic stresses show an increasing trend with the growth of σm.

The crack-initiation stress gradually increases under the same amplitude of distur-
bance but different static loading intensities. The crack-closure stress, crack-initiation stress,
and crack-damage stress are separately 0.2, 0.4, and 0.7 times the peak stress. Combining
with previous research [38,39], different types of rocks feature significantly different charac-
teristic stresses. The difference is mainly related to factors including mineral compositions,
internal structure, and petrogenic environment of rocks.

3.2. Failure Analysis

Many methods are available for quantitatively evaluating the degree of fragmen-
tation of rocks, such as characteristic lumpiness, average lumpiness, and fractal dimen-
sion. Therein, fractal dimension has been extensively used in research into the degree of
fragmentation of rocks due to its advantages, including its intuitive results and precise
quantification.

3.2.1. Screening of Broken Rock Fragments

A GZS-300 standard vibrating sieve with aperture sizes from 0.05 to 45 mm is used
to perform the screening tests for the broken rocks. Particle sizes of the fragments were
graded into 10 levels from: 0.05 to 1, 1 to 5, 5 to 10, 10 to 15, 15 to 20, 20 to 25, 25 to 30,
30 to 35, 35 to 40, and 40 to 45 mm. In addition, the mass of the fragments remaining on the
holes of the sieves was weighed and converted to the cumulative percentage of particles
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below a given size. In this way, the particle size distribution of fragments of the granite
under different amplitudes of disturbance is found (Figure 12).
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Figure 12. Particle size distributions of fragments under different amplitudes of disturbance:
(a) Gra60%; (b) Gra70%; (c) Gra80%.

According to Figure 12, the effective size d10, continuous size d30, and control size
d60 of fragments under different conditions are determined. The uniformity coefficient of
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particle size distribution and the curvature coefficient of curves are calculated using the
following formulas [40]:

Cu =
d60

d10
, (3)

Cc =
d2

30
d10 · d60

, (4)

The uniformity coefficients of the particle size distribution of the fragments and the
curvature coefficients are listed in Table 5: the uniformity coefficients Cu of rock specimens
are all greater than five under different conditions, indicating that the particle sizes of
fragments broken under the disturbance loads are distributed in a non-uniform manner.
From rock specimen Gra70%-2, the curvature coefficient Cc is between one and three.
Based on the evaluation criterion for particle size distribution, rock specimens Gra70%-2,
Gra70%-3, Gra80%-1, Gra80%-2, and Gra80%-3 exhibit favorable particle size distributions
after breaking.

Table 5. Uniformity coefficients and curvature coefficients.

Category Gra60% Gra70% Gra80%
1 2 3 1 2 3 1 2 3

Cu 22.57 18.89 17.17 23.14 18.57 23.12 18.80 29.38 23.36
Cc 3.45 1.42 4.42 0.74 1.94 2.69 1.53 1.92 1.84

3.2.2. Calculation of Fractal Dimensions

The lumpiness distribution and particle size of broken rocks show favorable fractal
characteristics. According to the fractal model for particle size distribution of rock frag-
ments established by Mandelbrot et al. [41], the fractal dimension F is calculated based on
the mass–frequency relation revealed in the screening tests. The equation for distribution
of rock fragments generated under cyclic disturbance loads is expressed as follows [41]:

M(x)
MT

=

(
x

xm

)3−F
, (5)

Taking logarithms of both sides of the above equation, gives

lg
(

M(x)
MT

)
= (3 − F)× lg

(
x

xm

)
, (6)

where MT and M(x) represent the total mass of fragments and cumulative mass of fragments
under sieves; xm and x denote the maximum particle size and the particle size of fragments;
and F is the fractal dimension.

Figures 13–15 display the linearly fitted lines of log(M(x)/MT)–logx scatter plots
corresponding to different initial static loads σm. The fitted lines have a slope of (3−F), so
the fractal dimension F can be calculated. The fitting results indicate that the cumulative
percentage of particles under sieves (by mass) has a favorable linear correlation with the
sieve hole size in double logarithm coordinates. This suggests that the fractal dimension
can be used to quantitatively characterize the degree of fragmentation of rock specimens.



Buildings 2022, 12, 1008 16 of 24Buildings 2022, 12, 1008  16  of  24 
 

 
(a) 

 
(b) 

 
(c) 

Figure 13. The log(M(x)/MT)–logx lines of rocks under 60% of the UCS: (a) 20 MPa; (b) 30 MPa; (c) 40 

MPa. 
Figure 13. The log(M(x)/MT)–logx lines of rocks under 60% of the UCS: (a) 20 MPa; (b) 30 MPa;
(c) 40 MPa.



Buildings 2022, 12, 1008 17 of 24Buildings 2022, 12, 1008  17  of  24 
 

 
(a) 

 
(b) 

 

(c) 

Figure 14. The log(M(x)/MT)–logx lines of rocks under 70% of the UCS: (a) 20 MPa; (b) 30 MPa; (c) 40 

MPa. 
Figure 14. The log(M(x)/MT)–logx lines of rocks under 70% of the UCS: (a) 20 MPa; (b) 30 MPa;
(c) 40 MPa.
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(c) 40 MPa.
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3.2.3. Relationship between the Fractal Dimension and Amplitude of Disturbance

According to the slopes of the above log(M(x)/MT)–logx fitted lines, the fractal dimen-
sions F of each rock specimen are shown in Figure 16 (more detailed results are provided in
Table 6): the correlation coefficients R2 are all high, suggesting that the particle size distri-
bution of rock fragments broken under the cyclic disturbance loads conforms to a fractal
relationship. Under the same axial prestress σm, the rock specimens are found to have a
fractal dimension F that increases with increasing amplitude of disturbance, reaching 2.4 at
most; because the fractal dimension can be used to characterize the degree of fragmentation
of rocks, the larger F is, the greater the degree of fragmentation of the rocks.
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Figure 16. Evolution of the fractal dimension F.

Table 6. Statistical results: parameters of fragments of the granite.

Serial Number F R2

Gra60%-1 1.5254 0.8746
Gra60%-2 1.7018 0.9043
Gra60%-3 2.0263 0.9459
Gra70%-1 1.9431 0.9401
Gra70%-2 2.1659 0.8549
Gra70%-3 2.2448 0.9045
Gra80%-1 2.2077 0.9682
Gra80%-2 2.3825 0.9615
Gra80%-3 2.4615 0.9099

3.3. Damage Analysis of Specimens under Disturbance Loads

The failure of rocks under different cyclic dynamic disturbances is a gradual damage
process of the internal part of rocks. The damage constitutive equation of rocks under the
uniaxial compression is calculated as follows [14]:

σ = ε × E × (1 − D), (7)

D =
εd
ε
× ε − ε0

ε0 × εd
, (8)
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where σ, ε, E, and D separately represent the stress, strain, modulus of elasticity, and
damage variable of rocks. The values of ε0 and εd are derived according to the stress–strain
curves in the test process.

Figure 17 shows the relationship between the number of disturbance cycles and the
damage variable under different amplitudes of disturbance. The curves start from the axial
static loading applied to the rock: the pre-set disturbance load is then applied until the rock
specimen is damaged. It can be seen from the figure that the damage variable first shows a
rapid, then steady, and, finally, rapidly increasing trend under the cyclic disturbance, and,
as the amplitude of disturbance increases, the number of cycles in the steady increase stage
is significantly reduced.
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Figure 17. Relationship between the number of disturbance cycles and the damage variable: (a) 60%;
(b) 70%; (c) 80%.

The rate of change of the damage variable in the steady increase stage is defined as V,
which is calculated using the following formula [42]:

V =
Db − Da

Cb − Ca
, (9)

where Db and Da are the initial damage variables in the steady increase stage; Cb and Ca
represent the number of cycles of the initial disturbance loads that have been applied.

The rates of change of the damage variable in the steady increase stage, calculated
using Formula (9), are shown in Figure 18 (more detailed results are provided in Table 7.
It can be seen from Figure 18 that both the amplitude of disturbance loads, and the initial
axial static loads exert significant influences on the rate of change of the damage variable
in the steady increase stage. With the increasing amplitude of disturbance and the initial
static load, the rate of change of the damage variable grows rapidly. Particularly when the
initial static load is close to the peak strength, the rock shows a higher sensitivity to the
disturbance, so that the rate of change of the damage variable rises significantly with the
increasing amplitude of disturbance.
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Table 7. Rates of change of the damage variable.

Serial Number
Gra60% Gra70% Gra80%

1 2 3 1 2 3 1 2 3

V × 10−3/Cycle 0.28 0.56 0.76 0.46 0.62 0.81 0.89 1.34 5.5

4. Conclusions

Taking granite collected from the deep underground powerhouse of Shuangjiangkou
Hydropower Station in Sichuan Province as the research object, mechanical tests were
carried out on the rock under low-frequency cyclic disturbances. The characteristic stresses,
fractal dimensions of fragments, and damage evolution of the deeply buried rock under
disturbance environment were studied. The following conclusions were reached:

1. Under the dynamic disturbance loads, the failure stress of the granite under loading
gradually increases with the increases in the initial prestress and the disturbance load
due to the coupling between the damage and strain-rate effect. In the case that the
initial axial prestress σm is the same, the failure stress shows an increasing trend with
the increment in the amplitude of disturbance ∆σ; under the same ∆σ, the failure
stress elevates with increasing σm.

2. The pre-peak section of the stress–strain curves during loading can be divided into
four stages: initial crack compaction, elastic deformation, tensile crack development,
and macro-crack development. The crack-closure stress, crack-initiation stress, and
crack-damage stress are about 0.2, 0.4, and 0.7 times the peak stress, respectively.
Under the disturbance loads, the characteristic stresses of the granite specimens
increase with the growth of the amplitude of disturbance ∆σ. Under the same ∆σ, the
characteristic stresses show an increasing trend with the increasing initial stress σm.

3. The particle size distribution of rock fragments broken under the disturbance loads
follows a fractal relationship. Moreover, as the initial axial static load σm and the
amplitude of disturbance ∆σ increase, the fractal dimension F rises, indicating a higher
degree of fragmentation of the rock.

4. Damage to the rock specimens can be divided into rapid, steady, and rapid increase
stages. As the amplitude of disturbance stress is increased, the number of cycles
reduces remarkably in the steady increase stage, and the damage variable changes at
a significantly increased rate. The rocks rapidly enter its final failure stage.
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