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�e Lannigou gold mine deposit is mainly composed of calcium-bearing sandstone and siltstone, and there are a lot of
microdefects such as joints and cracks in the sandstone.�e mesostructure of jointed sandstone makes a di�erence to the fracture
process and mechanical properties. �e RFPA2D software and Digital Image Processing Technology (DIP) were used to create a
real microscopic structural numerical model of jointed sandstone with varied dip angle prefabricated cracks. A digital image-
based rock microscopic scale fracture box dimension algorithm was established with MATLAB software. It is used to analyze the
fractal characteristics of the acoustic emission �eld of unique prefabricated fractured sandstone. �is study demonstrates that the
mechanical parameter of jointed sandstone with di�erent prefabricated cracks have manifest anisotropy, which includes elastic
modulus and compressive strength. When the leaning angle of the cracks increases, they all increase linearly. �ere are three
modes of starting-crack under uniaxial compression: from the peak of the prefabricated crack; from the middle of the pre-
fabricated crack; and from the joint. Damage degree and rupture model are quantitatively represented by the fractal dimension.
�e more fractal dimensions there are, the more serious the damage, and the more complicated the rupture mode becomes. �is
research o�ers a novel method for investigating the evolution of rock microscopic scale fractures. �is has to have engineering
practical value for in-depth studies of rock fracture, instability, and failure, as well as the mechanisms that cause rock
engineering disasters.

1. Introduction

�e “Golden Triangle” of Dian, Qian, and Gui is one of
China’s Carlin-type gold deposit regions, with over 800 tons
of gold resources [1]. Lannigou Gold Mine is the largest
deposit in the region [2]. �e ore types are mainly calcium-
bearing sandstone and siltstone, which has good exploration
and exploitation potential. Due to the long-term in�uence of
various geological processes, there are an abundance of
joints, �ssures, and other microdefects in the sandstone in
the mining area. �e crack initiation, propagation, and run
through in the rock are all part of a dynamic evolutionary
process. �is process a�ects the strength and stability of the

rock under the engineering or the environment. It also
results in the formation of complex mesostructured sand-
stone, complicating its mechanical behavior and damage
evolution [3, 4]. �e rock mass is distributed with �ssures of
di�erent dips direction and dips, which will have a signif-
icantly a�ected on the fracture damage mechanism of the
rock mass [5]. �e mesostructure and internal defects of
rock are closely related to the macroscopic deformation of
the rock mass during the rock failure process. As a result,
studying rock deformation and damage evolution from the
standpoint of micromechanics is an important and hot topic
in the �eld of rock mechanics today. �is has signi�cant
scienti�c signi�cance and engineering practical signi�cance
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for in-depth study of rock fracture, instability, and failure
and the occurrence mechanism of rock engineering disasters
[6].

Many scholars have been making the study of the ini-
tiation and propagation of cracks in rocks and have received
a lot of research results. Griffith proposed that the stress
concentration near the crack tip of a rock mass with an
opening type crack was the lead cause of rock mass rupture
[7]. Nemat-Nasse et al. used the method of linear elastic
fracture mechanics to study the initiation, propagation, and
penetration mechanisms of varying amounts and different
spatial arrangements of pretensioned cracks. It also reveals
the stress concentration phenomenon caused by the inter-
action between multiple cracks and free surfaces. A related
theoretical model was created.)e strength of its interaction
factors was analyzed [8]. Liu et al. used the Geo-CAAS
system to study the deformation and strength characteristics
of rocks with single and multiple random defects under
uniaxial compression, and the influence of the position and
volume content of the defects on the strength of the rock was
analyzed [9]. Wong et al. carried out split failure test on a
rock sample containing a precrack. He combined numerical
simulation to examine the influence of factors such as
sample width, preset crack length, and inclination on the
crack initiation, propagation, and failure mode [10]. Liu et al.
used real-time laser holographic interferometry and other
methods to continuously and dynamically observe the crack
propagation and failure process of rock samples, and the
changes in the mechanical properties of rock cracks are
analyzed [11]. Zhao et al. performed uniaxial compression
tests on brittle rock-like specimens with precrack.)e global
strain field evolution process diagram of the sample is ob-
tained by using digital technology [12–14]. In addition, the
crack propagation path and stress field distribution char-
acteristics at different stages of the loading process are
analyzed. Under uniaxial compression, Li et al. investigated
the acoustic emission characteristics and mechanical be-
havior of fractured coal samples with various dip angles [15].

Above research results have significant reference value
for understanding the failure and damage evolution of
fractured rock mass in macroscale. However, it rarely in-
volves the uneven distribution of stress and local failure
caused by rockmicroheterogeneity. Because the microscopic
heterogeneity of rock determines its macroscopic fracture
process, taking into account, the heterogeneity caused by the
material’s internal structure in the numerical model will help
to reveal the rock’s fracture mechanism more deeply.

)e study used DIP technique to describe the microscopic
inhomogeneity of joint sandstone, which is then combined
with the RFPA2D software to create a real microscopic nu-
merical model that took into account different inclination
fractured sandstone. )e impact of sandstone mesostructure
on the macromechanical properties and mesoscale fracture
process of fractured sandstones with different dip angles was
investigated. )e fractal characteristics of sandstone mesoscale
fracture acoustic emission distribution and damage evolution
process in numerical experiments are discussed in depth. )e
research results can not just merely enhance the understanding
of mechanism of single crack propagation in rock but also

provide references for the related research of rock damage and
fracture.

2. Finite Element Method for Crack
Growth Simulation

2.1.Characterizationof theRealMesostructure. Digital image
processing is a new technology of image processing. It entails
converting study objects into digital photographs, then
analyzing and processing the image information by com-
puter to obtain the required research results. A rectangular
matrix of image elements (pixels) constitutes a digital image.
Each pixel is an area at which transverse and longitudinal
scan lines cross. Each scan line is of equal width, and the
brightness, also known as the grayness, of each pixel is
represented by an integer. Red (R), green (G), and blue (B),
the three basic colors, are comprised in each pixel. Each pixel
is made up of R, G, and B functions. As a result, three
discrete functions are necessary to mathematically charac-
terize image information in color space. Because it is closely
comparable to how humans see color, Hue, Saturation, and
Intensity ((brightness) HSI) space is also employed as a
substitute for true color space. )e predominate wavelength
of the color, which is the major color property observed by
humans, is represented by the hue component H (with
values ranging from 0 to 360).)e color purity is represented
by the saturation component S (which ranges from 0 to 1).
Only the brightness or color brightness is represented by
luminance component I (from 0 to 1). )is is a more hu-
mane way of describing color.

)e geometric shape and spatial distribution of the
material’s mesocomponent are differentiated by digital
image processing technologies using gray and color differ-
ences. )e difference in brightness and color of distinct
media in the rock is thresholded using this approach. It can
divide each medium’s distribution to provide the material’s
nonuniformity characterization image [16, 17]. Figure 1(a)
shows a two-dimensional CT slice acquired from Tianjin
Sanying Company’s high-resolution CT scanning of a
sandstone sample. Found by CT scanning experiment that
sandstone mainly contains two kinds of mineral media,
named the sandstone matrix and calcite, and the image
pixels are 200 pixels× 500 pixels and the actual size is
40mm× 100mm, and it is a 24 bit color image in BMP
format. )e color change of the image is not obvious. )us,
image processing to stretch contrast in order to increase the
tonal differentiation between the features was conducted
using multithreshold segmentation by assessing the fluc-
tuation in values of Intensity (I) in the HIS color space.
Figure 1(a) shows the AA′ scan line passing through the
mineral medium, and Figure 1(b) shows the sandstone
surface scan curve.)e I value of sandstone is below 150, and
the I value of calcite fluctuates is above 150. After a series of
observations and experiments, the study settles on I� 150 as
the image splitting threshold. Figure 1(c) is the result of
performing threshold segmentation on the image of
Figure 1(a), where green represents joints (calcite) and dark
blue represents sandstone.)e spatial distribution and shape
of calcite in the sandstone can be seen more precisely using

2 Mathematical Problems in Engineering



the characterization imagery derived through threshold
segmentation.

2.2. �e Damage Constitutive Relation on the Mesoscale.
�e change of elastic modulus of strain equivalence hy-
pothesis de�nes the damage variable in RFPA2D. When a
material is damaged by an external force, the damage
constitutive relationship can be described as [18, 19]

E �(1 − ω)E0, (1)

where E0 is the undamaged material’s elastic modulus, E is
the damaged material’s elastic modulus, and ω is the damage
variable.

Because the sandstone’s tensile strength is much lower
than its compressive strength, we used the maximum tensile
stress and Mohr–Coulomb failure/shear strength as element
failure criteria, and Figure 2 shows the mesodamage con-
stitutive relationship. �ere is no damage at �rst because the
stress-strain curve is linearly elastic. Brittle damage occurs
when the maximum tensile strain is attained in the meso-
element.�e principal failure mode of brittle rocks is tensile-
induced failure.When the tensile stress reaches the element’s
tensile strength (ft), damage occurs according to the main
damage criteria. �e tensile damage function is written as
follows [20]:

F− (σ) � σ3 + ft � 0, (2)

where the primary stress vector is σ. Under uniaxial tension,
the mesoscopic element’s constitutive relationship is illus-
trated in the third quadrant of Figure 2, and can be expressed
as follows [21]:

ω �

0, εt0 ≤ ε< 0,

1 −
λεt0
ε
, εtl ≤ ε< 0,

1, ε≤ εtl,




(3)

where λ denotes the element’s residual intensity coe¦cient,
which is de�ned as ftr � λft (where ft is the mesoscopic
element’s tensile strength and ftr is the residual strength at
the element’s initial tensile failure), and εtl is the element’s
ultimate tensile strain. �e element approaches the state of
tensile fracture when its uniaxial tensile strain reaches the
ultimate tensile strain, and η is the ultimate strain coe¦cient,
which is formally speci�ed as εtl � ηεt0. εt0 is the tensile
strain associated with the elastic limit, also known as the
tensile failure strain threshold, and it is calculated as follows
[22]:

εt0 �
−ft
E0
. (4)

�eMohr–Coulomb criterion is employed as the second
failure criterion for mesoscopic elements under uniaxial
compression conditions, as seen in the �rst quadrant of
Figure 2, depicting damage to elements under compression
or shear stress [23]:

F+(σ) � σ1 − σ3
1 + sin ϕ
1 − sin ϕ

− fc � 0, (5)

where φ represents the friction angle, σ1 and σ3 represent the
primary stresses, and fc represents the uniaxial compressive
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Figure 1: Digital image characterization of jointed sandstone. (a) Two-dimensional CTslice. (b) Variation in the I value along scan line AA´.
(c) �reshold-segmentation characterization image of sandstone.
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strength. Under uniaxial compression, the damage variable ε
of element can be represented as follows [24, 25]:

ω �

0, ε< εc0,

1 −
λεc0

ε
, ε≥ εc0,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(6)

where λ represents the residual strength coefficient, defined
as ftr/ft � fcr/fc � λ, and εt0 represents the compressive
strain at the elastic limit, which can be calculated as [24, 25]:

εc0 �
fc

E0
. (7)

2.3. Establishment of Numerical Simulation. )emesoscopic
fracture process of jointed sandstone was simulated using
RFPA2D software and digital image processing technology
(see Section 2.1 of this article) in this work. )rough two-
dimensional FEM, RFPA2D can model the mesoscopic
failure mechanism of rock [16, 17, 22–25], and Section 2.2
shows the constitutive model of damage to the element. )e
actual size of this experimental model is 40mm× 100mm.
)e image is divided into 200× 500 and 100,000 pixels, and
the whole characterization image is transformed into
100,000 finite element meshes. Each finite element grid can
characterize different mesoscopic materials in the sandstone
sample (see Figure 3). )e higher the brightness, the greater
the elastic modulus. According to the characterized color
and brightness, each material component is assigned a
parameter value and the material parameters of each mi-
croscopic medium are shown in Table 1 [26]. )is model
analyses the inhomogeneity of sandstone and calcite, while
the mechanical parameters of the mesoelements are assigned
using the Monte-Carlo technique [27, 28].

To investigate the differences in mechanical character-
istics of jointed sandstones with varying inclination angles
cracks, as well as the impact of sandstone mesoscopic
heterogeneity on the evolution of macrofracture damage. To
ensure that the image’s underlying medium remains un-
changed, this experiment created seven groups of cracks
with varying dip angles (α� 0°, 15°, 30°, 45°, 60°, 75°, 90°). α is
the angle formed by the horizontal direction and the fissure

that has been prefabricated (Figure 4). )e prefabricated
crack is 14mm long and 1mm wide, which is contained in
the middle of the jointed sandstone (Figure 4). Figure 5 is a
simplified diagram of the numerical model loading. )e
plane strain analysis is used to simulate. )e numerical
model utilizes axial displacement loading, with the initial
displacement set to 0.001mm, the single-step displacement
increment set to 0.0005mm, and the loading stopping when
the specimen is failure. It is presumed that the elastic
modulus and strength of sandstone and calcite mesoscale
elements obey the Weibull random distribution [29]:

f(u) �
m

u0

u

u0
 

m− 1

exp −
u

u0
 

m

, (8)

where u0 denotes the average of the mesoelement param-
eters; u represents the properties of the mesoelements, such
as elastic modulus or strength; m represents the homoge-
neity of material, the greater the homogeneity m, the more
uniform the material.

3. Results and Discussion

3.1. Sandstone Mechanical under Uniaxial Compression.
)e distribution of primary stress and elastic modulus
during the initial stage of loading when α� 45° is shown in
Figure 6. )e brighter the figure, the greater the stress.
)rough comparison, it is found that the stress distribution
in the microstructure of sandstone is uneven. At the tip of
the prefabricated fracture and the crucial surface (relatively
low mechanical surface) of the calcite vein and sandstone,
the stress concentration distribution is more visible. )is
demonstrates that the presence of internal cracks in sand-
stone, as well as the heterogeneity of the mesostructure, has a
significant impact on stress distribution.

)e elastic modulus and compressive strength simula-
tion results of seven sets of fractures with varied dip angles in
jointed sandstone are shown in Table 2. )e elastic modulus
and compressive strength of numerical samples varied
significantly, as demonstrated in Figure 7, with increasing
crack inclination, the specimen’s compressive strength
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Figure 2: Constitutive Relation for mesoelement damage.
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Figure 3: Mesh of finite element microscopic of rock samples.
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increases linearly. )is is owing to the sandstone’s weak
calcite cementation, which generates significant anisotropy
in its compressive strength.)e numerical simulation results
are consistent with the research conclusions of Li et al. [15],
indicating that the numerical simulation results obtained in
this study are reliable. Sandstone’s compressive strength
peaks at 64.32MPa when the angle is 90°; it reaches the
minimum when the angle is 0°, which is 32.27MPa, and the
difference between the minimum and maximum is
32.05MPa. )e specimen’s elastic modulus grows linearly as
the crack inclination angle increases. )e elastic modulus
reaches the maximum value at α� 90°, which is 107.74GPa;
it reaches the minimum value at α� 0°, which is 82.49GPa,
with a difference of 25.25 GPA between the minimum and
maximum value.

3.2. Fracture Evolution Process Analysis. Figure 8 depicts the
progression of the numerical sample’s acoustic emission and
elastic modulus during the fracture process. )e color green
denotes a compression-shear failure in the present loading
step element. )e red indicates the tensile failure, and the
black indicates the complete failure. When α� 0°, the cracks
began to sprout, extended perpendicular to the center of the
prefabricated fractures, and eventually penetrated, as seen in
Figure 8. Tensile stress causes wing cracks to form and
spread, as seen in the AE diagram, and ultimately resulted in
axial splitting failure. When α� 15°, the wing crack is located
about 1/4 of the distance from the tip of the prefabricated
crack. And the secondary wing cracks that have formed
around the lower-end wing crack are all propagating along
the weak surface. Tensile stress initiates and propagates wing
cracks, which dominate the macroscopic secondary wing
cracks on the specimen’s weak surface at the right lower
corner. As the load increases, upper secondary wing cracks

Table 1: Material mechanical parameters of jointed sandstone.

Material Elastic modulus (GPa) Compressive strength (MPa) Poisson ratio Compression-tension ratio Internal friction angle (C°)
Sandstone 108.2 118 0.16 14 35
Calcite 80.5 101 0.303 11 30

α=0° α=15° α=30° α=45° α=60° α=75° α=90°

Figure 4: Internal fissures in jointed sandstone with various dip angles.

Figure 5: A schematic illustration of the numerical model’s me-
chanical loading model.
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begin to crack, and the wing cracks near the tips of the
prefabricated cracks eventually spread the joints in a straight
line. Moreover, the upper end near the wing cracks and the
cementation point (weak surface) of the sandstone produce
shear failure and cause funnel-shaped damage between
joints and cracks.)e generation of macroscopic shear zones
in sandstone was associated with the accumulation of tensile
failure elements, as seen in Figure 8(b), and the fractures
finally penetrated. When α� 30° and α� 45°, the wing crack
starts at the tip of the prefabricated crack and propagates
along the direction perpendicular to the tip of the pre-
fabricated crack. )e crack development trend of the two
models in the early stage was similar. However, with the
increase of load, a wing crack was initiated near the weak
surface of the lower right part of the prefabricated crack at
α� 45°. Due to the hindrance action of the internal

sandstone matrix, the crack did not continue to expand.
Instead, the macro secondary wing crack was suddenly
initiated at the upper left part of the crack tip. Because tensile
stress is constantly acting at the tip of the wing crack, the
final specimens will undergo shear failure along the wing
cracks and joint ends. In the later stage, the secondary wing
cracks will penetrate the specimen, causing it to split axially.
When α� 60°, the wing cracks begin to fracture along the
prefabricated crack’s tip and expand in the direction of the
maximum primary stress.With the increase of load, multiple
intermittent secondary cracks are initiated in the opposite
direction of the wing crack that has already expanded in the
lower part of the prefabricated crack. Furthermore, a
macroscopic shear zone is also generated, causing the crack
to penetrate. When α� 75°, the propagation path of the wing
crack at both ends of the fracture is similar, but the crack
propagation at the lower part is faster. With the increase of
load, the lower left part begins to rupture in patches,
meantime the upper part breaks in shear. When α� 90°,
cracks initiated at the upper and lower joints of the speci-
men, and the prefabricated crack tip did not produce a
significant mechanical response, which is different from the
research of Li et al. [15]. In the study by Li et al. [15], the
crack started along the tip of the prefabricated crack and
caused the final penetration to produce axial splitting failure.
Because this study considered the microscopic uniformity of
the rock, the crack along the weak surface initiation and
expansion occurs at the place, which eventually leads to
splitting and failure of the sample.

(a) (b) (c) (d)

Figure 6: Elastic modulus and internal principal stress distribution in sandstone during the initial loading stage. (a) Elastic modulus; (b)
max principal; (c) maximum shear stress; (d) minimum principal stress.

Table 2: Results of numerical sample simulations for compressive
strength and elastic modulus.

Crack dip angle
(°)

Compressive strength
(MPa)

Elastic modulus
(GPa)

α� 0° 32.27 82.49
α� 15° 35.01 87.20
α� 30° 40.33 93.54
α� 45° 42.71 98.62
α� 60° 49.75 101.34
α� 75° 56.30 103.23
α� 90° 64.32 107.74
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3.3. Analysis on the Evolution Characteristics of Acoustic
EmissionDistribution. Acoustic emission (AE) is a transient
elastic wave caused by the quick release of sound source
energy as microcracks in the rock form and expand. Every
microscopic fracture will produce acoustic emission phe-
nomenon, and it is a measurable response of rock defor-
mation under load, as a result, it is a useful tool for studying
how rock’s interior damage develops [30].)e failure of each

element is regarded to be the source of an acoustic event in
RFPA2D. RFPA2D can be utilized to model acoustic emission
activities because the rock discharges its stored elastic energy
all through the fracture process [16–18]. As the rock fracture
process can be characterized by the acoustic emission
evolution, the damage progression characteristics of the rock
can be investigated in depth by measuring the number of
damaged elements and the released energy. )e relationship
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Figure 8: )e fracture process’ acoustic emission development and elastic modulus diagram. (a) Elastic modulus evolution diagram of
sandstone fracture process; (b) AE evolution diagram of sandstone fracture process.
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among the AE energy, stress, and accumulated AE energy of
the specimen under different loading conditions with the
loading step is shown in Figure 9.

)e load-step number and acoustic emission-step
number curve of the specimen is related to its failure mode.
At the initial stage of loading, since there is no element
damage, the accumulated AE energy and the AE count are
both 0. )e stress increases linearly when the loading step is
increased. )ere is a visible stress reduction after peak
strength, yet there is still residual strength.

)ere are two situations in which the process takes place:
)e rupture modes of α� 0° and α� 30° are roughly the same.
When the load is located in the elastic stage, the AE signal has
appeared. At the same time, element damage occurs inside the
sample, and a small sharp increase in AE occurs successively. As
the load increases, dense microcracks and acoustic emission
signals appear in the sample. When the load reaches the peak
stress, the microcracks extend and expand, and the cumulative
AE increases roughly exponentially. After the peak stress, stress
enters the falling stage, and the microcracks in the sample
rapidly expand until they penetrate.)ere are still many acoustic
emission events, and the sample is not completely destroyed.
)erewas no acoustic emission signal in the other samples at the
beginning of loading. With the load is continuously applied,
when the stress approaches itsmaximal value, the AE count rises
sharply and reaches itsmaximum.At this time, the crack extends
rapidly, the internal crack of the sample penetrates, and the
sample is completely destroyed. After the peak, there is still a
slight surge in acoustic emission. When α� 90°, the sample
penetrates instantaneously at the peak stress, and the internal
damage is the most severe (Figure 9(g)).

3.4. Fractal Characteristics. Fractal damage theory is pro-
posed by [31]. Fractal theory can assist and explain the
failure mechanism of rock masses by quantitatively de-
scribing complex objects in nature [31–35]. Xie and Sun
study shows that the whole process of rock from crack
initiation to final failure has fractal characteristics [36].
Because the box dimension with self-similarity is simple to
compute, we used it to characterize the failure evolution of
rocks in the study, which is described as [31, 37]

Ds � lim
k⟶∞

lgNrk(A)

lg1/rk

, (9)

where Ds is the rock damage area’s fractal dimension, rk is
the generated shrinking sequence with the square box size of
the element, and the number of grids required to cover the
target set A with a square box of size rk with the minimum
number of grids is Nrk(A).

)is study is based on the MATLAB platform, using the
self-developed digital image and data analysis system of
pores and fractures [17] to analyze the acoustic emission
graphs at various dip angles and stress levels (as shown in
Figure 10). )e fractal dimension fitting curve of the rock
damage area is shown in Figure 11, the correlation coeffi-
cient R2 � 0.9730, and the fractal dimension Ds� 1.153. )is

demonstrates that the microscopic scale fracture distribu-
tion of sandstone has good self-similarity, and the fractal
dimension is very convincing. Table 3 shows the calculation
results of fractal dimension and acoustic emission energy of
numerical samples under different stress levels.

Figure 12 depicts the link between AE energy and
various levels of stress. Furthermore, if the stress level is less
than 60%, the AE energy curve’s amplitude in each set of
azimuth angles is quite gentle, and change tends to follow a
consistent pattern. When the stress level is greater than 70%,
the sample’s AE energy curve rapidly rises and maxima at
α� 90°, followed by the sample, when α� 75° and α� 60°. As
a result, when α� 90°, the energy produced by the sandstone
sample’s fracture is the highest, internal damage is the most
severe, and ultimate damage is the most serious.

As seen in Figures 13 and 14, with increasing stress levels
at all azimuth angles, the fractal dimension continues to
increase. )e fractal dimension and the load of the rock
damage zone have a positive association. In addition, the rise
in fractal dimension is timed to coincide with the change in
damage. Figure 14 describes and confirms the influence of
the prefabricated crack inclination on damage degree of
jointed sandstone from a fractal perspective. When the stress
level is 10%, Ds� 0, and the sandstone sample is in the linear
elastic stage, indicating that the sample has not been
damaged.When the stress level is less than 20%, the Ds of the
samples will rapidly increase. As the stress increases and the
Ds of each sample increases linearly when the stress level is
above 30%. Finally, the Ds value of α� 90° is 1.86 when the
stress level is 100%, which is the crest value. )e Ds value of
α� 0° is 1.41, which is the least value. Analyzing Figures 9
and 12, it concludes that the final rupture mode of the
sample is the most complicated when α� 90°. Besides, it
releases the most energy (Figure 12), the internal damage is
the most severe, and the ultimate damage is the most serious,
so the Ds is the largest. At α� 0°, the crack is perpendicular to
the middle part of the prefabricated crack and starts to crack
and transfixion, the final fracture mode is the simplest with
the least energy released (as shown in Figure 12) and the least
damage, so the fractal dimension is the smallest. For other
samples with prefabricated cracks, the fractal dimension is
between α� 90° and α� 0°. As a result, the bigger the Ds, the
more severe, the sample damage is, and the more complex,
the eventual failure mode is.

In summary, the fractal research results show rock me-
soscale failure evolution process is fractal, and the damage
degree of rock failure can be characterized by fractal dimension.
)us, using the box dimension to the rock fracture process
analysis based on the acoustic emission field is very effective,
the presented method does not take into account a large
number of rock mechanics parameters, making it a simple and
effective new method for evaluating mesoscale rock damage
evolution. )erefore, we may use the method presented in the
study to calculate the fractal dimension and evaluate the
damage characteristics of rock mesoscale failure, so as to reveal
the understanding of the mechanism of rock crack
propagation.
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Figure 9: Continued.

Mathematical Problems in Engineering 9



0

10

20

30

40

50

60

70

St
re

ss
 (M

Pa
)

50 100 150 200 250 3000
Loading Step (0.0005 mm/Step)

0

2

4

6

8

10

12

14

A
E 

co
un

t (
10

2 )

0
5
10
15
20
25
30
35

Cu
m

ul
at

iv
e A

E 
(1

03 )

Stress
AE count
Cumulative AE

(g)

Figure 9:)e relationship between the AE energy, stress, and accumulated AE energy of the specimen. (a–g) Specimens 0°, 15°, 30°, 45°, 60°,
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Table 3: Calculation results of AE energy and fractal dimension of specimens under different stress levels.

Stress level
Numerical
sample 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

α � 0° AE 0 1 18 22 33 65 73 78 82 102
Ds 0.92 0.88 1.05 1.10 1.20 1.26 1.29 1.36 1.37 1.41

α � 15° AE 0 7 28 42 63 71 86 91 98 116
Ds 0.84 0.88 1.02 1.09 1.19 1.27 1.31 1.35 1.39 1.47

α � 30° AE 0 18 19 24 38 55 67 88 92 106
Ds 0.83 0.90 1.04 1.12 1.18 1.24 1.28 1.34 1.39 1.45

α � 45° AE 0 7 18 34 49 66 71 80 95 102
Ds 0.83 0.86 0.92 0.96 1.06 1.153 1.27 1.35 1.42 1.48

α � 60° AE 0 5 9 11 14 30 32 72 96 149
Ds 0 0.54 0.95 1.14 1.24 1.31 1.40 1.64 1.76 1.70

α � 75° AE 0 5 7 12 16 33 51 92 112 177
Ds 0.85 0.82 0.86 0.93 1.05 1.20 1.34 1.41 1.50 1.59

α � 90° AE 0 2 5 10 24 44 58 114 154 193
Ds 0.87 0.84 0.89 0.99 1.13 1.27 1.40 1.50 1.60 1.86
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Figure 12: Relationship between stress level and AE energy at various azimuths.
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4. Conclusion

To systematically explore the mesoscopic damage evolution
mechanism of jointed sandstone, DIP, micro-CTscanning, and
numerical simulation experiments were used. Using DIP and
RFPA2D software, a numerical model based on real meso-
structure is created to investigate the fractal behavior of me-
soscale failure in sandstone, and the model is applied to
characterize the damage evolution, crack propagation, and
failure mode of rock fracture. )e following are the primary
conclusions:

(1) Anisotropy is seen in the elastic modulus and
compressive strength of jointed sandstone with
varied prefabricated cracks. As the inclination of the
crack increases, they all change linearly. )ere are
three types of final cracking modes of the sample
under uniaxial compression: from the tip of the

prefabricated crack (α�15°, α� 30°, α� 45°, α� 60°,
α� 75°); from the middle of the prefabricated crack
initiation of cracks (α� 0°); cracks from the joints
(α� 90°).

(2) A digital image-based rock microscopic scale frac-
ture box dimension algorithm was written with
MATLAB software. It can quantitatively evaluate the
damage evolution process of jointed sandstone with
different prefabricated fractures. )e conclusion is
that as the fractal dimension gets larger, the crack
propagation gets more fully, and the rock damage
degree gets higher.

(3) In this study, the Ds value of α� 90° is 1.86, and the
failure mode is the most complicated.)eDs value of
α� 0° is 1.41, and the fracture mode is the simplest.
Fractal dimension of other prefabricated fracture
angle specimens is between these two values. )e
fractal dimension can be efficiently used to charac-
terize the samples’ final failure mode. )e bigger the
Ds, the more severe the sample damage is, and the
more complex the eventual failure mode is.

(4) In a further stage of the research, a three-dimensional
numerical model of the true microstructure of sand-
stone with various prefabricated cracks will be created,
and its macroscopic failure and mesoscopic evolution
mechanisms will be thoroughly investigated.
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