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Crack inclination and material heterogeneity have important effects on the meso-mechanical mechanism and macroscopic
mechanical behavior of rock-like materials. In order to study the failure characteristics of shotcrete body during the process of
using shotcrete bolt mesh support in the deep fractured rock mass of Lannigou Gold Mine, this paper combined the Digital Image
Processing Technique (DIP) and RFPA2D (Rock Failure Process Analysis System) to establish a real meso-structure numerical
model of concrete with different inclination angle cracks, simulating its crack propagation law and failure process, and studied the
influence of crack geometry distribution and meso-heterogeneity on the effect of concrete structure. +e findings reveal that the
crack inclination angle has a substantial impact on concrete materials’ compressive strength and elastic modulus, and both of them
all show a nonlinear increase with the increase of crack angle; Because of the inhomogeneity of the materials, the inclination and
propagation pathways of wing cracks are random, and the aggregate inhibits crack initiation and propagation. +e wing crack’s
initiation position moves closer to the tip as the crack inclination angle increases, and the length gets shorter; Acoustic
emission(AE) evolution characteristics are similar in samples with varying dip angles. In the early stages of loading, the AE energy
is minimal, and increases rapidly when approaching the peak stress. +e fractal dimension was used to describe the damage
evolution process inside the material, and a damage variable index (ω) based on the fractal theory was proposed. +e more the ω,
the greater the material’s degree of degradation. +e proposed index provided a new method for quantitative study of the damage
evolution characteristics of rock-like materials. It has guiding significance for the research on the stability of wet shotcrete in the
deep fractured rock mass of Lannigou Gold Mine.

1. Introduction

+e Lannigou Gold Mine is located in Zhenfeng county, the
Southwest of Guizhou province. +e underground mining
utilizes ramp development and layered upward cemented fill
mining. In order to ensure the safety of mining operations,
shotcrete anchor nets are used to reinforce the surrounding
rock in almost all roadways in the mine. In particular, wet
shotcrete is the most important process to reinforce the
roadways, which is particularly effective in the weathered

rock mass of the mine. As the mining depth increases, the
deep ground stress increases. Meanwhile the surrounding
rock is fragmented and the stability is poor due to the
combined influence of high ground stress and geological
structure. As a result, investigating the fracture character-
istics and damage development process of wet shotcrete can
provide some theoretical support for the concrete support of
the Lannigou gold mine and other comparable mines.

As an artificial rock-like material, concrete contains
different types and structures of media. +ey have different
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physical and mechanical properties, containing a large
number of defects, and their responses to external forces are
also very different[1–3]. +e initiation and propagation
behavior of cracks in rock-like materials is closely related to
their internal structures[4–6], single crack angle and ma-
terial heterogeneity jointly determine the macroscopic
fracture characteristics and damage evolution characteristics
of material. As a result, studying the fracture process and
damage evolution characteristics of rock-like materials while
taking into account the crack inclination angle and material
non-uniformity, as well as revealing the mesoscopic damage
evolution mechanism and macroscopic nonlinear me-
chanical behavior, is of great theoretical importance.

Scholars in the China and around the world have never
stopped studying the initiation and propagation behavior of
rock cracks and rock-like materials cracks around the crack
inclination angle. Nolen-Hoeksema et al. conducted com-
pression tests on marble and discovered that when the
prefabricated crack is oblique, the initiation and propagation
of the tip secondary cracks are asymmetrical[7]. Yang et al.
study the influence of crack angle on the initiation behavior
and compressive strength of sandstone through rock me-
chanics experiments[8]. Park et al. conducted rock me-
chanics experiments on rocks with cracks, and the study
found that as the crack inclination angle increased, so did the
initiation stress of the wing crack[9]. Manouchehrian et al.
investigated the role of crack inclination in the initiation and
propagation of rock cracks using numerical simulation
methods[10]. +rough numerical simulation, Zhang et al.
investigated the impact of fracture angle on the initiation
process of rock-like materials, finding that the crack incli-
nation angle has a significant impact on crack initiation and
propagation[11]. Liu et al. used a combination of physical
tests and numerical simulations to investigate how crack
inclination affects crack propagation and stress field evo-
lution in rock-like materials[12]. Xu et al. used physical
experiments to investigate the effect of fracture angle on the
crack initiation behavior of rock-like materials under uni-
axial compression, finding that the uniaxial compressive
strength increased as the crack angle rose[13]. However,
because the macroscopic damage of materials is closely
related to the development and aggregation of internal
micro-cracks, the evolution of material damage has aroused
widespread concern of many scholars. Taylor et al. used the
self-consistent approach to create a link between crack
density and rock damage, and evaluated the completeness of
fractures in the rock to reflect the damage degree[14].
Ahrens et al. linked the development of cracks in the me-
dium with the change of the p-wave velocity, and used
p-wave velocity to characterize the distribution character-
istics of micro-cracks inside the rock mass, so as to evaluate
the damage of surrounding rock according to the change of
p-wave velocity[15]. Xie developed fractal-damage me-
chanics by applying fractal geometry theory to the analysis of
rock fractures, opening up a new technique to examine rock
damage quantitatively[16]. Gao has studied the mechanical
behavior of coal and rock under various mining circum-
stances, from laboratory experiments to field testing[17].
Based on the fractal theory, Liu et al. compiled an algorithm

pf rock mesoscale fracture box dimension based on digital
images, proposed a calculation method of rock mesoscale
fracture dimension, and carried out quantitative charac-
terization of the failure mode and damage degree of jointed
sandstone [4, 18].

+e above research results are of great significance for
revealing the crack propagation mechanism and damage
evolution characteristics of materials with flaw at macro-
scale, but the macroscopic mechanical behavior of materials
is determined by the heterogeneity and mesoscale behavior
of materials. +erefore, the study on the fracture process and
damage evolution characteristics of the material on the basis
of considering the material inhomogeneity and flaw incli-
nation will help reveal its crack propagation mechanism and
macroscopic nonlinear mechanical behavior.

+e true mesoscopic structure of varied angle cracks in
concrete numerical model is established in this research
using the Rock Failure Process Analysis System (RFPA2D)
and Digital Image Processing technology, the influence of
crack geometric distribution and meso-uniformity on the
concrete structure effect is studied, and the fractal theory is
applied to describe the damage evolution process of material
inside. +e damage variable index, based on fractal theory, is
offered as a new tool for studying the damage evolution of
rock-like materials quantitatively.

2. Finite element method for rock-like material
failure process

2.1. Digital image representation ofmeso-structure. +emain
components of concrete are aggregate, cement mortar, and
accompanied by a small amount of primary holes
(Figure 1(a)). +e three components have different colors,
among which gray is mostly mortar, white is aggregate, and
the rest are holes. Figure 1(c) is a CT slice obtained by
scanning with high-resolution industrial CT (Figure 1(b)) at
Tianjin Sanying Company, and the image pixels are 200x200
pixels, the actual size is 100mmx100mm. It is difficult to
build a relationship between the unified algorithm and the
finite element approach because the medium in the original
image (Figure 1(c)) is dark or bright in color. +erefore,
image processing is required to identify the mesoscopic
medium inside the concrete.

+rough the differences of grayscale and color, digital
image processing technology distinguishes the geometric
shape and spatial distribution of the material’s meso-com-
ponent. +e technology is utilized to establish the seg-
mentation threshold for distinct media in the rock based on
color and brightness differences. +e value divides the
distribution of each medium, and the non-uniformity
characterization image of the material can be obtained
[5, 19].+e Figure 1(c) is a 24-bit BMP bitmap, whose color
change is not visible. As a result, multi-threshold segmen-
tation is performed by examining the variation rule of the
brightness I value in HIS (Hue refers to chromaticity, S refers
to Saturation, and I refers to brightness) image processing
color space[4, 18].+e changing curve of the value of I on the
AA’ scan line in Figure 1(c) is shown in Figure 1(d). +e
material medium passed by the scan line is compared with
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the change of the curve. +rough repeated tests and ad-
justments in DIPS software, the ideal segmentation
threshold is finally obtained, which is 60 and 130 respec-
tively, and the characterization image can accurately reflect
each mesoscopic component in Figure 1(c). Since the two-
dimensional CT slices are grayscale images, the value range
of the matrix elements of the grayscale image is usually
[0,255], and 0∼255 represents the range of color transition
from pure black to pure white. +erefore, the I value is
divided into three intervals: 0-60, 61-130, and 131-255. Each
interval represents holes, mortar, and aggregates.+at is, the
internal mesoscopic medium of concrete is divided into 3
categories. Figure 1(e) is the meso-structure characterization
image obtained after CTslice processing with DIPS software.
Compared with Figure 1(c), the processed results basically
reflect the real structure of concrete.

2.2. Meso-structure transformation and numerical modeling.
+e non-uniformity characterization of digital image pro-
cessing technology must be constructed with a finite element
mesh and then incorporated into the numerical model so
that the influence of the material meso-structure may be
considered in mechanical calculations and analyses. A digital
image is a matrix of rectangular pixels, each of which is a
small square with a certain width and height. As a result,
each pixel in the finite element grid (Figure 2) can be

considered a element, and the coordinates of its four corner
points can be transformed into the appropriate actual po-
sition in vector space. +e whole image can be converted
into square finite element grid data and imported into
RFPA2D to generate concrete numerical specimens. De-
tailed description of the conversion process and RFPA2D
principle can be found in the literature[20, 21]. +e material
properties of each material component are then allocated to
the represented colors, and the non-uniformity coefficients
of different components are input into the numerical model
to create a numerical model that considers the material’s
genuine mesoscopic structure.

Given the non-uniformity of the material, we assume
that the mechanical characteristics (elastic modulus,
strength, etc.) of matrix elements obey the Weibull distri-
bution function in the numerical calculation[22]:

f(u) �
m

u0

u

u0
 

m−1

exp −
u

u0
 

m

, (1)

where, u is the physical property parameter (elastic modulus,
strength, etc.) of the material medium element; the average
of the basic physical property characteristics is u0; m is the
distribution function’s property parameter that reflects the
uniformity of the material medium; the smaller m, the more
uneven the rock property. +e statistical density of the
physical attributes of the material constituents is denoted by
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Figure 1: +e process of concrete digital image characterization.
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f(u). +e non-uniformity of aggregate, mortar, and primary
cavity was taken into account in the model, and the me-
chanical characteristics of the meso-element were assigned
using the Monte-Carlo approach[23, 24].

Table 1 shows the material properties of the meso-me-
dium within the concrete, and the specimens are mechan-
ically loaded by uniaxial compression. Figure 3 is a
schematic diagram of the force on the numerical model, the
entire process is controlled by a continuous displacement
loading method, with plane stress analysis used to simulate
the test. +e starting uniaxial compression displacement
value is 0.001 mm, with a single step load increment of
0.002 mm, a pressure ratio of 10, and the specimen is loaded
until it is destroyed. Considering the characteristics of
concrete materials that are compressive and not tensile, this
paper chooses the Mohr-Coulomb strength theory with
tensile criterion[25] as the criterion for element failure. +e
numerical test was carried out in RFPA2D software[4, 5].

To investigate the impact of different inclination cracks
on the mechanical properties of concrete materials, as well as
the effect of microscopic non-uniformity caused by different
crack geometrical distributions on themacroscopic failure of
concrete, we prefabricated cracks with a length of 60mm and
a width of 5mm in the middle of the sample, and anti-
clockwise every 15°to obtain a digital image, a total of 5
digital image were acquired at last (as shown in Figure 4).
+e prefabricated crack dip angles α are 15°, 30°, 45°, 60° and
75° respectively, where α is the prefabricated crack’s included
angle with respect to the horizontal direction. Furthermore,
it is vital to ensure the same meso-structure of concrete
specimens in order to analyze the fracture process and
damage features of concrete with varying dip angles.

3. Results and discussion

3.1. Analysis of the influence of a single flaw on the mechanical
properties of concrete. Figure 5 depicts the elastic modulus
and internal primary stress distribution of concrete

specimens when α�45°. +e greater the brightness in the
figure, the greater the stress value. Because of the variation in
internal microstructure, the internal stress distribution of
the specimen is uneven when compared to Figure 5(a). +e
stress concentration distribution at the tip of the pre-
fabricated crack and the critical surface (weak surface) where
the aggregate contacts the mortar is more significant. +is
demonstrates that the presence of cracks in concrete and
material non-uniformity have a significant impact on stress
distribution.

+e compressive strength and elastic modulus of cracked
concrete specimens with various inclination angles can be
shown in Table 2. +e elastic modulus and peak strength of
various specimens are clearly anisotropic, as shown in Fig. 6,
which increases non-linearly with the increase of the pre-
crack inclination angle. +e specimens’ greatest strength is
reached at α�75°, and the value is 143.84MPa; while the
minimum value is 93.71MPa when α�15°. +is is due to the
prefabricated cracks with different inclination angles in the
specimen and the different mechanical properties of dif-
ferent components in the material, which lead to different
mechanical responses under the same level of loading
conditions, resulting in uneven stress distribution. +is
conclusion is in line with the findings of Li et al. [26]
(Figure 6), indicating that the numerical simulation results
are trustworthy. As shown in Figures 6 and 7, different stress
concentrations are caused by the difference in the internal
microstructure of the cracked concrete at different incli-
nation angles when the specimen is loaded, which induces
damage and gradually breaks. +e elastic modulus and
compressive strength show a great difference, which caused
by the different inclination angles of the cracks.

3.2. Analysis of crack propagation characteristics and meso-
fracture evolution of specimens. Many researchers have
looked at the start and propagation of the original fracture
point and discovered that it may be split into three types:
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Figure 2: Concrete CT slice and finite element mesh transformation.
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Wing Crack (WC), Secondary Coplanar Crack (SCC) and
Secondary Inclined Crack (SIC)[27, 28]. Figure 7 shows the
evolution of acoustic emission and elastic modulus during
the failure process of concrete with different inclination
angles. In the acoustic emission evolution diagram, yellow
indicates tensile failure, red indicates compression-shear
failure, and black indicates damaged elements.

As can be seen from the Figure 7, When α�15°, the wing
crack initiates and propagates along a specific distance from
the tip of the prepared fracture, and the wing crack at the
lower end propagates along the weak surface. +e tensile
stress determines the initiation and progression of the wing
crack, and a secondary oblique crack is generated on the

weak side of the lower right corner of the specimen due to
the dominant tensile stress. With the increase of stress, the
wing crack near the prefabricated crack’s tip continued to
spread until it penetrated, resulting in the specimen’s tensile
split failure; When α�30°, the wing crack is perpendicular to
the prepared crack’s tip and expands slowly; when axial
stress increases, the upper wing crack penetrates the ag-
gregate, resulting in transgranular cracks, while the lower
wing crack continued to expand along the weak surface. As a
result of the large accumulation of tensile failure, on the
weak surface of the lower right corner of the specimen, a
macroscopic secondary oblique crack developed, eventually
leading to the splitting failure of the specimen; When α�45°,

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

Figure 4: Digital images of concrete materials with different inclination angles flaw.

Table 1: Concrete mesoscopic medium material parameters

Material Elastic modulus/GPa Poisson ratio Compressive strength/MPa Internal friction angle/(C°)
Aggregate 49.7 0.25 298.8 35
Cement mortar 24.8 0.18 149.6 30

P

(a)

P

(b)

Figure 3: Schematic diagram of numerical model loading.
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the initiation and propagation of wing cracks are almost the
same as when α�30°, but the failure process is relatively
complicated, when the peak strength is approaching, a
sudden initiation in the lower right part of the sample is
caused by the large accumulation of tensile damage, the
secondary coplanar cracks expanded rapidly, a secondary
coplanar crack and a secondary oblique crack appeared in
the upper left part of the sample. Eventually, all the cracks
penetrated and the specimen was destroyed; All of the wing
cracks initiated and expanded along the tip of the pre-
fabricated crack when α�60°. As the continuous accumu-
lation of axial stress, a large number of tensile failures
occurred near the peak strength, resulting in the rapid
initiation of a secondary oblique crack in the lower right part

of the specimen, and a rapid initiation of the weak surface in
the upper left part, coplanar cracks are generated, and the
final grain penetration leads to macroscopic failure of the
specimen; +e tips of the prefabricated crack are located in
the high-strength aggregate when α�75°, resulting in wing
cracks at the tip of the prefabricated crack during the entire
loading process, the expansion is slow, and when the peak
strength is approaching, a large amount of tensile failure
occurs on the weak surface of the lower right part and the
upper end of the sample due to the accumulation of stress,
the crack finally penetrates and the sample is unstable and
damaged.

+e components of tensile failure (yellow) dominate the
acoustic emission development diagram, and the macro-
scopic shear bands generated by the specimen’s failure are
primarily related by the elements of tensile failure. In the
process of concrete failure, the initiation and propagation of
wing cracks have a certain randomness, with the increase of
the inclination of the prefabricated cracks, the length of the
wing cracks becomes shorter and the initiation position of
the cracks keeps approaching the tip. When α�45° and
α�60°, the rupture process of the specimen is more com-
plicated; When 15°≤α≤45°, it is easier to initiate and
propagate wing cracks, when α�60° and α�75°, the initiation
and propagation of wing cracks is problematic, and when the

Table 2: Concrete compressive strength and elastic modulus
simulation results

Inclination/(°) Compressive strength(MPa) Elastic
modulus(GPa)

α�15° 93.71 22.31
α�30° 94.35 23.01
α�45° 103.86 23.88
α�60° 112.38 25.47
α�75° 143.84 25.68

(a) (b) (c)

(d)

Figure 5: +e specimen’s elastic modulus and primary stress distribution diagram at the initial loading stage.
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Figure 7: Failure process and acoustic emission evolution diagram of cracked concrete at different inclination angles.
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Figure 6: Cracked concrete peak strength and elastic modulus at various inclination degrees.
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tension is near the peak stress, cracks begin to form and
spread quickly, which will eventually lead to split failure.
From the evolution diagram of elastic modulus, it can be
seen that the initiation and propagation of cracks first spread
along the weak plane due to the microscopic inhomogeneity.
When the stress increases, the crack penetrates the aggregate
to form transgranular cracks, which causes the crack to grow
along the weak plane, with a regular expansion path, the
specimen will eventually produce a tensile stress concen-
tration area at the crack tip, which leads to crack penetration
and tensile split failure. +e shape of the inherent crack
defects in concrete has an important influence on its failure
mode. Furthermore, the aggregate acts as a barrier to the
initiation and development of cracks.

3.3. 8e law of energy change in the process of damage
evolution. Acoustic emission is an efficient instrument for
studying the evolution process of internal rock damage since
it relates to the elastic wave released by the quick release of
local energy under load. In the RFPA2D numerical model,
the method of stiffness degradation is used to deal with the
failure elements, each failure element can be regarded as a
micro-failure, and a element micro-failure is an acoustic
emission event. +e position of the acoustic emission is the
center of the element and the magnitude of the acoustic
emission energy, it is the energy released by the micro-
failure of the element, and the total number of damaged
elements in each step can be used as the acoustic emission
count at the current moment, and the cumulative number of
damaged elements is the cumulative number of acoustic
emissions. +e accumulation of continuously damaged el-
ements causes gradual damage to the entire material[20, 21].
+e AE counts, cumulative AE counts, and stress changes of
different inclination flaw samples with the loading step are
shown in Figure 8.

Figure 8 shows that as the loading step is increased, the
stress grows linearly until the peak strength is reached, at
which point the stress drops significantly, while there is still
some residual strength. +e entire process can be divided
into three stages: elastic, yield, and failure. +ere are less
damage elements in the material at the start of the loading
process, resulting the AE count and cumulative AE count are
also less (paragraph 0-I in Figure 8). As the continuous
action of stress, there are more and more damage elements
inside the material, a large number of damaged elements
gather to form micro-cracks, the AE count reaches the
maximum when the stress reaches the peak value, and the
stored elastic energy is suddenly released, causing the crack
to penetrate and the sample to be unstable and failure.
During the loading process, as the stress continues to release
more and more dissipated energy, the release of the dissi-
pated energy of each sample has similar change character-
istics. In the early stage, the AE energy is small, and it
increases rapidly when it is close to the peak stress. +e
cracks grow slowly at the initial stage, and the cracks mainly
grow and penetrate rapidly when they are close to the peak
strength. +e cumulative AE energy grows almost expo-
nentially with the increase of the loading step before

reaching the peak stress. Flat phase (0-I section), accelera-
tion period (I-II section), and inflation period (II-III section)
are the three stages of the growth process. +e accumulated
AE energy in the flat period mainly comes from the dissi-
pated energy, after the acceleration period, the accelerated
growth of the cracks in the material leads to the release of
part of the elastic energy, and the accumulated AE energy
increases rapidly. When the peak strength is reached, the
internal cracks in the material penetrate and cause the
sample macroscopic damage and the accumulated AE en-
ergy reaches its peak instantaneously.

3.4. Fractal characteristics of damage evolution of concrete
materials with flaw

3.4.1. Fractal analysis of images using the box-counting
method. Fractal theory can effectively describe the internal
regularity of many irregular appearances in nature, and has
shown its unique application prospects in many fields such
as geotechnical engineering, biology, physics, and computer
graphics [4, 16, 18, 28]. Fractal dimension is one of the core
contents of fractal theory, fractal dimension is used to re-
place the integer dimension of traditional European space,
which can quantitatively characterize things with non-in-
teger value dimension. While there are many ways to define
the fractal dimension, the box-counting dimension can
directly reflect the pixels occupied by the damaged element
in the picture and the calculation is simpler than other
methods.+is paper chooses the box-counting dimension to
test the concrete with flaw, such damage evolution char-
acteristics are studied. +e principle is that a square grid
(δ×δ) is used to cover the damaged element in the image and
the grid size is variable. Given the size of the box δ, the
number of boxes N which required to cover the failure el-
ement can be calculated. Assuming that the number of boxes
required to cover the destruction element with a square box
of size δi in step i is Ni(δi), the size of the box in step i+1 is
δi+1, and the number of boxes required isNi+1(δi+ 1). In the
covering process, a set of (δ, N) data will be obtained, and the
data will be fitted into a straight line in the logarithmic
graph, and the slope of the straight line is equal to the box-
counting dimension D of the set, which can be expressed as
formula (2).

D � −lim
δ⟶0

lgN(δ)

lgδ
. (2)

Based on the above understanding and the principle of
digital image storage, combined with the digital image
analysis technology and Matlab calculation function, the
image recognition processing and data analysis system of
brittle materials was developed independently[4]. +e main
flow of the algorithm is as follows: (1) Use different scales to
mesh the image. First, process the image into a 500×500
pixel size picture, then the processed image is read in and
binarization is processed to store relevant date (Figure 9(a));
(2) Cover the binary image with a square box with a side
length of δ, calculate and count the number of square boxes
N (δ) in the damaged area and save the relevant data, a set of
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N (δ) and δ data could be obtained by covering the same
damage area with different scales of δ, and the δ�2n (n�1,2,3,
. . .9) as shown in Figure 9(b); (3) Take double logarithmic
coordinates of N(δ) and δ for regression analysis and use the
fitted line, the value of D can be obtained by the slope of the
fitted line.

Figure 10 depicts the process of calculating the box
dimension of the acoustic emission binary image during the
concrete failure process using the self-developed brittle
material hole crack image recognition processing and data
analysis system. When α�45° and the stress level is 70 % ,

Figure 11 shows that the fractal fitting relationship diagram
of the failure of the concrete sample. Table 3 shows the
acoustic emission energy values and fractal dimensions of
numerical samples at various stress levels.

Under various stress settings, Figure 12 depicts the link
between the sample and acoustic emission energy. Figure 12
demonstrates that as the stress level rises, the acoustic
emission energy rises as well. +e damage development
under different stress conditions is a gradual acceleration
process (increasing slope).+e axial stress is near to the peak
intensity when the stress level is greater than 90%, which

Stress
Cumulative AE
AE count

O 0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

A
E count (10 3)

0.5

1.0

1.5

2.0

2.5

3.0 Cum
ulative A

E (10 3)

0

20

40

60

80

100

St
re

ss
 (M

Pa
)

50 1000 150 200 250

Loading Step (0.002 mm/Step)

I

II

III

(a)

Stress
Cumulative AE
AE count

O 250100 150 20050 3000

Loading Step (0.002 mm/Step)

0

20

40

60

80

100

St
re

ss
 (M

Pa
)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8

A
E count (10 3)

0

1

2

3

4

5 Cum
ulative A

E (10 3)

I

II

III

(b)

Stress
Cumulative AE
AE count

O 50 100 150 200 2500

Loading Step (0.002 mm/Step)

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

Cum
ulative A

E (10 3)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5

A
E count (10 3)

0

20

40

60

80

100

120

St
re

ss
 (M

Pa
)

I
II

III

(c)

Stress
Cumulative AE
AE count

O
0

20

40

60

80

100

120

St
re

ss
 (M

Pa
)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

Cum
ulative A

E (10 3)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
E count (10 3)

50 100 150 200 2500

Loading Step (0.002 mm/Step)

I
II

III

(d)

Stress
Cumulative AE
AE count

O
0

20
40
60
80

100
120
140
160

St
re

ss
 (M

Pa
)

50 100 150 200 250 3000

Loading Step (0.002 mm/Step)

1
2
3
4
5
6
7
8
9
10
11
12

Cum
ulative A

E (10 3)

0
1
2
3
4
5
6
7
8
9
10

A
E count (10 3)

I
II

III

(e)

Figure 8: AE counts, cumulative AE counts, and stress changes with loading steps for samples with different inclination angles. (a)-(e)
represents specimens 15°, 30°, 45°, 60°, 75°, respectively.
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Figure 9: Schematic diagram of calculation of fractal dimension of concrete material fracture evolution.
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Figure 10: when α�45°, the fractal dimension is calculated (the stress level is 70% )
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causing the crack to penetrate and release a large amount of
energy, resulting in a large number of elements damaged, the
number of acoustic energy increased sharply and the lo-
cation was highly concentrated. A macroscopic failure zone
(Figure 7) is formed. +e acoustic emission energy value
released by the sample with α�75° is the greatest when the
stress reaches its peak intensity. Combined with the acoustic
emission evolution in Figure 7, it can be seen that the in-
ternal damage is the most serious and the macroscopic
failure is the most severe.

+e fractal dimension of each selected binary picture is
extracted after performing fractal analysis on the corre-
sponding damage evolution binary picture under different
stress levels, and the change in dimension is shown in
Figure 13. +e degree of damage to the microstructure of
each sample’s material increases as the stress level increases,
there are more and more failure elements on the corre-
sponding damage evolution binary diagram (Figure 9(a))
and the fractal dimension increases accordingly. Meanwhile,
the corresponding damage evolution binary diagram has
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Figure 11: Fractal dimension of damage area calculation results when α�45° (stress level of 70% ).

Table 3: AE energy and fractal dimension values for numerical samples at various stress levels

Stress level
Inclination 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
α � 15° AE 54 73 159 206 295 314 382 434 519 717

D 0.840 0.915 1.073 1.163 1.198 1.219 1.242 1.275 1.34 1.419
ω 0.420 0.459 0.537 0.582 0.599 0.610 0.621 0.638 0.67 0.710

α � 30° AE 62 88 112 167 185 203 256 320 402 594
D 0.982 0.987 1.131 1.167 1.187 1.20 1.22 1.285 1.328 1.423
ω 0.491 0.494 0.567 0.584 0.594 0.60 0.61 0.643 0.664 0.712

α � 45° AE 64 71 78 120 131 168 195 294 400 633
D 0.899 0.962 1.042 1.101 1.18 1.251 1.276 1.303 1.352 1.44
ω 0.449 0.481 0.521 0.551 0.59 0.626 0.638 0.652 0.676 0.72

α � 60° AE 47 69 76 81 92 108 116 174 334 542
D 0.807 0.938 1.01 1.176 1.196 1.214 1.273 1.298 1.326 1.401
ω 0.404 0.469 0.505 0.588 0.598 0.607 0.637 0.649 0.663 0.701

α � 75° AE 44 83 96 119 141 144 172 180 421 1319
D 0.815 0.982 0.995 0.998 1.071 1.122 1.129 1.259 1.396 1.544
ω 0.408 0.491 0.498 0.499 0.536 0.561 0.565 0.630 0.698 0.772
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Figure 12:+e connection between AE energy and various levels of
stress.
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more and more rupture elements (Figure 9(a)) and the
fractal dimension increases. When the stress reaches the
critical value, the stress suddenly drops at the same time
accompanied by abrupt behaviors such as the rapid increase
of failure elements and the increase of damage fractal di-
mension. +e failure probability and fractal dimension
change little when the stress level is less than 30%. Material
failure is actually a self-organizing process from disordered
distribution to concentrated order, the failure elements
develop from overall random distribution to local concen-
tration, macroscopically it is the initiation and expansion of
microcracks, the size of the fractal dimension reflects the
damage. +is means that there are more and more fine
defects, which tend to diffuse into the entire sample. As the
stress level increases, the development of damage inside the
material is a gradual acceleration process, reflecting the
accelerated deterioration of the mechanical properties of the
material under the action of stress until it is destroyed.When
Figures 11 and 12 are compared, it is clear that the evolution
process of the material’s internal fracture shows a general
trend of increasing dimensionality. When the stress level is
100%, there is a good corresponding relationship between
the change of fractal dimension and the energy release,
which is expressed as acoustic emission energy, the greater
the release, the greater the fractal dimension, and the more
serious the internal damage of the material.

3.4.2. Damage variable based on fractal theory. Although
there are many methods to determine rock damage vari-
ables, most of them are still describing the quantitative
relationship of micro-fracture evolution, the spatial distri-
bution characteristics of micro-fractures have not been re-
flected, and the damage characteristics of rock materials
cannot be truly reflected.+erefore, exploring a method that
can truly reflect the process of mechanics and can be easily
obtained and objectively measured is an important issue that
needs to be solved urgently in the geotechnical engineering

community. However, the damage and failure process of
materials is actually the development, inoculation and
evolution process of internal micro-fractures. Since the
method of stiffness degradation is used to deal with the
failure elements in the numerical model, each failure ele-
ment can be regarded as a micro-fracture. Larger-scale
cracks are formed by the failure elements connections.
+erefore, the number and location distribution charac-
teristics of the failure elements reflect the damage degree of
the concrete specimens.

Based on the research foundation of section 3.4.1, this
article attempts to establish the relative relationship between
the damage variable and the damage degree represented by
the box dimension, and use a more convenient quantitative
method to express complex objects that are difficult to
quantify. +e definition of the damage variable expressed by
the box dimension is as follows:

ω �
Di − D0

Dmax − D0
, (3)

where ω represents the damage variable, Di represents the
fractal dimension of the internal fracture area of the material
when the stress level is i%; when the material is not loaded,
Do denotes the fractal dimension of the internal fracture
region of the material; Dmax represents the fractal dimension
of the fracture area when the material is completely failure.
Since this research is a two-dimensional problem, Dmax � 2.
According to formula (3), the damage variable ω of the
sample under different stress levels can be calculated, as
shown in Table 3.

When comparing Figures. 13 and 14, it’s clear that the
damage variable ω and the fractal dimension D have a
synchronized changing trend, and both increase continu-
ously with the increase of stress. +is is due to the con-
tinuous development of a large number of micro-defects in
the material in the process of deformation, and the occur-
rence of macroscopic failure is caused by the continuous
accumulation of internal damage of the material. As the
increase of the stress level, the increase of the internal failure
elements of the material leads to the fuller the development
and expansion of the micro-defects, the larger the damage
variable (ω) and the fractal dimension. +e generation and
evolution of the internal fracture of the material can be
described by the change. +ence, based on the damage
variable (ω) of fractal theory, the damage of rock-like ma-
terials is characterized. Different crack propagation paths
result from the distribution form of a single crack in con-
crete. Due to microscopic non-uniformity, cracks begin to
form and propagate over the weak surface, which leads to the
expansion of the crack along the weak surface to form an
irregular propagation path, which is expressed as the fractal
dimension D and the damage variable ω have a certain
difference in the damage evolution process of the material,
that is, ω75°>ω45°>ω30°>ω15°>ω60°.

3.5. Application prospect analysis of damage variable based on
fractal theory in damage evolution of roadway in Lannigou
Gold Mine. +e Lannigou Gold Mine is the largest fault-
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stress levels.
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controlled Carlin-type gold deposit in southwestern Guiz-
hou. From 1987 to the end of 2005, the identified resources
amounted to 126.25 tons, reaching an extremely large scale
[29]. Multiple periods of tectonic movement have occurred
in the mine, resulting in complex geological circumstances
for the ore body’s occurrence. During the deep mining
process, the surrounding rock of the deep roadway has
encountered challenges such as large deformation and
support difficulties [30, 31]. +e practice of deep mining
engineering has been ahead of the systematic exploration of
related basic theories, and there lindness, inefficiency and
uncertainty in engineering practice to a certain extent.
+erefore, this research can provide certain theoretical
support for the optimization of deep wet shotcrete support
strength and parameters of Lannigou Gold Mine.

At present, domestic and foreign researchers have ob-
tained many research results on the damage evolution of
surrounding rock in deep mining tunnels. Zhu et al. used
RFPA software and assumed that the elastic modulus and
strength indexes of the rock obey the Weibull distribution,
and numerically simulated the initiation, expansion and
penetration process of the underground surrounding rock
fractures [32]. Zhang et al. aimed at the difficulty of con-
trolling the stability of the surrounding rock in deep broken
soft rock roadways, analyzed the deformation and failure
characteristics and failure mechanism of the surrounding
rock [33]. Dou et al. investigated the effect of shear dis-
placement in the roadway’s surrounding rock on fluid flow
and solute transport in rough fractures [34]. Gao et al.
studied the drilling behavior and mechanism of cores below
4500 m in Well Songke 2 in order to learn more about the
damage mechanisms of the surrounding rocks [35].+e

above research has important reference value for the un-
derstanding of roadway failure mechanism, but there are few
reports on how to quantify the degree of roadway failure.
However, the essence of roadway failure is the macro-me-
chanical response generated by the accumulation of internal
damage to a certain extent. If the whole process of roadway
from damage to final failure can be quantitatively charac-
terized, it will help to reveal the damage of the surrounding
rock of deep roadway and provide a reference for the sta-
bility control of the surrounding rock of the roadway.

+is study describes the damage evolution process inside
the material based on fractal theory, and proposes a damage
variable index (ω) based on fractal theory. Using ω as a
parameter to characterize the degree of material damage, the
macroscopic failure characteristics of the material and its
internal fracture evolution are unified and the inconvenience
of too many mechanical parameters involved in the damage
definition is overcome, and provides a new method for
quantitatively studying the damage evolution characteristics
of rock-like materials. Based on the study in this article, we
independently developed a system for image recognition and
processing of pores and cracks in brittle materials and data
analysis. In view of the control problems of the surrounding
rock of the Lannigou gold mine and the study ideas in this
article, this system can calculate the fractal dimension to
analyze the damage evolution of the roadway’s surrounding
rock. In order to better understand the damage evolution
process of the surrounding rock of the roadway, a damage
variable index based on the fractal dimension is presented to
measure the degree of growth of cracks in the surrounding
rock, so as to provide certain guidance for the safe pro-
duction of the mine.
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4. Conclusion

(1) +e box dimension is used to describe the internal
damage evolution binary diagram of the material,
and it is found that the damage fractal dimension has
a linear relationship with the stress at different stages.
A damage variable index (ω) based on the fractal
theory is proposed, and ω is used as a parameter to
characterize the degree of material damage. +e
macroscopic failure characteristics of the material
and its internal fracture evolution are unified and the
inconvenience of too many mechanical parameters
involved in the damage definition is overcome. +e
larger the ω, the higher the degree of damage to the
material. +e proposed index introduces a new way
for studying the damage evolution characteristics of
rock-like materials in a quantitative manner.

(2) +e crack inclination angle has a substantial impact on
the elastic modulus and compressive strength of
concrete materials, and exhibits non-linear properties
as the angle increases. +e material’s interior micro-
scopic non-uniformity causes an uneven internal stress
distribution, andwing crack initiation and propagation
paths are somewhat random. As the prefabricated
crack inclination angle increases, the wing crack length
shortens, and the wing crack initiation point moves
closer to the prefabricated crack tip.

(3) Due to the influence of the internal non-uniformity
of the material, when 15°≤α≤45°, the wing crack
initiation and expansion is easier. When α�60° and
α�75°, it is difficult for the wing crack to initiate and
expand.When approaching the peak stress, the crack
initiation and spread suddenly. Finally, the splitting
failure is formed.

(4) +e crack specimens with different inclination angles
have similar evolution characteristics of acoustic
emission. +e AE energy is small in the early stage of
loading, and it increases rapidly when the stress is
close to the peak. +e cumulative AE energy reflects
the entire destruction process of the material under
compression. It expands exponentially as the loading
step is increased, the growth process can be separated
into three phases: flat, acceleration, and inflation.
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