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The Niutitang Formation shale is often filled with calcite minerals, which significantly affects the physical and mechanical
properties of shale reservoirs. To correctly understand the microscale fracture characteristics of the Niutitang Formation shale
and the evolution of acoustic emission signals, this paper uses digital image processing technology to characterize the geometric
characteristics and nonuniform distribution of calcite minerals in the shale at the microscale and then maps it to finite elements;
uniaxial compression tests of different calcite vein inclination angles are carried out on a microscale. The results show that
under the microscale structure, the changes in compressive strength and brittleness index of the Niutitang Formation shale with
different calcite vein dip angles are all N-shaped. The calcite veins affect the distribution of the stress field, leading to significant
differences in the shale fracture process and fracture mode. The shale fracture process can be divided into two types. The first
type (0°, 15°, 30°, 45°) is that the shale matrix is destroyed first, and then, the calcite veins are destroyed; the second type (60°,
75°, 90°) is that the calcite veins are destroyed first, and then, the shale matrix is destroyed. Shale fracture modes can be divided
into w-type, v-type, inverted v-type, and inverted z-type. The inclination angle of calcite veins has a significant influence on the
AE evolution characteristics of the Niutitang Formation shale. According to the characteristics of the AE active period, it can be
divided into two types: surge type and step type. The surge type has a short active period, the number of AE count surges is
small, the AE peak is large, and the failure mode is relatively simple. The step type has a long active period, the number of AE
count surges is large, and the AE peak is small, and the failure mode is relatively complicated. The research results provide
important theoretical guidance for shale gas fracturing mining.

1. Introduction

With the consumption of conventional oil and gas resources
such as petroleum, shale gas has become the frontier field of
oil and gas exploration and development today [1, 2]. In
recent years, substantial progress has been made in the devel-
opment of shale gas in China, and shale gas is expected to
become an alternative energy source for conventional oil
and gas resources [3–5]. As long as it can break through to
form large-scale production capacity, it will certainly alleviate
China’s oil and gas resource tensions and have important

economic value and strategic significance to China [6]. The
Lower Cambrian Niutitang Formation shales in northern
Guizhou are widely distributed, with high content of brittle
minerals such as quartz and calcite, and complex mineral
composition and pore structure [7, 8]. It is a favorable reser-
voir for marine shale gas exploration, but the problems of low
porosity and low permeability and severe heterogeneity are
common in the shale reservoir, which is not conducive to
the development of shale gas [9, 10]. In addition, during the
deposition process of black shale, the preferred orientation
of mineral crystalline particles results in the shale having
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obvious stratification and bedding structure, which has
anisotropic effects on the strength and brittleness of shale,
causing various problems in shale gas exploitation. At pres-
ent, the development of shale gas in China is still in its
infancy, mainly using artificial fracturing to form a more
complex fracture network system for the development of
shale gas [11]. Therefore, conducting mechanical test
research on the Niutitang Formation shale to understand
its shale mechanical characteristics, fracture process, and
acoustic emission characteristics can provide effective
parameters for shale gas reservoir drilling, construction,
and fracturing effect evaluation.

Scholars at home and abroad have done a lot of research
on the anisotropy of shale mechanical and failure character-
istics. Niandou [12] studied the anisotropy of shale mechan-
ical behavior through hydrostatic compressibility test and
triaxial compression test and pointed out that the anisotropy
of shale is mainly related to confining pressure and loading
direction. Wenk et al. [13] studied the shale geomechanical
characteristics through laboratory experiments and mea-
sured the relationship between ultrasonic velocity and pres-
sure and direction by using a triaxial loading device and X-
ray diffraction technology and then compared the results of
mineralogy, structure, and seismic wave analysis. The results
show that shale is a good candidate for storing radioactive
waste. Cheng et al. [14] conducted uniaxial and triaxial com-
pression tests on the dry and water-saturated samples of coal
to measure shale and studied the effects of anisotropy and
water content on shale strength and deformation behavior.
Geng et al. [15] conducted triaxial compression tests on shale
at different angles and different confining pressures. The
results show that at a certain bedding angle, the brittleness
of the sample does not decrease with increasing confining
pressure but increases with confining pressure. Wu et al.
[16] carried out uniaxial compression numerical simulation
experiments on the Niutitang Formation shale based on
digital image processing at different angles. The fractal
dimension was used to analyze the failure mode. The larger
the fractal dimension, the more complex the failure mode.
Wang et al. [17] conducted a Brazilian split test with different
bedding angles on shale. Based on the transverse isotropy
theory, the tensile stress at the center of the disk was
obtained, and then, the evolution process and energy release
characteristics of acoustic emission were analyzed. It is con-
sidered that the acoustic emission characteristics also reflect
the anisotropic splitting behavior, and the influence of the
bedding effect on the crack initiation and propagation acous-
tic emission characteristics is discussed. Zhang et al. [18] car-
ried out the Brazilian split test, acoustic emission test, and
3DEC numerical simulation at different bedding angles on
the Longmaxi Shale and believe that the AR curve can be
divided into two modes: “gradual-steep increase” type and
step type. Heng et al. [19] conducted a direct shear test on
shale at different bedding angles, and the results showed that
the shear parameters such as shale strength, cohesion, and
internal friction angle reached maximum and minimum
values at 60° and 0°, respectively. Wang et al. [20] first con-
ducted a direct shear test on the layered rock and then con-
ducted a numerical shear test on the stratified rock model

and the discrete fracture network (DFN) model. The results
show that the peak shear stress is more sensitive to dip angle
than normal stress, and stratified rock has obvious shear
anisotropy and directionality. The development of shale gas
in China started late, and most of the researches are limited
to the macroscopic failure modes and mechanical character-
istics, and there is insufficient research on the inhomogeneity
and anisotropic failure mechanism of shale materials at the
microscale. The study of the microscopic mechanism of shale
fracture is of great significance to the prediction of crack
propagation and the development of shale gas. Therefore, it
is necessary to study the microscale anisotropy of shale.

In this paper, polarized light microscope is used to
observe the internal microstructure of Niutitang Formation
shale, and digital image processing technology is used to
characterize the geometric characteristics and nonuniform
distribution of calcite minerals under the shale microscale.
The Niutitang Formation shale is subjected to uniaxial com-
pression numerical experiments with different calcite vein
inclination angles at the microscale. The mechanical proper-
ties and crack evolution mechanism of the Niutitang Forma-
tion shale at the microscale are studied, and the acoustic
emission evolution law is analyzed. The results reveal the
microfracture mechanism of the shale in the Niutitang
Formation in northern Guizhou and will provide theoretical
support for the exploitation of shale gas in the northern
Guizhou area.

2. Geological Background

The study area of the Fenggang No.3 block is located in the
northern part of Guizhou. The administrative division is
under the jurisdiction of Meitan County, Fenggang County,
and Sinan County in the southeast of Zunyi District, Guizhou
Province, covering an area of 1167 km2. In the division of
regional tectonic units, the Fenggang No.3 block belongs to
the Yangtze plate, the northern plateau uplift in Guizhou,
and the north-north-eastward tectonic deformation zone of
Fenggang. The structure of the study area is well-developed,
and the directions are mainly NNE, NE, and NS. The tectonic
forms are mainly folds and faults, and the geological struc-
tural conditions are complicated [21]. The study area under-
went multiple superimposed transformations of the snow
mountain movement, early middle Caledonian movement,
late Caledonian movement, Hercynian movement, Indo-
Chinese movement, Yanshan movement, and Himalayan
movement, which established the present complex geological
tectonic pattern. Among them, the Yanshan tectonic move-
ment is the most important period of fault formation in
Fenggang area. The fault zones formed during the Yanshan
tectonic movement were mainly torsional faults, and the
folds were mainly “grooved” structures. A series of northeast-
ward complex anticlines and complex synclines have been
developed. The strong tectonic movement not only caused
complex changes in geology but also caused the widespread
development of shale fractures. Fractures in the Niutitang
Formation were filled by minerals such as calcite and pyrite
during the process of tectonic evolution [22]. According to
the filling characteristics, the fractures in the Niutitang
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Formation can be divided into two types: calcite filling and
organic filling. The calcite filling cracks of Niutitang Forma-
tion are relatively well developed, which can be seen in the
field underground core and under the microscope [23].
Crack filling has an impact on the shear resistance and
strength of the rock [24].

The stratigraphic development of the study area is shown
in Figure 1. The Fenggang No.3 Block is an area rich in oil
and gas resources and is one of the national shale gas pilot
test areas. The shale gas resource has great potential, and
the Lower Cambrian Niutitang Formation is one of the target
strata with the most exploration and development potential.
Marine sediments are widely developed in the study area in
Guizhou. The Cambrian shale developed in the Niutitang
Formation, with shale thickness ranging from 80 to 110m,
mainly siliceous shale and gray-black shale. The study area
has a high organic carbon content (TOC) of 3.54%-8.12%,
the average TOC content is 7.24wt%, and the maturity of
organic matter is large, and the value is generally between
2.0% and 4.0%. The Lower Cambrian Niutitang Formation
in Guizhou has good development potential [21].

3. Methodology

3.1. Basic Principles. RFPA2D is based on the damage
mechanics constitutive relationship and uses the finite ele-
ment method to carry out stress analysis and damage analysis
on the rock. When the crack propagates in the finite element
model, the element has been defined as partial failure but has

not been removed in the calculation. Because rock materials
are brittle materials, RFPA2D uses Mohr-Coulomb strength
theory with tensile criterion to simulate the entire failure pro-
cess. The element satisfies the constitutive relationship of
shear failure and tensile failure under uniaxial stress. Initially,
the element is defined as elastic, and its elasticity is defined by
the elastic modulus and Poisson’s ratio. Before reaching the
damage threshold, consider the element’s stress-strain state
as linear elastic and then modify it by softening. The charac-
teristics of the element are described based on the constitu-
tive law of continuous damage mechanics [25, 26]. The
elastic model of the model decreases with the accumulation
of damage. The elastic modulus of the damaged material is
defined as follows:

E = 1 −Dð ÞE0: ð1Þ

In the formula, E and E0 are the elastic modulus of
the damaged material and initial elastic modulus, and D
is the damage variable. When the stress or strain of the
element reaches a given damage threshold (tensile criterion
and Mohr-Coulomb criterion), the element begins to be
damaged.

Under uniaxial tensile stress, the constitutive relationship
of the element elastic damage is shown in Figure 2. When the
elementary tensile stress reaches uniaxial tensile strength,

σ3 < −σt: ð2Þ
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Figure 1: Geographic location of the study area and histogram of lithology [22].
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In the formula, σt is the tensile strength of the element.
The formula of the element damage variable D under uniax-
ial tensile stress is:

D =

0

1 − λεt
ε

1

8>><
>>:

ε < εt ,
εt < ε ≤ εmax t ,
ε ≥ εmax t:

ð3Þ

In the formula, λ is the residual strength coefficient.
This article assumes that the residual strength coefficient
λ = σtr/σt = 0:1. εt is expressed as the maximum tensile
strain, which refers to the amount of ultimate tensile strain
in the elastic state. εmax t is the ultimate tensile strain, which
refers to the strain value at which the element is about to lose
its bearing capacity.

Under uniaxial compression stress, the elastic constitu-
tive relationship of this element is shown in Figure 3. When
the element is subjected to shear stress, the Mohr-Coulomb
criterion expression is selected to define the second damage
threshold,

σ1 −
1 + sin θ

1 − sin θ
σ3 ≥ σc: ð4Þ

In the formula, σ1 and σ3 are the large principal stress
and the small principal stress, respectively, σc is the uniaxial
compressive strength of the element, and θ is the friction
angle. The element damage variable D in the uniaxial state
can be expressed as:

D =
0

1 − λεc
ε

8<
:

ε < εc,
ε ≥ εc:

ð5Þ

In the formula, εc is the maximum compressive strain,
which refers to the ultimate compressive strain in the elastic
state. λ is the residual strength coefficient.

3.2. Digital Image Acquisition and Characterization. The
shale sample was taken from Well FC-1 in the northern part
of Guizhou Province, with a sampling depth of 2490~2503m,
belonging to the Lower Cambrian Niutitang Formation. The
shale sample is black, and the fractures are filled with calcite.
The author grinds the rock specimen into thin slices and
observes the structural features at the microscopic level using
a polarizing microscope (model ZEISS Scope.A1). The
obtained Niutitang Formation shale microscopic slice image
is used as the test object (Figure 4). The resolution of the
image is clear, in which the black shale matrix is filled with
calcite veins and mineral particles. In this paper, digital image
technology is used to characterize the nonuniform distribu-
tion of calcite minerals and quartz minerals in shale. Accord-
ing to the optical characteristics of the minerals, the
mechanical properties are mapped to different finite element
grids to establish a finite element model. HIS color space is
based on the human visual system, using H value (Hue), S
value (Saturation), and I value (Intensity) to describe colors.
According to the color characteristics of shale, it can be seen
that the color of the image is relatively close to the black-gray
image. Therefore, this paper adopts the threshold segmenta-
tion method, and the I value (Intensity) in the HSI color
space is used for threshold segmentation [27, 28]. The red
scan line AA′ passes through the position of the mineral
medium in the shale microscopic image, and the obtained I
value change curve is shown in Figure 5, and the range of I
is 0 to 255. When the scan line AA′ passes through the calcite
mineral from the shale matrix, the I value increases signifi-
cantly. When the scan line AA′ passes through the quartz
minerals from the shale matrix, the I value increases slightly.
When the scan line AA′ passes from the calcite mineral to
the quartz mineral, the I value decreases slightly. By compar-
ing the changes of the mineral composition and the I value in
the scanning area, the optimal threshold value is 60 and 140
after multiple value comparisons. The threshold divides the
value of I into intervals of 0 to 60, 60 to 140, and 140 to
255, that is, the internal medium of the shale sample is
divided into shale matrix (0 to 60), quartz minerals
(60~140), and calcite minerals (140~255). Figure 6 shows
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Figure 2: Elastic damage constitutive law of element under uniaxial
tensile stress.

𝜎

𝜀

𝜎c

𝜎cr

ο 𝜀c

Figure 3: Elastic damage constitutive law of element under uniaxial
compression stress.
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the image after threshold segmentation. Red represents
calcite minerals, green represents quartz minerals, and blue
represents shale matrix. Digital image processing technology
accurately reflects the geometric characteristics and nonuni-
form distribution of calcite minerals in shale.

The shale sample has developed nano-scale pores and
complex mineral composition [29, 30]. In order to consider
the heterogeneity of the rock, it is assumed that the mechan-
ical properties of the primitive obey the Weibull statistical
distribution:

ϕ αð Þ = m
α0

⋅
α

α0

� �m−1
⋅ e−

α
α0ð Þm: ð6Þ

In the formula, α represents the mechanical property
parameters of the element, such as elastic modulus and com-
pressive strength. α0 is related to the average value of the
mechanical properties of the element. m represents the

homogeneity of the material. The greater the homogeneity
m, the more uniform the material, and the mechanical prop-
erties of the elements will be concentrated in a narrow range.

3.3. Establishment of Numerical Model. A digital image is
composed of a large number of rectangular pixels, and each
pixel can be used as a quadrilateral element of the finite ele-
ment grid. In the combination of finite element calculation
and digital image processing technology, image analysis is
performed before the microstructure is extracted. According
to the color of mineral particles, image processing software is
used to distinguish various mineral particles. After importing
RFPA2D, according to the image size of 200 pixels × 200
pixels, the digital image is divided into 200 × 200 finite ele-
ment grids. For each pixel, the coordinates of the four corner
points can be converted into the corresponding physical
position in the vector space [31]. The node coordinates can
be obtained by transforming the actual size of the image
and the pixel size of the image, and the conversion method

(a) (b)

Figure 4: Image of calcite veins in shale: (a) macrostructure; (b) microstructure.
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Figure 5: Threshold segmentation process: (a) positon of scan line AA′; (b) trend of I value.
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is shown in Figure 7. Assume that the pixels with I values in
the range of 0 to 60 are shale matrix, the pixels with I values
in the range of 60 to 140 are quartz minerals, and the pixels
with I values in the range of 140 to 255 are calcite minerals.
They have specific mechanical properties such as elastic
modulus and compressive strength. According to the color
category of each pixel, the corresponding material type is
assigned to consider the true nonuniformity of shale and
the geometric characteristics of calcite minerals. It is assumed
that the internal element mechanical properties of shale obey
theWeibull statistical distribution, so as to consider the inho-
mogeneity of complex mineral composition and nano-scale
pores in the shale. According to literature [16, 32, 33], the
mechanical parameters of the Niutitang Formation shale
are shown in Table 1.

To study the anisotropy characteristics of shale at the
microscale, the method of obtaining digital images of shale
with different dip angles of calcite veins is described below.
First, a circular frame with a diameter of 283 pixels is used
as a tool to obtain a circular digital image containing calcite
veins. Secondly, using the 200 pixels × 200 pixels screenshot
frame as a tool to obtain the digital image of the calcite vein
angle α = 0°; then, the fixed frame center is rotated by 15° to
obtain the digital images of the Niutitang Formation shale
calcite vein angle α = 15°, 30°, 45°, 60°, 75°, and 90° to ensure
that the internal structure of the numerical shale experiment
is basically the same. This paper designs 7 sets of microscopic
uniaxial compression numerical experiments with different
calcite vein inclination angles. The calcite vein angle α is 0°,
15°, 30°, 45°, 60°, 75°, and 90°, and they are unevenly distrib-
uted with irregular mineral particles in the shale. The pixels
of each group of models are 200 pixels × 200 pixels, and the
finite element mesh is 200 × 200. The displacement load per
step ΔS = 0:01 μm, the schematic diagram of the numerical
test loading method is shown in Figure 8.

4. Test Results and Discussion

4.1. Mechanical Properties and Fracture Process. Figure 9
shows the stress-strain curves of shale samples under uniaxial
compression at different inclination angles. The results show
that the stress value of the Niutitang Formation shale at
different dip angles goes through a linear growth stage, a
weakening stage, and then a postpeak drop stage and finally
stabilizes with the increase of strain ɛ. It can be seen from
Figure 6 that the yield point at the prepeak stage is not obvi-
ous. During the postpeak stage of the fall, the number of
drops after the peak of 0°, 30°, 75°, and 90° is more, showing
the characteristic of gradual release of energy, and the num-
ber of drops after the peak of 15°, 45°, and 60° is relatively
small, showing the characteristics of sudden release of
energy.

Figure 10 shows the compressive strength and elastic
modulus curve of the Niutitang Formation shale at different
angles. It can be seen that the compressive strength of the
Niutitang Formation shale at different angles shows signifi-
cant anisotropy. When the inclination angle α = 0° ~ 15°,
the compressive strength of the Niutitang Formation shale
increases. When α = 15°, the compressive strength of the
Niutitang Formation shale is the highest, which is
23.55MPa. When the inclination angle α = 15° ~ 75°, the
compressive strength decreases sharply. When α = 75°, the
compressive strength of the Niutitang Formation shale is
the smallest, which is 21.84MPa; but α = 75° ~ 90°, as the
inclination angle increases, the compressive strength
increases sharply. It shows an N-shaped change trend, which
is similar to the change trend of fractured rock compressive
strength [34]. The Niutitang Formation shale at different
angles exhibits significant anisotropy. With the increase of
the dip angle, the elastic modulus of the Niutitang Formation
shale shows an N-type trend. When α = 90°, the elastic mod-
ulus of shale is the smallest, which is 22.59GPa; when α = 45°,
the elastic modulus is the largest, which is 23.15GPa. In the
range of α = 0° ~ 15° and 30°~ 45°, the elastic modulus is
increasing. When the inclination angle α = 15° ~ 30° and
α=45°~90°, as the inclination angle increases, the compres-
sive strength of the Niutitang Formation shale decreases
sharply. It shows an M-type trend.

Shale gas reservoirs require large-scale fracturing reforms
to achieve industrial productivity. Shale brittleness plays an
important role in the stability of wellbore walls and reservoir
reconstruction during drilling [35–37]. It is an important
index to evaluate the characteristics of shale gas reservoir
and to select high-productivity shale gas reservoir. Chen
et al. [38] proposed a brittleness index based on the whole
process of stress-strain of rock mass, which accurately and
reasonably describes the brittleness characteristics of rock
mass; the expression is:

Bi = Bi1 + Bi2 =
σp − σi
� �

/σp

εp − εi
� �

/εp
+

σp − σr
� �

/σp
εr − εp
� �

/εp
: ð7Þ

In the formula, Bi1 and Bi2 are prepeak brittleness index
and postpeak brittleness index, respectively; σp, σi, and σr

Shale matrix

Calcite mineral

Quartz mineral

Shale matrix

Calcite mineral

Quartz mineral

Figure 6: Shale heterogeneity characterization image.
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are peak stress, cracking stress, and residual stress, respec-
tively; εp, εi, and εr are peak strain, cracking strain, and
residual strain, respectively.

Table 2 shows the calculation results of the characteristic
stress values, strain values, and brittleness indexes Bi1, Bi2,
and Bi during uniaxial compression. According to the calcu-
lation results in Table 2, a brittleness index change curve is
made, as shown in Figure 11. The brittleness index of the
Niutitang Formation shale at different inclination angles
shows significant anisotropy. With the increase of the dip
angle, the brittleness index of the Niutitang Formation shale
increases first, then decreases, and then increases. The brittle-
ness index and the compressive strength show a similar
trend. When the inclination angle α = 0° ~ 15°, the brittleness
index increases. When the inclination angle α = 15°, the brit-
tleness index reaches the maximum value, which is 2.34.
When the inclination angle α = 15° ~ 75°, the brittleness

index began to decrease. When α = 75°, the brittleness index
showed a minimum value of 1.12; when the inclination angle
α exceeded 75°, the brittleness index rebounded sharply and
finally showed an N-type change trend.

Figure 12 shows the fracture process of the Niutitang For-
mation shale at different angles. It can be seen from Figure 12
that the failure mode of the Niutitang Formation shale is sig-
nificantly affected by the inclination angle of calcite veins,
and the failure modes at different inclination angles are dif-
ferent. According to the crack geometry, the failure modes
of the Niutitang Formation shale with different inclination
angles can be divided into 4 types:

(1) w-type (0°, 30°). When α = 0°, first two right diagonal
cracks f1 and f2 will sprout in the lower middle part
and the right edge of the bottom, respectively. The
lower end of f1 extends to the upper left, and the
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o
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Figure 7: Conversion relationship of finite element mesh: (a) digital image pixels; (b) finite element mesh.

Table 1: Mechanical parameters of microdielectric materials.

Materials Homogeneity m Elasticity modulus E/GPa Compressive strength σc/MPa Poisson ratio υ Frictional angle (°) C/T

Shale matrix 3 51.6 145 0.22 35 14

Calcite mineral 5 80.5 101 0.30 30 11

Quartz mineral 8 96 373 0.08 60 15
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Figure 8: Numerical image acquisition and loading method: (a) method of obtaining; (b) loading method (60° as an example).
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upper end extends upwards. The bottom end of f2
extends to the upper left and upper right and
penetrates f1 and the right side of the test piece,
respectively. Eventually a w-shaped fracture mode is
formed. When α = 30°, firstly three left oblique cracks
f1, f2, and f3 sprang up in the lower middle, left bot-
tom, and upper right part of the specimen, and then,
three cracks extend to both ends. Among them, f2
extends to the bottom edge and then extends to the
upper right to penetrate through f1, and f3 extends
to the right of the middle and extends to the upper
right and lower left, respectively, and penetrates with
the new crack in the upper right corner and f1. Even-
tually, a w-shaped fracture mode is formed

(2) V-type (15°). When α = 15°, first a right oblique crack
f1 sprouts in the middle of the right side of the spec-
imen, and then, both ends of f1 extended to the right
and bottom edges. When f1 reached the bottom edge,
it began to extend to the upper left, and finally, a v-
shaped fracture pattern is formed

(3) Inverted v-type (45°, 60°). When α = 45°, a vertical
crack f1 sprouts at the top edge of the right side of
the specimen first, and then, the bottom end of f1
extends to the lower left and lower right, respectively.
When f1 extends to the lower left for a certain length,
it starts to expand along the direction of calcite veins.
Eventually, an inverted V-shaped fracture mode is
formed. When α = 60°, first two cracks f1 and f2
sprouted on the bottom left side of the specimen;
the directions are left and right oblique, respectively.
Then, f1 and f2 extend to both ends, and f2 extends
along the direction of the calcite veins to the top of
the specimen and then extends to the right edge.
Eventually, an inverted v-shaped fracture mode is
formed

(4) Inverted z-type (75°, 90°). When α = 75°, first a left
oblique crack f1 sprouts on the top of the specimen,
extending to the lower left (calcite vein direction)
and lower right, respectively. f1 extends from the
lower left to the bottom edge and then starts to
extend to the upper left and penetrates. At the same
time, a right oblique crack sprouts from the upper
right edge of the specimen and extends to the lower
left and lower right to the right edge and penetrates
through f1. Eventually, an inverted z-shaped failure
mode is formed. When α = 90°, firstly, two right obli-
que cracks f1 and f2 sprout on the upper middle part
and the top right side of the specimen and extend to
both ends. f1 extends along the direction of the calcite
veins to both ends and starts to extend to the left
when it reaches the lower part of the specimen. When
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f1 reaches the bottom edge, it extends to the upper
left. At the same time, f2 is directed to the lower left
and lower right rocks of the specimen, one end pen-
etrates f1, and the other end extends to the left edge
of the specimen. Eventually, an inverted z-shaped
failure mode is formed

According to the above analysis, the Niutitang shale fail-
ure modes with different dip angles can be divided into two
types according to the failure sequence of shale matrix and
calcite veins:

(5) The failure of calcite veins after the shale matrix (0°,
15°, 30°, 45°). When α = 0°, 15°, and 30°, the shale first
forms cracks in the matrix, and finally, the cracks
penetrate the calcite veins. When α = 45°, the shale
first formed cracks in the matrix and finally broke
along the calcite veins

(6) The failure of the shale matrix after the calcite veins
(60°, 75°, 90°). When α = 60° and 75°, the shale first
forms cracks in the calcite veins; the cracks propagate
along the calcite veins and then extend into the
matrix. When α = 90°, the shale first forms cracks in
the calcite veins and then extends diagonally through
the calcite veins into the matrix

According to the above analysis, the crack propagation
mechanism is closely related to the calcite vein inclination

angle. In the case of high angles (60°, 75°, 90°), the initial
cracks initiate inside the calcite veins and appear to extend
along the calcite veins. In the case of α = 45°, the initial cracks
are initiated in the shale matrix and extend along the calcite
veins. In the case of low angles (0°, 15°, 30°), the initial cracks
are initiated in the shale matrix and appear to cross calcite
veins.

Stress concentration is the main reason for the initiation
of microcracks due to local damage in the rock [39–42]. The
strength and properties of the stress field determine the basic
mode of crack propagation and penetration. Therefore, the
stress field distribution is used to effectively analyze the crack
propagation mechanism. Figure 13 is the distribution dia-
gram of the maximum shear stress evolution, which truly
demonstrates the whole process of the specimen’s local
stress-induced failure. It can be seen from Figure 13:

(7) During the crack incubation stage, with the increase
of the calcite inclination angle, the shear stress inten-
sity in the calcite vein changes from weak to strong.
In the case of α = 0°, 15°, 30°, and 45°, the shear stress
distribution in the calcite veins is weak, but the shear
stress distribution in the shale matrix region is rela-
tively strong. At high angles (α = 60°, 75°, and 90°),
the shear stress distribution is strong in the calcite
veins, and the shear stress distribution in the matrix
region is relatively weak. Therefore, in the case of
α = 0°, 15°, 30°, and 45°, the initial cracks are first

Initial
crack

Crack
propagation

Failure
mode

Figure 12: Fracture process of the Niutitang Formation shale at different angles.

Table 2: Uniaxial compression test data of the Niutitang shale at different angles.

α/(°) σi/MPa εi/10
-3 σp/MPa εp/10

-3 σr/MPa εr/10
-3 Bi1 Bi2 Bi

0 22.69 0.97 23.03 1.00 10.39 1.47 0.49 1.17 1.66

15 20.66 0.86 23.55 1.02 9.87 1.40 0.78 1.56 2.34

30 21.73 0.92 22.60 0.99 11.75 1.32 0.54 1.44 1.98

45 20.03 0.84 22.22 0.96 10.37 1.45 0.79 1.04 1.83

60 21.50 0.91 22.03 0.95 8.82 1.49 0.57 1.05 1.63

75 21.81 0.95 21.84 0.96 9.94 1.49 0.13 0.99 1.12

90 22.33 0.97 22.81 1.01 9.81 1.48 0.53 1.22 1.75
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initiated in the shale matrix. In the case of α =
60°, 75°, and 90°, the initial cracks are first initiated
in the calcite veins

(8) During the crack propagation stage, the internal
structure of the rock changes the stress distribution
in the specimen, which has a significant influence
on the crack propagation. Stress concentration
occurs at the crack tip, which easily induces the
destruction of the crack tip element. In the area
where the crack exists, the shear stress distribution
intensity is relatively weak (blue), which causes the
crack to expand to the area where the shear stress dis-
tribution intensity is stronger (green). As we all
know, the strength of shear stress in the 45° direction
of the rock element is the largest. In the case of α =
45°, 60°, 75°, and 90°, the continuity of the contact
surface between the calcite vein boundary and the
shale matrix boundary and the mechanical properties
of the calcite vein are poor. The initial cracks formed
near the calcite veins are more likely to grow along
the direction of the calcite veins under the action of
shear force to form fracture surfaces. Therefore, in
the case of α = 0°, 15°, and 30°, the crack finally
appeared to cross calcite veins. In the case of α =
45°, 60°, 75°, and 90°, the final cracks all extend
along the direction of the calcite veins

4.2. Evolution Characteristics of AE. After the RFPA system is
simulated, it will automatically make an acoustic emission
curve to analyze the failure process of the rock, which can
be used as an effective means to predict rock failure. Because
in the process of crack initiation and development, energy
will be released instantaneously in the form of elastic waves,
that is, acoustic emission signals are generated. Acoustic

emission signals can continuously and real-time reflect the
damage process inside the rock, record the time and space
location of the damage occurrence, and can be used to study
the dynamic evolution process of rock damage [43, 44]. The
release of elastic waves in the rock is directly related to the
generation (damage) of the microcracks in the rock, and
the acoustic emission mainly depends on the heterogeneity
of the rock. Therefore, there is an inherent inevitable connec-
tion between the acoustic emission of the rock and the
damage parameter and constitutive relationship of the rock.
As an intuitive estimation, if the frequency and energy of
each acoustic emission are not considered for the time being,
the RFPA numerical simulation system assumes that the
fracture of each rock element has a contribution to the acous-
tic emission. That is, the damage amount and acoustic emis-
sion of the rock are proportional to the number of damaged
elements [26, 45]. Figure 14 shows the relationship between
stress, current step acoustic emission count, cumulative
acoustic emission count, and step count of the Niutitang For-
mation shale with different calcite vein dip angles. According
to Figure 14, the stress-step curve is closely related to the AE-
step curve. The stress-load step curve is roughly divided into
4 stages, namely, elastic stage, yielding stage, strengthening
stage, and failure stage. The AE accumulative counts-load
step curve is roughly divided into 3 stages, namely, the pre-
peak gentle stage, the growth stage, and the postpeak gentle
phase. The AE counts-load step curve is roughly divided into
silent phase, active phase, and postpeak gentle phase.
According to the growth stage of the acoustic emission curve,
the Niutitang Formation shale with different calcite dip
angles is divided into two types.

(9) Surge type (15°, 45°, 60°). In the previous descrip-
tion, the stress-strain curve of α = 15°, 45°, and
60° has a small number of drops, showing the

Crack
initiation

Crack
inoculation

Crack
propagation

High

Low
Shear stress

Crack
penetration

Figure 13: Shear stress distribution diagram.
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Figure 14: AE evolution curves of the Niutitang Formation shale at different angles.
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characteristic of sudden energy release. In the initial
stage of stress loading, the stress-strain curve is in
the elastic stage, and almost no AE events occur.
After reaching the yield stage, there are very few
AE events in the crack initiation. With the
increase of the load, when the stress approaches
the peak intensity, the cracks rapidly expand to
the specimen failure. The active period at this
stage is short, the number of AE counts surges
is small, the AE peak is large, and the failure
mode is relatively simple

(10) Step type (0°, 30°, 75°, 90°). In the previous descrip-
tion, the stress-strain curve of α = 0°, 30°, 75°, and
90° has many drops, showing the characteristic of
gradual release of energy. In the initial stage of stress
loading, the pores of the sample were compacted,
and no acoustic emission signal appeared. As the
load increased, the sample appeared initial cracks,
and the acoustic emission signal appeared. When
the stress is close to the peak stress, the initial crack
grows to a sharp extension, and the acoustic emis-
sion shows a small and sharp increase for the first
time. After the load increases to a certain value,
the cracks extend sharply again or new cracks occur,
and the acoustic emission again increases slightly
and then reciprocates until a macrocrack is formed
and the sample is broken. The active period at this
stage is long, the number of AE count surges is
more, the AE peak is small, and the failure mode is
relatively complicated

In general, the evolution of the acoustic emission signals
of the Niutitang Formation shale at different inclination
angles is consistent with the failure process and failure
mode.

5. Conclusion

(1) The inclination of calcite veins has significant influ-
ence on the anisotropy of mechanical properties of
the Niutitang Formation shale. With the increase of
the dip angle, the compressive strength and brittle-
ness of the Niutitang Formation shale increases first,
then decreases and then increases, reaching the max-
imum at α = 15°, reaching the minimum at α = 75°,
showing N-type

(2) The inclination angle of the calcite vein affects the
distribution of the stress field, leading to differences
in the fracture process and fracture mode. According
to their morphology, the failure modes of the Niuti-
tang Formation shale under uniaxial compression
can be divided into 4 types: w-type (0°, 30°), v-type
(15°), inverted v-type (45°, 60°), and inverted z-type
(75°, 90°). According to the failure sequence of shale
matrix and calcite vein, it can be divided into two
types: the failure of calcite veins after the shale matrix
(0°, 15°, 30°, 45°) and the failure of the shale matrix
after the calcite veins (60°, 75°, 90°)

(3) During the microfracture of the Niutitang Formation
shale with different calcite vein dip angles, the evolu-
tion of AE signals can be divided into 2 types accord-
ing to the characteristics of the AE active period:
surge type (15°, 45°, 60°) and step type (0°, 30°, 75°,
90°). The surge type has a short active period, a small
number of AE counts surge, a large AE peak, and a
relatively simple destruction mode. The step-type
active period is long, the number of AE counts
increases sharply, the AE peak is small, and the
failure mode is relatively complicated
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