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Abstract

In order to construct a numerical simulation model that can reflect the bedding structure of real shale samples, CT scanning
and digital image processing were utilized to analyze the intricate internal structure of the shale. By integrating this informa-
tion with RFPA3D finite element software, a 3D non-uniform numerical model that can accurately represent the shale bedding
structure was built and simulated for direct tensile tests. The experimental findings demonstrated that shale possesses notice-
able anisotropic properties with regard to tensile strength. Two distinct modes of damage were observed in shale specimens
subjected to uniaxial tensile loading: tensile damage along the bedding plane and damage occurring perpendicular to the
bedding plane. The spatial distribution characteristics of the acoustic emission points better reflect the damage pattern of
the specimen, and the acoustic emission counting evolution characteristics are closely related to the damage process of the
specimen. These research findings shed light on the fracture damage mechanism of shale formations, thereby contributing
to a better understanding of the engineering stability evaluation for rock bodies. Furthermore, they offer a novel perspective
for investigating the evolution of damage in rock particles.
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Introduction etal. 2013; Ma et al. 2018). At present, the main method of

extracting shale gas is hydraulic fracturing. There are still

Shale gas is an unconventional clean energy source. In recent
years, it has become a new research hotspot in the energy
industry (Lei et al. 2021; Bilgen and Sarikaya 2016; Meakin
et al. 2013; Wang and Li 2017). Shale gas resources in China
are widely distributed, with the advantages of large resource
reserves, a high energy conversion rate, and a low pollution
index. It provides a good development platform for energy
acquisition and also shows a good development prospect
for energy utilization and promotion (Zou et al. 2010; Hao
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many engineering challenges and a lack of technology for
shale gas mining, both domestically and abroad. The study
of the physical properties and fracture patterns of shales is
an important reference for the improvement of hydraulic
fracturing techniques. Typically, subterranean sedimentary
rocks exhibit geological discontinuities, including intriguing
features like bedding planes. Distinguished by their distinc-
tive material composition, color, and structural arrangement
in comparison with the shale matrix, these bedding planes
play a crucial role. Notably, the orientation of these planes
significantly influences the anisotropic characteristics of
shale, encompassing its mechanical properties and deforma-
tion characteristics. Consequently, this intricate relationship
gives rise to a more complex destruction mechanism, sig-
nifying a substantial impact on shale gas extraction. (Heng
et al. 2015, 2020; Ma et al. 2020). The study of the dip
effect of shale laminae is not only to ensure the stability
of the rock during the extraction of shale gas, but also to
provide a strong guarantee for the study of the propagation
path of hydraulic fractures and the stability analysis of shale
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wells, which is of great significance for the efficient and safe
extraction of shale gas.

At present, many scholars, domestically and abroad, have
achieved many results on the anisotropy of bedding shale.
Xu et al. conducted uniaxial compression tests on specimens
perpendicular and parallel to the bedding to investigate the
effects of bedding planes on shale wave velocity and acoustic
emission (AE) properties (Xu et al. 2017). Gao et al. meas-
ured the compressive and tensile strengths of the shale and
also studied the properties of the shale by nondestructive
wave velocity measurements. The shale exhibited strongly
anisotropic behavior, with tensile strengths perpendicular
to the bedding plane much greater than those parallel to the
bedding plane. The results of ultrasonic tests show that both
compressional and shear wave velocities show strongly ani-
sotropic patterns (Gao et al. 2015). Luo et al. conducted
a three-point bending test on shale to study its anisotropic
fracture extension behavior, and the results showed that
the fracture tip stress field in anisotropic shale is not only
determined by the stress intensity factor, but also related to
the elastic constant and bedding plane tilt angle (Luo et al.
2018). Lei et al. observed the microfracture process of shale
by scanning electron microscopy and simulated the effects
of different bedding properties on the fracture behavior
of shale using a finite element model. The results showed
that the mechanical properties of weak laminar planes had
significant effects on fracture mode, tensile strength, frac-
ture toughness, crack initiation angle, crack extension path,
and complex fracture network generation (Lei et al. 2021).
Guo et al. conducted static and dynamic compressive tests
on dry and water-saturated shale specimens with bedding
dips of 0°, 30°, 45°, 60°, and 90°. The results show that the
compressive parameters are most affected by waterlogging
when the lamina plane dips at 45° or 60° (Guo et al. 2021).
Most of the above studies are experimental and theoretical
studies on shale under compressive stress, while most of
the studies on shale under tensile stress are by indirect ten-
sile methods, such as the Brazilian splitting test. However,
Hudson et al. (1972) pointed out that the largest equivalent
force in the Brazilian splitting test did not occur at the center
of the specimen but at the end face of the loading point.
The damage is usually caused by the stress concentration at
the loading point of the pad, which is inconsistent with the
empirical formula of the Brazilian splitting test. It has been
found through theoretical research that there is an obvious
three-dimensional effect in the Brazilian splitting test, and
the thickness of the Brazilian disk greatly affects its strength
(Chau and Wei 2001; Lavrov and Vervoort 2002). Fairhurst
(1964) pointed out that the results measured by the Brazilian
splitting test were lower than the actual values. Therefore,
the tensile strength obtained by the splitting test is not as
accurate as the direct tensile test.

@ Springer

There are few research results about the direct stretch-
ing action. There are two main reasons for this: First, due
to the limitations of test conditions, general mechanical
testing machines and testing devices cannot determine the
deformation and damage laws of rocks under the action of
tensile stress. Secondly, for the direct tensile test of the rock
specimen, processing both ends of the fixed is more difficult.
Therefore, the problem of connecting the specimen to the
testing machine has also been investigated (Nova and Zani-
netti 1990). However, the non-uniformity of the specimens
and the lack of precision in the fabrication of the specimens
in laboratory tests can also lead to large errors. The limita-
tions of indoor physical tests have made numerical simula-
tion an increasingly powerful tool for studying rock damage.
At present, numerical simulation is widely used in geotech-
nics, petroleum, and shale gas extraction. Numerical simu-
lation can fully consider the non-uniform characteristics of
rocks and complex force conditions, and it has the incompa-
rable advantages of laboratory physical tests and field tests.
He et al. used PFC2D finite element software to simulate the
Brazilian splitting test and established a numerical model
of rocks containing double fractures to analyze the indirect
tensile mechanical behavior of anisotropic disk specimens
(He et al. 2021). Zhang et al. used RFPA-dynamic to build a
numerical model to investigate the impact performance and
mechanism of different numbers of prefabricated parallel
cracks on specimens (Zhang et al. 2020). The above studies
are all based on the two-dimensional case to consider the
damage to rocks, while the real rock mechanics problems
occur in three-dimensional space. Regarding the numeri-
cal simulation of the damage to the 3D problem, different
3D models have been constructed. Wu et al. (2022) created
a three-dimensional equivalent discrete fracture network
model based on RFPA3D finite element software that can
effectively analyze the effect of water head on the hydrau-
lic properties of fractured rock masses. Some scholars have
established a three-dimensional numerical model using finite
element software and simulated the straight shear test, SHPB
test, and Brazilian splitting test to investigate the rupture
mechanism of the specimens (Dai et al. 2015; Liao et al.
2020; Zhang et al. 2021). CT scanning technology is a non-
destructive testing means; CT images can truly reflect the
internal pores and mineral structure of the rock. In recent
years, many scholars have applied CT scanning technology
to research in the field of unconventional oil and gas and
have made some research progress (Dong et al. 2018; Li
et al. 2017; Zhou et al. 2016; Duan et al. 2022). The integra-
tion of CT scanning techniques into numerical simulations is
also a relatively new research methodology. The parameters
of most value models are qualitative statistical parameters,
and such numerical models constructed from statistical dis-
tributions do not reflect the true fine structure of the rock.
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Based on the above research, this paper uses CT scan-
ning technology to obtain images of shale internal slices,
reconstructs 3D numerical models based on realistic fine
structure CT images by RFPA3D software, and conducts
tensile tests to study the damage pattern, tensile strength,
and acoustic emission properties of shales with different
laminar dip angles. The 3D model constructed by this
method is identical to the fine structure of the pores and
minerals of the real rock sample, making the numerical
model closer to the physical model. This study provides
an effective method to study the influence of the fine
structure of rocks on their mechanical behavior, provides
theoretical and methodological support for the determina-
tion of the tensile strength parameters of rocks, and has
certain theoretical significance and engineering applica-
tion value for rock mechanics testing methods and engi-
neering applications.

Specimen and CT scanning technology

The instrument used in this CT scan experiment is an X-ray
3D ultra-precision micro-nanostructure detector (Fig. 1).
The instrument model is nanoVoxel-3502E, the X-ray
source voltage of the instrument is 20-190 kV, and the high-
est spatial resolution of the instrument can reach 0.5 pm.
The CT scanning system can identify fractures and pores at
the micron scale. A large field-of-view flat detector and an
objective-coupled detector are used together for test imag-
ing, with an optical magnification system to reduce the size
of the detector unit and improve resolution.

The specimens used in this experiment are from the
Lower Cambrian Niutitang Formation in the northern part
of Guizhou Province. Samples were taken by core drilling
to a diameter of 50 mm and a height of 100 mm (Fig. 2a).
The lithology of the study area is predominantly black car-
bonaceous shale, with the shale matrix appearing gray and
the laminated surfaces appearing gray-black.
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Fig.2 Specimen and CT scanning images
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We placed the shale specimens on the specimen table for
CT scanning and obtained CT scans in three planar direc-
tions (Fig. 2b, c). 5480 images were scanned in the XY
plane, and 2740 images were scanned in the XZ and YZ
planes, with a slice image of 1814 x 1246 pixels and a scan
interval of approximately 18.22 pm per layer.

CT image preprocessing

As the gray-scale values of the bedding and the shale matrix
are relatively close in the CT scan images, threshold seg-
mentation cannot clearly distinguish the bedding from the
shale matrix. Therefore, it is necessary to preprocess CT
images, of which the spatial domain processing technology
is the most basic processing; the basic principle is to process
the pixel points of the image itself; the principle of math-
ematical expression is as follows:

gx,y) =T[f(x,»], 1))

where f(x,y) is the input known original image; g(x,y) is the
processed result; and T is the operator defined on a field of
points (x,y) to process the original image f.

In this study, CT images are binarized to obtain micro-
structural information in the images by binarization. The
binarization principle is as follows: A threshold / in the HSI
color space (0-255) is selected. The I value represents the
intensity of the color, the higher the / value, the brighter the
color. If a pixel in the image has a gray value greater than
or equal to the threshold 7, its gray value is redefined as 255
(white); if a pixel has a gray value less than the threshold 7,
its gray value is redefined as 50 (gray-black). The difference
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in gray-scale values between the rock matrix and the bed-
ding in CT scan images is used to characterize the internal
microstructure of the shale specimen, and the bedding and
shale matrix are separated by binarization.

To determine the binarization image segmentation thresh-
old, a scan line AA' is selected that passes through both
the shale matrix and the bedding using the method of Yang
et al. (2023), and the gray-scale value of each pixel point on
this scan line is counted. As shown in Fig. 3, the gray-scale
values of the bedding in the scanned image are below the
dashed line, and the gray-scale values of the shale matrix
are above the dashed line. The CT images were binarized
according to the following equation (Lang et al. 2019; Yuan
et al. 2023):

255
g(x’)’) - { 50

where f(x, y) is the initial gray value of pixel point (x, y)
and g(x, y) is the gray value of pixel point (x, y) after the
binarization process.

In this study, the histogram threshold method and the
comparison method were employed to determine the thresh-
old value I. Initially, statistical analysis was performed
using digital image analysis software to explore the rela-
tionship between gray-scale values and the corresponding
pixel counts in the CT image (Fig. 4). The analysis revealed
that the main pixel points were concentrated within the /
range of 73-108. Since there is a need to segment two dif-
ferent substances within this I range, four thresholds (/=78,
I=88, I=98, and I=108) were initially set for compari-
son. Figure 5a—d depicts the binarized CT images obtained
using these different thresholds. It is observed that different
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Fig. 3 Gray value along scanned line
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I values yield varying segmentation effects. For instance,
Fig. 5a with a relatively low threshold results in the loss
of numerous pixel points representing the bedding plane.
Although Fig. 5b represents an improvement, there still
remains a discontinuity in the bedding plane, with several
pixel points mistakenly recognized as shale matrix. Com-
paratively, Fig. 5c exhibits a clearer and more continuous
representation of the bedding plane, but with a slightly low
threshold. Meanwhile, Fig. 5d depicts a high threshold,
leading to the misclassification of several parts of the shale

matrix as bedding planes. After conducting multiple thresh-
old segmentation comparison tests, an / value of 98 was
ultimately selected for threshold segmentation in this study.

Figure 6 shows the CT image processing process. From
the binarization-processed image, it is found that there are
still many noise points in the processed image, which will
have an impact on the identification of the bedding plane
when constructing the numerical model and may also affect
the experimental results of the numerical simulation. There-
fore, it is necessary to perform denoising processing. We
employed in-house numerical image processing software to
perform noise reduction on binarized CT images. Figure 6¢
shows the image after the denoising processing, at which the
structural information of the shale matrix and bedding plane
can be clearly identified.

Three-dimensional model reconstruction

The modeling principle of RFPA3D finite element soft-
ware is as follows: converting a picture into vectorized data
means treating each pixel point as a finite element mesh.
The images are superimposed in the order of the CT scans,
and it is assumed in the reconstruction process that the slice
images can represent the fine structure of a material with
a very small thickness d. If d is small, the error in the fine
structure characterization can be neglected.

To build cylindrical 3D digital specimens of shale with
different bedding inclinations, 100 CT images of XZ sections

@ (b)

(© (d)

Fig.5 Effect of binarization under different I value segmentation, a /=78, b /=88, ¢ /=98,d /=108
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were uniformly selected for superimposition. Due to the lim-
ited computing power, the pixels of CT images were reduced
to 200 x 100. Hundred digital images of the representative
shale fine structure were imported into RFPA3D for super-
imposition, and the constructed 3D model contains a total
of 2 million elements, each with a size of 0.5 mm X 0.5 mm.
By rotating and cropping the CT images to achieve differ-
ent angles of laminar inclination, Fig. 7 shows the sche-
matic diagram of the model building process. The final 3D
numerical model size is a standard cylindrical specimen with
a diameter of 50 mm and a height of 100 mm.

To adequately capture the fine-scale non-uniformity pre-
sent in rock material properties, RFPA makes an assumption
regarding the mechanical properties of discretized fine-scale
primitives. It is posited that these properties obey a specific
statistical distribution law, namely the Weibull distribu-
tion (Williams 1957). This assumption serves to precisely
account for the distinctive, discrete characteristics exhibited
by rock-like media. The assignment of values for strength,
Poisson’s ratio, modulus of elasticity, and density of the fine-
scale unit follows the equation presented below (Zuo et al.
2022):

Binarization
process

(a)

Fig.6 CT image binarization and denoising processing

P \p

where x denotes the parameters of the physical properties of
the base element of the material medium (elastic modulus,
strength, Poisson’s ratio, density, etc.); f denotes the aver-
age value of the physical properties of the base element; m
indicates the nature parameter of the distribution function,
whose physical meaning reflects the homogeneity of the
material medium, defined as the homogeneity coefficient of
the material medium, reflecting the degree of homogeneity
of the material; and f(x) is the statistical distribution density
of the physical properties x of the material (rock) primitive.
The material parameters used in this numerical experiment
are based on the study of shales of the Lower Cambrian
Niutitang Formation in the northern part of Guizhou Prov-
ince by Wu et al. (2020). Each parameter is summarized in
Table 1, and the value in parentheses indicates the value of
m used for that parameter.

Following the importation of CT images into RFPA3D,
the software promptly discerns the unique gray values present
within the images. Pixels characterized by a gray value of 255

m—1 o\
fo="2. <f> ) x>0, 3)

Table 1 Shale specimen

- ) Materials Modulus of elas-  Poisson’s ratio Compressive Friction Pull-to-
material parameter table ticity (GPa) strength (MPa) angle (°) pressure
ratio
Shale matrix 51.6 (5) 0.22 (200) 145.63 (5) 35 14
Bedding 30.96 (2) 0.31 (200) 116.00 (2) 30 13
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are designated as representing the shale matrix, while pixels
displaying a gray value of 50 are identified as indicative of the
bedding plane. Subsequently, each fundamental parameter and
non-uniformity coefficient pertaining to both the shale matrix
and bedding plane are inputted. Figure 7 shows the numeri-
cal modeling of shale with five groups of different bedding
plane inclinations. In Fig. 7, the formation of five distinct sets
of shale numerical models is depicted. These models exhibit
varying inclinations of the bedding plane, namely 0°, 30°, 45°,
60°, and 90°, while one additional group of models serves as
a control set with no presence of a bedding plane. In total,
six groups of models are generated for analysis. The stand-
ard specimen utilized in these models possesses a diameter of
50 mm and a height of 100 mm. The loading direction is set to
the Z-axis, and the displacement loading method is adopted,
with the initial displacement of —0.0001 mm/step, and the
loading displacement of —0.0002 mm/step at each step until
the specimens are damaged.

The principle of RFPA3D

A simple intrinsic model of elastic damage, the tensile
Mohr—Coulomb damage criterion, is used in RFPA3D (Liang
et al. 2012). As soon as the minimum principal stress of the
element reaches the uniaxial tensile strength, the element will
undergo tensile damage. Mohr—Coulomb criterion with tensile
damage criterion is shown in Eq. (4):

1+sing

0'1_1 "
—Smae

03 Z20. ¢, >0,— Ao,

o, L 0.— Ao,

“

03 < —o0,

where A = 512 — (an29 ¢ = % + 2 which is the shear

1-singp 2’
breaking angle.
The tensile damage evolution can be expressed as follows:

[ ] Shale matrix
B Bedding

X

Fig.7 Schematic diagram of the modeling process based on CT images
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where o,, is the residual strength of the element, €, is the
minimum principal strain threshold at which tensile dam-
age occurs, and ¢, is the minimum principal strain thresh-
old at which element separation occurs. Tensile damage is
described by the intrinsic structure relationship shown in
Fig. 8.

= o) + () + (), (©)
where (g;) is functions defined as follows:

& (6,<0,i=1,2,3)
(€)=
0 (¢>0,i=1,2,3).

Numerical simulation results and analysis
Uniaxial tensile test results analysis

Figure 9 shows the stress—strain curves for each bedding
dip specimen. It can be seen from Fig. 9 that the axial peak
intensity of the specimen gradually increases with the
increase in the bedding dip angle. The peak axial tensile
strength is the smallest when the inclination angle is 0°, and
the peak tensile strength is the largest when the inclination
angle is 90°. This indicates that the peak strength of the
shale exhibits significant anisotropy as the dip angle of the
laminae increases. The specimens at different angles exhibit
obvious elastic-brittle characteristics.

Figure 10 shows the trend of tensile strength and anisotropy
coefficient of the bedding plane of shale at different azimuth

Elastic Modulus (MPa)
9.7qae|oo;
9.912e+00:
1.884e+004
2.778e+004
3.671e+004
4,5ﬁ4eeoo4|
5.457¢+004
6.351e+004,
7.244e+00.
8.137e+00.
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Fig. 8 Damage constitutive law for an element in tensile failure mode
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Fig.9 Stress—strain curve

angles, and the specimens at different angles are smaller than
the tensile strength of no bedding specimens. It indicates that
the spatial distribution pattern of brittle minerals within the
shale matrix has a significant effect on the tensile strength. To
characterize the effect of structural effects of bedding on the
tensile strength anisotropy of shale, the tensile strength of the
no bedding specimen is taken as the reference value, the tensile
strength of the remaining angles is taken as the variable, the
anisotropy coefficient S(0) is the dependent variable, and the
functional relationship equation is as follows:

s@y=1-29 )

O-m

@ Springer

where ¢ is the uniaxial tensile strength of the no bedding
specimen; o(6) is the uniaxial tensile strength at any angle.

The tensile properties of shale with laminations have been
measured by many scholars. Table 1 compiles the tensile
strength measurements of shale with bedding plane at angles
of 0°, 45°, and 60° in a number of studies, and it can be seen
that all of the studies satisfy the law that the tensile strength
of the specimens increases as the angle of bedding inclina-
tion increases. However, most of the tests were performed
by indirect stretching (Brazilian split test), and only a few
studies measured the tensile strength of shale by means of
direct stretching, and even fewer studies investigated the
tensile properties of shale under direct stretching by means
of numerical simulations. As can be seen from the figure,
the numerical simulation results of the present study are in
excellent agreement with the results of the laboratory tests
by Jin et al. (Jin et al. 2018), indicating the validity of the
present modeling approach (Fig. 11).

Damage pattern analysis

Figure 12 shows the internal element damage maps at the
end of loading for specimens with different bedding incli-
nation angles, and the dark blue color in the figure repre-
sents the already damaged elements. As can be seen from
the figure, the damage units of the specimens at 0°-45° are
basically concentrated on the bedding, and almost no tensile
damage occurs on the shale matrix. At bedding dip angles
of 45° and 60°, cracks appear not only on the bedding plane,
but also on the shale matrix where damage occurs (marked
locations). As the dip angle increases, it can be seen that the
main fracture does not only extend along the bedding, but
also extends laterally on the shale matrix. The 90° speci-
men has breakage elements scattered throughout the inte-
rior, producing a more complex crack geometry. Indicat-
ing the existence of a threshold angle 6%, when the lamina
dip angle 0 < 6*, the damage mode is mainly manifested as
tensile damage along the bedding plane; when the laminar
dip angle 8> 6%, it exhibits a composite tensile damage pat-
tern along the bedding plane and the shale matrix. Hobbs
(Barron 1971) proposed a damage criterion for the variation
of bedding rock specimens with the dip angle of the bed-
ding according to Griffith fracture theory, where the critical
bedding dip angle 6* can be determined by the following
equation:
27T,

cos @ x (1 +cosf x) = —, ®)
Ty,

where 6 is the inclination angle of the bedding; T, is the
tensile strength of the specimen with 0° inclination angle of
the bedding; and T, is the tensile strength of the specimen
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Fig. 11 Comparison of this study with other studies

with 90° inclination angle of the bedding. Substituting the
data into the above equation yields 0% =46.44°.

Figure 13 shows the direct tensile damage mode of the
bedding shale specimen, and the direct tensile of the bed-
ding shale exhibits two main damage modes. It is assumed
that 7}, is the bedding tensile strength value, and T, is the
matrix tensile strength value. When the dip angle of the bed-
ding is 0°, the damage pattern of the rock sample is shown
in Fig. 13a. The damage plane, in this case, is the bedding
plane, so it can be considered that the tensile strength of the
rock sample is equal to that of the bedding plane, which can
be expressed as 6,= o, =T°. When 0° < < #*, the damage
pattern is shown in Fig. 13b. For the stress at the midpoint
of the specimen with bedding inclination, the stress can be

Bedding angle(°)

decomposed along and perpendicular to the bedding direc-
tion to obtain Eq. 7:

= 2
6, =0 cos" 0
o, =0, sinfcos .

&)

If the bedding plane is to produce tensile damage, the
magnitude of the positive stress should be equal to the mag-
nitude of the tensile strength of the bedding material, i.e.,
o, = T’ and the magnitude of the tensile strength of the
rock mass can be obtained as ¢, = 6, = T?/ cos? § This can
explain the gradual increase in the tensile strength of the
rock specimens as the dip angle of the bedding increases.
With the gradual increase in the dip angle of the bedding,
when 6> 6%, it shows a step-like damage pattern (Fig. 13c,
d). Suppose the destruction area of the shale matrix is A;.
In order for the destruction of the shale matrix to occur,
it should be o; = T™, and we can get F; = T™A;; there-
fore,F =Y F,=T"Y A,,0,= T’"EA". Due to the presence
of bedding plane, it is obvious that )} A; < A, i.e., 0, < T™.
Therefore, the mechanism of increasing the tensile strength
of bedding rock specimens with the increase in laminae can
be explained and analyzed from the perspective of elastic
mechanics.

Analysis of the damage process

Since the rupture process and rupture mode of 0°—45° speci-
mens are basically the same, this paper only analyzes the
detailed damage process for 0°, 60°, and 90° specimens.
A total of four different stages of z-axis loading displace-
ment maps were selected for the crack initiation, extension,
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Fig. 13 Tensile failure mechanism analysis of the layered rocks

penetration, and damage stages, respectively. In order to
clearly reveal the rupture process, the internal destruction
process is also shown. Figure 14 shows the progressive dam-
age process of the 0° specimen, from which it can be seen
that initially some rupture units are produced in the laminar
surface at the top, middle, and bottom of the specimen.
Figure 14 shows the progressive damage process of the 0°
specimen, from which it can be seen that initially some rup-
ture units are produced in the bedding plane at the top, mid-
dle, and bottom of the specimen. As the load increases, the
initial crack gradually extends from the loading end along
the bedding plane and forms a surface crack, and eventually,
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the crack penetrates the entire specimen and the specimen
is pulled off. Comparing the elastic modulus diagrams, it
can be seen that the whole process produced only primary
cracks on the bedding plane, with fewer secondary cracks,
and three tensile fracture planes on the bedding plane at
the top, middle, and bottom of the specimen. This property
is usually attributed to the bedding structure of the shale.
Figure 15 shows the progressive damage process of the 60°
specimen, which is similar to that of the 0° specimen in
the early stage of loading, where cracks first appear on the
bedding but are not completely penetrated. As the loading
proceeds, cracks begin to develop at the end of the specimen
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Fig. 15 Failure process of specimen 60°: displacement in z direction

and extend laterally in the shale matrix (marked locations),
creating two main cracks in the upper and middle parts of

the specimen, eventually forming two tensile fracture planes
almost perpendicular to the loading direction. Figure 16
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Fig. 16 Failure process of specimen 90°: displacement in z direction

shows the progressive damage process of the 90° specimen.
In the early stage of loading, many microcracks will be gen-
erated inside the specimen. As the loading proceeds, the
bedding plane expands laterally at an approximately vertical
angle, producing tensile fracture surfaces at the top and bot-
tom of the specimen, and eventually, the specimen fractures
due to the expansion of the two main cracks. In contrast to
the damage process in the 60° specimen, the cracks in the
90° specimen did not follow the extension of the bedding
plane but instead underwent tensile damage directly on the
shale matrix.

From the above analysis, it can be concluded that the dip
angle of the lamina surface has a greater influence on the
direction of crack extension. The cracks in the 0°—45° speci-
mens basically extend along the bedding plane; the cracks in
the 60° specimens first develop and extend on the bedding
plane, and then the main crack develops on the bedding at
the edge of the specimen and extends approximately trans-
versely to the other end; the 90° specimen first produces
a few microcracks throughout the specimen, followed by
a main crack from the edge and lateral expansion, which
eventually penetrates the specimen.

@ Springer

Acoustic emission characterization

When the internal structural units of a brittle material are
damaged, acoustic energy is released, and this rapid release
of energy in a localized area can be referred to as acous-
tic emission (AE). The acoustic emission characteristics
are related to the whole loading process, and the pattern
of acoustic emission can reflect the damage degree of the
structure. Figure 17 shows the spatial distribution of acous-
tic emission points for each specimen over three different
periods.

The spatial evolution of acoustic emission shows that at
the beginning of loading, a small number of acoustic emis-
sion points appear on the bedding plane of each group of
specimens, and with the increase in stress level, the acoustic
emission points gradually increase. In the middle of load-
ing, there is a large amount of element destruction on the
bedding plane, and the acoustic emission points increase
dramatically at this time. When the peak stress is reached,
the bedding plane of the specimen at 0°-60° is covered by
a large number of acoustic emission points. When reaching
the end of loading, acoustic emission occurs only on a few
main cracks, and the damage plane can be clearly seen at this
stage. Some acoustic emission points appear irregularly at
the beginning of the loading of the 90° specimen, and in the
middle of the loading, the whole specimen is covered with a
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Fig. 17 Spatial distribution of acoustic emission points at different dip angles and stress levels

large number of densely packed acoustic emission points. At
the end of loading, the acoustic emission points are distrib-
uted near the loading end, indicating that the damage plane
appears at this location.

Since the failure of a specimen element releases the elas-
tic energy stored during deformation, it is assumed that the
failure of each element represents the source of an acoustic
event. By recording the number of damaged cells at each
step and the cumulative number of damaged cells, RFPA3D
is able to obtain a graph of the evolution of the number
of acoustic emissions over time during the loading of the
specimen.

Figure 18 illustrates the trends of stress, AE, and cumula-
tive AE with strain for five groups of different bedding dip
angles. From the figure, it can be seen that the whole acoustic
emission process shows a single-peak distribution pattern,
i.e., only one peak in the acoustic emission count occurs dur-
ing the whole loading process. It indicates that the damage

to the specimen is a transient process, and the brittle damage
to the bedding shale is clearly characterized. From the count
of acoustic emissions, the larger the inclination of the bed-
ding plane, the higher the number of acoustic emissions. The
cumulative number of acoustic emissions at the destruction
of the 90° specimen was up to more than 210,000, and the
cumulative number of acoustic emissions at the 0° specimen
was just over 120,000. This is due to the difference in damage
mode. From the damage mode analysis above, it is known that
the specimens below the threshold angle 8* are basically only
damaged on the bedding plane, and only the elements on the
bedding plane undergo acoustic emission. The rupture plane
is flatter, and the area of the rupture plane is smaller, so the
number of acoustic emissions is lower. And the composite
damage to the laminar and matrix planes occurs for specimens
above the threshold angle. The fracture plane shows a stepped
shape, and the damage area is also larger, so the number of
acoustic emissions is higher.
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Fig. 18 Trends of stress, AE count and cumulative AE count with strain at different angles

In summary, the spatial distribution characteristics of the  correlation between the acoustic emission characteristics and
acoustic emission points better reflect the macroscopic damage  the fracture mode of the specimen, and this correlation is
pattern of the specimens, which is consistent with the anal-  mainly manifested as follows: With the increase in the lamina
ysis results of the above damage pattern. There is a certain  dip angle, the acoustic emission count increases, and the larger
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the angle, the more obvious the single-peak distribution of the
acoustic emission count curve.

Discussion

The approach elucidated in this study offers a partial reso-
lution to the intricate challenges encountered in 3D recon-
struction, binarization processing, and threshold segmen-
tation within the realm of digital rock technology. The
derived numerical simulation outcomes not only aid in
comprehending the fracture damage mechanisms inherent
to rock formations, but also lay a solid foundation for the
evaluation of rock engineering stability. Despite promis-
ing preliminary findings, it is important to acknowledge
the existence of certain limitations within this study. Con-
tinued research endeavors are necessary to further explore
the establishment of numerical modeling techniques as
well as the comprehensive understanding of petrophysical
properties associated with shale gas reservoirs.

Primarily, the model implemented in this paper
adequately captures the fundamental structural char-
acteristics of shale bedding. However, it falls short of
encompassing the intricate microfeatures and structural
intricacies inherent in shale formations. This simplifica-
tion is a result of certain factors, including the limita-
tions imposed by CT scanning. Notably, if the size of the
bedding plane or pores within the shale is smaller than
the scanning recognition unit, they cannot be adequately
visualized in the CT scanning images. Additionally, the
recognition capabilities of the imaging system are con-
strained by CT noise, making it challenging to accurately
identify and depict exceedingly small bedding planes or
pores during the noise removal process. Lastly, computa-
tional limitations restrict the smallest scale at which the
constructed model can effectively characterize bedding
planes or pores. To address these limitations, it is rec-
ommended that future investigations explore the utiliza-
tion of high-computing-power computers in conjunction
with high-resolution CT images. This combination would
facilitate the construction of more refined and realistic
3D models, enabling multiscale modeling to discern the
impacts of nanoscale components.

Secondly, it is imperative to acknowledge the signifi-
cant challenges posed by conducting direct tensile physi-
cal experiments on natural rock specimens. The outcomes
of physical direct tensile tests are influenced by end
effects, a factor that was not considered in the boundary
conditions of the numerical simulations employed in this
study. To enhance the replication of real physical tests,
it is recommended that forthcoming research endeavors
incorporate direct tensile numerical simulation tests that
account for the presence of end effects. Moreover, the

uncontrollable nature of natural sample preparation fur-
ther compounds the complexities associated with this line
of inquiry. Ensuring a consistent set of rocks and bed-
ding planes with identical geometric parameters seems
implausible, making it difficult to replicate tests under
different boundary conditions. As previously mentioned
in the introduction, the challenges inherent in physical
experiments served as one of the driving forces behind
the authors’ pursuit of investigating the mechanisms
underlying the tensile strength of bedding plane shale
through numerical methods.

Conclusion

In this study, a comprehensive analysis of shale damage
evolution was conducted through the construction of a
three-dimensional model of the actual fine structure, uti-
lizing slice images acquired via CT scanning technology
and integrating them with RFPA3D software. The inves-
tigation encompassed the examination of various aspects,
including the stress—strain curve, stress evolution at char-
acteristic intensity points, crack extension and deformation
patterns, as well as the fracture process. Through meticu-
lous analysis, the inquiry yielded the following conclusive
findings:

1. Reconstructing the three-dimensional model based on
CT images and computationally simulating the damage
evolution process can observe the expansion and pen-
etration process of cracks on the surface and inside the
shale specimen, solving the difficult problem of observ-
ing the internal damage of rocks and providing a feasible
method for the in-depth study of the mechanical mecha-
nism of rocks.

2. The anisotropic nature of the strength of the shale speci-
mens was obvious, with the tensile strength reaching a
minimum value of 2.97 MPa at =0° and a maximum
value of 5.07 MPa at =90°. When the dip angle of bed-
ding is small, the tensile strength of bedding shale is less
influenced by the dip angle of bedding, and the direct
tensile strength of bedding rock mainly depends on the
mechanical properties of bedding; when the dip angle
of bedding is large, the direct tensile strength of bedding
rock mainly depends on the mechanical properties of
rock materials. The reason for this result is mainly that
the bedding plane belongs to the weak plane in the shale
structure with a weak degree of cementation, which is
more likely to form fractures under the action of a tec-
tonic stress field or during hydraulic fracturing.

3. The shale specimens exhibit two damage modes under
the action of tension. There exists a critical dip angle 6*;
when the dip angle of the bedding angle 6 < 6%, it exhib-
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its the damage mode of tension along the bedding plane,
and when the dip angle of the bedding angle 6> 6%, it
exhibits the compound tensile damage mode along the
bedding plane and the shale matrix.

4. The spatial distribution characteristics of the acoustic
emission points are directly related to the damage pat-
tern of the shale specimens, and the spatial distribution
characteristics of the acoustic emission points better
reflect the macroscopic damage pattern of the speci-
mens. The locations of microfractures inside the shale
samples and the development trend of fractures during
the whole damage evolution are qualitatively described.
The acoustic emission count curve is mainly character-
ized by a single-peak distribution. When the specimen
is tensioned along the bedding plane, the growth of the
acoustic emission curve is gentler, and when the speci-
men is tensioned along the bedding and shale matrix, the
acoustic emission count shows a steep increase.
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