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Understanding the mechanical properties of rock is of great significance for the development of unconventional reservoirs.
However, a large number of bedding makes the mechanical laws of rock unclear. To investigate the effect of bedding properties
on the uniaxial mechanical properties of rock, the coal model containing bedding is developed based on the continuous—discontinuous
method, and the effect of bedding angle, bedding strength, bedding number, and loading rate on the uniaxial mechanical properties of
rock is investigated. The failure morphology, stress—strain evolution, peak stress, and fracture degrees are analyzed and discussed in
detail. The reliability of the numerical model in this paper has been verified by comparison with the indoor experiments. The results
show that when the bedding angle is 0°, the peak stress of the rock is maximum, 8.16 MPa, and when the bedding angle is 90°, the
fracture degree of the rock is maximum, 3.74%. For the different bedding strengths, the peak stress first decreases linearly with the
decrease of the bedding strength. The peak stress barely varies when the bedding strength is less than 0.5 MPa. The fracture degree of
the rock shows a nonlinear increase with the increase in bedding strength. For different bedding numbers, the activation of the bedding
is not related to the bedding number. The loading speed also has a great influence on the mechanical properties of rock. With the
increase in loading rate, the difficulty of bedding activation gradually increases, and the complexity of fractures gradually increases.
This study aims to further improve the understanding of the effect of bedding properties on the uniaxial mechanical properties of rock.

1. Introduction

Coalbed methane is gradually developing as an important
energy resource in unconventional oil and gas [1-3]. Hydrau-
lic fracturing as an effective means to increase reservoir per-
meability has been widely used in the process of coalbed
methane production [3-6]. However, the coal contains a large
number of bedding, microfractures, and other defects, which
often makes the hydraulic fracture propagation pattern
unclear [7-9]. Therefore, it is significant to clarify the effect
of bedding on the mechanical properties of coal for hydraulic
fracturing [10-14].

The mechanical properties of coal have attracted numer-
ous scholars to investigate [15-19]. Zagor§¢ak and Thomas
[20] investigated the effect of subcritical and supercritical car-
bon dioxide saturation on uniaxial compressive damage and
elastic deformation of high-order coals. Grgic et al. [15] deter-
mined the dynamic stiffness tensor and velocity anisotropy

during uniaxial loading by experiment, and the effect of water
content on mechanical properties was evaluated. Tang et al.
[21] discussed the energy evolution during uniaxial and triaxial
compression of coal. In addition, the effects of coal rank, load-
ing pressure, temperature, loading direction, and other factors
have been widely investigated. The properties of bedding also
have a great influence on the mechanical properties of coal, but
less relevant research has been conducted [22-24]. Li et al. [25]
investigated the effects of loading direction on failure load test
results for Brazilian tests on coal rock. Cheng et al. [26] inves-
tigated the effect of bedding distribution on the strength and
failure strength of coal under uniaxial compression by using
COMSOL and MATLAB. Zhao et al. [27] investigated the
anisotropy of coal under uniaxial compression by experimen-
tal and numerical methods, and the results showed that the
strength anisotropy of coal is influenced by the directional
distribution of the microstructure. Wang et al. [28] investi-
gated in detail the scaling effect, the relationship between
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damage mode and stress—strain behavior, and the main reasons
for the fluctuation of stress—strain curves in the uniaxial com-
pressive strength of coal rocks with T-shaped joints. The above
studies often neglect the influence of the properties of the bed-
ding on the mechanical properties of coal [29]. Therefore, it is
important to further investigate the understanding of the influ-
ence of bedding properties (angle, strength, density, etc.) on the
mechanical properties of coal rocks in detail. Some traditional
numerical models are developed to study the problem but still
face some limitations, e.g., finite element method meshes can-
not be easily changed after creation and require further assump-
tions and simplifications, and discrete element models have
advantages in modeling discontinuous problems but require
access to many fundamental data which are often unavailable.
Therefore, to fully combine the advantages of finite element
and discrete element methods, the continuum-discontinuum
method is developed and has achieved good performance [30].

This paper aims to investigate the effect of bedding prop-
erties on the uniaxial mechanical properties of coal by the
continuous—discontinuous method. The four factors of bed-
ding angle, bedding strength, bedding number, and loading
rate are considered comprehensively, and the rock failure
pattern, stress—strain evolution law, peak strength, and
rock failure degree are analyzed in detail. The results are
significant for the reunderstanding of the mechanical prop-
erties of coal with bedding.

2. Mathematical and Physical Models

The continuous—discontinuous method is a dynamic explicit
solution algorithm that combines the advantages of finite
element and discrete element algorithms, and this method
can simulate the whole process of initiation, extension, and
failure of continuous material. The numerical model consists
of two parts: the block and the interface. The block is used to
characterize the elasticity, plasticity, and damage of the mate-
rial, while the interface is used to characterize discontinuous
features such as fracture and slip. The explicit Eulerian front
differential method based on the incremental approach is
adopted to solve the dynamic problem, which mainly con-
tains two parts: nodal joint force calculation and nodal
motion calculation, as shown in Equations (1) and (2).

F=FF + Fe + F° + F4, (1)

where F is the total nodal force, N; FE is the nodal external
force, N; F¢ is the nodal force contributed by the element
deformation, N; is the nodal force contributed by the contact
interface, N; and F? is the nodal damping force, N.

T,

F now
a=—,v= ) aAt
m t=0
o @
Au=vAt,u= Y Au
=0

where a is the node acceleration, m?/s; v is the node velocity,
m/s; u is the node displacement, m; Au is the node
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FiGure 1: The normal and tangential intrinsic curves of the interface.

displacement increment, m; m is the nodal mass, kg; At is
the time step, s.

The elastic constitutive of the element represented by the
incremental method is given by Equation (3).

2
Aoy =2GAe; + ( K -G | 405
3 : (3)

oii(t) =Ac; + 0y(t)

where is the stress tensor increment, MPa; 0jj is the stress
tensor, MPa; G is the shear modulus, MPa; Aeij is the strain
tensor increment, K is the bulk modulus, MPa; A0 is the
body strain increment, 5,»]- is the Kronecker notation, t; is
the next time step, and ¢, is the current time step.

The maximum tensile stress criterion and the Coulombs—
Moore criterion are adopted in this paper to conduct the
calculation of damage and fracture, as shown in Equations (4)
and (5). The normal and tangential intrinsic curves of the
interface are shown in Figure 1.

6, >T, (4)

where o, is the normal stress, MPa; and T is the tensile
strength MPa.

6,>c+ o, tan @, (5)

where o, is the tangential stress, MPa; c is the cohesion, MPa;
and ¢ is the internal friction angle, degree.

To investigate the effect of different bedding properties on
the uniaxial mechanical properties of coal, the standard core
model with different bedding angles (0°, 30°, 45°, 60°, 90°) is
developed in this paper. The model size is 25 mm X 50 mm,
and the model is meshed by Gmsh software with 1 mm mesh
size and triangular mesh type. The bedding is predefined by
the hardline method with a bedding spacing of 12.5 mm. Two
rigid surfaces are set up in the upper and lower parts of
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FIGURE 2: The coal model schematic: (a) 0°; (b) 30°; (c) 45°; (d) 60°; (e) 90°.
TasLE 1: The rock matrix material parameters.
Parameter Value Unit Parameter Value Unit
Density 1,300 kg/m’ Tensile strength 6 GPa
Elastic modulus 3 GPa Cohesion 6 GPa
Poisson 0.3 - Internal friction angle 40 Degree
TasLE 2: The rock material parameters for validation models.

Parameter Value Unit Parameter Value Unit
Density 1,390 kg/m’ Tensile strength 8 GPa
Elastic modulus 9 GPa Cohesion 8 GPa
Poisson 0.34 - Internal friction angle 30 Degree

the coal, respectively. The displacement constraint at the
bottom and the displacement loading at the top of the
coal are adopted to realize the simulation of rock uniaxial
loading, and the model schematic is shown in Figure 2. The
rock matrix strength is set to 30 times the bedding strength
to reflect the weak cementation property of the bedding,
and the rock matrix material parameters are shown in
Table 1.

3. Model Validation

To verify the reliability of the numerical calculation model,
the uniaxial mechanical experiments of coal by Cheng et al.
[26] are compared with the numerical simulation results of
the homogeneous model, and the rock material parameters
are shown in Table 2. The model size is 50 mm X 100 mm,
and both tests are conducted by displacement loading. The
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FIGURE 3: The comparison of the stress—strain curves between exper-
imental and numerical simulation.

“Shear failure

FiGURE 4: The fracture morphology of the experimental and numer-
ical simulation.

trial-and-error method is used to calibrate the physical
parameters of the numerical model. Figure 3 shows the com-
parison of the stress—strain curves between the laboratory
experimental and the numerical simulation. The results
show that the simulated results are consistent with experi-
mental results; the uniaxial peak strengths for the experi-
mental and numerical simulation are 24.82 and 24.41 MPa,
respectively, with a relative error of 1.6%. Figure 4 shows the
fracture morphology of the experimental and numerical
simulations and the results show that the distribution loca-
tions of the main fractures are the same between the experi-
mental and numerical simulations. Therefore, the reliability
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FiGure 5: The fracture morphology and stress—strain evolution rela-
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FiGure 6: The evolution relationship of the fracture degree with axial
strain.

of the numerical model in this paper is verified by the compar-
ison results of stress—strain curves and fracture morphology.

4. The Effect of Bedding Angle

The fracture morphology and stress—strain evolution law at
0° of the bedding angle are shown in Figure 5. At the initial
stage of loading, the rock is compressed and deformed, and
the internal stress gradually accumulates, but it has not
reached the critical damage state of the rock, so there is no
fracture occurred. As the load increases, the rock satisfies the
damage criterion, and breaking down occurs. A main frac-
ture is initiated, and the internal stress in the rock reaches its
maximum (peak stress). When the strain reached 0.006, the
fracture began to propagate around the main fracture and
formed the branch fracture. When the strain reaches 0.008,
the fracture further propagation, and finally a one-sided frac-
ture with 45° as the dividing line is formed at the end of
loading.

Figure 6 shows the evolution relationship of the fracture
degree with axial strain. The fracture degree is the ratio of the
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area of the damaged elements to the total area of the total
elements. Before the strain of 0.00408, the rock is not dam-
aged by the strength of the rock itself, and the fracture degree
is 0. As the loading proceeds, the internal stress of the rock
gradually increases and reaches the failure threshold of
the rock, and the rock fracture degree gradually increases.
The evolution of rock fracture degree can be divided into
three stages. In the first stage, the strain is 0.00408-0.00458.
This stage is the initiation stage of fracture, and a small
amount of fractures gradually appear in the rock. The second
stage is the strain of 0.00458—0.00554, and this stage is the
formed stage of the main fracture. The rock strength gradually
reaches the maximum value and decreases rapidly in this
stage. The third stage is the strain of 0.00554-0.008, and the
stage is the branching fracture formation stage; the main frac-
ture changes the stress distribution state of the rock, causing a
large number of branching fractures to form around the main
fracture. In addition, all three stages gradually slow down in
the rate of fracture formation at the end of the stage, indicat-
ing that the damage inside the rock is a process of continuous
accumulation and release of energy. There are differences in
the energy accumulated at different stages, leading to differ-
ences in the complexity of the fractures.

The fracture morphology at different bedding angles (0°,
30°, 45°, 60°, 90°) are shown in Figure 7. The results showed
that the bedding is fully activated at all angles except for the
bedding angle of 0°. A few bedding are activated at 0°, a 45°
main fracture is formed in the rock, and several branching
fractures are formed around the main fracture. A branching

Displacement, (m)

()

Ficure 7: The fracture morphology at different bedding angles: (a) 0% (b) 30°; (c) 45°% (d) 60°; (e) 90°.
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FiGure 8: The stress—strain evolution curves at different bedding
angles.

fracture is formed at the ends of the rock at 45°. There is
almost no new fracture formation at 60°, except for bedding.
At 90°, in addition to the bedding being activated, multiple
main fractures are formed inside the rock, and the fracture
morphology is more complicated.

Figure 8 shows the stress—strain evolution curves at dif-
ferent bedding angles. For 0° bedding, the stress—strain
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FIGURE 9: The peak stress of the rock at different bedding angles.

showed a linear relationship before the peak stress and
decreased rapidly after reaching the peak stress, showing
the brittle failure characteristics. For 30° bedding, the peak
stress decreases, and the corresponding peak strain is delayed.
At 45° bedding, the peak strength further decreases, and the
peak strain further increases; in addition, the failure stage is
not obvious. At 60° bedding, there is no obvious peak, and
the stress drop is not obvious. The 90° bedding is more similar
to the 0° bedding before the peak. The 90° bedding stabilizes
for a longer time when entering the peak stage, and the brittle
failure characteristics are more obvious. In addition, it can be
found that the larger the area of the stress—strain integration
before the peak, the more obvious the failure characteristics
and the more complex the fracture morphology. The greater
the energy accumulated in the early stage, the greater the rate
of energy release in the later stage, and the more conducive to
the formation of complex fractures.

The peak stress of the rock at different bedding angles is
shown in Figure 9. The results show that the peak stress of
the coal shows a “V” pattern with the increase of the bedding
angle, and the maximum values are reached at 0° and 90°,
8.16 and 7.65 MPa, respectively, and the minimum values are
reached at 60°, 1.29 MPa.

Figure 10 shows the rock fracture degree at the peak
stress and at the end moment of loading for different bedding
angles. The results show that at the peak stress, the fracture
degree at different bedding angles shows the “N” pattern; the
maximum value of 3.74% is obtained at 90°, and the mini-
mum value of 1.58% is obtained at 0°. At the end of loading,
the fracture degree at different bedding angles showed the
“V” pattern, with a maximum value of 9.07% at 90° and
smaller values of 2.64% at 60°. Therefore, when the loading
direction is parallel to the bedding direction, it is conducive
to the formation of complex fractures, and when the loading
direction is perpendicular to the bedding, the fracture gener-
ation mainly occurs in the postpeak stage. When the loading
direction is at other angles to the bedding, the difference in
the number of fractures from pre- to postpeak is relatively
small because of the shear slip of the bedding.

Advances in Civil Engineering
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FiGURE 10: The rock fracture degree for different bedding angles.

5. The Effect of Bedding Strength

To investigate the effects of different bedding strengths on
the uniaxial mechanical properties of coal, five different bed-
ding strengths, 0, 0.1, 0.5, 1, and 2 MPa, are set on the 30°
bedding model. Figure 11 shows the schematic diagram of
the fracture morphology at different bedding strengths. The
results show that the bedding is not fully activated at 2 MPa
bedding strength, and more branching fractures and micro-
fractures are formed at 1 MPa bedding strength. The bedding
is fully activated, and a main fracture that crosses the bed-
ding and some branching fractures are formed around the
main fracture. The bedding is fully activated at 0.5 MPa and
some microfractures appeared at the rock ends. When the
bedding strength decreases to 0.1 and 0 MPa, the bedding is
all fully activated, but the branch fractures or microfractures
are gradually decreased.

Figure 12 shows the stress—strain evolution relationship
for different bedding strengths. The results show that differ-
ent bedding strengths all show the characteristics of brittle
failure, and the peak stress of the rock increases with the
increase of bedding strength. The stress—strain curve shows
the double-peaked feature at 1 MPa, mainly related to the
activation of the bedding and the formation of the main
fracture, the formation of two larger fractures, causing the
stress to release and reaccumulate more quickly. When the
bedding strength is less than 0.5 MPa, the difference between
the stress—strain curves gradually decreases.

Figure 13 shows the peak stress and fracture degree of
coal at different bedding strengths. The results show that the
peak stress increases with the increase of bedding strength,
and the maximum peak stress is 7.81 MPa at 2 MPa bedding
strength. When the bedding strength is less than 0.5 MPa, the
peak stress gradually stabilizes at 5.51 MPa. The rock fracture
degree gradually increases with the increase of bedding
strength, but the increase rate gradually increases. It can be
found that there is a positive correlation between the rock
fracture degree and the peak stress.



Advances in Civil Engineering

1N \ g > [
/ \ )\
1\/7' ]f L J: N A
14 \ // ( [V o~
\{_~ N\
N o
/// /’///
o~ 4 ~
< o . // /
///,/ . -
5
[} ,//, //’
//1 { e (
v < \ > ﬁ{
~ " - /‘]
= (] - ('
bl | L\

(@) (b)

FiGURE 11: The schematic diagram of the fracture morphology at different bedding strengths: (a) 0 MPa; (b) 0.1 MPa; (c) 0.5 MPa; (d) 1 MPa;

(e) 2 MPa.
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FIGURe 12: The stress—strain evolution relationship for different
bedding strengths.

6. The Effect of Bedding Number

To investigate the effect of the number of bedding on the
uniaxial mechanical properties of coal, five rock models with
different numbers of bedding (1, 2, 3, 4, and 5) are set up
based on the 45° bedding model. Figure 14 shows the sche-
matic diagram of the fracture morphology with different
numbers of bedding. The results show that the bedding
under different models is fully activated. Therefore, the acti-
vation of bedding is independent of the number of bedding.
When one bedding is present, in addition to the bedding
being activated, a fracture is formed at the end of the rock.
When two beddings existed, the stress concentration caused
more microcracks to form around the end of rock. With the
further increase in the number of bedding, the formation of
fractures within the bedding becomes more difficult.

0.04

Cracking ratio

0.03

Peak stress (MPa)

0.02

0.01

0 0.1 0.5 1 2
Bedding strength (MPa)

FIGURE 13: The peak stress and fracture degree of coal at different
bedding strengths.

Figure 15 shows the stress—strain evolution relationship
for different numbers of bedding. Since the shear slip of the
bedding causes a large stress concentration at the end when
there are two beddings, the stress increases fastest, and the
peak stress is the largest, with obvious brittle damage char-
acteristics. When there is one bedding, the stress increases
more slowly, and the peak stress decreases relatively. The
stress—strain evolution pattern is more similar for other bed-
ding models (3, 4, and 5), and their fracture morphologies
are also more similar.

Figure 16 shows the peak stress and fracture degree of
coal for different numbers of bedding. The results show that
the maximum peak stress is 4.71 MPa when there are two
beddings. The peak stress gradually decreases with the increase
in the number of bedding. The rock fracture degree is at its
maximum (3.39%) when there are five beddings. With the
increase of the number of beddings except for two beddings,
the rock fracture degree gradually decreases, and it is consis-
tent with the evolution of the peak stress of the rock.
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7. The Effect of Loading Rate

To investigate the effects of different loading rates on the
uniaxial mechanical properties of coal, five different loading
velocities, 5e-9 m/s, 1e-8 m/s, 2e-2 m/s, 4e-8 m/s, and 8e—8
m/s, are set on the 90° bedding model. Figure 17 shows the
fracture morphology at different loading rates. The results
show that the difficulty of bedding activation gradually
increases with the increase in loading speed, and the com-
plexity of fractures gradually increases.

Figure 18 shows the stress—strain evolution relationship for
different loading rates. The results show that the stress—strain
difference between different loading rates is small before the
peak. The peak stress of the rock increases with the increase of
the loading rate, and the peak strain also increases. On the
other hand, the number of microcracks gradually increases

Number of bedding

FIGURE 16: The peak stress and fracture degree of coal for different
numbers of bedding.

with increasing loading velocity, causing the brittle character-
istics to gradually become less obvious.

Figure 19 shows the peak stress and the fracture ratio of
coal for different loading rates. The results show that there is
a positive correlation between the loading rate and the peak
stress. The peak stress increases gradually with the loading
rate being higher, and the rate of increase gradually decreases.
The results of the rock fracture degree show that the loading
rate is conducive to increasing the rock fracture degree, and
the fracture degree reaches the maximum value of 12.5% at
8e—8 m/s. With the decrease in loading rate, the rock fracture
degree also shows a decreasing trend.

8. Conclusion

(1) The bedding angle has a great effect on the uniaxial
mechanical properties of coal. The physical proper-
ties of different bedding angles are symmetrically
similar, with 90° as the dividing line. The maximum
peak stress is 8.16 MPa at a 0° bedding angle, and the
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maximum rock fracture ratio is 3.74% at a 90° bed-
ding angle.

(2) The peak stress decreases in a linear proportion with
the decrease in the bedding strength. When the bed-
ding strength is less than 0.5 MPa, the peak rock
stress does not change and is 5.51 MPa.

(3) The activation of bedding is independent of the num-
ber of bedding. In addition, the loading speed also
has a great influence on the mechanical properties of
coal; with the increase in loading speed, the difficulty
of bedding activation gradually increases, but the
complexity of fractures gradually increases.
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