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Shale gas, as an important unconventional oil and gas resource, plays an
important role in energy supply. Due to the strong mechanical heterogeneity
and compactness, which requires the use of fracturing to crush the formation to
obtain industrial production capacity. Therefore, it is very important to analyze
shale’s mechanical properties and fracturing propagation laws. In this paper, the
shale numerical model is established by adopting discrete element method
(DEM). The mesoscopic constitutive parameters of shale with different matrix
and bedding strength are determined based on rock samples tests. The reliability
of the model is verified by finite element method. And the fracture propagation
laws under the influence of shale beddings are studied. The results show that the
existence of bedding fractures leads to the nonuniformity of fractures
propagation in shale reservoirs. The stress difference of 5MPa and the
approach Angle of 75 are the key factors affecting the interaction between
hydraulic fractures and natural fractures. As the bedding number increases, the
borehole pressure increases and the total number of fractures’ propagation
decreases. The results provide a theoretical basis for further understanding of
fractures’ propagation in deep shale reservoirs, and have important guiding
significance for optimization and improvement of fracture complexity in the
subsequent construction.

KEYWORDS

discrete element method, numerical simulation, deep shale gas, hydraulic
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1 Introduction

With the development of industry, it is necessary to vigorously develop unconventional
resources in order to more effectively ensure the growing demand for energy. Multi stage
hydraulic fracturing, as a technology to improve formation flow capacity, has greatly
promoted the efficient development of unconventional resources worldwide since the mid-
1900s (King, 2010). With the development of this technology, its application areas have
expanded from unconventional shale oil and gas extraction to other energy development
projects, such as coalbed methane, geothermal energy, and CO, geological storage (Fang
et al., 2020; Ma et al., 2020; Mou et al., 2020; Ren et al., 2020; Fan et al., 2021; Yan et al.,
2021). Hydraulic fracturing technology generates artificial fractures through high-pressure
fluid drive and interacts with pre-existing natural fractures to effectively increase hydraulic
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production in low-permeability reservoirs. This can create a high
permeability path for reservoir fluids, greatly reducing the cost of
unconventional resource extraction (Maxwell and Cipolla, 2011;
Warpinski et al., 2013; Zdenek et al., 2014).

There are lots of weak bedding planes and natural fractures
developed in unconventional shale reservoirs, which have an
inducing effect on the propagation path of fracturing fractures,
and thus have a significant impact on the fracturing effect (Heng
et al, 2019; Tan et al., 2019; Zhang et al., 2019; Zheng et al., 2020;
Heng et al,, 2021; Zhao et al., 2021; Cao et al., 2021; Yang et al.,
2022). Unlike conventional reservoirs that form symmetrical double
wing fracturing fractures, the research goal of shale reservoir
transformation is to form complex fracture networks (Liu et al,
2023; Yao et al, 2023; Zhang et al., 2023). Due to the fact that
unconventional shale reservoir trans-formation is a complex multi
physical field problem involving stress, damage, and seepage,
relevant scholars have conducted extensive research, including
field and
numerical simulation. When the weak interface includes natural

indoor experiments, theoretical derivation, and
fractures, joints, bedding planes, faults, etc., the existence of the weak
interface has a significant impact on the generation and expansion of
hydraulic fractures (Warpinski and Teufel, 1987; Hassan et al, 2017;
Dong et al., 2021; Liu et al., 2022b). Therefore, the mechanical
characterization of weak bedding planes in shale reservoirs and the
quantitative analysis of their control over hydraulic fractures are
necessary. Foreign countries have invested a lot of effort in studying
the laws of natural fractures and hydraulic fractures at Nevada test
sites and mining bureaus, with a focus on observing sand supported
hydraulic fractures to study their geometric shape and size (Fisher
and Warpinski, 2012). Norman et al. (1963) conducted hydraulic
fracturing physical model experiments on field outcrops earlier,
preliminarily confirming the inducing effect of natural fractures on
artificial fracturing. Subsequently, a large amount of experimental
researches were conducted both domestically and internationally
(Papadopoulos et al., 1985; Chen et al., 2000; Fang et al., 2014; Guo
et al,, 2014; Zhang et al,, 2021; Zhang et al., 2021). Ren et al. (2023)
derived the criteria for determining the propagation of three-
dimensional hydraulic fractures and natural fractures from the
perspective of stress field at the crack tip through theoretical
derivation, and verified them through experiments. Li et al.
(2022) established a mathematical model for complex fractures in
shale gas and simulated the effects of different rock mechanics
parameters, stress, fracture parameters, and structural parameters
on fracture networks. Although experimental results and theoretical
deductions can explain the induction mechanism of natural
fractures in hydraulic fracturing, they cannot comprehensively
and systematically reflect the fracturing fracture propagation
behavior in underground reservoirs under the comprehensive
influence of multiple factors. Numerical simulation technology, as
an efficient and convenient analytical tool, is widely used in field
research to characterize crack morphology and visualize hydraulic
fracturing processes. The mainstream numerical analysis methods
mainly include finite element method (FEM) (Liu et al., 2022¢; Wu
et al,, 2023; Xue et al, 2023; Zhang et al, 2023), displacement
discontinuity method (DDM) (Vandamme et al., 1989; Ali et al.,
2019; Cheng et al, 2019; Tang et al, 2019), and particle flow
dispersion element method (PFC2D) (Wang et al, 2016; Dou
et al., 2020; Wei et al., 2021; Han et al., 2023).
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It is advances in fracturing technology and the diversification of
analytical methods that have led to the rapid development of
unconventional shale oil and gas. Although fracturing technology
has achieved great commercial success, some basic mechanisms
remain to be further understood due to the diversity of blocks and
horizons. For example, in horizontally stratified shale reservoirs,
fracture propagation is limited, resulting in unsatisfactory fracturing
effect. Compared to mid - shallow shale gas, deep shale gas reservoirs
have the engineering characteristics of larger ground stress difference,
higher rock strength and higher formation temperature (He et al,
2021). Under the limitation of ground stress and bedding mechanical
properties, it is key to carry out the optimization design of fracturing
parameters to improve the reconstruction effect. Therefore, it is
necessary to further study the fracture propagation mechanism
under the influence of heterogeneous shale mechanics. According to
the development of deep shale gas in Sichuan Basin, the mechanical
properties of rock under the influence of bedding are studied in this
paper. Further, on this basis, the simulation analysis of fracture
propagation mechanism of reservoir is carried out, which has
important guiding significance for effectively carrying out in situ
fracturing construction.

2 Geological background

The deep-water shelf facies of the Wufeng - Longmaxi
Formation are widely developed in the southern Sichuan Basin
(Figure 1) (Ma et al., 2020; Han et al., 2023), with rich organic shale
thickness and stable distribution. The southern part of the Yuxi
Block and Luzhou Block are located in the sedimentary center of
southern Sichuan Basin, and the thickness of high-quality reservoir
thickness of Wufeng - Longmaxi Formation ranges from 50 to 70 m.
The proportion of deep shale gas resources buried at depths of
3500-4500 m in southern Sichuan reaches 86%, making it the main
area for increasing storage and production of deep shale gas in the
later stage. The regional structure is mainly located in the low and
steep structural belt of southern Sichuan, and the L1 sub section of
Longmaxi Formation is the target layer for shale gas exploration and
development. Figure 2 shows the characteristics of shale bedding
structure and the bedding structure planes observed after core
sampling. The significant development of bedding planes in shale
reservoirs is bound to have a significant impact on the heterogeneity
of rocks, which in turn has a significant impact on rock mechanics
and crack propagation in hydraulic fracturing.

By extracting the mechanism of hydraulic fractures and natural
fractures during shale reservoir fracturing, a shale hydraulic
fracturing model using the discrete element method can be
constructed, as shown in Figure 3.

3 Hydraulic fracturing simulation model
3.1 Mechanical testing of shale samples

The RTR-1500 triaxial rock mechanics test system was used to test
shale mechanics (Figure 4). The axial strain rate was used as servo

control throughout the experiment. The experimental strain rate was
0.05%/min and the confining pressure loading rate was 2 MPa/min.
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FIGURE 1

Geological Overview of Sichuan Basin (A) location map; (B) burial depth map.
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FIGURE 2

(A) Logging imaging characterization of shale bedding structure; (B) Microscopic bedding planes in the core.

The axial stress, axial strain and circumferential strain were
simultaneously recorded by the central computer at the same
sampling frequency during the whole experiment. Figure 3 shows
the experimental rock mechanics test system for shale samples, and
the test process conforms to ISRM and ASTM standards (Fairhurst and
Hudson, 2000).

The stratified shale samples were taken from the Longmaxi
Formation in Luzhou block, and were mainly buried between
3500 and 4000 m. In order to consider the influence of different
bedding angles, rock tests were carried out at the bedding angles of
0°, 45” and 90° respectively, and the rock breakage results after tests
were shown in Figure 5.

The experimental results show that when the loading direction is
parallel to the bedding, the fracture of rock breakage mainly expands
along the bedding splitting. When the loading direction is
perpendicular to the bedding, the fracture of the broken rock

Frontiers in Energy Research

appears as block. When the loading direction is at an angle of
45° from the bedding, the rock fractures appear as shear failure along
the bedding. Besides, the vertical bedding direction has the highest
compressive strength, followed by the parallel bedding direction,
and the peak strength corresponding to 45° is the lowest. The
Young’s modulus in parallel bedding direction is the highest,
followed by 45° bedding Angle, and the vertical bedding is the lowest.

3.2 Numerical model of shale samples

In this paper, the particle flow discrete element is used to
construct a shale rock mechanical model. Among them, the
particle bonding model (BPM) mainly uses parallel bonding to
simulate intergranular rock materials (Potyondy and Cundall,
2004). Parallel bonding can be imagined as a set of springs with
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Deep shale fracturing model flowchart (A) field fracturing construction diagram; (B) fracture longitudinal expansion diagram; (C) force - deformation

constitutive relationship; (D) shale fracturing model diagram.

FIGURE 4

Triaxial compressive rock mechanics tester. (A—C) are the GCTS triaxial compression testing system, shale rock samples used for testing, and rock

sample holding tools, respectively.
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Shale failure morphology and stress-strain relationship curve. (A) Parallel bedding loading; (B) Bedding loading with an angle of 45°; (C) Vertical

bedding loading; (D) Loading curves.
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FIGURE 6
Schematic diagram of the parallel-bond model (Zhou et al., 2017).

TABLE 1 Micro-parameters of the fracturing model in PFC2D.

F.':Bond Strength
k. :Bond Stiffness
U, :Displacement

>
U.(U)

Meso parameters Value Meso parameters of parallel bonding Value
Porosity n. 0.08 Cohesion strength 7. (MPa) 305+ 1
Minimum particle size (mm) 04 Friction angle ¢ () 40
Particle size ratio 1.66 Friction coefficient ji 0.7
Damping « 0.7 Contact modulus E*(GPa) 10+1
Density p(kg/m?) 2650 Tension strength of bedding ¢ (MPa) 4+05
Contact distance of particle g (mm) 0.05 Cohesion strength of bedding 7, (MPa) 8+£05
Stiffness ratio 2.25 Friction coefficient of bedding y, 0.4
Tension strength 6. (MPa) 205+ 1

constant normal and tangential stiffness uniformly distributed on
the contact surface between particles (Fairhurst and Hudson, 20005
Han et al, 2022; Martin et al, 2013). It is defined by the five
parameters of normal stiffness, normal strength, tangential
stiffness, tangential strength and connection radius, and then
characterise the force-deformation behavior of the rock, as

shown in Figure 6.
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The parallel bond model in the BPM model is an elastic beam
with a certain size that can divide the total contact force F and
moment M; into normal and tangential components at the

contact point:

. (1)
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FIGURE 7

Numerical models of shale with different bedding angles (A) Numerical models; (B) Crack morphology.
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FIGURE 8

Uniaxial compression curves under the influence of different bedding directions (A) Vertical bedding direction (B) 45° angle bedding direction (C)

vertical bedding direction.

TABLE 2 Rock mechanics results of deep shale uniaxial test under different bedding angles.

Serial Bedding Depth/ Confining Experimental peak Simulated peak Error/
number direction m pressure/MPa strength/MPa strength/MPa %
1 v 379352 0 175 179 23
2 45 3778.52 0 93 99 65
3 H 3793.60 0 113 118 44

The strength failure criteria of the tension and shear forces
around the parallel bond are:

E, | MR
0= = (2)
A p I
17: 0,0,2D
T="—"+1 .|M,R (3)
ﬁl :l 3D
J
G=>0.
{ T>7, @
Frontiers in Energy Research
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Where, & is the normal stress; 7 is the tangential stress; G, is the
normal strength; 7, is the tangential strength; R is the radius of
cementation; 8 is the contribution factor to torque.

A numerical model of shale based on parallel bond model
was established to construct meso-mechanical parameters of
shale matrix and bedding, and the values of meso-mechanical
parameters are shown in Table 1. The fracture shape and peak
strength of shale are reduced to the error range of 10% by the
Trial-and-error method, which indicates that the mesoscopic
constitutive parameters used to characterize shale have good
reliability. The shale model and crack morphology are shown in
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FIGURE 9

Stress schematic diagram of pipe flow model and discrete element fracturing model.

Force-displacement
relationship

Updating
and displacements

l_

Updating
bond forces

Motion equation

velocities

"""""" »> Fluid pressure calculation
Updating fluid Updating fluid
flow pressure

L| Fluid flow calculation

Modifying the fluid pipes;
Modifying the volume of domain

Satisfying failure
criterio

| Tensile cracks in rock matrix(TCRM)

-

> Shear cracks in rock matrix(SCRM) |

[Tensile cracks in weak beddingﬂlanes(TCBP)k—

Lp{ Shear cracks in weak bedding planes(TCBP)|

FIGURE 10

Fluid-solid coupling calculation process of discrete element model (Zhou et al.,, 2016).

Figure 7, the rock mechanics results are shown in Figure 8, and
the error comparison results are shown in Table 2.

3.3 Numerical model of shale fracturing

In the numerical model, it is assumed that the rock mass (i.e., the
basic mineral particles) is impermeable and that incompressible
fluids can permeate only through contacts (microcracks). Therefore,
the hydrodynamic analysis can be performed as follows: First, the

Frontiers in Energy Research
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liquid penetrates into the contact point; Then the corresponding
fluid pressure is added to the contact, affecting the stress and
displacement field around the contact. After that, the contact
aperture increases with the increase of fluid pressure. Once the
contact failure conditions are met, the initiation or further
expansion of micro-cracks will be triggered, resulting in changes
in the corresponding stress field, displacement field and fluid
pressure in the discrete element model (Zhou et al,, 2017). The
flow of fluid through the contact and the corresponding crack
deformation diagram are shown in Figure 9.
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Comparison of fracture results of foundation fracturing. (A1, A2) are the finite element calculation results of COMSOL and the discrete element
results of PFC under the effect of 10 MPa geostress difference, respectively; (B1, B2) are the finite element calculation results of COMSOL and the discrete
element results of PFC under the effect of 0 MPa geostress difference, respectively.

In the simulation, since it is possible to assume that the fluid
flows only in the contact direction, the contact network represents
the possible flow network. In Figure 9, the node domain represents
the intersection of the flow network, and the green force bond
between the two nodes is the flow path. For example, using the cubic
law, the flow rate from zone 1 with pressure pl to zone 2 with
pressure p2 can be calculated using the formula (5):

SAP 2
qi = —kia L [s*(3-29)] )
AP =Py =Py +pg(y1 = y2)

Where, g, is the flow rate, a is the contact hydraulic
aperture, k; is the contact permeability factor, AP is the
pressure difference between region one and region 2, L; is the
length assigned between the contact domains, s is the empirical
parameter that considers the saturation effect (s = 0 and
s = 1 means the domain of zero saturation and full

Frontiers in Energy Research

saturation, respectively, 0<s<1), p is the fluid density, g is
the acceleration of gravity. y; and y, are the y coordinates of
the centers of regions one and 2, respectively.

Equation 5 indicates that even when the fluid pressure in the first
and second regions is zero, flow can occur at the contact point due to
gravity. In addition, if the saturation of the second domain is zero
(i.e., s = 0), it cannot flow from the second domain to the first
domain (which means it cannot flow from a completely unsaturated
domain to other regions). Once contact occurs and flow occurs, fluid
pressure will be generated within the contact area. Within a time
step, the new regional pressure can be calculated using the
following formula:

P =Pyt KyQo - Ky (©)

=Pot KwQy = Kwp~
Where, P is the new regional pressure, Py is the regional
pressure from the previous time step, Q is the total flow entering
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FIGURE 12
Schematic diagram of discrete element fracturing model and numerical model.
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FIGURE 13
Interaction results between hydraulic fractures and natural fractures (weak bedding surface) under different in situ stress difference and different
fracture approach angles (A) The stress difference is 5 MPa (B) The stress difference is 7.5 MPa (C) The stress difference is 10 MPa.

g

the domain. K, is the volume elastic modulus of the fluid, AV = If the new regional pressure calculated by formula (6) is negative,
V -V, is the mechanical volume change, V,, = (V + V)/2 is the  the pressure is set to zero and the saturation is reduced by domain
average of the new and old volumes, V; and V are the mechanical  outflow, as shown below.

volume of the old and new regions, respectively, At is At AV

the time step. s=sy+ Q7 - V_m )
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FIGURE 14

Interaction diagram between hydraulic fractures and natural
fractures under different in situ stress difference and fracture
approach angle.

Where, sy is the domain saturation of the previous time
step. When s<1, the pressure remains at zero, and the formula
(7) is used instead of formula (6). If the calculated value s > 1, it will
be set to one and formula (6) will be used again. This scheme ensures
the conservation of fluid mass.

In addition, to maintain the numerical stability of the explicit
fluid flow algorithm, the time step cannot exceed the
following threshold:

10.3389/fenrg.2024.1392298

Aty = min[ (8)

; ]
k;a®
K, i T

w

The actual contact force F; and normal stress o,,; caused by fluid
pressure (Figure 9) can be expressed as:

{

Where, F; is the additional contact force caused by fluid

F,' = Pn,L,
0, = Pn;

)

pressure, P is the new fluid pressure in the contact region, and #;
is the normal force direction vector.

In the discrete element model, the flow chart of rock
deformation and damage caused by fracturing fluid injection is
shown in Figure 10.

3.4 Model verification

In order to verify the fracturing model’s reliability with DEM,
the basic finite element method (FEM) computational model of
fluid-solid coupling in early research was verified in this paper (Liu
X. Q. et al., 2022).

Figure 11A is the cloud image of fracturing damage results
under the fluid-structure coupling model, and Figure 11B is the
discrete element model established in this paper. The results
show that under the same size and boundary conditions, the
fracture results of discrete element fracture are consistent with
those of finite element fracture damage, which indicates the
reliability of the discrete element model. On this basis, the

FIGURE 15

Results of shale fracture propagation under different bedding angles (A) Crack growth results (B) Particle force chain results diagram.
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FIGURE 16
Shale fractures propagation results under different stress differences (A) Crack growth results (B) Particle force chain results diagram.
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FIGURE 17
Shale fractures propagation results under different bedding densities (A) Crack growth results (B) Particle force chain results diagram.
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interaction mechanism between hydraulic fractures and single Figure 13 shows the simulation results of the interaction
natural fractures is studied. The discrete element numerical  between hydraulic fractures and natural fractures under
model is shown in Figure 12. different in situ stress differences and fracture approach
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Sensitivity analysis of hydraulic fracture propagation (A) Curves of fracturing simulation results under different stress differences (3 MPa, 5 MPa,
10 MPa) (B) Curves of fracturing simulation results under different dip angle of bedding (0°, 45°, 90°) (C) Curves of fracturing simulation results under

different bedding densities (20, 40, 60).

angles. The pink line segment is the result of hydraulic crack
expansion in the matrix, the green line segment is the natural
crack activation by shear, and the black part is the original
natural crack. Figure 13A shows that hydraulic fractures are
easily inhibited by natural fractures (weak surfaces) when they
expand along the direction of maximum horizontal stress in the
ground stress difference state. Figures 13B, C show that when the
fracture approach Angle is large, the activation degree of natural
cracks decreases while the penetration phenomenon increases
with the increase of in situ stress difference. The interaction
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chart between hydraulic crack and natural crack is shown
in Figure 14.

According to Figure 13 and Figure 14, it can be concluded that
the result of the interaction between the extended hydraulic fracture
and the natural fracture (weak plane of bedding) largely depends on
the approximation angle of the natural fracture (inside the layer) and
the difference of in situ stress. Increasing the natural crack approach
angle increases the chance of passing through the natural crack. In
addition, increasing the in situ stress difference also increases the
likelihood of passing through natural cracks.

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1392298

Duan et al.

4 Results and analysis

In order to study the result of hydraulic fracture propagation under
the action of shale bedding, the law of fracture propagation is studied
according to bedding inclination angle, ground stress difference and
bedding density respectively. Due to the small variation of actual
bedding dip angle, horizontal bedding joint is used to analyze the
basic model. According to the sensitivity analysis, the bedding dip angle
is 0%, 45" and 90°, the ground stress difference is 3MPa, 5 MPa and
10MPa, and the bedding density is 20, 40 and 60. Other parameters
remain unchanged, and the calculation results are shown as Figurel5,
Figurel6 and Figure 17.

The net borehole pressure of fracturing results and the total
number of activated cracks were extracted and sorted, and the
graph was drawn in Figure 18. The results show that the larger the
stress difference is, the faster the total number of cracks increases and
the higher the net pressure is. The smaller the bedding dip angle is, the
greater the net hole pressure is and the slower the fracture propagation
rate is. This indicates that horizontal bedding is not conducive to
fracture propagation in the direction of fracture height, while the
formation with certain bedding dip angle is more conducive to vertical
fracturing reconstruction. The higher the bedding density, the lower
the net borehole pressure and the faster the crack growth rate. This is
caused by the fact that the weak surface of bedding reduces the
fracture energy consumed by fracture propagation, and the bedding is
activated and opened rapidly.

5 Conclusion

In this study, a fluid-solid coupling model based on DEM is
developed, and the reliability of the numerical prediction results is
demonstrated through interactive verification, and then the induced
influence of the shale beddings parameters on the hydraulic
fractures networks in the deep shale gas reservoir are discussed.
And the results provide a theoretical basis for deep shale fractures’
propagation, and have important guiding significance for improving
the optimization of fracture complexity.

1) The results show that when the stress difference is higher than
7.5 MPa and the fracture approach angle is higher than 75°, the
hydraulic fracture easily spreads through the bedding joints.

2) The larger the stress difference is, the higher the net pressure is
and the faster the total number of microcracks grows.

3) The net wellbore pressure increases with decline of the bedding
dip angle and the enlargement of the bedding density.
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