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Abstract: To investigate complex fracturing and the influencing factors of simultaneous fracture
propagation in horizontal wells, a three-cluster fracture propagation model that is controlled by
fracture surface displacement parameters is established. When performing multistage fracturing
on reservoirs with a relatively high development degree of natural fractures, staged multicluster
fracturing in horizontal wells is one of the commonly used technical methods for volume fracturing.
Two frequently encountered problems are multifracture extension and interfracture stress interference
between fractures. The characteristics of the coal mechanics parameters of coalbed methane (CBM)
blocks in northwestern China are analyzed by probability statistics to obtain the elastic modulus
and Poisson’s ratio. With the interactive development environment of the MATLAB-PYTHON-FEM
platform, a numerical model of fracture network expansion under the staged fracturing of horizontal
wells is constructed. The stress interference level between fractures and the fractal expansion
mechanism of fracture networks are analyzed under different influencing factors, including the
fractal dimensions of natural joints, fracturing fluid pumping rate, and inhomogeneity coefficient of
the in situ stress.

Keywords: volume fracturing; fracture network expansion; joint surface displacement control;

interfracture stress interference; natural joints; fractal

1. Introduction

Hydraulic fracturing technology is an important technique for the production of oil
and gas wells. The successful development of unconventional resources in North America
has shown that increasing the reservoir volume can significantly enhance oil and gas
production. However, the creation of a complex fracture network is closely related to
natural fractures, in situ stress, reservoir geomechanical properties, and even treatment
parameters. Thus, the adequate characterization of the complex hydraulic network is
challenging in multistage horizontal fracturing design.

On fracture propagation in naturally fractured reservoirs, many experts in the field of
reservoir reformation have performed considerable research work. One key problem is to
determine the interaction mechanism between hydraulic fractures and natural fractures.
Blanton [1] studied the interaction mechanism between hydraulic fractures and natural
fractures through hydraulic fracturing tests in which fluid loss was not considered. Blan-
ton further found that the maximum and minimum horizontal principal stress difference
and the fracture approach angle are the main factors that determine the criteria for the
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scenarios of hydraulic fractures after encountering natural fractures. When hydraulic frac-
tures encounter natural fractures, there are three scenarios: opening, passing through, and
capturing. Warpinski and Teufel [2] posited that when hydraulic fractures intersect with
natural fractures, hydraulic fracture slip and penetration behaviors occur. Olson et al. [3-5]
proposed a fracture network model for predicting the propagation of hydraulic fractures.
Although the model considers the interaction between hydraulic fractures and natural
fractures, the flow of fracturing fluid and the migration of proppants could not be simu-
lated. Zhang et al. [6] also established a model for simulating complex fracture network
propagation. In addition, they applied a determined fracture crossing criterion in the simu-
lation. Most previous studies used predetermined analytical models to justify the hydraulic
fracture path when a hydraulic fracture interacts with a natural fracture. Moreover, only the
in situ stress and approach angle between hydraulic fractures and natural fractures were
considered. Natural fractures were generally assumed to be frictional interfaces without
conductivity. However, these models may fail to satisfy hydraulic fracture crossing criteria
when natural fracture properties should be taken into account.

Compared to triaxial fracturing experiments, numerical simulation is a convenient and
time-saving method in complex fracture propagation studies in multistage horizontal wells.
In recent years, the discrete element method (DEM), the extended finite element method
(XFEM), and the boundary element method (BEM) have been used. Olson et al. [4] studied
the mechanical mechanism of fracture propagation by the displacement discontinuity
method. A study by Cipolla et al. [7] showed that it was necessary to properly control
the number of perforation clusters when the conductivity of the main fracture reached
a threshold level. Increasing or decreasing the cluster spacing had little effect on the
final stimulation result. Peirce et al. [8] and Gordeliy et al. [9] established a new fully
coupled, parallel plane three-dimensional hydraulic fracture model that considers the
interfracture stress interference and studied the propagation process of multiple perforated
hydraulic fractures in a single fracturing section. When the perforation clusters were
uniformly arranged, the model confirmed the occurrence of stress shadowing, which
would hinder the extension of internal fractures and would cause the fracture extension
to be focused mainly on the lateral fractures. However, in the case of uneven placement
of the perforation clusters, the negative effects of interfracture stress interference were
significantly improved, and the fracture extension was more uniform. Kresse et al. [10,11]
proposed a method for calculating the stress shadow in a complex hydraulic fracture
network based on an enhanced plane unconventional fracture model, which corrects the
finite fracture height. The method can approximately calculate the interaction between
different fracture branches in a complex fracture network. The calculation results showed
that due to the influence of stress shadows, the length and width of internal fractures
in multiple parallel fractures might be reduced, and the size of the anisotropy of the
formation would affect the interaction between fractures. Morrill and Miskimins [12]
studied the stress field at the tip of a hydraulic fracture in a numerical model, predicted the
development form of the hydraulic fracture and the conductivity of tight sandstone, and
determined the optimal perforation spacing that could eliminate the interaction of the stress
field. Neal et al. [13] conducted a numerical simulation study on the interfracture stress
interference in shale formations and proposed that the fracture spacing, shale mechanical
properties, and ratio of the horizontal principal stress all had an impact on the inner fracture
stress interference. Based on the composite analysis method of fracture mechanics and the
energy balance principle, Yan and Li [14] built a fracturing optimization design model that
considers an induced fracture network with stress interference. The mechanism of fracture
propagation mechanics and the variable-density proppant migration rule of interfracture
stress interference for staged fracturing of horizontal wells were studied. The reliability of
the model and software were verified by comparison with microseismic monitoring data.
Li et al. [15-17] studied the mechanism of rupture and propagation of hydraulic fractures
in coal rock and evaluated coal brittleness. Cong et al. [18,19] proposed a new method to
predict the direction of fracture propagation based on a displacement discontinuity method,
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and the influence of CO, foam fracturing was studied by multiple methods. Considering
the interaction between hydraulic fractures and natural fractures, current numerical models
can provide insights into multistage fracturing in natural fractured reservoirs. However,
few studies have focused on fracture network characterization.

The fractal theory is a powerful tool for describing subsurface fracture networks. Sev-
eral reports indicate that the number of natural fractures relates to the fracture length [20,21].
Xie and Chen [22] first conducted tensile and three-point bending fracture failure tests on
rock. Through the fractal estimation and measurement of the rock fracture, they found
that the irregularity of the fracture surface that formed after the rock fracture reflects the
energy of the rock damage and fracture. The irregularity of the rock fracture surface can
be described by fractals. Zhao and Wang [23] further proposed a metasurface segmenta-
tion method for calculating the fractal dimension of complex fracture color images. This
method greatly improves the efficiency of calculating the fractal dimension. In the process
of calculating the fractal dimension by using the box dimension calculation method, the
smaller the box size is, the higher the settlement accuracy of the fractal dimension and
the larger the amount of calculation [24]. Korvin [25] conducted a systematic study and
statistical analysis of the joints and fracture surfaces of rock outcrops in which the fractal
characteristics of the rock fracture distributions were studied. Wang et al. [26] used an
improved box-counting method to study the propagation process of hydraulic fractures
in tight formations. Liu et al. [27] used tracer flowback tests to analyze the fractal-like
fracture network in the horizontal wells of tight formations. The results were confirmed
with the microseismic events. However, few studies have been conducted on complex
fracture networks in multistage fracturing.

Therefore, a numerical model of fracture network propagation is constructed by
using the interactive development environment of the MATLAB-PYTHON-FEM platform.
Furthermore, the fractal dimensions of natural joints are used to represent the complexity
of natural joints, and the fractal dimension of the fracture network is used to represent
the complexity of the complex fracture network after hydraulic fracturing. The fractal
expansion law of the fracture network under the influence of the fractal dimensions of
natural joints, pumping rate of the fracturing fluid, inhomogeneity coefficient of the in
situ stress, and spacing of fracturing stages are also investigated. This research provides a
workflow for complex fracture network simulation and characterization.

2. Description of Natural Joints with Fractal Theory

In a coalbed methane reservoir, the rock has obvious heterogeneity and anisotropy, and
the size of the crystal particles of the rock is different. In the process of hydraulic fracturing,
considering the anisotropy of reservoir rock, the direction of fracture propagation and
fracture opening are random. Fractal theory is an important method to quantitatively study
the irregular fracture characteristics and fracture morphology characteristics of reservoir
rock surfaces. The coal rock debris sampled in the field has good self-similarity and scale
invariance, therefore fractal theory can be used to study the law of hydraulic fracture
propagation [26,27].

The mercury intrusion method can be used to test the relationship between the rock’s
wetting phase saturation and mercury injection pressure. During the injection of mercury,
the capillary pressure of the rock rises from minimum to maximum. The wetting phase
saturation decreases from 100% to the minimum, while the non-wetting phase saturation
increases from the minimum to the maximum. When the capillary pressure is certain, the
wetting phase saturation of rock can be described in the fractal geometry formula, which is

shown in Equation (1):
D-3
Pc
Sw=|— 1
o= () M

where p,,;, is the capillary pressure when the rock pore diameter is at its maximum (MPa),
pc is the capillary pressure, S;, is the wetting phase saturation of rock when the capillary
pressure is p., and D is the fractal dimension.
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By taking the logarithm of Equation (1) at both ends of the fractal formula, Equation (2)
is obtained:

1g Sw = —(D — 3)Igpmin + (D — 3)Igpc @

As Equation (2) shows, there is a linear relation between Ig S, and Igp. if the rock has
fractal characteristics. By the mercury intrusion analysis of three coal rock samples obtained
from the CBM reservoirs, the natural fractures from the sampled coal rock conform to the
fractal characteristics, which is shown in Figure 1.
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Figure 1. Linear regression of the experimental data of the coal rock samples. (a) rock sample #1,
(b) rock sample #2, (c) rock sample #3.

Different from the initiation and propagation of fractures in conventional reservoirs,
fractured reservoirs (CBM reservoirs) are affected by natural fractures (natural joints). In
the process of hydraulic fracturing, hydraulic fractures are connected to natural occurrences.
The geometric characteristics of the natural joints are critical to the fracture distribution
during the interaction of natural fractures and hydraulic fractures.

As natural joints are the product of complex geological structures, the geometric
characteristics and distribution of joints in rock masses are generally random. The random
distribution is the assumption we made in the simulation, as the true distribution may
show some degrees of non-randomness. The Monte Carlo method is used to simulate the
distribution of natural joints. Random number generation is the most basic method in a
Monte Carlo simulation. Random numbers that are evenly distributed between [0, 1] are
usually called truly random numbers. However, the geometric parameters of joints and
fractures in a rock mass do not follow a uniform distribution. The random numbers that
follow the field-measured distribution are called random variables, which are obtained
using the following distribution function:

en=Lnf(t), f(t) >r,n=12---1 3)
where rq,rp - -+ 1y are a series of random numbers. The cumulative probability distribu-
tion of f(t) is:

)= [ @

If the inverse function of F(x) exists, pseudorandom numbers can be generated by the
inverse function:
€eg=F" 1 (X)

©)

As this study considers a two-dimensional plane problem, the geometric parameters
of the joints mainly include the trace length, inclination angle, and fracture interval. Given
the probability distribution functions of these geometric parameters, the corresponding
geometric shapes can be simulated. The normal distribution function is used to simulate the
trace length and spacing of natural joints. The distribution function and random variables
are expressed in Equations (6) and (7), respectively:
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fx) = zlnaexp [—; (T)zl (6)

12
x—(Zri—6>a+y )
i=1

Based on the fractal theory above, natural joints are generated in a two-dimensional
plane by the Monte Carlo method as follows:

The binarization is conducted for the two groups of natural joint distributions in
Figure 2, and the results are shown in Figure 3. To calculate the fractal dimension of the
natural joint distribution of the two groups of joints, the box number method is used, and
the fractal dimension of the natural joint distribution is 1.52.
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Figure 2. Natural joints that were generated by the Monte Carlo method (x-axis and y-axis are the
horizontal and vertical dimensions (m); fracture trace length: 1.0/0.2; fracture spacing: 2.0/0.5;
Group 1 fracture dip angle: 45°/0.1°; Group 2 fracture dip angle: 135°/0.1°). (a) Group 1 fracture,
(b) Group 2 fracture.
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Figure 3. The binarization processing of the natural joint distribution (x-axis and y-axis are the

horizontal and vertical dimensions (m)).

The natural joint distributions with different joint densities are shown in Figure 4,
and the fractal dimensions are calculated after the binarization processing. The relation
between the fractal dimensions of natural joints and the joint density is shown in Figure 5.
Its corresponding polynomial fitting curve is generated in Equation (8), and the goodness
of fit is 0.99777. With increasing natural joint density, the fractal dimension of the natural
joint distribution shows positive exponential growth, which indicates that the complexity
of the natural joint distribution also increases.

n

Dy = —0.47812 x o~ min) 4173291 8)
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where n f is the natural joint density in units of curve/ mZ2.
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Figure 4. Natural joint distributions with various joint densities (x-axis and y-axis are the horizontal
and vertical dimensions (m)). (a) 0.5 curve/m?, (b) 1.0 curve/m?, (c) 1.5 curve/m?, (d) 1.9 curve/m?,
() 2.4 curve/m?2, (f) 2.8 curve/m?.
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Figure 5. Relation curve between the fractal dimensions of natural joints and the natural joint density.

3. The Fracture Propagation Model of Fracture Network Expansion in
Fractured Reservoirs

Hydraulic fracturing is a complex fluid-solid coupling problem, and its implementa-
tion requires comprehensive consideration of fracture mechanics, elastoplastic mechanics,
fluid mechanics, and seepage mechanics. The study focuses on CBM reservoirs with natu-
ral joints and the irregular fractal propagation of fractures that are induced by hydraulic
fracturing. Considering the development of natural joints in CBM reservoirs, hydraulic frac-
tures intersect with natural joints during the expansion process. Meanwhile, interfracture
stress interference also influences propagation. It is necessary to establish a corresponding
fracture penetration criterion [28,29]. Fracture initiation and propagation in hydraulic frac-
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turing are modeled by the cohesive zone model (CZM), which is proven to be a powerful
and effective technique for computational fracture mechanics.

3.1. The Fluid-Structure Interaction and Global Cohesive Zone Model

The cohesive zone model (CZM) is an effective model for nonlinear fracture mechanics
and was first proposed by Barenblatt [30] to investigate perfectly brittle materials. Currently,
the CZM is used to model hydraulic fracture propagation in unconventional reservoirs [31,32].

Fluid flow in hydraulic fractures can be analyzed by lubrication theory when fluid
flows through a zone where one dimension is much smaller than the other, namely, the
fracture width is much smaller than the fracture height and length [33]. Carter’s leak-off
model can be used to model fracturing fluid leak-off, which is expressed as [34]:

Jw
In Equation (9), g is the flow rate, w is the fracture width, and the leak-off can be

described by using Carter’s model as follows:

2C
§(x,t) = N0 (10

In Equation (10), C is the leak-off coefficient, ¢ is the time, and £y is the fracture tip
arrival time.

The cohesive zone model is introduced to remove the stress singularity in the classical
continuum fracture propagation model. To make the calculation easier, the crack evolution
model is simplified by assuming that the cohesive zone localizes to a narrow zone in front
of the visible crack.

In traditional single fracture propagation models, one zero-thickness cohesive zone
is commonly applied and represents the fracture path. To simulate the complex fracture
network, zero-thickness cohesive zones are embedded along element boundaries and
represent natural fractures in the whole research domain. Thus, hydraulic fractures can
randomly initiate and propagate along all boundaries. Moreover, the interaction between
hydraulic fractures and natural fractures can be captured by the activation of zero-thickness
cohesive zones. The tensile strength, shear strength, and critical fracture energy of natural
fractures can be predetermined, which represent natural fracture properties. In this scenario,
both the local stress state and natural fracture properties determine the hydraulic fracture
propagation orientation.

In the study, the traction-separation model is used to describe the fracture propagation
behavior, which means the critical initial displacement of the rock is ;¢ when the traction
force reaches the cohesive strength. The total work to create the whole crack is the fracture
energy Gjc, which is related to the rock fracture toughness K¢ through the following
equation [29,35]:

Gic=——F—" (11)

where E is the Young’s modulus and v is Poisson’s ratio.
When the normal or shear strength of the rock is reached, damage is assumed to occur.
The critical stress value o¢ is expressed as:

oc = (1— D)o (12)

where 0 is the tensile strength of the rock. The damage variable D can be described by an
exponential model as follows:

1 — g_lg[(‘s_él(f)(élc_&mnx)]
b= 1—e P (13)
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where B is a parameter that represents the curvature of the softening equation in the model
and Jjc and ;4 are the critical displacement and the maximum displacement, respectively,
of the crack. Jyc is related to the rock fracture toughness and tensile strength by:

2Gc

= (14)

orc =
Once the cohesive zone breaks, the fracture propagation can be determined by the
Benzeggagh—Kenane fracture criterion, which is defined as:

G 1
Gy + (G- 6| 2| = as)
Gr
where G, Gs, and G; are the work done by the traction and its conjugate relative displace-
ment in the normal, first shear, and second shear directions, respectively, and G, G, and
Gf represent the fracture energies in the normal |, first shear, and second shear directions,
respectively. G, = G{ + Gf and Gt = Gy, + Gy, [28].

3.2. Model Construction

An interactive development environment of the MATLAB-PYTHON-FEM platform
is used for the construction, calculation, and postprocessing operation of the fracture
propagation model in the CBM reservoir. First, the Monte Carlo method is used to construct
natural joints with fractal structure characteristics based on the MATLAB development
environment. Second, the natural joints with fractal structure characteristics that were
constructed in MATLAB are imported into the PYTHON development environment, and
a cohesive element is embedded globally into the construction of CBM reservoirs with
natural joints. Then, the CBM reservoir model that was constructed in the PYTHON
development environment is imported into the FEM platform to complete the construction
and calculation of the fracture propagation model in CBM reservoirs with fractal structure
characteristics. Then, the calculated results in the FEM platform are post processed using
the PYTHON development environment. The fracture information and fracture parameters
are extracted. Finally, MATLAB is used to binarize the fracture map that was extracted
from PYTHON. The fractal dimension of the fracture is calculated by the box dimension
method. The basic modeling process is illustrated in Figure 6.

Natural joint A finite element model of Fracturing operation
distribution fracture network expansion for parameters
natural joint development

A 4
A 4 —
MATLAB )} »( PYTHON ) N Finite element
%/ analysis platform

|Monte-CarIo Method| Globally embedded — T -
Cohesive element | Initial stress field |

MATLAB )« { PYTHON )«
Fracture fractal Extraction of
dimension calculation fracture information

Figure 6. Modeling process of the fracture fractal propagation model of the developed CBM reservoir
based on fractal natural joints.
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According to the modeling process in Figure 6, a fracture propagation model of the
CBM reservoir with a size of 200 m x 200 m under various joint densities is constructed. A
schematic diagram of the model is shown in Figure 7. There are three fracturing sections,
which are named L1, L2, and L3 in the model. The maximum stress criterion is used as
the fracture initiation criterion in this section. The influences of the natural joint density,
fracturing fluid pumping rate, and inhomogeneity coefficient of the in situ stress on fracture
propagation are analyzed.
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Figure 7. Schematic diagrams of the staged fracturing model for horizontal wells in CBM reservoirs
(x-axis and y-axis are the horizontal and vertical dimensions (m)).

3.3. Characteristic Analysis of Rock Mechanics Parameters

To study the fracture propagation network, the in situ rock mechanics parameters need
to be determined in advance. In accordance with the mechanical parameters of coalbed
methane (CBM) reservoirs, a statistical analysis of the coal in the Qinshui Basin of China
was carried out.

For the elastic modulus and Poisson’s ratio in the unconventional reservoirs, the in situ
data in the Qinshui Basin were statistically analyzed, and the results are presented in Table 1
and Figure 8. Compared with tight sandstone and shale in unconventional reservoirs, coal
has a relatively small elastic modulus and a relatively high Poisson’s ratio, which indicates
that the elasticity and brittleness of coal are relatively low. The other calculation parameters
are presented in Table 2.

Table 1. Statistical table of the elastic modulus and Poisson’s ratio data of coal.

Rock Min Max Average Staleefrd . Lower 95% . Upper 95%
Parameter (GPa) (GPa) (GPa) Deviation Confidence Interval of Confidence Interval of
(GPa) the Mean (GPa) the Mean (GPa)
Elastic modulus 0.24 5.7 2.98 1.126 2.75 3.20
Poisson’s ratio 0.16 0.43 0.29 0.0658 0.276 0.303
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Figure 8. Probability distribution and fitting curve of the rock mechanics parameters in the coalbed

methane. (a) Elastic modulus, (b) Poisson’s ratio.

Table 2. Staged fracturing geometric model parameters of CBM reservoirs.

Model Parameter Numerical Value
Young’s modulus (GPa) 4.36
Poisson’s ratio/dimensionless 0.28
Rock permeability coefficient (m-s~!) 3.89 x 1078
Rock tensile strength (MPa) 0.43
Rock fracture toughness (J -m~2) 215
Joint tensile strength (MPa) 0.22
Joint fracture toughness (J-m~2) 55
Fracturing fluid viscosity (Pa-s) 0.001
Filtration coefficient (m3-Pa—1.s~1) 1x 10713
Fracturing fluid pumping rate (m3-min~1) 0.24
Pumping injection time (s) 20
Length of perforation section (m) 1
Minimum horizontal in situ stress (MPa) 18
In situ stress inhomogeneity coefficients 1.0,1.08,1.16, and 1.24

4. Numerical Simulation Results
4.1. Influence of the Fractal Dimensions of Natural Joints on the Fractal Propagation of Fractures

The direction of the reservoir joints and the maximum and minimum horizontal in situ
stresses are maintained at 45°. The fracturing fluid pumping rate is 0.24 m®>-min~!. The
inhomogeneity coefficient of the in situ stress is 1.16. The central path length of the natural
joints is 2 m. The center spacing of the joints is 2 m. The center spacing of the fracturing
stages is 30 m. The fracture propagation laws of natural joints with fractal dimensions of
1.2662,1.2716, 1.2806, and 1.2998 are calculated.

Using the FEM platform, the stress distribution of the three-stage fracture propagation
is calculated as shown in Figure 9. PYTHON is used to extract the fracture information and
the fracture configuration distribution, which is shown in Figure 10.
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Figure 10. Fracture configuration distribution patterns during staged fracture propagation in CBM
reservoirs under various fractal dimensions of natural joints. (a) 1.2662, (b) 1.2716, (c) 1.2806, (d) 1.2998.

Figures 9 and 10 show that the staged fracturing natural reservoir has distinct inter-
fracture stress interference in the development of joint fractures in the extension process.
Due to the interaction between hydraulic fractures and natural joints, the propagation
mode of the fractures is modified. The fractures penetrate or change direction when they
intersect with the natural joints.

PYTHON is utilized to extract the fracture width and length, which are shown in
Figures 11 and 12, respectively. The fractures in the first and second stages of the fracturing
pump injection stage are close, as shown in Figure 11. The fracture in the second fracturing
section is closed in the third period of fracturing pump injection. The degree of closure
of the fracture width in the first and second stages increases with an increasing fractal
dimension. This result indicates that the larger the fractal dimension of the natural joints
is, the higher the fractal joint density, the closer the communication between hydraulic
fractures and natural joints, and the stronger the stress interference between fractures in
the process of hydraulic fracture expansion.

MATLAB is used to binarize the fracture configuration map in Figure 10 and calculate
the fractal dimension. The fracture fractal dimension variation curve of the CBM reservoir
under various fractal dimensions of the natural joints is obtained, as shown in Figure 13.
For the staged fracturing model of CBM reservoirs, the higher the fractal dimensions
of the natural joints are, the stronger the interfracture stress interference, the higher the
complexity of hydraulic fracture formation, and the higher the fractal dimension of fractures.
The relationship between the fractal dimension of the fracture network and the fractal
dimensions of the natural joints satisfies the law of negative exponential increase.
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Figure 11. Cont.
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Figure 11. Fracture width variations of CBM reservoirs under various fractal dimensions of natural
joints. (a) L1, (b) L2, (c) L3.
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Figure 12. The total fracture length variation under different fractal dimensions of natural joints in
CBM reservoirs with segmented hydraulic fractures.
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Figure 13. The fractal dimension variation of fractured fracture in CBM reservoir under different
fractal dimensions of natural joints.

4.2. Influence of the Fracturing Fluid Pumping Rate on Fracture Fractal Propagation

When the natural joints and the maximum and minimum horizontal in situ stress are
maintained at 45°, the inhomogeneity coefficient of the in situ stress is 1.16. The center
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Using the FEM platform to calculate the fracture information during the fracture
propagation process and postprocessing the data using PYTHON, the fracture configuration
distribution pattern is obtained, as shown in Figure 14, along with the influences of the

fracture width, length, and displacement, which are shown in Figures 15 and 16.
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, the total fracture length and complexity of the fracture also

accordingly. When the pumping rate increases to 0.36 m3-min~!, the total fracture length

te increases

of the dominant fracture, while the interaction between fractures and natural joints in the

further increases, while the complexity of the fracture decreases. This result shows that
relatively high pumping rates make it easier for fractures to expand along the direction
near-well area and the development of secondary fractures are relatively reduced.



Minerals 2022, 12, 955

15 of 24

0.005

0.004

dth(m)

0.003

1

e 5
=3 =3
S S
- v}

L1's fracture w

0.000

0.005

g
o
S
=

[.2's fracture width/m

4 e e
=3 =3 o
=1 S S
= (1S} st

——0.18 m*min”! ——0.18 m*min™’

——0.24 m*min’’ ——0.24 m*min’’

——0.30 m*min’’ ——0.30 m*min’'

0.36 m*-min’’ 0.000 f ——0.36 m*min”'

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time(s) Time/s

(a) (b)

T T T T T T T T
0.005 k——0.18 m*min’! i
——0.24 m*min”!
0.004 ——0.30 m*min"!
= ——0.36 m*min”!
k=
Z 0.003 - e
©
g 0.002 - e
&
i
-
0.001 + e
0.000 e
. L

1 L 1 L L L
0 50 100 150 200 250 300 350
Time(s)

(c)

Figure 15. Variation curves of the fracture width of CBM reservoirs under various fracturing fluid
pumping rates. (a) L1, (b) L2, (c) L3.
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Figure 16. Variation curves of the total fracture length of CBM reservoirs under various fracturing
fluid pumping rates.

As shown in Figure 15, the fracture width of the first fracturing section closes in the
pumping stage of the second fracturing section and the third fracturing section. The fracture
width of the second fracturing section closes at the pumping stage of the third fracturing
section. The closure degree of the fracture width of the first and second fracturing sections
increases with increasing fracturing fluid pumping rate. The decreasing trend shows that
within a range of fracturing fluid pumping rates, with increasing fracturing fluid pumping
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rate, the intensity of interfracture stress interference continues to increase. However, if the
fracturing fluid pumping rate continues to increase, as in the section from 0.3 m3-min~!
to 0.36 m®-min !, the closure degree of fracture widths in the pumping stage of the first
and second fracturing sections does not increase, but rather, it decreases in the following
fracturing section. This is because the relatively high fracturing fluid pumping rate makes
it easier for fractures to expand along the expansion direction of the dominant fracture
length, which leads to weakening of the interfracture stress interference between fractures.

The total fracture length of staged hydraulic fractures in CBM reservoirs increases
with an increasing fracturing fluid pumping rate (Figure 16).

Using MATLAB for binary processing, the fracture configuration map is shown in
Figure 14. The fractal dimension is calculated, and the fracture fractal dimension variation
curve of segmented CBM reservoirs is obtained under various fracturing fluid pumping
rates, as shown in Figure 17. For the staged fracturing model of CBM reservoirs, within
the fracturing fluid pumping rate range of 0.18-0.3 m3-min~!, the fractal dimension of
the fracture network increases as the fracturing fluid pumping rate increases. When the
fracturing fluid pumping rate increases to 0.36 m®-min~!, the fractal dimension of the
fracture network drops to 1.297. The data in Figure 17 are fitted by polynomial regression.

®  Fractal dimension of fracture network

1.38 Polyfit

1.36

1.34

1.32

1.30

Fractal dimension of fracture network

0.18 0.21 024 027 030 033 0.36
Pumping rate/(m*-min™")

Figure 17. Variation curve of the fractal dimensions of segmental hydraulic fractures in CBM
reservoirs under various pumping displacements of fracturing fluids.

4.3. Influence of the Inhomogeneity Coefficient of the In Situ Stress on Fracture Fractal Propagation

When the intersection angle between the natural joint and the horizontal in situ stress
is maintained at 45°, the pumping rate is 0.24 m®-min !, the natural joint fractal dimension
is 1.2806, and the fracturing interval is 30 m, and the fracture propagation patterns are
calculated under in situ stress inhomogeneity coefficients of 1.0, 1.08, 1.16, and 1.24.

The FEM platform is used to calculate the fracture during the fracture propagation
process. PYTHON is used for postprocessing. Then, the fracture configuration pattern is as
shown in Figure 18. The variation trends of the fracture width and length with different
inhomogeneity coefficients of the in situ stress are shown in Figures 19 and 20, respectively.
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Figure 19. Variation curves of the fracture width in staged fracturing of CBM reservoirs under various
values of the inhomogeneity coefficient of the in situ stress. (a) L1, (b) L2, (c) L3.

Figure 19 shows that consistent with the parameters that were discussed in the previ-
ous section, the fracture width of the first fracturing section is closed to different degrees
in the pumping stage of the second fracturing section and the third fracturing section.
The fracture width of the second fracturing section is closed during the pumping stage
of the third fracturing section. Under the condition of a uniform in situ stress field (the
inhomogeneity coefficient of the in situ stress is 1.0), the hydraulic fracture of the second
fracturing stage communicates with the hydraulic fracture that formed in the first fracturing
stage, and they form an interconnected fracture. Therefore, the fracture width of the first
fracturing section is closed by interfracture stress interference during the pumping stage
of the second fracturing section and increases again when an interconnected fracture is
formed. Since the second fracturing section and the first fracturing section formed an inter-
connected fracture network, during the pumping stoppage stage of the second fracturing
section, the pressure is relieved quickly and completely. The fracture width of the second
fracturing section is completely closed. There is no further closed space for the fracture
width of the second stage of the fracturing section due to the interconnected fracture stress
interference of the pumping stage of the third fracturing section. Except for the formation
of a connected fracture network in the uniform in situ stress field, the degree of fracture
closure in the first and second fracturing sections decreases with the increasing value of
the inhomogeneity coefficient of the in situ stress. This result shows that the higher the
inhomogeneity coefficient of the in situ stress is, the weaker the interconnected fracture
stress interference between fractures, and the easier it is for the fractures to expand along
the direction of the maximum principal stress.
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Figure 20. Variation curves of the total fracture length of segmental hydraulic fractures in CBM
reservoirs under various values of the inhomogeneity coefficient of the in situ stress.
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Figure 20 shows that, except for the reduction in the total fracture length that is caused
by the formation of interconnected fractures in the uniform in situ stress field, with the
increasing value of the inhomogeneity coefficient of the in situ stress, the total fracture
length remains unchanged.

MATLARB is used to binarize the fracture configuration map, as shown in Figure 18,
and to calculate the fractal dimension to obtain the fracture fractal dimension variation
curve of CBM reservoir segmented fracturing under various values of the inhomogeneity
coefficient of the in situ stress, as shown in Figure 21.

—_—
(V8]
~J

¢  Fractal dimension of fracture network
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1.35F

1.34
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Figure 21. Variation curve of the fractal dimension of segmental hydraulic fractures in CBM reservoirs
under various values of the inhomogeneity coefficient of the in situ stress.

For the staged fracturing model of CBM reservoirs, the values of the inhomogeneity
coefficient of the in situ stress are in the range of 1.0-1.16, and the fractal dimension of the
formed fracture network increases with the increasing inhomogeneity coefficient of the in
the situ stress field.

This is because when the inhomogeneity coefficient of the in situ stress field is small,
especially under the condition of a uniform in situ stress field (the approximation angles of
the fractures in this model are the same as those of the two groups of natural joints because
the natural joints in this section are generated by the Monte Carlo stochastic method and
have the characteristics of a fractal distribution). The two preferred joint directions for
fracture propagation are random, and the fractures easily expand along the direction
of the dominant joint. With the increase in the inhomogeneity coefficient of the in situ
stress, the fractures expand along the joints while gradually approaching the direction
of the maximum principal stress. In this process, the degree of development of branch
fractures gradually increases, which results in a gradual increase in the fractal dimension
of the fractures, as shown in Figure 18. When the inhomogeneity coefficient of the in situ
stress increases to a high value, the fractures mainly expand along the direction of the
maximum principal stress and form “narrow and long fractures”. The development of
branch fractures is reduced. The fractal dimension of the fractures is also reduced. Thus, the
fractal dimension of the formed fracture network initially increases and then subsequently
decreases with the increase in the inhomogeneity coefficient of the in situ stress.

4.4. The Influence of Fracturing Interval Spacing on Fracture Fractal Propagation

When the intersection angle between the natural joint in the CBM reservoir and the
minimum horizontal in situ stress is maintained at 45°, the numerical model is utilized
with a pumping rate of 0.24 m3-min~!, a natural joint fractal dimension of 1.2806, and
an in situ stress nonuniformity coefficient of 1.16. Then, the fracture propagation rules at
fracturing intervals of 10 m, 20 m, 30 m, and 40 m are calculated.
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Using the FEM platform to calculate the fracture information during the fracture propa-

gation process and using PYTHON for postprocessing, the fracture configuration distribution
patterns are obtained, as shown in Figure 22, and the variation rules of fracture width, fracture

length, and fracture interval spacing are determined, as shown in Figures 23-25.
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Fracture configuration distribution patterns during staged hydraulic fracture propagation

22
Figure 23 shows that the fracture width of the first fracturing section shuts down

partially at the pumping stage of the second fracturing section and the third fracturing
section. The fracture width of the second fracturing section shuts down partially at the
pumping stage of the second fracturing section and the third fracturing section. However,

igure

under the condition of a small fracturing section spacing (the fracturing section spacing is
10 m), the fractures of the second fracturing section form with the first fracturing section
during the expansion process. The fractures in the third fracturing section interact with
the fractures that formed in the second fracturing section during the expansion process,
fracture—is formed. The connected fracture network greatly increases the degree of inter-
action between natural joints and hydraulic fractures, and the degree of stress interference
between fractures is higher. During the fracturing process, once the connection of different
hydraulic fractures is formed, the fracturing fluid directly enters the hydraulic fractures
of the previous section, which causes the hydraulic fractures of the previous section to
expand again. As the fracture network is formed, the first fracturing section expands in
the pumping stage of the second fracturing section. During the pumping stage of the
third fracturing section, the first fracturing section expands again. Therefore, on the curve

joint—the first hydraulic fracture, the second hydraulic fracture

in CBM reservoirs under various fracturing intervals. (a) 10 m, (b) 20 m

forming a connected fracture network. Thus,

F
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of fracture width versus fracturing time, due to the pumping stage of the second and
third fracturing sections, the fracture width of the first fracturing section is disturbed by
the interfracture stress interference. When the connected fracture network is formed, the
fracture width of the first fracturing section is increased again (the interval between the
fracturing sections in Figure 23 is 10 m). Since the connected fracture network is formed by
the third fracturing section, the second fracturing section, and the first fracturing section,
the pressure in the fractures is released quickly and completely during the pumping fluid
shut-in stage in the second and third fracturing sections. The fracture is completely closed
(the initial damage unit thickness is 0.002 m), which results in no further closed space for the
fracture width due to the interfracture stress interference in the second fracturing section
during the pumping stage of the third fracturing section, which is shown in Figure 24.
Except for the formation of a connected fracture network when the fracturing interval is
10 m, the degree of closure of the fracture width of the first and second fracturing sections
decreases with increasing fracturing fluid pumping rate. This shows that the higher the
fracturing fluid pumping rate is, the weaker the interfracture stress interference is, and the
easier it is for fractures to expand along the direction of maximum principal stress, which
is shown in Figure 22.

0.005 ¢
_0.004
L_\ £
=
\C___/— % 0.003
ES
e
2 0.002
2
——10m f
=~ 0.001
——20m 3
——30m
40 m 0.000
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time(s) Time(s)
(a) (b)
0.005 — : : . - . - v
— 10m
—20m
0.004 | ——30m 4
- e 40m
E
£ 0,003 J
B
§ 0.002 | 4
3 0001 | 4

0.000 - B

1 ! L 1 1 L L 1

0 50 100 150 200 250 300 350

Time(s)

(c)

Figure 23. Variation curves of the fracture width of CBM reservoirs under various fracturing intervals.
(a) L1, (b) L2, (c) L3.

MATLAB is used to binarize the fracture configuration map in Figure 22 and calculate
the fractal dimension to obtain the fracture fractal dimension variation curves of CBM
reservoirs under various fracturing intervals, which are shown in Figure 25. For the staged
fracturing model of CBM reservoirs, the interval between the fracturing sections is within
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the range of 20—40 m, and the fractal dimension of the formed fracture network increases
with the increase in the interval between the fracturing sections. This is because the more
the interval between the fracturing sections increases, the weaker the stress interference
between fractures becomes. While the fractures propagate along the direction of the
maximum principal stress, the stronger the interaction between hydraulic fractures and
natural joints is, the higher the degree of development of branching fractures, which leads
to the final formation of a fracture network with a higher complexity. Hence, the fractal
dimension of the fracture network also increases with increasing intervals between the
fracturing sections.
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Figure 24. Variation curves of the total fracture length of segmented fractures in CBM reservoirs with
various fracturing intervals.
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Figure 25. Variation curve of the fractal dimension of segmental hydraulic fractures in CBM reservoirs
with various fracturing intervals.

Through the above analysis, before CBM well fracturing, the fractured interval can be
cored, and the development degree of the natural joints of the target interval can be analyzed
first. According to the complexity of the fracture network, fracturing fluid pumping rate, in
situ stress nonuniformity coefficient, natural joint fractal dimension, and fracturing interval
spacing, the design of fracturing construction parameters can be optimized.

5. Conclusions

(1) The two fracture surfaces were considered the dislocation boundary surfaces in the
formation, and a displacement parameter control model of fracture propagation was
established. The displacement and stress expressions of fracture propagation of the
model were obtained. The numerical solution of fracture propagation of the horizontal
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well was established, which provides a more accurate theoretical and numerical model
for subsequent analysis.

(2) Using the calculation formula of stress interference for reference and derivation, the
composite stress field under homologous stress interference was established, and the
interactive development environment of the MATLAB-PYTHON-FEM platform was
used to complete the construction and calculation of the model of the fracture network
expansion in fractured reservoirs under homologous stress interference conditions
with staged fracturing. The complexity of the fracture network was characterized by
the fractal dimension, with the assumption of a random distribution of natural joints.
The factors that affected the fractal expansion of the fracture were analyzed.

(3) The interfracture stress interference effect in CBM reservoirs with developed natural
joints was more obvious, and the intensity of the interfracture stress interference
effect was positively correlated with the fractal dimensions of natural joints and
negatively correlated with the in situ stress nonuniformity coefficient and fracture
interval spacing. The intensity of stress interference between fractures first increased
and then decreased with an increasing fracturing fluid pumping rate.

(4) The fractal dimension of the fracture network that was formed by fracturing recon-
struction satisfied the negative exponential increase rule with an increasing fractal
dimension of the natural joints, and it first increased and then decreased with an
increasing fracturing fluid pumping rate and in situ stress heterogeneity. With the
increase in the interval between fracturing sections, the rule of positive exponential
increase was satisfied.
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