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Abstract: The expansion of hydraulic fractures in coalbed methane (CBM) reservoirs is key to effective
stimulation, making it essential to understand fracture propagation and its influencing factors
for efficient resource development. Using petrological characteristics, logging data, microseismic
monitoring, and fracturing reports from the Baode Block on the eastern Ordos Basin, this study
systematically investigates the geological and engineering factors influencing hydraulic fracture
propagation. The real-time monitoring of fracture propagation in 12 fractured wells was conducted
using microseismic monitoring techniques. The results indicated that the fracture orientations in
the study area ranged from NE30◦ to NE60◦, with fracture lengths varying between 136 and 226 m
and fracture heights ranging from 8.5 to 25.3 m. Additionally, the fracturing curves in the study
area can be classified into four types: stable, descending, fluctuating, and falling. Among these, the
stable and descending types exhibit the most effective fracture propagation and are more likely to
generate longer fractures. In undeformed–cataclastic coals and bright and semi-bright coals, long
fractures are likely to form. When the Geological Strength Index (GSI) of the coal rock ranges between
60 and 70, fracture lengths generally exceed 200 m. When the coal macrolithotype index (Sm) is
below 2, fracture lengths typically exceed 200 m. When the difference between the maximum and
minimum horizontal principal stresses exceeds 5 MPa, fractures with length >180 m are formed,
while fracture heights generally remain below 15 m. From an engineering perspective, for the
study area, hydraulic fracturing measures with a preflush ratio of 20–30%, an average sand ratio of
13–15%, and a construction pressure between 15 MPa and 25 MPa are most favorable for coalbed
methane production.

Keywords: coalbed methane; hydraulic fracturing; fracture propagation; coal structure; coal
macrolithotype; in situ stress

1. Introduction

In the latest round of oil and gas resource evaluation in China conducted in 2016,
the total reserves of coalbed methane (CBM) resources located at depths shallower than
2000 m were approximately 29.8 trillion cubic meters, with technically recoverable resources
estimated at around 12.5 trillion cubic meters [1]. However, China’s CBM production
rates from individual wells are quite low, primarily because large-scale development has
focused on areas rich in mid- to high-rank coals, which typically exhibit lower permeability
compared to low-rank coals [2,3]. Therefore, the targeted hydraulic fracturing of CBM
reservoirs is essential for achieving cost-effective development and maximizing energy
utilization [4,5].
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Hydraulic fracturing is a mature technology that has been commercially utilized since
the late 1940s. In recent years, researchers have achieved significant advancements in
understanding the effects of fracture extension through the lenses of solid mechanics [6–8],
fluid mechanics [9–11], and construction parameter optimization [12,13]. Compared to
shale and sandstone, coal rock possesses a lower modulus of elasticity, a higher Pois-
son’s ratio, and greater non-homogeneity, resulting in the more complex formation and
extension of hydraulic fractures [14–16]. Through extensive on-site monitoring and sim-
ulation analysis, previous researchers have identified a range of factors and principles
that influence the expansion of fractures in coal reservoirs. For instance, Zhong et al. [17]
found that the magnitude of the horizontal principal in situ stress difference affects the
directional extension of hydraulic fractures. Additionally, natural fractures play a crucial
role in hydraulic fracture propagation, as they can either facilitate communication, allow
penetration, or lead to capture by hydraulic fractures [18,19]. Zhao et al. [20] found that the
coal macrolithotype influences both the fracture morphology and proppant distribution.
Yushi et al. [21] demonstrated that elasticity, strength, and stress anisotropy affect fracture
extension in simulations. However, previous studies have primarily focused on the the-
oretical examination of individual factors, lacking comparative analyses that align with
actual production scenarios. As a result, their findings often fail to effectively guide yield
enhancement measures. Furthermore, the fracturing process must be tailored to the specific
characteristics of different coalbeds [22–24].

Using the Baode Block as a case study, this research analyzes the impact of geological
and engineering factors on hydraulic fracture expansion behavior through microseismic
monitoring technology, well logging data, and fracturing operation reports. The aim is to
enhance fracturing effectiveness and economic benefits, while also providing a reference
for CBM development.

2. Geological Settings

The Baode Block is located in the northern part of the eastern margin of the Ordos Basin
in China (Figure 1a). This block is directly influenced by the uplift of the Lvliang Mountains,
with the dominant structural line trending approximately north–south, resulting in a
monocline structure that dips westward. The formation’s dip angle is generally gentle,
ranging from 1◦ to 2◦, with local areas exhibiting dips of 5◦ to 10◦. Overall, the region
displays a transitional basin margin structural type, characterized by folds and faults
primarily in the central and southern parts, mostly oriented in the NNE or NE directions.
The regional tectonic stress field is mainly influenced by the Yanshan and Himalayan
movements, with the maximum principal stress during the Yanshan period oriented at
NW324◦ and at NE57◦ during the Himalayan period [25]. The Upper Paleozoic coal-bearing
sequences include the Carboniferous Benxi Formation and the Permian Shanxi and Taiyuan
Formations [26]. The main coal seams of 4 + 5# and 8 + 9# are mainly developed in the
study area, of which the 4 + 5# coal seam of the Shanxi Formation is the primary focus
of this study, with burial depths ranging from 445.6 m to 1116.8 m and seam thicknesses
between 3.5 m and 15 m, averaging 7.2 m. The maximum vitrinite reflectance (Ro, max) of
the samples ranges from 0.7% to 0.9%, indicating that the coal type is gas coal. Additionally,
2#, 3#, 6#, and 7# non-dominant coal seams are developed above and below the 4 + 5#
seams (Figure 1b), with an average spacing of 5 to 25 m. According to the experience from
coalbed methane well development, these coal seams can be combined for extraction [27].
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Figure 1. (a) Outline map of Baode Block (the red rectangle show the study area) (from Xu et al. 
[28]); (b) stratigraphic column of the Paleozoic strata in the Baode Block area (modified from Liu et 
al. [26]). 
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volume, and displacement were obtained through real-time monitoring of surface equip-
ment [29]. Wellhead pressure is measured using pressure sensors, liquid volume is 
tracked with flow meters, and sand volume is determined by monitoring the proppant 
flow rate in the slurry. These data are critical for evaluating the fracturing process and 
ensuring its smooth execution. 
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Figure 1. (a) Outline map of Baode Block (the red rectangle show the study area) (from Xu et al. [28]);
(b) stratigraphic column of the Paleozoic strata in the Baode Block area (modified from Liu et al. [26]).

3. Hydraulic Fracturing and Monitoring Methods

The basic data involved in this work were provided by the Xinzhou Gas Mining
Management Area of PetroChina Coalbed Methane Company Limited, including hydraulic
fracturing reports and production data from 589 CBM wells and 12 microseismic monitoring
reports.

3.1. Hydraulic Fracturing

The fracturing process in the study area primarily utilizes simulated formation wa-
ter combined with drag-reducing additives, with very few wells employing slickwater
fracturing fluids. Consequently, this paper focuses on analyzing the fracture extension
laws and influencing factors associated with the use of simulated formation water as the
fracturing fluid. The proppants selected for the study area were all quartz sand, with
particle sizes of 30/50 mesh (0.3–0.6 mm), 40/70 mesh (0.3–0.4 mm), and 70/140 mesh
(0.1–0.2 mm). The total fracturing fluid volume of the 12 fractured wells in the study area
ranged from 917 to 3061 m3, the total sand addition volume ranged from 57.5 to 396 m3,
the preflush fluid volume ranged from 235.5 to 339 m3, the average sand ratio ranged from
9% to 17.94%, and the range of variation in the construction pressure ranged from 8.6 to
38.6 MPa. During hydraulic fracturing operations, key parameters such as sand volume,
liquid volume, and displacement were obtained through real-time monitoring of surface
equipment [29]. Wellhead pressure is measured using pressure sensors, liquid volume is
tracked with flow meters, and sand volume is determined by monitoring the proppant flow
rate in the slurry. These data are critical for evaluating the fracturing process and ensuring
its smooth execution.

3.2. Microseismic Monitoring

Microseismic monitoring is commonly used to invert the characteristics of fracture
extension, enabling the determination of the propagation direction and influence the range
of hydraulic fractures by observing and analyzing the microseismic events generated during
production activities [30]. During the fracturing process, microseismic monitoring can track
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the length, height, direction, and extension of fractures in the formation, providing insights
into the spatial propagation characteristics of the fractures [31,32]. Typically, microseismic
data are collected through a combined ground and in-well monitoring approach. On the
ground, geophones are deployed radially, while in neighboring wells, three-component
geophones are placed downhole to capture microseismic signals around the target layer of
the fracturing well. The data collected are then processed and interpreted using well-to-
ground joint microseismic interpretation software, which enables the determination of the
fracture’s azimuth, height, length, and tendency.

4. Results of Hydraulic Fracturing
4.1. Characteristics of Artificial Fracturing Fractures

Microseismic monitoring was performed on 12 fractured wells in the Baode area. As
shown in Figure 2, the length of artificial fractures primarily ranges from 136 to 226 m,
while their height is mainly between 8.5 and 25.3 m, accounting for 75% of the total
number of fractures observed. The distribution range of fracture extension observed in
microseismic monitoring is primarily concentrated between NE30◦ and NE64◦, with a
smaller distribution between NW80◦ and NW86◦ (Figure 3). The direction of fracture
extension closely aligns with the principal stress direction influenced by the Himalayan
structural stress field. Consequently, the dominant orientation of hydraulic fractures in
the coal reservoir of the study area is toward the NE direction, indicating a strong modern
geostress effect in the region.
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4.2. Fracturing Curves

By comparing and analyzing the fracturing construction curves of over one hundred
wells in the Baode Block, the construction curves for the study area were classified into four
types: stable, ascending, fluctuating, and descending. This was based on the variations in
the construction pressure, displacement, and sand ratio (Table 1).

The stable curve indicates that the ground construction pressure remains essentially
constant over time, corresponding to steady injection displacement and consistent sand
addition. This suggests that the volume of fracturing and filtration loss achieves a balance
with the injection volume during the fracturing process, resulting in a generally stable
pressure within the fracture. Furthermore, the fracture monitoring results demonstrate that
this type of curve is associated with well-extended fractures that are long in length and
conducive to effective sand addition.

Table 1. Four fracturing curves and microseismic monitoring results from Baode CBM field.

Well Curve
Type Fracturing Curve Fracture Monitoring Fracture

Length/m
Fracture
Height/m

B1 Stable

Energies 2024, 17, x FOR PEER REVIEW 5 of 15 
 

 

4.2. Fracturing Curves 
By comparing and analyzing the fracturing construction curves of over one hundred 

wells in the Baode Block, the construction curves for the study area were classified into 
four types: stable, ascending, fluctuating, and descending. This was based on the varia-
tions in the construction pressure, displacement, and sand ratio (Table 1). 

The stable curve indicates that the ground construction pressure remains essentially 
constant over time, corresponding to steady injection displacement and consistent sand 
addition. This suggests that the volume of fracturing and filtration loss achieves a balance 
with the injection volume during the fracturing process, resulting in a generally stable 
pressure within the fracture. Furthermore, the fracture monitoring results demonstrate 
that this type of curve is associated with well-extended fractures that are long in length 
and conducive to effective sand addition. 

The ascending curve indicates that while the displacement stabilizes, the construc-
tion pressure continues to rise, particularly with an increased sand ratio. This suggests 
resistance to fracture expansion, as the rate of fracture growth and fluid loss is less than 
the rate of fracturing fluid injection. This resistance may arise from the complex interac-
tions of coal structure, high reservoir pressure, and the effective sealing of the coalbed’s 
top plate. Additionally, the fracture monitoring results reveal that the fractures associated 
with this curve type tend to be shorter, making sand addition during the construction 
process more challenging. 

The fluctuating curve is characterized by constant variations in the surface pump 
pressure over time, despite steady discharge and sand addition. This behavior is at-
tributed to the non-homogeneity of the permeability and stress within the coalbed, as well 
as the presence of natural fractures, leading to frequent changes in the filtration loss and 
fracture width, which in turn causes pressure fluctuations within the fractures. Conse-
quently, this type of fracturing results in poor extension effectiveness, making it challeng-
ing to add sand during the construction process, and may even lead to sand plugging. 

The declining curve exhibits stable displacement while construction pressure contin-
uously decreases as the sand ratio increases, indicating that fracture expansion is facili-
tated. In this case, the rates of fracture growth and fluid loss exceed the rate of fracturing 
fluid injection. This phenomenon can be attributed to the better permeability of the reser-
voir and communication within the larger fracture or microfracture systems during the 
expansion process. The fracture monitoring results reveal that the extension length of the 
fractures associated with this curve is long, and sand addition occurs relatively easily. 

Table 1. Four fracturing curves and microseismic monitoring results from Baode CBM field. 

Well Curve Type Fracturing Curve Fracture Monitoring Fracture 
Length/m 

Fracture 
Height/m 

B1 Stable 

  

201.25 28 

Energies 2024, 17, x FOR PEER REVIEW 5 of 15 
 

 

4.2. Fracturing Curves 
By comparing and analyzing the fracturing construction curves of over one hundred 

wells in the Baode Block, the construction curves for the study area were classified into 
four types: stable, ascending, fluctuating, and descending. This was based on the varia-
tions in the construction pressure, displacement, and sand ratio (Table 1). 

The stable curve indicates that the ground construction pressure remains essentially 
constant over time, corresponding to steady injection displacement and consistent sand 
addition. This suggests that the volume of fracturing and filtration loss achieves a balance 
with the injection volume during the fracturing process, resulting in a generally stable 
pressure within the fracture. Furthermore, the fracture monitoring results demonstrate 
that this type of curve is associated with well-extended fractures that are long in length 
and conducive to effective sand addition. 

The ascending curve indicates that while the displacement stabilizes, the construc-
tion pressure continues to rise, particularly with an increased sand ratio. This suggests 
resistance to fracture expansion, as the rate of fracture growth and fluid loss is less than 
the rate of fracturing fluid injection. This resistance may arise from the complex interac-
tions of coal structure, high reservoir pressure, and the effective sealing of the coalbed’s 
top plate. Additionally, the fracture monitoring results reveal that the fractures associated 
with this curve type tend to be shorter, making sand addition during the construction 
process more challenging. 

The fluctuating curve is characterized by constant variations in the surface pump 
pressure over time, despite steady discharge and sand addition. This behavior is at-
tributed to the non-homogeneity of the permeability and stress within the coalbed, as well 
as the presence of natural fractures, leading to frequent changes in the filtration loss and 
fracture width, which in turn causes pressure fluctuations within the fractures. Conse-
quently, this type of fracturing results in poor extension effectiveness, making it challeng-
ing to add sand during the construction process, and may even lead to sand plugging. 

The declining curve exhibits stable displacement while construction pressure contin-
uously decreases as the sand ratio increases, indicating that fracture expansion is facili-
tated. In this case, the rates of fracture growth and fluid loss exceed the rate of fracturing 
fluid injection. This phenomenon can be attributed to the better permeability of the reser-
voir and communication within the larger fracture or microfracture systems during the 
expansion process. The fracture monitoring results reveal that the extension length of the 
fractures associated with this curve is long, and sand addition occurs relatively easily. 

Table 1. Four fracturing curves and microseismic monitoring results from Baode CBM field. 

Well Curve Type Fracturing Curve Fracture Monitoring Fracture 
Length/m 

Fracture 
Height/m 

B1 Stable 

  

201.25 28 201.25 28

B2 Ascending

Energies 2024, 17, x FOR PEER REVIEW 6 of 15 
 

 

B2 Ascending 

  

136.25 24.5 

B3 Fluctuating 

  

154.25 18.5 

B4 Descending 

  

188.35 11.5 

5. Discussion 
As shown in Figure 4, the CBM wells with longer fracture lengths and moderate frac-

ture heights exhibit a higher gas production per meter of coal seam thickness, aligning 
with the findings of Yang et al. [33]. It was concluded by Yang et al. that stable fracture 
curves in CBM wells result in better reservoir stimulation and typically higher gas pro-
duction. Therefore, when the fracturing effect and influencing factors are studied and 
evaluated, the length of the fracture is considered a promoting factor, while the height of 
the fracture is regarded as an inhibiting factor. In this way, the impact of various factors 
on fracture propagation and, consequently, reservoir modification is examined from both 
geological and engineering perspectives. 

Energies 2024, 17, x FOR PEER REVIEW 6 of 15 
 

 

B2 Ascending 

  

136.25 24.5 

B3 Fluctuating 

  

154.25 18.5 

B4 Descending 

  

188.35 11.5 

5. Discussion 
As shown in Figure 4, the CBM wells with longer fracture lengths and moderate frac-

ture heights exhibit a higher gas production per meter of coal seam thickness, aligning 
with the findings of Yang et al. [33]. It was concluded by Yang et al. that stable fracture 
curves in CBM wells result in better reservoir stimulation and typically higher gas pro-
duction. Therefore, when the fracturing effect and influencing factors are studied and 
evaluated, the length of the fracture is considered a promoting factor, while the height of 
the fracture is regarded as an inhibiting factor. In this way, the impact of various factors 
on fracture propagation and, consequently, reservoir modification is examined from both 
geological and engineering perspectives. 

136.25 24.5

B3 Fluctuating

Energies 2024, 17, x FOR PEER REVIEW 6 of 15 
 

 

B2 Ascending 

  

136.25 24.5 

B3 Fluctuating 

  

154.25 18.5 

B4 Descending 

  

188.35 11.5 

5. Discussion 
As shown in Figure 4, the CBM wells with longer fracture lengths and moderate frac-

ture heights exhibit a higher gas production per meter of coal seam thickness, aligning 
with the findings of Yang et al. [33]. It was concluded by Yang et al. that stable fracture 
curves in CBM wells result in better reservoir stimulation and typically higher gas pro-
duction. Therefore, when the fracturing effect and influencing factors are studied and 
evaluated, the length of the fracture is considered a promoting factor, while the height of 
the fracture is regarded as an inhibiting factor. In this way, the impact of various factors 
on fracture propagation and, consequently, reservoir modification is examined from both 
geological and engineering perspectives. 

Energies 2024, 17, x FOR PEER REVIEW 6 of 15 
 

 

B2 Ascending 

  

136.25 24.5 

B3 Fluctuating 

  

154.25 18.5 

B4 Descending 

  

188.35 11.5 

5. Discussion 
As shown in Figure 4, the CBM wells with longer fracture lengths and moderate frac-

ture heights exhibit a higher gas production per meter of coal seam thickness, aligning 
with the findings of Yang et al. [33]. It was concluded by Yang et al. that stable fracture 
curves in CBM wells result in better reservoir stimulation and typically higher gas pro-
duction. Therefore, when the fracturing effect and influencing factors are studied and 
evaluated, the length of the fracture is considered a promoting factor, while the height of 
the fracture is regarded as an inhibiting factor. In this way, the impact of various factors 
on fracture propagation and, consequently, reservoir modification is examined from both 
geological and engineering perspectives. 

154.25 18.5



Energies 2024, 17, 6183 6 of 15

Table 1. Cont.

Well Curve
Type Fracturing Curve Fracture Monitoring Fracture
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Fracture
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The ascending curve indicates that while the displacement stabilizes, the construction
pressure continues to rise, particularly with an increased sand ratio. This suggests resistance
to fracture expansion, as the rate of fracture growth and fluid loss is less than the rate
of fracturing fluid injection. This resistance may arise from the complex interactions of
coal structure, high reservoir pressure, and the effective sealing of the coalbed’s top plate.
Additionally, the fracture monitoring results reveal that the fractures associated with this
curve type tend to be shorter, making sand addition during the construction process
more challenging.

The fluctuating curve is characterized by constant variations in the surface pump
pressure over time, despite steady discharge and sand addition. This behavior is attributed
to the non-homogeneity of the permeability and stress within the coalbed, as well as the
presence of natural fractures, leading to frequent changes in the filtration loss and fracture
width, which in turn causes pressure fluctuations within the fractures. Consequently, this
type of fracturing results in poor extension effectiveness, making it challenging to add sand
during the construction process, and may even lead to sand plugging.

The declining curve exhibits stable displacement while construction pressure continu-
ously decreases as the sand ratio increases, indicating that fracture expansion is facilitated.
In this case, the rates of fracture growth and fluid loss exceed the rate of fracturing fluid
injection. This phenomenon can be attributed to the better permeability of the reservoir and
communication within the larger fracture or microfracture systems during the expansion
process. The fracture monitoring results reveal that the extension length of the fractures
associated with this curve is long, and sand addition occurs relatively easily.

5. Discussion

As shown in Figure 4, the CBM wells with longer fracture lengths and moderate frac-
ture heights exhibit a higher gas production per meter of coal seam thickness, aligning with
the findings of Yang et al. [33]. It was concluded by Yang et al. that stable fracture curves
in CBM wells result in better reservoir stimulation and typically higher gas production.
Therefore, when the fracturing effect and influencing factors are studied and evaluated,
the length of the fracture is considered a promoting factor, while the height of the fracture
is regarded as an inhibiting factor. In this way, the impact of various factors on fracture
propagation and, consequently, reservoir modification is examined from both geological
and engineering perspectives.
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5.1. Geological Control of Hydraulic Fracture Extension

(1) Coal structure and natural fractures

Based on the damage intensity classified by the Former Soviet Union Mining Research
Institute, coal structures are generally categorized into four types: undeformed coal, cata-
clastic coal, granulitic coal, and mylonitic coal [34]. The primary methods for identifying
coal structures during CBM exploration include core observation and description, logging
interpretation, and seismic inversion [35–37]. The Geological Strength Index (GSI) is a
system for characterizing rock masses, introduced by Hoek et al. [38]. The determination
of the GSI depends mainly on the structural integrity of the rock, the quality of fractures
and joints on the structural surface of the rock structure, etc. [39]. Genzits et al. [40] and
Desiman et al. [41] have used the Hoek–Brown criterion and the GSI to represent the
fracturing and structure in the coal. Because logging and coring observations are the most
direct and accurate means of obtaining the coal structure, the GSI is used to quantify the
structural differences in the coal body in this block. The GSI value ranges from 0 to 100,
which quantitatively reflects the degree of coal deformation: the larger the value of the GSI,
the smaller the degree of deformation of the coal, and the closer it is to undeformed coal.

To explore the relationship between the GSI value of the coal and the fracturing
effect of the coal reservoir, the coal structure was compared and analyzed alongside the
microseismic monitoring results of the corresponding wells, as shown in Figure 4. The
figure indicates that the fracture length during hydraulic fracturing initially increases
and then decreases as the GSI increases. When the GSI value is between 60 and 65, the
fracture length reaches its maximum, and the reservoir modification effect is most favorable.
Based on the core drilling, logging, and GSI calculations, the coal structure in the study
area is primarily composed of undeformed coal and cataclastic coal. Therefore, in this
study, the coal structures are classified into four categories: undeformed coal, undeformed–
cataclastic coal, cataclastic–undeformed coal, and cataclastic coal. Combined with fracture
identification from electrical imaging logging, the statistical regression shows that different
coal structures exhibit varying natural fracture densities (Table 2).

Table 2. Fracture density in different coal structures.

GSI Coal Texture Fracture Density (pcs/m)

>70 undeformed coal 1~3
60~70 undeformed–cataclastic coal 3~6
50~60 cataclastic–undeformed coal 6~9
40~50 cataclastic coal 10~15
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The results indicate that natural fractures in undeformed coal (GSI > 70) are generally
underdeveloped. While hydraulic fracturing can initiate fractures easily, these fractures
tend to disperse the pumping pressure rather than concentrate it, leading to shorter fracture
extension lengths (Figure 5). In the case of undeformed–cataclastic coal (GSI between 60 and
70), some natural fractures are present, and the coal structure remains relatively intact. This
allows for easy rupture and the formation of stable, extended fractures during fracturing,
making it the most favorable for reservoir stimulation. However, for coal structures with a
higher degree of deformation (GSI < 60), hydraulic fracturing is highly unfavorable. The
coal’s significant fragmentation, increased wetting from fracturing fluid filtration, and the
mixing of coal dust with the fluid can lead to fracture blockages, severely hindering the
effectiveness of the process.
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(2) Coal macrolithotype

Based on overall relative gloss and macrocomponent content, four types of macrolitho-
types can be classified: bright coal, semi-bright coal, semi-dull coal, and dull coal [42]. The
primary methods for determining the macrolithotype of coal include core observation and
the characterization of logging curves. However, core observation is often influenced by
the varying experience levels of technicians, leading to subjective evaluation results. In
contrast, there are significant differences in the logging response relationships between
different macrolithotypes, making logging curves a rapid, accurate, and objective method
for quantitatively characterizing coal macrolithotypes [43]. In this study, we employed a
macrolithotype identification method based on logging data proposed by Cui et al. [44],
which utilizes acoustic time difference, density, natural gamma, and resistivity to obtain
the macrolithotype index (Sm) of coalbeds. The Sm values range from 1 to 4, with lower
values indicating brighter coal in the area.

As shown in Figure 6, the study area features a rich variety of coal macrolithotypes,
ranging from bright coal to dull coal. The length of the main fractures formed in the coal
reservoir gradually decreases from bright coal to dull coal, while the height of the main
fractures increases in the same direction. This trend can be attributed to the low mechanical
strength and high brittleness of bright and semi-bright coals, which experience minimal
energy loss during the fracturing process. Under appropriate hydraulic pressure, these
coals tend to form main fractures that are long and narrow. In contrast, semi-dull and
dull coals exhibit higher strength and greater toughness, requiring more pressure during
hydraulic fracturing to promote fracture expansion. This limitation results in shorter and
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taller fractures, as the hydraulic pressure is more likely to penetrate the upper and lower
layers of the coal reservoir.
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(3) In situ stress

The in situ stress can be calculated from hydraulic fracturing data as follows [45]:
The minimum horizontal stress (σh) is theoretically equal to the fracture closure pres-

sure ( Pc):
σh = Pc (1)

The maximum horizontal stress (σH) can be estimated using the following method:

σH = 3σh − Pf − Po + T (2)

where σH and σh are the maximum and minimum horizontal principal stresses, respectively;
Pf is the recorded formation breakdown pressure; Po is the pore pressure; and T is the
tensile strength of rock.

The vertical stress (σV) can be calculated based on the integration of rock densities
from the surface to the depth of coal bed:

σV =
∫ Z

0
ρ(Z)g dZ (3)

where σV is the vertical stress, g is the gravitational acceleration, ρ(Z) is the density as a
function of depth, and Z is the depth.

As shown in Figure 7, the values of σH range from 8.64 to 29.59 MPa, while σh spans
from 5.79 to 21.04 MPa, and σv varies between 10.83 and 38.65 MPa. Wang et al. [46]
classified hydraulic fracture patterns into three categories based on the relative magnitudes
of σH , σh, and σV : normal fault stress regime, reverse fault stress regime, and strike-slip
fault stress regime (Figure 8).

In a normal fault stress regime (Figure 8a), the self-weight of the overlying rock layer
exerts more influence on the coal bed than tectonic extrusion, allowing the fractures to easily
expand in the vertical direction. In a reverse fault stress regime (Figure 8b), the horizontal
principal stress predominates, and tectonic stress has a significant effect, leading to fracture
expansion in the horizontal direction. A strike-slip fault stress regime (Figure 8c) features
hydraulic fractures that are perpendicular to the direction of the maximum horizontal stress
and parallel to the direction of the minimum horizontal stress, resulting in a relatively
uniform extension direction characterized by predominantly vertical fractures and a narrow
fracture network. Based on the relationship between the magnitudes of stress in the three
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directions, the in situ stress in the study area is primarily of a normal fault stress regime,
which is likely to form conjugate high-angle inclined shear fractures that align with the
vertical fracture direction.
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Combined with the microseismic monitoring data, the effect of differential horizontal
in situ stress on fracture expansion is further analyzed. As shown in Figure 9, with an
increase in the horizontal stress difference, it is observed that the length of the main
hydraulic fracture gradually increases while its height decreases. Additionally, it was
demonstrated by Bagheri and Settari [47] that a high level of stress difference hinders
hydraulic fractures from propagating through natural fractures to form a complex fracture
network. Liu et al. [48] found that when the horizontal principal stress difference is larger,
hydraulic fractures are more likely to initiate and extend along orientations perpendicular
to the minimum horizontal principal stress at the well wall, resulting in the formation of
single fractures. The above studies indicate that when the coal bed is subjected to vertical
stress, a larger difference between the two horizontal stresses facilitates the formation of
long and narrow fractures, whereas a smaller difference enhances communication with
natural fractures, promoting the development of a complex fracture network.
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5.2. Engineering Control of Hydraulic Fracture Extension

The changes in the construction pressure reflect the process of fracture initiation and
propagation. During hydraulic fracturing, the range of fluctuations in construction pressure
varies between different CBM wells due to differences in geological conditions. As shown
in Figure 10, the construction pressure ranges of the fractured wells in the study area show
a statistical correlation with their fracturing characteristics. The results indicate that wells
with construction pressures between 15 and 25 MPa tend to have longer average fracture
lengths and lower average heights. As the construction pressure increases, the fractures
progressively become wider but shorter in height.

Energies 2024, 17, x FOR PEER REVIEW 11 of 15 
 

 

network. Liu et al. [48] found that when the horizontal principal stress difference is larger, 
hydraulic fractures are more likely to initiate and extend along orientations perpendicular 
to the minimum horizontal principal stress at the well wall, resulting in the formation of 
single fractures. The above studies indicate that when the coal bed is subjected to vertical 
stress, a larger difference between the two horizontal stresses facilitates the formation of 
long and narrow fractures, whereas a smaller difference enhances communication with 
natural fractures, promoting the development of a complex fracture network. 

 
Figure 9. The relationships between (𝜎ு–𝜎௛) and (a) the main fracture length and (b) height. 

5.2. Engineering Control of Hydraulic Fracture Extension 
The changes in the construction pressure reflect the process of fracture initiation and 

propagation. During hydraulic fracturing, the range of fluctuations in construction pres-
sure varies between different CBM wells due to differences in geological conditions. As 
shown in Figure 10, the construction pressure ranges of the fractured wells in the study 
area show a statistical correlation with their fracturing characteristics. The results indicate 
that wells with construction pressures between 15 and 25 MPa tend to have longer average 
fracture lengths and lower average heights. As the construction pressure increases, the 
fractures progressively become wider but shorter in height. 

 
Figure 10. Relationships between construction pressure and fracture length and height. Figure 10. Relationships between construction pressure and fracture length and height.

Moreover, we analyzed the coalbed methane production under different construction
pressure ranges, categorizing the stable daily gas production of the coalbed methane wells
into three groups: 0–1000 m3, greater than 1000 m3, and wells with no production. The
statistical results (Figure 11) indicate that the CBM wells operating at construction pressures
between 15 and 25 MPa achieve the highest gas yields, with the lowest proportion of non-
producing wells. In contrast, when the construction pressure exceeds 35 MPa, the daily
gas production drops significantly. These findings suggest that CBM wells subjected to
construction pressures in the 15–25 MPa range generate longer fractures with reduced
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heights, leading to improved gas production. However, during the hydraulic fracturing
process, construction pressure can be actively controlled through human intervention.
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The sand-carrying capacity of the fracturing fluid and the ability of the fracturing
fluid to suspend the quartz sand will result in different concentrations of sand ratios in the
wellbore and fractures, and the resulting hydrostatic pressures will be different, which will
lead to fluctuations in the pressure curve. Similarly, the selection of different concentrations
of proppant will also cause pressure fluctuations. During the fracturing process, a rapid
increase in the sand ratio concentration, a localized high sand ratio concentration due to
equipment and instrument failure, or the weakening of the sand carrying capacity of the
fracturing fluid to improve the performance of the fracturing fluid when increasing the
sand ratio concentration will easily lead to an increase in the construction pressure, or
even the occurrence of sand plugging. In addition, the preflush ratio plays a crucial role in
initiating coal seam fracturing, influencing the initial morphology of hydraulic fractures and
causing fluctuations in the construction pressure. Consequently, it is possible to maintain a
stable construction pressure by designing appropriate construction parameters, such as the
preflush ratio, and by promptly adjusting parameters like displacements and the sand ratio
in response to changes in the construction pressure during the process.

As shown in Figure 12, the length of the monitored fractures shows a parabolic
correlation with the average sand ratio and preflush ratio. This suggests that fractures
effectively extend when reasonable sand ratios and preflush intervals are maintained. Based
on the actual research results from the study area, it is recommended to use simulated
formation water as the fracturing fluid, control the preflush to be between 20% and 30% of
the total fluid volume, and maintain an average sand ratio of 13% to 15%. Therefore, when
the pressure curve shows a slow rise, remedial measures should be taken immediately to
prevent serious issues such as sand plugging and to ensure that the fracturing process is
carried out safely and smoothly.
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Figure 12. Relationships between fracture length and (a) average sand ratio; (b) preflush ratio.

6. Conclusions

(1) The fracturing curves in the Baode Block are categorized into four types. Among
them, the stable fracturing curve corresponds to the longest fracture length and the
most effective reservoir modification, followed by the descending type. In contrast,
the ascending and fluctuating types correspond to shorter, higher hydraulic fractures,
yielding the poorest reservoir modification outcomes.

(2) The natural fracture densities in undeformed–cataclastic coals typically range from 3
to 6, indicating that long hydraulic fractures are more easily formed. Bright coal and
semi-bright coal, characterized by low mechanical strength and high brittleness, are
more susceptible to fracturing under external forces. These properties result in longer
fracture propagation distances and improved hydraulic fracturing results. Moreover,
significant differences between the maximum and minimum horizontal principal
stresses promote the development of long fractures.

(3) Hydraulic fracturing operations with a preflush ratio of 20–30%, an average sand
ratio of 13–15%, and a construction pressure between 15 MPa and 25 MPa are more
favorable for achieving high and stable coalbed methane production.
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