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Abstract: Multi-stage fracturing of horizontal wells is an indispensable technology to create complex
fracture networks, which can unlock production potential and enable commercial productivity
for shale gas with low porosity and permeability. Real-time monitoring of fracture networks is
essential for adjusting key parameters, mitigating fracturing risks, and achieving optimal fracturing
effects. Micro-seismic monitoring technology accurately captures and describes the development
of fracture networks by detecting micro-seismic waves generated through rock ruptures, providing
valuable insights into the evaluation of post-fracturing. In this study, we first introduced the basic
parameters of well X that were obtained by laboratory experiments and logging interpretation,
including porosity, gas-bearing properties, mineral composition, rock mechanics, and crustal stress.
Then, the hydraulic fracturing scheme was designed on the basis of the geological engineering
characteristics of well X. Finally, we conducted a comprehensive analysis of various factors that
can affect hydraulic fracturing. This included an examination of the impact of pre-fluid temporary
plugging and fracture complexity on the overall effectiveness of the operation. Based on the laboratory
experiments and theoretical analysis, the following conclusions can be drawn: (1) fracture size is
essentially formed when the fluid strength exceeds 35 m3/m; (2) both preflush with high viscosity
and the amount of power sand exceeding 20 cubic meters are conducive to the propagation of fracture
height; (3) temporary plugging balls facilitate the balanced propagation of multiple fracture clusters
within a stage, whereas temporary plugging particles promote the formation of complex fractures;
and (4) geological conditions are a prerequisite for creating a complex network of fractures, and only
engineering techniques can facilitate the appropriate enhancement of fracture complexity. This study
provides an essential method for the fracturing design of shale gas.

Keywords: multi-stage fracturing; shale gas; micro-seismic monitoring; fracture network

1. Introduction

The U.S. Energy Information Administration (EIA) has recently released the Annual
Energy Outlook 2022, which states that the majority of production increases since the turn
of the 21st century can be attributed to the use of horizontal drilling and hydraulic fractur-
ing techniques [1]. These methods have been particularly effective in unlocking reserves
from tight geologic formations such as shale [2–5]. However, there are various challenges
due to the complex and dynamic stress state, strong anisotropy and heterogeneity of rock
mechanics properties, unclear development of natural fractures, and interference between
artificial fractures during the hydraulic fracturing of unconventional reservoirs [6,7]. As
a result, the actual hydraulic fractures that are formed often differ significantly from the
design plan in terms of their distribution, fracture length, shape, and proppant filling.
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Moreover, the uniformity of artificial fractures formed by multi-stage fracturing in hori-
zontal wells is often poor, with only 1/3 to 1/2 of the perforated clusters being effectively
stimulated [8–10]. Therefore, improving the accuracy of hydraulic fracturing evaluation
has become a critical technology for solving the bottleneck problem of unconventional
resource development.

To evaluate the effectiveness of post-fracturing, commonly used methods include
micro-seismic imaging, fiber optic monitoring, conductive fracture-imaging technology,
and so on [10–14]. Micro-seismic monitoring is a direct measurement method for determin-
ing the geometric parameters of fractures. It can image the size and shape of hydraulic
fractures while observing their propagation mode. Through monitoring the small vibra-
tions generated by rock fractures during hydraulic fracturing, micro-seismic monitoring
technology can determine the location and timing of rock fractures. It analyzes the rock
activity and state of the target layer and can be used to guide real-time improvements
in fracturing technology and evaluate fracturing effectiveness [15,16]. This technology is
widely used in shale gas hydraulic fracturing processes.

In light of this, many scholars have conducted extensive research on interpreting micro-
seismic monitoring results and using them to evaluate hydraulic fracturing effectiveness.
Based on radial-array micro-seismic monitoring technology, the optimization of preflush
parameters, perforation, and the delivery time of temporary plugging agents was guided in
real time. This led to an average 2- to 5-fold increase in shale gas production during testing,
which improved the fracturing effect [17]. Wang et al. [18] accurately analyzed parameters
such as the propagation area and length of newly opened fractures during re-fracturing of
old wells. Real-time adjustments were made to displacement, sand volume, and delivery
timing of temporary plugging materials, resulting in a post-fracturing production rate
that was 4 to 5 times higher than before re-fracturing. Using 3D seismic and logging data
to characterize reservoir characteristics, Zhao et al. analyzed the spatial distribution and
seismic attributes of micro-seismic events and conducted field applications [11,19]. Cur-
rently, micro-seismic monitoring is mainly applied to guide hydraulic fracturing and verify
the reliability of artificial fracture prediction methods, but there is no complete technical
process based on micro-seismic monitoring for evaluating the post-fracturing effects.

The structure of this paper is as follows. Firstly, we introduced the basic parameters of
well X that were obtained by laboratory experiments and logging interpretation, including
porosity, gas-bearing properties, mineral composition, rock mechanics, and crustal stress.
Then, the hydraulic fracturing scheme was designed on the basis of the geological engineer-
ing characteristics of well X. Finally, we conducted a comprehensive analysis of various
factors that can affect hydraulic fracturing. This included an examination of the impact of
pre-fluid temporary plugging and fracture complexity on the overall effectiveness of the
operation. This study provides an essential method for the fracturing design of shale gas.

2. Evaluation of Geological Engineering Parameters

Well X is a horizontal well situated in the Puguang area of the Sichuan Basin in China
and is primarily aimed at exploring the Dalong layer. The target depths for target A and
target B are 4565 m and 5800 m, respectively, and the total length of the horizontal section
is 1235 m. As shown in Figure 1, the analysis of seismic curvature attributes reveals the
presence of weak stratigraphic planes within the horizontal section at depths of 4565–4651 m
and 4865–4968 m, indicating that the natural fractures are well developed.

The geological engineering parameters for well X are determined through logging
interpretation and laboratory experiments and include porosity, gas-bearing properties,
mineral content, rock mechanics parameters, and crustal stress. The methods used for calcu-
lation were conventional methods for well logging interpretation. These parameters provide
the essential data required for evaluating the effectiveness of post-fracturing operations.
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2.1. Porosity

Porosity is the basic parameter of a reservoir which determines its storage and seepage
capacity. Furthermore, it also has a certain impact on the selection of fracturing technology,
such as the selection of fracturing fluids. Therefore, porosity is of great significance for
improving hydrocarbon recovery after hydraulic fracturing.

According to the logging interpretation, the distribution of porosity for the entire
horizontal section is shown in Figure 2. It can be seen that the porosity of the horizontal
section ranges from 0.62% to 4.93%, with an average of 2.61%. The porosity in the middle
and front parts is relatively high, which is related to the development of micro-fractures.
Overall, the porosity of the horizontal section for well X is relatively low, and tight-closed
volume fracturing may be needed to form an artificial complex fracture net in order to
improve the underground hydrocarbon-seepage capacity.
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2.2. Gas-Bearing Properties

Reservoir gas-bearing refers to the ratio of the volume of gas contained in pores or
fractures a in reservoir to the total volume of the reservoir. It is an important physical
property that reflects the gas-storage capacity of the reservoir. Moreover, free gas refers to
gas that has not formed a dissolved or adsorbed state and exists in the pores of the reservoir.
Free gas occupies the pore volume and can flow and increase the gas phase pressure of
the reservoir or wellbore. In the process of oil exploration and development, free gas is
an important concept because it not only determines the exploration value of oil and gas
reservoirs, but also has a significant effect on production capacity after hydraulic fracturing.

According to the logging interpretation, the distribution of gas-bearing and free gas
proportions for the entire horizontal section is shown in Figure 3. It can be seen that gas
content in the horizontal section is 0.45–11.16 m3/t, with an average of 5.14 m3/t. Further-
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more, the free gas content is 0.001–7.34 m3/t, with an average of 3.55 m3/t, and the free
gas proportion is 15.7–99.8%, with an average of 71.58%. Overall, the content of free gas is
relatively high, which is conducive to achieving high production after hydraulic fracturing.
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2.3. Mineral Composition

The mineral composition of the reservoir has a significant effect on the mechanical
properties of the rocks, fracability evaluation of the formation, and effectiveness of frac-
turing fluids. For example, a high content of clay minerals can lead to strong reservoir
plasticity, making it difficult to create complex fracture networks, and the migration and
expansion of clay minerals can cause reservoir damage, which requires higher fracturing
fluid requirements.

According to the logging interpretation and XRD experiments, the distribution of
mineral composition for the entire horizontal section is shown in Figure 4. It can be seen
that the main minerals for the horizontal section are composed of clay, silica, and calcium.
Moreover, both XRD experiments and logging interpretation show that silica and calcium
are the main minerals, constituting over 80% of mineral content, and that the proportion of
clay minerals is less than 20%. In general, engineering design is based on experimental data.
Therefore, the average content of clay, silica, and calcium is approximately 4.28%, 46.49%,
and 39.64%, respectively. Overall, due to a high brittle minerals content, the target well is
suitable for hydraulic fracturing to form complex fracture networks from the perspective
of mineral composition alone.
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2.4. Rock Mechanics Parameters

Rock mechanics parameters are mainly used to describe the deformation and fracture
behavior of rocks under external force, including tensile strength, compressive strength,
Young’s modulus, Poisson’s ratio, etc. In addition, these parameters mainly determine
the fracture initiation, fracture propagation, and final fracture morphology during hy-
draulic fracturing.

According to the laboratory experiments, the measured parameters of different rock
mechanics are shown in Table 1. It can be seen that as the confining pressure increases, the
compressive strength, Young’s modulus, and Poisson’s ratio all increase. Especially under
high confining pressure, it exhibits high compressive strength and high Young’s modulus
characteristics, indicating the difficulty of fracture initiation and small fracture width of
artificial fractures during hydraulic fracturing. Moreover, the measured cohesion force and
internal fraction angle are relatively high at 13.12 MPa and 55.76◦, respectively, further
indicating the difficulty of fracture initiation and propagation. Similarly, the measured
tensile strength and fracture toughness are 12.47 MPa and 0.77 MPa

√
m, respectively, also

indicating that in the target formation it is difficult to form complex fracture networks
during hydraulic fracturing.

Table 1. Rock mechanics parameters of target formation.

Well X Target Formation

Confining pressure
MPa 0 20 40

Compressive strength
MPa 68.15 218.71 491.13

Young’s modulus
GPa 26.24 32.19 53.66

Poisson’s ratio 0.21 0.26 0.34
Cohesion force

MPa 13.12

Internal friction angle
◦ 55.76

Tensile strength
MPa 12.47

Fracture toughness
MPa
√

m 0.77

2.5. Crustal Stress

Crustal stress and horizontal stress difference are the two most important parameters
that affect the fracture initiation and fracture networks during hydraulic fracturing. Due
to the propagation of hydraulic fractures along the direction of the maximum horizontal
principal stress, the maximum horizontal principal stress determines the fracture initiation
pressure. Furthermore, the horizontal stress difference determines the complexity of the
artificial fracture network due to the need to overcome the horizontal stress difference to
form a complex fracture network.

The three-dimensional principal stress and horizontal stress difference obtained by
logging interpretation and laboratory experiments are shown in Figure 5. It can be seen that
the experimental test results are essentially consistent with the logging interpretation results.
The maximum horizontal principal stress and horizontal stress difference are approximately
106 MPa and 10 MPa, respectively. On the whole, this horizontal stress difference is not
high in terms of deep shale gas. Moreover, the corresponding fracturing technology can
overcome the horizontal stress difference and form complex artificial fracture networks.

The direction of crustal stress is an important factor affecting fracture propagation. As
shown in Figure 6, the FMI logging analysis results show that drilling-induced fractures
are commonly developed in the measurement section of well X, and local wellbore collapse
is observed. The direction induced by drilling represents the direction of the current
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maximum horizontal principal stress, while the direction of wellbore collapse represents
the direction of the current minimum horizontal principal stress. The current maximum
horizontal principal stress of this well is in the near East–West (90◦) direction, while the
current minimum horizontal principal stress is in the near South–North (0◦) direction.
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3. Results and Discussion

Based on the investigation of target well X mentioned above, the hydraulic fracturing
design was performed and the field practice was carried out. In addition, micro-seismic
monitoring was used to evaluate the post-fracturing effect.

3.1. Hydraulic Fracturing Design and Field Application
3.1.1. Design Concept

Based on the fundamental investigation of well X by logging interpretation and
laboratory experiments, the corresponding fracturing technology design was performed.
Furthermore, the favorable conditions for fracturing design can be summarized as follows:
(1) the thickness of high-quality shale reaches 33 m and the formation pressure coefficient is
approximately 1.68, which indicates there is sufficient gas supply after hydraulic fracturing;
(2) the low content of clay minerals and relatively high content of brittle minerals are
conducive to forming complex fracture networks during fracturing; and (3) the small angle
between the trajectory of a horizontal well and the minimum horizontal principal stress is
conducive to artificial fracture propagation and increases the stimulated reservoir volume.
Conversely, the unfavorable conditions for fracturing design can be summarized as follows:
(1) the target formation is deeply buried, with high operation pressure and difficulty
in fracture initiation; (2) the target formation with a high modulus and Poisson’s ratio
will result in a small fracture width during hydraulic fracturing, which makes it difficult
to add proppant; and (3) the closure stress of the target reservoir is as high as 96 MPa,
making it difficult for the artificial fractures to maintain high long-term conductivity after
hydraulic fracturing.

In light of these favorable and unfavorable conditions, the “multi-stage with few
clusters + pre high viscosity fracturing fluid + composite temporary plugging + high
conductivity” large-scale fracturing concept was proposed to enhance the stimulation effect
of well X. Specifically, the entire horizontal well section of well X is divided into 25 stages
with an average of 45 m, and the designed average fluid strength and proppant adding
strength are 55 m3/m and 2.5 m3/m, respectively.

3.1.2. Field Application

According to the design, the on-site fracturing operation was carried out on the target
well X. The operation’s wellhead pressure, pump rate, and sand ratio for stages 1 to 25 are
shown in Figure 7. It can be seen that the operation’s overall wellhead pressure distribution
is between 96 MPa and 112 MPa and that the pump rate distribution is between 12 m3/m
and 16 m3/m. Essentially, the wellhead pressure is close to the equipment pressure limit
due to the narrow operation pressure window, which limits the increase in pump rate.
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Figure 8 shows the distribution of fracturing fluid and proppant for each of the
25 stages as well as the corresponding fluid and sand strength. In terms of fracturing fluids,
it can be seen that a total of 75,000 cubic meters of fracturing fluid were used, including
hydrochloric acid, low-viscosity slickwater, high-viscosity slickwater, and cross-linked
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slickwater. Among them, hydrochloric acid is mainly used for pre-fracturing to reduce
rock breakdown pressure, so the dosage is relatively low. Slickwater is mainly composed
of high-viscosity content, accounting for 70% to 80% of the total, while its low-viscosity
and cross-linked contents are relatively low. Furthermore, the fluid strength of each stage
ranges from 43 m3/m to 75 m3/m, with an average of 63 m3/m. The fluid strength of well
X is approximately twice that of conventional shale reservoirs, and high fluid strength is of
great significance in promoting complex fracture networks.
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In terms of proppant, it can be seen that a total of 2940 cubic meters were used,
including 70/140 mesh quartz sand and 70/140, 40/70, and 30/50 mesh ceramsite. Among
them, the quartz sand was located at the front of the operation pumping schedule, which
was mainly used to polish perforation holes so as to reduce the friction of perforation
holes. This can improve the operation pressure window and facilitate subsequent proppant
addition. Ceramsite is mainly composed of 70/140 mesh and 40/70 mesh, accounting for
approximately 80% of the total. Due to the large particle size of 30/50 mesh ceramsite,
it is difficult to add during hydraulic fracturing, and only a small amount was used for
fracture-mouth placement to improve long-term conductivity. Moreover, the proppant-
adding strength of each stage ranges from 1.6 m3/m to 3.4 m3/m, with an average of
2.4 m3/m, which is essentially equivalent to the conventional sanding strength of current
shale reservoirs.
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3.2. Micro-Seismic Monitoring

The distribution of ground detectors can be mainly divided into star-shaped and
grid-shaped types. Compared with other micro-seismic instruments, micro-seismic ground
detectors with a star-shaped distribution have advantages such as flexible point placement,
high accuracy, and high sensitivity. They can capture extremely small seismic signals and
quickly collect data over a large range. The use of such seismic detection equipment can
provide a more accurate understanding of fracture morphology parameters and provide a
scientific basis for real-time adjustment and post-fracturing evaluation of hydraulic fracturing.

As shown in Figure 9, the ground detectors of well X are mainly arranged in a star
shape, with 14 receiving lines uniformly distributed in a scattered pattern around the
well trajectory. The receiving point distance of each detector is 10 m. Moreover, from
the distribution of micro-seismic events monitored, it can be seen that the propagation of
fractures on both sides of the horizontal well section is not uniform and that hydraulic
fractures mainly extend to the west.

Processes 2023, 11, x FOR PEER REVIEW 10 of 15 
 

 

As shown in Figure 9, the ground detectors of well X are mainly arranged in a star 
shape, with 14 receiving lines uniformly distributed in a scattered pattern around the well 
trajectory. The receiving point distance of each detector is 10 m. Moreover, from the dis-
tribution of micro-seismic events monitored, it can be seen that the propagation of frac-
tures on both sides of the horizontal well section is not uniform and that hydraulic frac-
tures mainly extend to the west. 

 
Figure 9. Ground detectors and monitored micro-seismic events distribution for target well X. 

As shown in Figure 10, fracture parameters such as length, width, and height were 
calculated using the number of micro-seismic events observed. The results indicate that 
fracture length ranges from 154 m to 478 m, with the western side showing a distribution 
between 53 m and 378 m and the eastern side showing a distribution between 47 m and 
163 m. Fracture width ranges from 53 m to 87 m, with the north side displaying a distri-
bution between 18 m and 46 m and the south side displaying a distribution between 24 m 
and 62 m. Finally, fracture height distribution ranges from 25 m to 48 m, with the upper 
height displaying a distribution between 8 m and 23 m and the lower height showing a 
distribution between 10 m and 28 m. It is worth mentioning that the relationship between 
the number of micro-seismic events and fracture size is relatively weak when the fluid 
strength is high, indicating that the fracture size is mostly formed when the fluid volume 
exceeds a certain level. 

 
Figure 10. Monitored micro-seismic events and corresponding fracture parameters of each stage. 

3.3. Effect of Preflush 
According to the micro-seismic monitoring events, we can calculate the artificial frac-

ture parameters at different stages during hydraulic fracturing. As shown in Figure 11, we 
compared and analyzed the fracture height and total fracture height in the pre-stage due 
to the significant impact of the pre-stage on hydraulic fracture propagation. It can be seen 

Figure 9. Ground detectors and monitored micro-seismic events distribution for target well X.

As shown in Figure 10, fracture parameters such as length, width, and height were
calculated using the number of micro-seismic events observed. The results indicate that
fracture length ranges from 154 m to 478 m, with the western side showing a distribution
between 53 m and 378 m and the eastern side showing a distribution between 47 m
and 163 m. Fracture width ranges from 53 m to 87 m, with the north side displaying a
distribution between 18 m and 46 m and the south side displaying a distribution between
24 m and 62 m. Finally, fracture height distribution ranges from 25 m to 48 m, with the
upper height displaying a distribution between 8 m and 23 m and the lower height showing
a distribution between 10 m and 28 m. It is worth mentioning that the relationship between
the number of micro-seismic events and fracture size is relatively weak when the fluid
strength is high, indicating that the fracture size is mostly formed when the fluid volume
exceeds a certain level.

3.3. Effect of Preflush

According to the micro-seismic monitoring events, we can calculate the artificial
fracture parameters at different stages during hydraulic fracturing. As shown in Figure 11,
we compared and analyzed the fracture height and total fracture height in the pre-stage
due to the significant impact of the pre-stage on hydraulic fracture propagation. It can be
seen that the fracture height distribution in the pre-stage is between 19 m and 41 m. The
fracture height with approximately 300 m3 of preflush in the pre-stage is approximately
71% to 93% of the total fracture height. In other words, the fractures have essentially
propagated longitudinally, indicating that the cross-linked slickwater with high viscosity
has a favorable effect on the propagation of the fracture height.
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The power sand used in the pre-stage usually has a certain polishing and filtration-
reducing effect, which helps to improve the permeability and fracturing effect of fracturing
fluid. Through statistical analysis, it can be seen that if the amount of power sand exceeds
20 cubic meters, the polishing and filtration reduction effect can be achieved, which has
guiding significance for subsequent fracturing design.

3.4. Effect of Temporary Plugging

Temporary plugging and diverting is a widespread concept that has recently been
used in multi-stage fracturing of horizontal wells. It can be mainly divided into temporary
plugging within hydraulic fractures and fracture-mouth temporary plugging, with the
aim of improving the complexity of the fractures and increasing the stimulated reservoir
volume. In general, temporary plugging balls are mainly used to plug the perforation
hole, which promotes the balanced propagation for multiple clusters of fractures within
the segment. The temporary plugging agent is mainly used for temporary plugging within
the hydraulic fractures, promoting the turning and propagation of single-cluster fractures.

Due to the pressure limitation of the wellhead, some stages have not implemented
temporary plugging processes. As shown in Figure 12, an increase in operation pressure
and micro-seismic monitoring was observed after using temporary plugging balls and
particles for some stages. It can be seen that the pressure rise range of the temporary
plugging ball is between 1.32 MPa and 5.5 MPa, while that of the temporary plugging
particles is between 0.5 MPa and 6.33 MPa. Evidently, both the plugging balls and particles
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achieved the favorable plugging effect. Moreover, due to the relatively small number of
micro-seismic events in the first nine and the last five stages, relatively few micro-seismic
events were formed after temporary plugging. However, there were significantly more
micro-seismic events after temporary plugging for stages 11 to 17. Some events appear
in the distance of the well trajectory, indicating that temporary plugging has the effect of
increasing fracture complexity.
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Figure 12. The effect of preflush and quartz sand on fracture propagation.

Both the incensement of wellhead pressure and micro-seismic events indicate that tem-
porary plugging has achieved a favorable stimulation effect. In Figure 13, the distribution
of micro-seismic events before and after temporary plugging using balls and particles is
demonstrated. The results reveal that the micro-seismic events mainly occur in the previ-
ously stimulated area following temporary plugging with particles. Although some events
do propagate to the distal ends of both sides, the propagation extent is not significant. In
contrast, for temporary plugging with balls, the micro-seismic events not only appear in the
previously stimulated area but also propagate to the far ends of both sides. This approach
enhances the complexity of fractures and facilitates the balanced propagation of multiple
clusters of fractures within the segment. Consequently, temporary plugging with balls
proves to be a more effective approach in enhancing fracture complexity and promoting
the balanced propagation of multiple fracture clusters compared to temporary plugging
with particles.
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3.5. Fracture Complexity

The complexity of artificial fractures during hydraulic fracturing is mainly affected
by three factors, including rock mechanics properties of the formation, crustal stress,
and fracturing fluids performance. In general, complex fracture networks are the goal
of hydraulic fracturing, which largely determines the stimulation effect. Micro-seismic
technology is commonly used to monitor the generation and propagation of fractures and
the stress state of underground rocks during hydraulic fracturing. By analyzing micro-
seismic event points, the complexity of hydraulic fractures can be preliminarily determined.
Specifically, the location, quantity, frequency, size, and other parameters of micro-seismic
event points can provide important information about fracture complexity.

As shown in Figure 14, adjacent micro-fractures with similar fracture orientations are
connected together, and isolated micro-fractures are eliminated to establish an effective
micro-fracture grid for micro-seismic events of well X. In general, a complex fracture
network is defined as one where the effective micro-fracture grid covers 85% of the range
of micro-seismic event coverage. A moderately complex fracture network is characterized
by an effective micro-fracture grid that covers 60% of the range of micro-seismic event
coverage. A fracture network is considered not complex when its effective micro-grid
covers less than 60% of the range of micro-seismic event coverage. Furthermore, the
fracture network that developed during stages 13 and 15 was primarily influenced by
the presence of existing natural fractures near faults. The fracture network that resulted
from hydraulic fracturing in the stage away from the fault is generally not complex. This
implies that geological conditions are a prerequisite for creating a complex network of
fractures and that only engineering techniques can facilitate the appropriate enhancement
of fracture complexity.
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4. Conclusions

In this paper, we first introduced the basic parameters of well X, including porosity,
gas-bearing properties, mineral composition, rock mechanics parameters, and crustal stress.
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Then, the post-fracturing evaluation for well X was performed on the basis of micro-seismic
monitoring. The following conclusions and application prospects can be reached:

(1) The target well X exhibits characteristics such as low porosity and permeability,
high gas-bearing content, low concentration of clay minerals, high modulus, high
compressive strength, and moderate horizontal stress difference.

(2) The correlation between the number of micro-seismic events and the fracture size is
relatively poor under the condition of high fluid strength. That is to say, the fracture
size is essentially formed when the fluid volume exceeds a certain level.

(3) Cross-linked slickwater with high viscosity and the amount of power sand exceeding
20 cubic meters can satisfy the polishing and filtration reduction effect, which is
conducive to the propagation of the fracture height.

(4) Temporary plugging balls facilitate the balanced propagation of multiple fracture
clusters within a stage, whereas temporary plugging particles promote the formation
of complex fractures.

(5) Geological conditions are a prerequisite for creating a complex network of frac-
tures, and only engineering techniques can facilitate the appropriate enhancement of
fracture complexity.

(6) Micro-seismic technology can be applied in the fracturing of unconventional oil and
gas reservoirs such as shale oil reservoirs, which can enable commercial productivity.
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