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Abstract: Temporary plugging and diversion fracturing (TPDF) is a common method to increase
production and efficiency in shale gas reservoirs, but the growth law of diversion fractures and the
temporary plugging mechanism are still unclear, which restricts the further optimization of temporary
plugging fracturing schemes. Therefore, in this study, a series of simulation experiments of TPDF in a
horizontal well with multi-clusters were carried out for the Longmaxi Shale outcrop by using a large
true triaxial fracturing system. The laboratory method of “inner-fracture + inner-segment” TPDF
with multiple clusters of perforation in horizontal wells was proposed, and the fracture initiation
law and control factors, including the number of clusters and the method of perforating, were
investigated. The experimental results show that the peak pressures of inner-fracture temporary
plugging (IFTP) and inner-segment temporary plugging (ISTP) stages are higher, and the number
of diversion fractures and the overall complexity of hydraulic fractures (HFs) are higher when
the number of perforation clusters is five. The peak pressures of IFTP and ISTP do not increase
significantly under the fixed-face perforating condition compared with the helical perforating, but
the pressure profile fluctuates more frequently, the overall HF morphology is more complex, and the
number of diversion fractures and transverse hydraulic fractures (THFs) is higher. In addition, the
diversion of multi-fractures corresponds to a stage of frequent fluctuations in the wellhead pressure,
during which the pressure reaches the peak and drops sharply, indicating the generation of diversion
fractures with larger fracture widths that grow toward the surface of the rock sample. The results of
the study provide a theoretical basis for the design of TPDF schemes in the laminar-rich Longmaxi
Formation shale reservoir.

Keywords: shale; hydraulic fracturing; temporary plugging and diversion; fracture morphology;
hydraulic sandblasting perforating; fracturing stage

1. Introduction

Currently, the development of shale gas has led to the emergence of a fracturing
technique known as short segment, multi-cluster fracturing in long horizontal sections.
However, as the number of perforations increases, it becomes challenging to initiate multi-
ple cluster fractures simultaneously, leading to uneven expansion. To address this issue, the
IFTP and ISTP diversion fracturing techniques have been developed as a crucial method
to enhance the balanced expansion and complexity of fractures. However, the precise
mechanism of temporary plugging and the creation of diversion fractures are still not
fully understood, due to the influence of reservoir characteristics such as shale formation
bedding plane (BP) development and heterogeneity.

To gain insights into the growth behavior of multi-fracture during TPDF, numerous
studies have been conducted by scholars. These studies have revealed that the effectiveness
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of temporary plugging is influenced by factors such as geological conditions (e.g., horizontal
differential principal stress Ao}, temperature, BPs, natural fractures, and induced stress of
primary fractures) and operational parameters (e.g., type, particle size, concentration, and
viscosity of plugging agents, as well as displacement of fracturing fluid) [1-7]. Different
plugging positions result in different diversion fracture patterns. For example, researchers
Li and Ji [8] utilized numerical simulations to investigate the initiation position of diversion
fractures, finding that the position varies and tends to be closer to the fracture tip with larger
Aoy, values. Conversely, Yuan et al. [9] proposed a novel method based on the width of
fracture normals to characterize plugging positions, suggesting that narrow regions within
fractures represent characteristic plugging locations. Wang et al. [10], through experimental
approaches using a true triaxial fracturing device, revealed that when plugging occurs at
the fracture tip, the diversion fractures are perpendicular to the main fracture, whereas
plugging in the middle of the fracture results in an “S”-shaped fracture morphology.
Furthermore, Hu et al. [11] demonstrated through numerical simulations that the closer
the plugging position is to the fracture mouth, the more balanced the overall expansion
of multi-cluster HFs. Zhang et al. [12] identified the concentration of plugging agents
as the primary controlling factor influencing the plugging position and the expansion
of diversion fractures. Regarding the mechanism of temporary plugging and pressure
buildup, Wang [2] and Shi et al. [13] qualitatively pointed out that fracture mouth plugging
changes the circumferential stress around the wellbore, fracture internal plugging changes
the closure stress of the fracture, and fracture tip plugging hinders fluid stress transmission,
thus achieving fracture arrest.

However, it is worth noting that the majority of existing studies on TPDF have pri-
marily focused on simulating vertical barehole completions [1,12,14,15], with limited in-
vestigations into the simulation of multi-cluster perforation fracturing in horizontal wells.
Moreover, little attention has been given to the effects of cluster number and perforation
methods on the expansion of multiple fractures. Therefore, this study aims to address
these gaps by conducting a series of simulation experiments using a large-scale true triaxial
fracturing system on Longmaxi shale outcrops in horizontal wells with multiple cluster
perforations. The study proposes a laboratory approach for TPDF in a horizontal well with
multiple cluster perforations and investigates the influence of the number and methods
of perforations on the initiation, expansion, and diversion of multiple fractures. The find-
ings of this study provide a theoretical basis for designing TPDF strategies in Longmaxi
Formation shale reservoirs characterized by abundant BPs.

2. Methodology
2.1. Analysis of Reservoir Mineral Composition and Rock Mechanical Properties

The mineral composition and mechanical properties of rocks have an impact on
the generation and expansion of HFs. In this study, shale outcrops from the Longmaxi
Formation in Sichuan’s Changning County are collected from an underground mine pit.
Weathered rock layers are carefully cleared, and large rock cores are excavated along the
thickness direction of the shale using mechanical means. These cores are then processed
into XRD rock powder and triaxial test rock samples. The samples prepared using this
method exhibit mineral compositions and mechanical properties similar to those collected
from downhole cores.

2.1.1. Mineral Composition Testing

Four sets of rock powder samples are prepared, and X-ray diffraction (XRD) analysis
is conducted to determine the mineral composition. The results are shown in Table 1.
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Table 1. Shale mineral composition test results.
Mineral Type (%)
Sample ID __ -
Siliceous Carbonate Clay Pyrite

1# 52.0 9.1 35.9 4.8

2# 51.2 6.7 341 7.6

3# 51.4 11.9 29.3 7.2

4# 52.7 10.3 31.9 3.9

average 51.8 9.5 32.8 59

The XRD analysis results indicate that the average content of siliceous minerals in the
Longmaxi Formation shale in the Weiyuan-Changning area is 51.8%. The average content
of carbonate minerals is 9.5%, while the average content of clay minerals is 32.8%. The
average content of pyrite is 5.9%. The strength of pyrite is significantly higher than that of
shale matrix, including both clay and siliceous components. The frequent entrapment of
carbonate and pyrite in the shale BPs increases the strength of the BPs, which hinders the
HFs from penetrating through the shale BPs [16].

2.1.2. Triaxial Compression Testing

Two sets of rock cores, one with vertical BPs and the other with parallel BPs, are
prepared. The GCTSRTR-150 high-temperature and high-pressure rock testing system is
used to measure the Young’s modulus, Poisson’s ratio, and compressive strength under
confining pressures of 0, 10, 20, and 30 MPa. The results are shown in Table 2.

Table 2. Average results of shale triaxial compression test.

. . Compressive Strength Young’s Modulus . p .
Core Orientation e (MPa) E (GPa) Poisson’s Ratio
Parallel BPs 389.4 49.1 0.277
vertical BPs 309.2 40.3 0.255

The results indicate that the compressive strength of the rock cores with parallel
BPs is 389.4 MPa, which is higher than the compressive strength of 309.2 MPa for the
rock cores with vertical BPs. The Young’s modulus of the rock cores with parallel BPs is
49.1 GPa, which is higher than the Young’s modulus of 40.3 GPa for the rock cores with
vertical BPs. This indicates that the shale has a higher stiffness in the direction parallel to
the BPs, while it undergoes larger deformation in the direction perpendicular to the BPs
under compressive loads. The presence of BPs leads to anisotropy in the Young’s modulus
of the shale. The Poisson’s ratio of the rock cores with parallel BPs is 0.277, slightly higher
than the Poisson’s ratio of 0.255 for the rock cores with vertical BPs.

2.2. Experimental Method
2.2.1. Experimental Apparatus

The experiment utilizes a large-scale true triaxial hydraulic fracturing simulation
system (refer to Figure 1). It is capable of conducting hydraulic fracturing simulation on
cubic specimens with dimensions of up to 40 cm x 40 cm X 40 cm. The maximum confining
pressure that can be applied is 30 MPa. The system includes a triaxial cubic rock chamber,
a hydraulic loading system, a dual-cylinder constant speed and pressure pump, a Hass
alloy intermediate container, a temperature control system, a data acquisition system, and
auxiliary accessories.
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Figure 1. TPDF physical simulation device.

The fracturing sample is placed in the triaxial rock core chamber. The hydraulic
loading is conducted in an adjustable frequency manner using a controller. The three axial
confining pressures are sequentially hydraulically loaded in the X, Y, and Z directions
until they approach the predetermined values. Then, the triaxial hydraulic servo system
is initiated from the computer terminal to accurately load and stabilize the confining
pressures to the predetermined values. The fracturing fluid, pre-placed in the Hass alloy
intermediate container, is injected using a dual-cylinder constant speed and pressure pump.
The maximum pumping rate reaches 400 mL/min. During the pumping process, the
wellhead pressure is collected in real-time, and the pressure response curve is generated
and fed back to the computer terminal.

2.2.2. Preparation of Fracturing Samples

The field-collected shale outcrop is cut into cubic fracturing samples with dimensions
of 30 cm x 30 cm X 30 cm. A hole with a diameter of 30 mm and a length of 26 cm is
drilled parallel to the BP at the center of the sample surface. A steel pipe with an inner
diameter of 22 mm and an outer diameter of 27 mm is used to simulate the wellbore. The
outer wall of the steel pipe is threaded to enhance the bonding strength. High-strength
epoxy resin adhesive is used to consolidate the bottom of the wellbore first, and then
consolidate the annulus between the outer wall of the wellbore and the borehole wall. The
consolidation period for high-strength epoxy resin is 2-3 days. It is worth noting that the
high-strength epoxy resin adhesive is chosen for its excellent characteristics, including
high strength and fast consolidation. By using this adhesive, the wellbore integrity can be
significantly enhanced, thus preventing the undesirable phenomenon of hydraulic fractures
propagating directly along the wellbore wall. After consolidation, hydraulic sandblasting
perforation equipment (refer to Figure 2) is used to simulate the perforation according to the
predetermined scheme (refer to Table 3). Compared to the PVC pipe slotting method [17],
this method can better simulate multiple-cluster perforations in horizontal wells in the field.
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Figure 2. Hydraulic sandblasting perforating and perforation diagram.

Table 3. TPDF physical simulation experimental scheme.

Rock Number of Perforating = Number of Perforation Spacing between SC I:S;Er Ple)afa(zlrlaet::rn
Sample ID Cluster Method Perforation = Phase Angle (°)  Perforations (mm) pacing
(cm) (mm)

1# 3 helical 5

2# 5 perforating 3 120 5 2.5

3# 7 ' 2 4
By e - :

54 5 P & 2.5

2.3. Experimental Parameters

Based on the actual in situ stress conditions of the Longmaxi shale reservoir [18-20],
this study adopts the stress mechanism of strike-slip reverse faults, where the maximum
horizontal stress (og) of the cubic specimen is 25 MPa, the minimum horizontal principal
stress (o1,) is 10 MPa, and the vertical stress (oy) is 20 MPa. The displacement is calculated
based on the similarity criteria for injection parameters using the following equation [21]:

wahM
wahF

Qm = aQr )
where Q is the pumping rate, w is the fracture width, h is the fracture height, « (ranging from
0.1 to 0.5) is an empirical parameter, and the subscripts M and F represent experimental
and field parameters, respectively. The field operation has a displacement, fracture width,
and fracture height of 10-14 m®/min, 10 mm, and 30 m, respectively. In the laboratory ex-
periments, the fracture width and height are approximately 0.1 mm and 0.3 m, respectively.
According to Equation (1), the displacement under laboratory conditions is approximately
200 mL/min. The cluster spacing is calculated based on the geometric similarity criteria
using the following equation [21,22]:

M _ gl @

where S is the cluster spacing, L is the half-length of the fracture, B (=2.5) is an empirical
parameter, and the subscripts M and F represent experimental and field parameters, re-
spectively. Under field conditions, the half-length of the fracture and the cluster spacing
are 100 m and 5-15 m, respectively. Under laboratory conditions, the half-length of the
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fracture is approximately 15 cm. According to Equation (2), the cluster spacing under labo-
ratory conditions is approximately 2—6 cm. The detailed perforation parameters are shown
in Table 3.

The fracturing process is divided into three stages: conventional fracturing stage, IFTP
stage, and ISTP fracturing stage. The conventional fracturing stage uses a variable-viscosity
slickwater with a viscosity of 2 mPa-s as the fracturing fluid. A green fluorescent dye
is added to the fracturing fluid for tracing purposes. Initially, the pipeline is filled with
approximately 500 mL under a constant pressure of 1 MPa, followed by injection at a
constant rate of 200 mL/min until a pressure drop occurs and cannot be re-pressured,
indicating successful fracturing. Studies have shown that a combination of different-
particle-size temporary plugging agents can effectively increase the sealing pressure [23-26].
Therefore, the IFTP and ISTP stages use variable-viscosity slickwater with a viscosity of
5 mPa-s, which is supplemented with a combination of small-particle-size plugging agents
(80-120 mesh + 20-80 mesh) and large-particle-size plugging agents (1-2 mm + 1-3 mm),
respectively. Yellow and red fluorescent dyes are added to the fracturing fluids, respectively,
and they are injected at a constant rate of 200 mL/min until the pressure stabilizes without
significant fluctuations.

This study mainly analyzes the influence of cluster number and perforating method
on the initiation and propagation of multi-cluster HFs during the TPDF. Five sets of
experiments are designed, and the scheme is shown in Table 3.

3. Results and Discussion
3.1. Overall Geometric Morphology of HFs

After fracturing, the distribution of HFs on the surface of the specimens was initially
observed by different colored tracers. Then, cylindrical rock samples with a diameter
of 12 cm and a height of 26 cm were drilled around the wellbore and subjected to three-
dimensional CT scanning to observe the internal fracture morphology and the initiation
of multi-cluster HFs after fracturing. It is noteworthy that the primary objective of the
three-dimensional CT scanning was to observe the initiation of multi-cluster within the
rock samples. Compared to conducting a comprehensive three-dimensional CT scan
on the intact 30 cm x 30 cm X 30 cm shale outcrop sample after fracturing, drilling
smaller-volume cylindrical rock samples and subsequently scanning them significantly
improved the scanning accuracy. Based on the observed internal and external fractures,
three-dimensional reconstructions were conducted. All five sets of rock samples underwent
one conventional fracturing stage and two temporary plugging fracturing stages. Different
perforation clusters were activated during different stages, resulting in different fracture
patterns, as shown in Figure 3.

Opened BPs = = = HFs created pre-TP

Opened NFs ~ — - = HFs created post-TP
Closed NFs

Figure 3. Overall fracture morphology of post-fracturing rock sample.
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3.2. Dynamic Expansion Process of Multi-Fractures

The 1# and 4# rock samples, with three perforation clusters, were selected as represen-
tative samples to explain the dynamic expansion process of multi-cluster fractures based
on the pressure curve and three-dimensional CT scanning results.

The fracture morphology and pressure curve of the 1# rock sample after fracturing are
shown in Figure 4. During the conventional fracturing stage, the breakdown pressure was
12.4 MPa. The first cluster initiated a longitudinal fracture that extended to surface 1 (51),
penetrating and activating a BP located in the upper part of the wellbore. After introducing
small-particle-size temporary plugging agents for IFTP, the pressure increased to a max-
imum of 27.9 MPa, accompanied by significant and frequent fluctuations. The original
longitudinal fracture underwent a fracture tip diversion, resulting in the formation of a THFE.
Subsequently, large-particle-size temporary plugging agents were introduced for ISTP, and
the pressure increased to 33.3 MPa. The second cluster initiated a longitudinal fracture that
connected with a natural fracture, while the third cluster initiated a longitudinal fracture
that extended toward S1 at a 45° angle to the wellbore, reaching S6 of the rock sample.
Overall, the three longitudinal fractures were nearly parallel in initiation. However, the
width of the longitudinal fracture initiated by the first cluster was significantly smaller than
those of the other longitudinal fractures.

S6
I
OH
O,
Opened BPs = = = * HFs created pre-TP
Opened NFs = * = HFs created post-TP
Closed NFs
50,4 _IFTP | ISTP
40+ : 333 MPd‘
S 279MPa ! N\
< 30/ i 3
= ! i
2 20 125MPa | I
= | !
@ I 1
E 10 I X
[ / : I ;
0 T = —% 4
0 300 600 900 1200
Time (s)

Figure 4. Fracture morphology and pressure curve of rock sample 1#.

The HF morphology and pressure curve of the 4# rock sample after fracturing are
shown in Figure 5. During the conventional fracturing stage, the breakdown pressure
was 15.6 MPa. The first cluster initiated a THF, and it is clearly visible that this THF
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extended at a large angle on S3. After introducing small-particle-size temporary plugging
agents for IFTP, the pressure increased to 42 MPa. The original THF underwent multiple
diversions, leading to the formation of a standard longitudinal fracture that extended along
the wellbore. This longitudinal fracture is clearly visible on S6, where it vertically traversed
the entire rock sample. This corresponds to the peak and sharp drop in the pressure curve.
Subsequently, large-particle-size temporary plugging agents were introduced for ISTP, and
the pressure increased to 45.8 MPa. The second and third clusters competed to initiate
fractures, each generating a THE. Neither of these two THFs penetrated the pre-existing
longitudinal fracture. The THF initiated by the second cluster was influenced by the pre-
existing longitudinal fracture, resulting in a narrower fracture width. The THF initiated by
the third cluster mainly inclined toward S6, intersecting and communicating with the other
THEF, forming a complex fracture network. Overall, the three THFs were nearly parallel

in initiation and underwent multiple diversions as they extended to the surface of the
rock sample.

Opened Ps = = = HFs created pre-TP
Opened NFs = - * = HFs created post-TP
50144 _IFTP __ ISTP
42MPp.o 458 MPa”
40- To the peak! :
= and sharply! [[i
a, 30- drop : :
> : 1
SN 1
% 20_ pb—15'.() MPa ] i
7] 1
10 I
=P : 1
] 1
0 - i/ 1 WU it
0 300 600 900 1200

Time (s)
Figure 5. Fracture morphology and pressure curve of rock sample 4#.

Overall, the diversion of multi-cluster fractures often corresponds to a stage of frequent
pressure fluctuations at the wellhead. In this stage, the pressure reached its peak and
experienced a sharp drop, indicating the formation of diversion fractures with larger
fracture widths that extended to the surface of the rock sample.
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3.3. Analysis of Factors Affecting HF Formation during TPDF
3.3.1. Influence of Cluster Number

To investigate the influence of cluster number on HF formation during TPDF, a com-
parative analysis was conducted on the 1# rock sample with 3 clusters of perforations,
the 2# rock sample with 5 clusters of perforations, and the 3# rock sample with 7 clusters
of perforations.

Based on the pressure response characteristics (Figure 6), under the condition of
constant parameters for the temporary plugging agents, the peak pressure for IFTP in the
5-cluster rock sample was 49 MPa, and the peak pressure for ISTP was 56.4 MPa, both
significantly higher than those for the 3-cluster and 7-cluster rock samples. Moreover,
the peak pressures for IFTP and ISTP were similar for the 3-cluster and 7-cluster rock
samples. This indicates that, based on effective temporary plugging, a 5-cluster perforation
configuration is more favorable for temporary plugging and pressure buildup compared to
the 3-cluster and 7-cluster configurations.

-~
N

r'4
[ 56.4

(=23
o
1

50 1

w
o
1

40

W
o
1

30

w
o
1

20

The peak pressure for ISTP/MPa

The peak pressure for [FTP/MPa

3 5 7 3 5 7
Cluster number Cluster number

Figure 6. Relationship between the cluster number and peak pressure for IFTP and ISTP.

Combining the analysis of the post-fracturing rock sample fracture morphology
(Figure 7), the 2# rock sample under the condition of five clusters of perforations initi-
ated a total of 7 HFs, including 3 THFs. The overall fracture morphology of the rock sample
was dominated by THFs and did not fully extend along the longitudinal fractures. In con-
trast, the 1# rock sample under the condition of 3 clusters of perforations and the 3# rock
sample under the condition of 7 clusters of perforations initiated 6 HFs each, with only
1 THF included in each sample. The overall fracture morphology of 1# and 3# rock sam-
ples was dominated by longitudinal fractures, and the direction of extension was greatly
influenced by natural fractures. This indicates that, compared to the 3-cluster and 7-cluster
configurations, the 5-cluster perforation configuration resulted in a greater number of HFs
and THFs, leading to more complex fracture patterns.
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3-cluster

5-cluster 7-cluster 1# 3-custer

Longitudinal fracture Dominance
7 HFs (3 THFs) 6 HFs (1 THFs) 2#  S-cluster

THF Dominance

Opened BPs — — — HFs created pre-TP —— - - ——HFs created post-TP Opened NFs Closed NFs

Figure 7. Comparison of fracture morphology under different cluster numbers.
3.3.2. Influence of Perforating Method

To investigate the influence of perforating method on HF formation during TPDF,
a comparative analysis was conducted on the 1# and 2# experiments using the helical
perforating method and the 4# and 5# experiments using the fixed-face perforating method.
The schematic representation of the two perforating methods can be seen in Figure 8.

I
Helical | Fixed-Face
I
Perforating ' Perforating
&
I
I
: 26 cm
|
|
601, . IFTP___ISTP . | 50 ,, _IFTP | ISTP
| | WA R I Pa. ASENPaT) 7| |
50+ | 49MPa— | 564MPaf | i 40 TP Sta{l . i
= ; ([ ﬂuctua on : i
40“ ! I ch I | H
E : = 30+ Conventional stage :
< 30+ i =y ﬂuctuatlon | I
o : 250 =15.6 MPa | 1
= Py 10.4 MPa ! I = H
§20 i g " 1|
& 101 M & 10y 1
: . I
0 - el 0 : :
0 900 1200 0 ~ =300~ — — 600" — ~ 90U — — 'IﬂOO
Tlme (s) I Time (S)

Figure 8. Comparison of typical pressure curves between spiral perforation and fixed-face perforation.

Based on the typical pressure curves of the rock samples perforated with the helical
and fixed-face methods (Figure 8), under the condition of constant parameters for the
temporary plugging agents, the rock samples perforated with the fixed-face method exhib-
ited significantly more frequent pressure fluctuations during the conventional fracturing
stage and the two temporary plugging fracturing stages, indicating a more complex frac-
ture morphology. During the conventional fracturing stage, due to the lower number of
perforations (2) in the fixed-face perforating method compared to the helical perforating
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Helical Perforating

5-cluster

4 diversion fractures (3 THFs)

5 diversion fractures (4 THFs)

method (3), the rock samples perforated with the fixed-face method experienced higher
breakdown pressure. However, during the IFTP and ISTP stages, there was no significant
change in the peak pressure when comparing the fixed-face perforating method to the
helical perforating method.

Taking into account the analysis of the post-fracturing rock sample fracture morphol-
ogy (Figure 9), rock sample 5# perforated using the fixed-face method with five clusters
produced a total of 5 HFs, including 4 THFs. Rock sample 2# perforated using the helical
method with five clusters also produced a total of 4 HFs, with just 3 THFs. Rock sample 4#
perforated using the fixed-face method with three clusters produced 4 HFs, including
3 THFs. Rock sample 4# perforated using the helical perforating method with three clus-
ters produced just 3 THFs, with only 1 THE. This indicates that compared to the helical
perforating method, the rock samples perforated using the fixed-face method exhibited
more complex overall fracture morphologies, with a greater number of THFs and a higher
propensity for producing diversion fractures.

3-cluster

51 I Fixed-Face Perforating

I Helical Perforating

4

3 diversion fractures (1 THFs)

The number o_f THF

3 3 5 5
Cluster number

Comparison of THF quantity under different
perforating methods

4 diversion fractures (3 THFS)

] Fixed-Face Perforating

Opened BPs — — — HFs created pre-TP —— . . —HFs created post-TP Opened NFs Closed NFs

Figure 9. Comparison of fracture morphology under different perforating methods.

4. Conclusions

The following conclusions can be drawn from this paper:

(1) The experiments have demonstrated the feasibility of conducting IFTP and ISTP
fracturing in Longmaxi Formation shale reservoirs with abundant BPs. Both IFTP and
ISTP can effectively build up high pressure, thereby enhancing the complexity of HFs. The
generation of multi-cluster diversion fractures often corresponds to a phase of frequent
pressure fluctuations at the wellhead. During this stage, the pressure reaches its peak
and sharply drops, indicating the generation of diversion fractures with large widths that
extend to the surface of the rock sample.

(2) Compared to 3-cluster and 7-cluster perforation, 5-cluster perforation is more
conducive to temporary plugging and pressure buildup. The IFTP pressure reaches 49 MPa,
while the ISTP pressure reaches 56.4 MPa. Furthermore, there are more HFs and THFs,
resulting in a more complex fracture morphology. Therefore, 5-cluster perforation is
considered the optimal number of clusters.
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(3) Compared to the helical perforating method, the fixed-face perforating method
exhibits a higher breakdown pressure during the conventional fracturing stage. Addition-
ally, there are more frequent pressure fluctuations during the conventional fracturing stage
and the two temporary plugging fracturing stages. As a result, the post-fracturing rock
samples exhibit a more complex overall fracture morphology, with a greater number of
THFs, which are conducive to the generation of diversion fractures.
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Abbreviations

o, B empirical parameters in the similarity equation

Qum, Qr pumping rate under laboratory and field conditions, m3/min

wy, wp  fracture width under laboratory and field conditions, mm

ha, hg fracture height under laboratory and field conditions, m

Sm, Sp inter-cluster spacing under laboratory and field conditions, m

Ly, L half-length of the fracture under laboratory and field conditions, m
TPDF temporary plugging and diversion fracturing

IFTP inner-fracture temporary plugging
ISTP inner-segment temporary plugging
HF hydraulic fracture
THF transverse hydraulic fracture
BP bedding plane
XRD X-ray diffraction
CT computed cosmography
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