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China's shale oil and gas resources are widely distributed in shale-sandstone interbedded reservoirs,
whose complex lithology and strong heterogeneity pose significant challenges to hydraulic fracturing
design. To address issues such as the difficulty in controlling fracture height and the challenge of forming
an effective fracture network, this study utilizes synthetic rock samples that can represent the charac-
teristics of interbedded reservoirs and investigates the initiation and propagation of hydraulic fractures
under different viscosity, injection rate, and construction scheme. By combining real-time monitoring of
injection pressure with acoustic emission, the temporal and spatial evolution characteristics of hydraulic
fractures as well as the mechanisms of their vertical and horizontal extension are revealed. The results
indicate that a higher fracturing fluid viscosity is essential for ensuring the vertical cross-layer propa-
gation of hydraulic fractures, while a lower fluid viscosity facilitates the activation of weak interlayer
surfaces, promoting sufficient horizontal propagation along these planes and forming branched fractures.
Although a higher injection rate enhances the vertical cross-layer propagation of hydraulic fractures, it
also causes greater diversion of the main fracture plane, resulting in simpler fracture morphology and
limiting the stimulation effect. Additionally, an alternating injection of high and low viscosity fracturing
fluids allows hydraulic fractures to both break through weak interlayer surfaces and achieve uniform
horizontal propagation, resulting in a more complex fracture morphology. The findings are expected to
provide a scientific basis and practical guidance for optimizing hydraulic fracturing designs in inter-
bedded reservoir conditions.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Shale oil and gas, as an important supplement to conventional
oil and gas resources, play an increasingly significant role in the
energy structure (Muther et al., 2022; Dong et al., 2025). Shale oil
and gas are typically found in interbedded reservoirs, which require
production enhancement techniques such as hydraulic fracturing
for extraction and utilization (Yu et al., 2024). Due to the strong
heterogeneity and complex lithology of interbedded reservoirs,
hydraulic fracturing faces significant challenges (Li et al., 2015; Zhu
et al,, 2023; Zhou et al,, 2024). For instance, excessive vertical
propagation of hydraulic fracture (HF) can breach caprocks or
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barriers, causing treatment pressure to diffuse into adjacent layers,
and may even result in fracturing fluid seepage that pollutes
groundwater, posing safety and environmental concerns (Luo et al.,
2024). Furthermore, the presence of weak interlayer surfaces adds
complexity to the three-dimensional morphology of hydraulic
fractures, significantly affecting the evaluation and optimization of
fracturing performance (Ouchi et al., 2017). Therefore, it is neces-
sary to conduct in-depth studies of the initiation and propagation
behavior of hydraulic fractures under the conditions of interbedded
reservoirs.

In recent years, hydraulic fracturing of interbedded oil and gas
reservoirs has attracted widespread attention. In terms of numer-
ical simulation, researchers have developed various numerical
models to simulate fracture propagation behavior and the evolu-
tion of complex fracture (Tang et al., 2024; Wang et al., 2025).
Research results indicate that geological factors, represented by in-
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situ stress, bedding planes, rock mechanical properties, and inter-
layer interface mechanical properties (Ouchi et al., 2017; Dong
et al., 2021; Zeng et al., 2023; Liao et al., 2024; Deng et al., 2024)
and as well as engineering factors, represented by pump rate, fluid
viscosity, and fracturing technology (Ma et al., 2017; Yu et al., 2022;
Huang et al., 2022; Wang et al., 2024; Luo et al., 2024), all have
varying degrees of influence on the geometry of HF in interbedded
reservoirs. On this basis, researchers have further studied the
coupled effects of geological and engineering parameters on frac-
ture propagation. Ou and Liang (2023) proposed through a three-
dimensional propagation model of fractures in thin interbedded
reservoirs that, due to variations in geological parameters, different
wells require different settings of fracturing fluid displacement and
viscosity. They also found that the greater the cluster spacing or in-
situ stress difference, the smaller the interlayer thickness required
to control fracture height. Gao et al. (2020) studied fracture prop-
agation in interbedded reservoir models under stratified hydraulic
fracturing conditions, and the results showed that both reservoir
depth and injection rate jointly influence the length, width, and
propagation pressure of HFs. Although numerical simulation has
provided theoretical support for studying the hydraulic fracturing
process in complex reservoirs, most existing studies have focused
on the modeling of fracture geometry. Moreover, some simplifying
assumptions in the models, such as the fracture surface always
maintains a constant internal fluid pressure, have not fully reflected
the actual fluid behavior within interbedded reservoirs during
hydraulic fracturing operations. This simplification leads to signif-
icant discrepancies between the simulated results and the actual
fracture propagation, fluid distribution, and conductivity observed
in the field, thereby limiting the application value of these simu-
lations in practical engineering (Zhao et al., 2023).

Lab-scale physical simulation experiments are an effective
means of studying the mechanisms of hydraulic fracturing.
Through systematic physical simulation experimentation, in-
vestigators have achieved significant advancements in under-
standing hydraulic fracture propagation mechanisms within
interbedded geological formations (Yang et al., 2023). A large
number of scholars believe that the state of in-situ stress is the
dominant factor influencing fracture propagation: the smaller the
vertical stress, the more pronounced the tendency for the main
fracture to propagate along the bedding plane; conversely, the
larger the vertical stress, the more likely the main fracture is to
penetrate through the bedding plane and propagate along its
original direction (Qian et al., 2020; Fu et al., 2022; Guo et al., 2023;
Wang et al., 2024). When the horizontal stress difference is large,
simple vertical fractures form within the experimental rock sam-
ples; otherwise, complex horizontal fractures form. However, when
the horizontal stress difference coefficient falls below a threshold,
fracture propagation mode shifts to being controlled by weak
interlayer surfaces (Jiang et al,, 2016; Yu et al., 2022; Ren et al,,
2024). Moreover, the mechanical properties of weak interlayer
surfaces affect HF propagation patterns, such as propagation along
weak discontinuities or being intercepted (Jiang et al., 2016; Lu
et al., 2022; Zhai et al., 2023). Bedding planes alter the preferen-
tial path of HF originally driven by stress, forming relatively simple
fractures due to their low strength (Zhang et al., 2023). The weaker
the tensile strength of the bedding, the more readily the primary
fracture propagates along the bedding; when the tensile strength is
close to that of the matrix, the fracture tends to penetrate the
bedding and propagate in its original direction (Sun et al., 2016,
2020). The greater the interlayer thickness and fracture strength,
the higher the breakdown pressure, making it more difficult for HF
to penetrate the interlayer and more likely to divert along the
bedding plane, leading to poor fracturing performance (Zhao et al.,
2016). The presence of weak interlayer discontinuities leads to
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complex fracture propagation, such as fracture path wandering,
branching, and shear slip along unbonded interfaces during hy-
draulic fracturing (Athavale and Miskimins, 2008; Guo et al., 2025).
Based on these findings, Hou et al. (2014) conducted multifactor
experimental studies of interbedded shale and discovered that
under conditions of smaller horizontal stress differences, the
complexity of fracture morphology is inversely proportional to the
distance between bedding planes. Building upon the above find-
ings, Zhang et al. (2021) concluded that, in interbedded reservoirs
using a single fracturing fluid system, the hydraulic fracture ge-
ometries mainly include rectangular, elliptical, H-shaped, and grid-
shaped configurations. Hou et al. (2019) employed an alternating
construction scheme of slickwater and guar gum, and observed four
typical complex fracture patterns, namely cross-shaped, fishbone-
shaped, ladder-shaped, and comb-shaped fracture systems.

Currently, although experimental studies of hydraulic fracturing
of interbedded oil and gas reservoirs have made some progress, key
challenges remain in achieving comprehensive understanding. On
the one hand, most of the existing research focuses on the surface
phenomena observed after the fracturing of interbedded rocks,
with relatively limited real-time monitoring and evaluation
methods, making it challenging to fully capture the dynamic evo-
lution of fractures. On the other hand, most experimental results
are based on conditions with 2—3 interbeds of different lithologies.
While these experiments simulate the production layers sand-
wiched between barrier layers, they do not fully reflect the complex
growth patterns of HFs within interbedded rocks. Due to the in-
fluence of weak interlayer surfaces, the initiation and propagation
processes of HF are highly complex, and relying solely on the
observation of pump pressure changes and fracture morphology is
insufficient to obtain comprehensive information about fracture-
related behavior. Therefore, it is urgent to integrate multiple
monitoring methods to interpret the propagation mechanisms of
HF in multilayer interbedded rocks from multiple dimensions.

In this study, hydraulic fracturing physical simulation experi-
ments were conducted using synthetic rock samples composed of
seven cemented layers under true triaxial stress conditions. The
experiments systematically explored the effects of fracturing fluid
viscosity, injection rate, and alternating fracturing techniques. By
integrating real-time pump pressure monitoring with multi-
channel acoustic emission (AE) monitoring technology, we
comprehensively analyzed the spatiotemporal evolution charac-
teristics of fracture initiation and propagation. Additionally, we
thoroughly investigated the mechanical mechanisms underlying
fracture propagation through interbedded layers. The findings of
this study are expected to provide valuable theoretical support for
the efficient extraction of shale oil and gas.

2. Experimental equipment

Based on the independently developed lab-scale true triaxial
hydraulic fracturing physical simulation test system, physical simu-
lation experiments on hydraulic fracturing of interbedded reservoirs
were conducted. This system primarily consists of a multi-physical
field simulation central control console, a true triaxial pressure
chamber, a triaxial servo loading system, and an injection system.
The physical diagram and flowchart are detailed in Fig. 1. The true
triaxial pressure chamber can accommodate cubic rock samples with
maximum dimensions of 400 mm x 400 mm x 400 mm. The triaxial
servo loading system can apply a maximum stress of 50 MPa, while
the injection system can provide a maximum injection pressure of
100 MPa.

In addition to this system, the DS5-32C AE monitoring system
was utilized to monitor low-energy events caused by local rock
failure in real-time. Sixteen sensors, with a stable frequency
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Fig. 1. Lab-scale true triaxial hydraulic fracturing physical simulation test system (Zhao et al., 2024).

response range of 50—400 kHz, were evenly distributed on the four
horizontal pressure plates inside the pressure chamber. All pre-
amplifiers were set to amplify signals by 40 dB. The main unit
collected and stored full-waveform data at a sampling rate of 3 MB/
s per channel.

3. Sample preparation

This study selected the WZ11 oilfield in the Beibu Gulf Basin,
located in the western South China Sea, as the research object,
which has typical representative characteristics of a complex shale-
sandstone interbedded reservoir. First, silicate cement and quartz
sand were used as materials, and the mechanical properties of shale
and sandstone were simulated by adjusting the proportion of each
component to prepare multiple sets of cylindrical cores with a
diameter of 25 mm and a height of 50 mm for basic mechanical
parameter testing. Then, the formulation whose stress—strain curve
most closely resembled that of the real core was selected as the
basis for casting the 400 mm cubic fracturing samples in the next
step. Ultimately, the mass proportions of each component in the
selected artificial rock sample formula are detailed in Table 1, and
the measured mechanical and physical properties of the synthetic
core samples are summarized in Table 2.
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Cement slurry was prepared according to the corresponding
formulations, and a layered casting sequence of "sandstone-shale-
sandstone" was adopted from bottom to top to simulate the vertical
heterogeneity of a sandstone reservoir under real conditions. The
simulated wellbore was fixed at the center of the top plate of the
steel mold. The simulated wellbore had an outer diameter of
16 mm, a wall thickness of 5 mm, and a height of 360 mm, and it
was made of 316L alloy steel. Four perforation clusters, each spaced
at 90° intervals, were positioned at an elevation of 200 mm from
the top plate. Each layer of cement slurry was left to set for 4 h
before the next layer was cast to create weak interlayer surfaces.
The thickness of the Layers 1 and 7 was 50 mm, while the thickness
of Layers 2—6 was 60 mm. After casting was completed and the rock
samples reached the designed strength at 28 days, samples con-
taining weak interlayer surfaces were drilled from the rock samples
perpendicular to the wellbore direction for interlayer bonding
strength testing, and the stress loading direction of each group of
experiments was parallel to the weak interlayer surfaces (Fig. 2).
The Brazilian disc specimen was 50 mm in diameter and 25 mm in
thickness, and the average tensile strength of the weak interlayer
surface measured was 2.12 MPa; the size of the direct shear spec-
imen was 50 mm x 50 mm x 50 mm, and the average shear
strength measured was 4.87 MPa.
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Table 1
Synthetic rock sample formulas.
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Rock sample Composition, %
PC42.5 cement  PC52.5 cement  40-mesh quartz sand  60-mesh quartz sand  80-mesh quartz sand  150-mesh quartz sand ~ Water
Artificial shale 21 21 16 12 6 8 16
Artificial sandstone ~ — 42 6 8 10 18 16
Table 2
Parameters of synthetic rock cores.
Rock sample Uniaxial compressive strength, MPa  Elastic modulus, GPa  Poisson's ratio  Fracture toughness, MPa-m'2  Permeability, mD  Porosity, %
Artificial shale 37.26 6.82 0.19 0.27 0.36 17.42
Artificial sandstone  44.48 12.64 0.23 0.30 0.24 16.63

4. Experimental design
4.1. Similarity analysis for the baseline group

4.1.1. Stress condition scaling

In well WZ11-2-x at a depth of 3253 m, the overburden pressure
is 71.14 MPa, with a maximum horizontal stress of 68.31 MPa and a
minimum horizontal stress of 67.35 MPa. To achieve a stress level
similar to in-situ conditions, the scaled-down stress applied in the
laboratory experiment was calculated according to Eq. (1). The
shape factor must be kept equal to in-situ stress, meaning that the
ratio of differences between principal stress components must
remain unchanged (Madyarov et al., 2021).

R= (o1 —ay) / (0y — o) (1)
where R is the shape factor; oy, is the effective horizontal maximum
stress, MPa; g} is the effective horizontal minimum stress, MPa;
and ¢y, is the effective vertical stress MPa. Since this study uses
synthetic rock samples without applied pore pressure, the total

stress and effective stress are equal in the indoor experimental
scale during the calculation of the similar geological stress, as

detailed in Table 3.

4.1.2. Viscosity and injection rate scaling

In well WZ11-2-x, the lithology at the flow section is primarily
shale interbedded with sandstone, where the shale layers develop
as good reservoirs. The mechanical and physical parameters
measured from the core taken in the well depth range of
3253.83—3259.87 m are shown in Table 4.

In this study, by identifying the dimensionless viscosity at the
maximum characteristic propagation time for both field and

Table 3
Calculation of stress scaling.

Parameter Field scale Laboratory scale
Vertical maximum stress, MPa 71.14 26

Horizontal maximum stress, MPa 68.31 23

Horizontal minimum stress, MPa 67.35 22

Pore pressure, MPa 38.9 0

Effective vertical maximum stress, MPa 32.24 26

Effective horizontal maximum stress, MPa 29.41 23

Effective horizontal minimum stress, MPa 2845 22

Shape factor 0.25 0.25

Bedding plane-1

Brazilian disc ~ LzZl_ ________zZl_______ 1‘___-\ __________ -

sample i

Direct shear
sample

Bedding plane-2

Bedding plane-3

Bedding plane-4

Perforation

cluster Bedding plane-5

Bedding plane-6

Fig. 2. Rock sample casting design diagram.
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laboratory scales, a relationship between the field fracturing fluid
viscosity and the laboratory fracturing fluid viscosity was estab-
lished. The characteristic propagation time can be estimated using
an approximate formula concerning the characteristic fracture
radius (Bunger et al., 2005). The final simplified formulas for frac-
turing fluid viscosity and pump speed at laboratory scale are as
follows:

4
E 3 K R

mQr = usQf (—f) <— o
Ei Ky R,fmax

where u is the viscosity, mPa-s; Q is the injection rate, mL/min; E’ is
the plane strain Young's modulus under ideal radial flow condi-
tions, GPa; K is the fracture toughness, MPa-m'/2; R’ is the char-
acteristic radius, m; The subscript | denotes laboratory scale, and f
denotes field scale.

In the scaling analysis, the elastic modulus, Poisson's ratio, and
fracture toughness were all determined based on the average
values obtained from tests of the two rock types. During the
experimental process, fracture propagation is constrained by the
size of the rock sample; specifically, when a fracture propagates to
the boundary of the synthetic rock sample, it can no longer
continue to expand. Therefore, the characteristic propagation
radius of fractures at the laboratory scale is set at 200 mm. In the
field, under conditions of a fracturing fluid viscosity of 3 mPa-s and
a pumping rate of 12 m3/min, the characteristic propagation radius
of hydraulic fractures is 295 m. To ensure that data are collected
over as long a period as possible during the experiment and to
avoid rapid dynamic propagation of HFs to the rock sample
boundary, the baseline experimental condition is set with an in-
jection rate of 10 mL/min, corresponding to a calculated fracturing
fluid viscosity of 33.4 mPa-s.

(2)

4.2. Experimental parameters and procedure settings

4.2.1. Experimental parameter settings

The baseline experimental parameters for the physical simula-
tion are as follows for Group #1: Vertical stress 26 MPa, maximum
horizontal principal stress 23 MPa, minimum horizontal principal
stress 22 MPa, low injection rate 10 mL/min, and medium viscosity
30 mPa-s.

For the other groups, the parameters are adjusted as follows:

Group #2: To evaluate the impact of high-viscosity fracturing
fluid and fracturing techniques, medium to high viscosity (30 and
80 mPa-s) fracturing fluids are alternately injected.

Group #3: To assess the effect of varying fracturing fluid vis-
cosities, low to medium viscosity (3 and 30 mPa-s) fracturing fluids
are alternately injected.

Group #4: To investigate the influence of injection rate, high
injection rate (20 mL/min) fracturing fluid is used.

The four sets of experimental conditions are listed in Table 5.

4.2.2. Experimental procedure
(1) Loading and stress application: Following the creation of

notches on two lateral surfaces and the base of the specimen,
the prepared rock sample was hoisted into the true triaxial

Table 4
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testing system using lifting ropes. The three principal
stresses were applied in a stepwise manner: first, the three
independent stress loading pumps were set to constant
pressure mode to reach the minimum principal stress value;
then, the remaining two stress loading pumps were simul-
taneously increased to the intermediate principal stress
level; finally, the vertical stress loading pump was set to the
maximum principal stress value. After each stage reached the
target stress value, the stress was stabilized for 60 min. The
preprocessing of rock samples and AE sensors to be
completed beforehand is detailed in Fig. 3(a) and (b).

(2) Fluid injection setup: Fracturing fluids of different viscosities
are introduced into the pumping system. The pumping sys-
tem is connected to the top of the rock sample using a ¢3
steel injection line and is linked to AE sensors, amplifiers, and
receiving terminals, as illustrated in Fig. 3(c).

(3) Fracturing experiments: For continuous fracturing experi-
ments, no operation is needed for the injection tank. For
experiments involving alternating high- and low-viscosity
fracturing fluids, when a sudden drop and stabilization of
the pump pressure curve is observed, the outlet valve of the
high-viscosity fracturing fluid tank is closed, and the outlet
valve of the low-viscosity fracturing fluid tank is opened.

(4) Completion of experiment: The fracturing experiment was
considered complete when the injection pressure stabilized
at a certain value for more than 300 s or when the fracturing
fluid was observed seeping from the surface of the rock
sample. After the experiment ended, the rock sample was
immediately lifted out. As shown in Fig. 3(d), the rock sample
was first disassembled layer by layer in reverse order of
casting, using the weak interlayer surfaces as a reference,
along a direction perpendicular to the wellbore. Then, the
individual layer samples were further disassembled based on
the observed fracture conditions. Finally, all cross-sections
were reassembled to observe the actual HF morphology
and compare it with the AE data.

5. Result and analysis
5.1. Fracture morphology and acoustic emission event localization

To ensure the accuracy of AE event localization results, only
events detected by more than six AE sensors were statistically
calculated, with a positioning accuracy of 4 mm. We used the AE
event locations during the experiment, combined with the reas-
sembled physical cross-sections after the experiment, to study the
fracture morphology, propagation trend, and failure mechanism of
HE.

During the the

injection of fracturing fluid, due to

Table 5
Four sets of experimental conditions.

Group ay|oy/on, MPa Injection rate, mL/min Viscosity, mPa-s
#1 26/23/22 10 30

#2 26/23/22 10 30/80

#3 26/23/22 10 3/30

#4 26/23/22 20 30

Mechanical and physical parameters of rock cores from Well WZ11-2-2 (h = 3253.83—3259.87 m).

Lithology Uniaxial compressive strength, MPa Elastic modulus, GPa Poisson's ratio Fracture toughness, MPa-m'/? Permeability, mD Porosity, %
Shale 52.94 7.26 0.11 0.83 175.8 121
Sandstone 76.17 15.36 0.25 0.98 309 183
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incompressibility of the fluid, the pressure in the wellbore quickly
increased. This pressure gradually transmitted to the formation
around the perforations, and when the stress in this region reached
its bearing limit, HF began to initiate. At this point, the elastic en-
ergy in the reservoir could be transformed into surface free energy,
and fracture propagation was accompanied by plastic energy
dissipation and acoustic energy release. Subsequently, HF propa-
gated in the direction perpendicular to the minimum principal
stress under the inducement of the maximum and intermediate
principal stresses.

Taking the AE localization results of Sample #1 as an example,
shown in Fig. 4, black circles represent the spatial locations of AE
event points, pink represents the projection on the XZ plane
(oy—oay), green represents the projection on the YZ plane (o—ay),
and blue represents the projection on the XY plane (oy—op). We
observed that AE events within the rock sample first concentrated
around the perforations in the wellbore (Fig. 4(a)), and then grad-
ually spread outward. In addition to vertical propagation, fractures
preferentially propagated along the direction of maximum hori-
zontal principal stress and gradually turned, while propagation in
the minimum horizontal principal stress direction was inhibited
(Fig. 4(b)—(d)).

Furthermore, taking the physical cross-section of Sample #2 as

(c) Different viscosity fracturing fluids are introduced into
corresponding tanks

Petroleum Science 22 (2025) 2920—2936

an example, we found that differences in the mechanical properties
of interbeds led to irregular HF propagation in shale-like and
sandstone-like layers, deviating from a simple penny-shaped
pattern (Fig. 5(a) and (b). The presence of interbed interfaces
caused some HFs to be intercepted or horizontally propagated
along them, which also resulted in varying degrees of deviation in
the main HF plane (Fig. 5(c)). Notably, the rock sample shown in
Fig. 5(c) used fracturing fluid containing red and blue tracers (Trace
A). The uncolored wetted areas around the HF were caused by the
inevitable smearing of Vaseline coupling agent on the AE sensors
when removing the rock sample (Trace B).

5.1.1. Impact of injection rate (Samples #1 and #4)

Comparing Samples #1 and #4, which serve as control groups,
we analyzed the impact of different fracturing fluid injection rates
on the vertical penetration and extension of hydraulic fractures. For
Sample #4, with an increased injection rate of 10 mL/min compared
to Sample #1, the distribution range of AE event points increased by
176 mm in the oy direction, 136 mm in the ¢y, direction (Figs. 6(a)
and 7(a)), and 32 mm in the gy direction (Figs. 6(b) and 7(b)).

Moreover, while Sample #1 displayed AE event points concen-
trating around the wellbore, with a notable concentration at 200
and 1400 s (Fig. 6(a)), Sample #4 showed a scattered distribution of

-

oy Sensor
transm|55|on line

'l

(b) Apply coupling agent to AE sensors on triaxial stress plates

) o e
pen the ’ &
hydraulic fracture 2 S

surface

Pell the weak planes
-

¥ g

(d) The cross-sections of the specimens were exposed
after the experiment

Fig. 3. Schematic diagram of the experimental process.
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Fig. 4. AE event localization during the experiment for Sample #1.

AE event points within the rock sample, expanding extensively
towards the boundaries of the sample along the maximum hori-
zontal principal stress direction. This indicates that the HF rapidly
extended to the far end near the rock sample's side after initiation
(Fig. 7(a)).

The assembled cross-section of the physical rock sample shows
that for Sample #1 a vertical main fracture was formed internally,
with a vertical propagation range covering 4 layers, and horizontal
propagation occurred along the weak interlayer planes at the

2926

2nd—5th layers. The vertical fracture was relatively symmetrical
(Fig. 6(c)). For Sample #4, the HF propagated vertically across five
layers, with minimal interlayer propagation. Horizontal propaga-
tion traces were observed only at the 4th and 5th bedding planes,
while the fracture surface exhibited a simpler and more continuous
morphological pattern. It is worth noting that, in order to confirm
the absence of HF in other layers of Sample #4, the sample was
extensively broken down, making it difficult to fully reassemble
some of the layers. The final exhibited main HF surface is shown in
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(a) Main view of sandstone-like layer (5th layer)

(b) Main view of shale-like layer (6th layer)

(c) Overall side view

Fig. 5. Fracture morphology after the experiment for Sample #2.
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Fig. 7. AE distribution and fracture morphology for Sample #4.
Fig. 7(c). viscosities of 80 and 30 mPa-s were alternately injected. For Sample

5.1.2. Impact of viscosity (Samples #2 and #3)

To investigate the effect of fracturing fluid viscosity on the
vertical penetration and extension of hydraulic fractures, Sample
#1 was kept unchanged, while the construction scheme was altered
for Samples #2 and #3. For Sample #2, fracturing fluids with
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#3, the construction scheme was also altered, but the fracturing
fluid viscosities were reduced to 30 and 3 mPa-s.

The AE event point distribution ranges for these two experi-
ments were as follows: in the oy direction, 52—304 mm for Sample
#2 and 40—380 mm for Sample #3, and in the ¢y direction,
100—396 mm for Sample #2 and 24—372 mm for Sample #3
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Fig. 9. AE distribution and fracture morphology for Sample #3.

(Figs. 8(a) and 9(a)). In the gy direction, the ranges were 4—396 mm
for Sample #2 and 60—348 mm for Sample #3 (Figs. 8(b) and 9(b)).
The results show that the vertical dimension of the HF in Sample #2
is greater than that in Samples #1 and #3, while the horizontal
dimensions in both directions are greater in Sample #3 compared
to Samples #1 and #2. For Sample #2, the AE events were highly
concentrated around the wellbore within the initial 200 s of frac-
turing. Over time, these events expanded longitudinally outwards,
broke through the weak interlayer planes, and then extended
asymmetrically along the direction of the maximum horizontal
principal stress until reaching the sample boundary. In contrast, for
Sample #3, the AE events were generally detected later with lower
energy values. These events gradually accumulated near the weak
interlayer planes over time but ultimately failed to penetrate the
barriers of the 1st and 6th weak interlayer planes (Fig. 9(b)).

The longitudinal main fracture surface in Sample #2 propagated
through 7 layers, with horizontal extensions developing along the
weak planes between the 1st and 6th layers. The fracture extended
to the horizontal boundaries of the sample at the 4th—6th bedding
planes resulting in a larger fracture area. In contrast, Sample #3
exhibited a hydraulic fracture that extended through 5 layers
vertically and was intercepted at the 6th bedding plane. Horizontal
extension occurred along the weak interlayer planes at the 1st—5th
bedding planes. The lower fracture wings of both samples extended
relatively vertically along the oy direction, with vertical extension
predominantly marked by high-viscosity fracturing fluid (corre-
sponding to blue in Fig. 8(c) and red in Fig. 9(c)). In contrast, hor-
izontal extension along the interbedded interfaces was mainly

characterized by low-viscosity fracturing fluid (corresponding to
red in Fig. 8(c) and colorless in Fig. 9(c)).

5.2. Pump pressure response and acoustic emission characteristics

Based on the AE parameter analysis method, microcracks can be
categorized into two types: tensile and shear (Ohno and Ohtsu,
2010). According to the JCMS-III B5706 standard, this method re-
quires the use of the ratio of RA to AF as the criterion (Chen et al.,
2023). Here, AF is calculated as the number of "ringing counts"
divided by the "duration”, representing the average frequency of a
single AE event. RA is calculated as the "rise time" divided by the
"amplitude", indicating the reciprocal of the AE signal waveform
gradient in ms/mV. These parameters have high sensitivity and
resolution for identifying the initiation and propagation stages of
fractures and can provide critical information on the dynamic
development of fractures.

Rise time

~ Peak amplitude 3)
Count
~ Duration (4)

where Rise time is the time interval from the initial arrival time to
the maximum amplitude, ms; Peak amplitude is the maximum
value of the waveform signal, V; Count refers to the number of
times the waveform crosses the threshold during a single acoustic
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emission hit duration, dimensionless; Duration refers to the time
interval from the initial arrival time to when the acoustic emission
waveform decays below the threshold value, ms.

Due to the instantaneous release of elastic energy, tensile frac-
tures typically exhibit shorter rise times and durations, while
having relatively larger amplitudes and counts, resulting in a low
RA and high AF phenomenon. Conversely, shear fractures exhibit
the opposite characteristics, with low AF and high RA distributions
(Yang et al., 2023). Previous studies have suggested using a linear
method to differentiate between the two types of fractures (Ohno
and Ohtsu, 2010), finding that it has the advantages of being effi-
cient and versatile. Therefore, this study continues to use the
straight-line classification method and employs the K-means
clustering algorithm to determine the parameters of the boundary
line. From the perspective of micro-seismic energy, the energy
release patterns for shear and tensile fractures differ; layer-parallel
slip generally results in shear fractures, while breaking through
layering results in tensile fractures. Therefore, this study combines
the calculated arrival times and energies of acoustic emission
events with fracturing fluid pressure and viscosity to investigate
the time evolution mechanisms of hydraulic fractures and the re-
sponses of different AE characteristic parameters during hydraulic
fracturing.

According to the combined analysis of pump pressure curves
and AE events, the pressure curves for the four rock samples
exhibited varying degrees of unstable fluctuations. This was pri-
marily due to the restricted fracture propagation, characterized by
repeated processes of initiation, propagation, energy accumulation,
and re-fracturing. The AE events were unevenly distributed within
the injection intervals. Specifically, a quiescent period was
observed at the beginning of the injection, followed by a concen-
tration of high-energy tensile events around the time of pressure
drop, and subsequently, shear events occurred. This behavior is
attributed to the constant flow injection mode used in this study,
which led to a continuous increase in fluid pressure within the
wellbore, creating high-stress zones. The surrounding particles,
with varying stiffness, deformed differently, leading to stress con-
centration and the formation of primary micro-fractures. These
micro-fractures coalesced to form hydraulic fractures, resulting in
shear fractures. During the subsequent fracture propagation stage,
the high-pressure fluid accumulated in the wellbore diffused into
HFs and drove their propagation. The fluid pressure exhibits a
gradient distribution, with non-uniform pressure levels extending
from the injection point to the fracture tip, leading to the genera-
tion of both tensile and shear fractures (Zhao et al., 2023). Through
statistical analysis of AE events, the following observations were
made: the total number of AE events in the experiments ranked as
#2 > #3 > #4 > #1, and the proportion of shear AE events ranked as
#1 > #3 > #2 > #4.

5.2.1. Effect of injection rate

Compared to Sample #1, Sample #4 was tested with 10 mL/min
increased injection rate while other experimental conditions kept
unchanged. For Sample #1, the first drop in fracturing pressure
occurred at 145 s, with a fracture initiation pressure of 28.2 MPa.
During this period, the pressure rise rate was approximately
0.19 MPa/s (Fig. 10(a)). In contrast, Sample #4 achieved an initiation
pressure of 33.91 MPa at 79 s, with a pressure rise rate of approx-
imately 0.43 MPa/s, significantly increasing the rate of pressure rise
(Fig. 10(d)).

Throughout the experiment, the total AE count in Sample #4
was reduced by 29% compared to Sample #1, while the proportion
of tensile events increased by 37%. A total of five high-frequency AE
event periods were monitored in Sample #1, all corresponding to
pressure drop points in the pump pressure curve, indicating macro-
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fracture formation. During the remaining periods, the sample was
relatively calm, representing HF propagation and extension. Anal-
ysis shows that although Sample #4 had fewer total AE events, it
had the highest proportion of tensile events (the maximum among
all control groups), with higher energy values for individual tensile
AE events. Consequently, the cumulative energy value for Sample
#4 was only about 15% lower than that of Sample #1 during the
experimental period. This indicates that under high injection rates,
the net pressure within the fracture increases, enhancing the
fracture propagation capability. This results in a large number of
tensile fractures predominantly governed by tensile failure, leading
to a pronounced vertical penetration of the HF and a significant
reduction in horizontal extension along the bedding planes. How-
ever, due to the rapid injection, the HF expands quickly to the
sample boundary, leaving insufficient time for the formation of a
complex fracture network.

5.2.2. Effect of viscosity

When using high-viscosity fracturing fluids (Fig. 10(b) and (c)),
the peak pressure for Sample #2 (80 mPa-s) was essentially the
same as that for Sample #3 (30 mPa-s). However, when using low-
viscosity fracturing fluid, the fracture propagation pressure of
Sample #2 (30 mPa-s) remained stable around 24 MPa, which was
significantly higher than the 18 MPa observed for Sample #3
(3 mPa-s). Additionally, the overall experimental curve for Sample
#2 exhibited more pronounced sawtooth fluctuations, with post-
drop pump pressure values being higher compared to the third
group; the viscosity changes in Sample #3 during the fracture
propagation phase had almost no effect on the injection pressure,
which tended to slowly rise to a nearly horizontal minimum
boundary load (o = 22 MPa).

Throughout the experiment, the total AE count in Sample #2
increased by 32% compared to Sample #3, and the proportion of
tensile events rose by 21%. For these two groups of rock samples,
during the high-viscosity fracturing fluid stage, the pump pressure
increased to a higher level, and a large number of tensile events
were detected. The AE energy remained at a high value for a period
of time, accompanied by multiple pressure drops. This indicates
that micro-fractures within the rock sample continuously accu-
mulate and coalesce into macro-fractures. In contrast, during the
low-viscosity fracturing fluid stage, the AE count significantly
decreased, and the pump pressure curve extended nearly hori-
zontally, indicating that the internal fractures of the rock samples
were expanding under a relatively stable pressure.

5.3. Construction scheme and spatiotemporal evolution
characteristics of AE

Compared to homogeneous sandstone reservoirs, the hydraulic
fracturing behavior in shale-sandstone interbedded reservoirs dif-
fers significantly. The presence of bedding planes between layers
has a profound impact on the fracture propagation path,
morphology, and final conductivity. Simply relying on a single
vertical main fracture for modification is often insufficient to ach-
ieve the desired effect; activating the bedding planes to form more
branch fractures is necessary. Therefore, investigating the factors
influencing bedding plane activation is crucial for promoting effi-
cient hydraulic fracture propagation across multiple interbedded
layers, forming complex fracture network systems, and enhancing
unconventional gas recovery.

To reveal the impact of different engineering factors on bedding
plane activation, this study utilized AE positioning from Section 4.1
and AE classification results from Section 4.2. AE events detected at
the bedding planes of Samples #1—#3 were plotted on the pump
pressure curves and the oy—op, horizontal planes for analysis and
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Fig. 10. Joint analysis chart of injection pressure and AE.

compared with the physical top views of each layer.

For Sample #1, following the initial pressure decline at 145 s
corresponding to main fracture initiation, notable pressure declines
were observed near the 3rd bedding plane at 1363 and 1586 s. The
projections on the horizontal plane showed dense distribution of
shear events, suggesting that at 1363 s, the fracture underwent
secondary vertical extension at the 3rd bedding plane, and at
1586 s, it not only extended vertically but also opened the bedding
plane horizontally (Fig. 11(a)). Similarly, shear-dominated AE
events were predominantly detected at the 4th bedding plane at
1586 s, suggesting that the HF simultaneously opened part of the
bedding plane at this location (Fig. 11(b)). At the 2nd bedding plane,
shear-dominated AE events were detected at 1600 s, indicating that
the HF had opened fewer bedding planes near the main fracture
face at this time (Fig. 11(c)). Tensile AE events were detected at the
5th bedding plane at 863 s, followed exclusively by shear events,
indicating that the HF had extended to the 5th bedding plane and
was intercepted. Subsequently, the HF switched to horizontal
extension, opening the bedding plane (Fig. 11(d)). Notably, the
absence of AE events near the 1st bedding plane suggests insuffi-
cient energy for fracture penetration through this structural
discontinuity (Fig. 11(e)).

For Sample #2, the main fracture was initially observed to
develop in Layer 4, subsequently propagating bidirectionally
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toward the 3rd and 4th bedding planes. During the high-viscosity
fracturing phase (80 mPa-s), tensile events were detected at the
3rd bedding plane at 732 and 884 s, corresponding to secondary
and tertiary vertical extensions of HF that increased the main
fracture surface area and extended its intersection lines with the
bedding planes (Fig. 12(a)). During the subsequent medium vis-
cosity fracturing phase (30 mPa-s), two shear-type AE events were
detected around 530 s, suggesting that the HF expanded horizon-
tally along the bedding plane. At the 4th bedding plane, two shear-
type AE events were recorded around 580 s, indicating that the HF
opened part of the bedding plane (Fig. 12(b)). Continued moni-
toring during medium-viscosity fracturing revealed shear-type AE
events at the 1st, 2nd, 5th, and 6th bedding planes between 900
and 1200 s, and at the 3rd and 5th bedding planes from 530 to 600 s
(Fig. 12(c)—(f)).

For Sample #3, tensile AE events were detected at the 3rd
bedding plane at 720 and 936 s during the medium-viscosity
fracturing phase (30 mPa-s), indicating secondary and tertiary
vertical extensions of the HF (Fig. 13(a)). At the 4th bedding plane,
shear-dominated AE events were observed at 582 s during the low-
viscosity fracturing phase (3 mPa-s), indicating horizontal exten-
sion of the HF and opening of some bedding planes (Fig. 13(b)).
According to Fig. 13(c) and (d), tensile AE events were recorded at
the 2nd and 5th bedding planes at 870 s (medium-viscosity
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Fig. 11. Temporal and spatial distribution of AE event points on bedding planes 1-5 in Sample #1.

fracturing fluid stage), while shear AE events were observed at
930 s (end of this stage). The physical cross-section reveals that the
main fracture trace at the 2nd bedding plane is closer to the sample
boundary, suggesting that the HF experienced asymmetric propa-
gation influenced by interbedding interfaces, with differing
extension rates on either side of the vertical direction. Shear-
dominated AE events were detected at the 1st bedding plane be-
tween 900 and 1200 s (Fig. 13(e)), signifying horizontal HF propa-
gation that ultimately extended beyond the sample boundary.
Generally, shear-type AE events exhibited higher occurrence
frequencies near weak interlayer surfaces during lower-viscosity
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fracturing fluid injection stages, with satisfactory spatial correla-
tion between AE event localization and actual fracture morphology.
4 bedding planes (BP-2 to BP-5) were activated in Sample #1, while
5 (BP-1 to BP-5) and 6 (BP-1 to BP-6) bedding planes were
respectively activated in Samples #3 and #2.

This phenomenon can be attributed to the continuous injection
scheme employed in Sample #1, where a medium-viscosity frac-
turing fluid (30 mPa-s) was maintained without viscosity modifi-
cation. The sustained fracture propagation under this condition
caused progressive dissipation of fluid energy within the fractures,
leading to inadequate weak interlayer plane activation. For Sample
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#3 subjected to alternating-viscosity injection sequences, although
medium-viscosity fluid was initially employed during the pre-
fracturing stage with limited vertical layer connectivity, subse-
quent lower-viscosity fluid injection (3 mPa-s) enhanced weak
interlayer plane activation and horizontal fracture development

compared to Sample #1.

In Sample #2, a high-viscosity fracturing fluid (80 mPa-s) was
injected, which resulted in lower fluid loss along the weak
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Fig. 12. Temporal and spatial distribution of AE event points on bedding planes 1—6 in Sample #2.

interlayer surfaces. After reaching the lithological interface, the
relatively concentrated hydraulic energy ensured that the HF could
penetrate and connect multiple weak interlayer surfaces. This
provided the prerequisite conditions for the subsequent activation
of all weak interlayer planes and varying degrees of horizontal

propagation during the subsequent low-viscosity fracturing fluid
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stage, ultimately yielding the most favorable stimulation efficacy
among the tested samples.
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6. Discussion

Fig. 13. Temporal and spatial distribution of AE event points on bedding planes 1-5 in Sample #2.

The HF propagation mechanism is intrinsically correlated with
rock mechanical parameters, the fluid pressure distribution within
the fracture, and the stress concentration at the fracture front.
Analysis of the stress intensity factor (SIF) at the fracture tip pro-
vides critical insights into the physical processes governing fracture
propagation under weak interlayer planes influence. Warpinski and
Teufel. (1987) hypothesized that the fracture tip temporarily

becomes blunted when it contacts a discontinuity. Specifically,
when an HF propagates to a weak interlayer planes, it can only
cross, activate, or propagate along the bedding plane after a certain

period of injection.

According to fracture mechanics theory, the HF at this stage can
be simplified and analyzed as a symmetrical fracture with a half-
length of a. Fracture propagation initiates when the Mode I SIF
(K1) reaches the fracture toughness (Kjc) of the rock matrix. Owing

to fluid lag effects, there are
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two possible force conditions on the
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Fig. 14. Schematic diagram of the loading mode after HF intersects with the weak interlayer plane (modified from Wu et al., 2022).

fracture surface: when significant fluid lag develops with central
fluid accumulation, the fracture surface experiences quasi-
concentrated loading (Fig. 14(a)). Conversely, when fluid penetra-
tion approaches the fracture tip and the fracture is almost fully
filled with fluid, the fracture surface is approximately subjected to a
uniformly distributed load (Fig. 14(b)).

F

Kiy == (5)
KIZ =0'\/'}Cv& (6)
T—Aon—P)=0 (7)

where Ki; and K, are the SIFs, MPam'/?; a is the half-length of the
fracture, m; F is the equivalent concentrated stress, MPa; ¢ is the
equivalent uniformly distributed stress, MPa; 7 is the shear stress at
the fracture tip, MPa; ¢y, is the normal stress applied to the weak
interlayer planes, MPa; 1 is the friction coefficient of the weak
interlayer planes; P is the fluid pressure, MPa.

High-viscosity fracturing fluid, due to its poor mobility, easily
forms a fluid lag region. In this scenario, it corresponds to a
concentrated load at a single point. According to Eq. (5), the
reduced SIF at the fracture tip under such conditions decelerates
fracture propagation along bedding planes, promoting hydraulic
energy accumulation within the HF. When the K] at the center of the
HF exceeds Kic of the matrix on the other side of the weak interlayer
plane, Mode I tensile failure occurs, causing the HF to propagate
perpendicularly through the layer, breaking through the interlayer
barrier.

In contrast, low-viscosity fracturing fluid has better flowability,
which allows the fracture to be as fully filled with fluid as possible.
This corresponds to uniformly distributed loading along the frac-
ture surface. According to Eq. (6) the degree of stress concentration
at the fracture tip is higher in this case, which means that even with
a small variation in net pressure within the fracture, the HF tends to
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continuously propagate along the weak interlayer planes without
accumulating hydraulic energy. Moreover, low-viscosity fracturing
fluid is more likely to filtrate into the weak interlayer plane,
reducing the maximum static friction force exerted on the weak
interlayer plane. According to Eq. (7), when the shear stress meets
the Mohr—Coulomb criterion, shear sliding occurs along the weak
interlayer plane, driving the HF to activate the weak interlayer
plane and extend horizontally. At the same time, the flow charac-
teristics of low-viscosity fracturing fluid effectively reduce the fluid
lag effect within the HF, establishing a more unobstructed pathway
for fluid flow inside the fracture. This creates favorable conditions
for subsequent high-viscosity fluid injections, allowing for higher
stress to be applied at the fracture tip and further enhancing the
effect of through-layer propagation.
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Fig. 15. Overall AE event point distribution of Sample #4.
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This explains well the experimental phenomena observed in
this study. Specifically, high-viscosity fracturing fluid is more
conducive to through-layer propagation of the HF, corresponding to
the concentration of high-energy tensile AE events observed during
the drop in pump pressure; low-viscosity fracturing fluid is better
at opening weak interlayer planes between layers, corresponding
to shear AE events occurring near the spatial location of the weak
interlayer plane; alternating injections of high- and low-viscosity
fracturing fluids increase the complexity of the fracture network,
corresponding to mixed tensile-shear AE events being observed in
a spatiotemporal sequence.

For a high injection rate, since the net pressure within the
fracture can be increased and replenished in a timely manner, the
fracture tip can be rapidly filled with fluid. Theoretically, this pro-
motes the HF to cross the weak interlayer planes and expand along
it, increasing the complexity of the fracture network. However, due
to the influence of the laboratory-scale experiment, it was observed
that HF in Sample #4 may have exhibited dynamic propagation,
which could negate any contribution of fluid pressure to the new
fracture surfaces (De Pater et al.,, 1994), resulting in differences
between the experimental results and field conclusions. Specif-
ically, shear-type AE events were only sporadically distributed near
the weak interlayer plane between the 5th layer during the early
and late stages of the experiment, and the experiment ended
significantly earlier than expected (Fig. 15). Additionally, the
physical cross-section exhibited a simple fracture morphology with
almost no opening of weak interlayer planes or formation of branch
fractures (see Fig. 7(c)). It is speculated that under these conditions,
the high injection rate caused the HF to undergo unstable, uncon-
trolled, and rapid propagation, thereby reducing the volume and
complexity of the fracture network. On the field scale, using a high
injection rate in conjunction with a high-viscosity fracturing fluid
could result in extremely high treatment pressures, potentially
exceeding the pressure limit and causing pump shutdown, which is
generally not adopted.

Therefore, in this study, an alternative condition (Sample #2)
was set up as a control group, using alternating injections of a
higher viscosity fracturing fluid instead of increasing the injection
rate. The findings showed that this also enhanced the through-layer
propagation of HF. This indicates that the interaction behavior of HF
with weak interlayer surfaces in interbedded rock samples is
related to the product of fluid viscosity and injection rate. When the
product of fluid viscosity and injection rate is similar under other
constant conditions, it may lead to similar interaction behavior
between HF and weak interlayer surfaces, and similar phenomena
have also been observed in previous studies (Tan et al., 2017).

7. Conclusions

In this study, large-sized synthetic rock samples were used to
conduct HF physical simulation experiments under the guidance of
similar material scaling theory. By setting up 6 composite weak
interlayer planes, and ensuring consistency of geometric and me-
chanical properties between layers and weak planes based on
standardized sample preparation procedures, the experiment
focused on studying the initiation, propagation, morphology, and
underlying mechanisms of HF in interbedded reservoirs with
multiple discontinuities, under the influence of engineering factors
such as injection rate, fluid viscosity, and construction scheme. The
main conclusions are as follows.

(1) During the hydraulic fracturing physical simulation process,
AE with high temporal and spatial resolution, combined with
real-time pump pressure recording, is able to capture the
dynamic process of HF formation and propagation. There is a
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strong correlation between the spatial distribution of AE
events and the actual morphology of the fractures. The me-
chanical mechanism is that the onset and propagation of
microcracks are closely related to the tensile and shear
fracture properties. Tensile-type AE events represent the
formation of the main fracture and its vertical through-layer
propagation, while shear-type AE events indicate the acti-
vation of weak interlayer surfaces and the trend of fracture
propagation along these weak interlayer planes. The number
of layers connected by HF and the extent of weak plane
activation determine the formation of a complex fracture
network.

(2) High-viscosity fracturing fluid effectively increases the in-
jection pressure, promoting the vertical through-layer
propagation of the main fracture. In contrast, low-viscosity
fracturing fluid is more easily captured by the weak inter-
layer planes, tending to activate weak interlayer planes and
promoting horizontal propagation of the fracture, forming
branch fractures. Although increasing the injection rate can
enhance the vertical propagation of fractures, it also causes
deviation of the main fracture plane, weakening the ability to
activate horizontal bedding planes, which results in a rela-
tively simple fracture network morphology.

(3) The alternating injection of fracturing fluids with different
viscosities enables the main fracture to break through height
limitations while promoting the full development of branch
fractures along weak interlayer planes. This ultimately forms
a complex fracture network and achieves effective three-
dimensional reservoir modification.
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