
lable at ScienceDirect

Petroleum Science 22 (2025) 2109e2122
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Evolution of multi-cluster fracturing in high-density layered shale
considering the effect of injection scheme

Xiao Yan a, Haitao Yu b, c, *, Peng Zhang d

a School of Aerospace Engineering and Applied Mechanics, Tongji University, Shanghai, 200092, China
b Department of Geotechnical Engineering, College of Civil Engineering, Tongji University, Shanghai, 200092, China
c State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai, 200092, China
d China Energy Technology and Economics Research Institute, Beijing, 102211, China
a r t i c l e i n f o

Article history:
Received 16 July 2024
Received in revised form
6 March 2025
Accepted 6 March 2025
Available online 11 March 2025

Edited by Yan-Hua Sun

Keywords:
Multi-cluster fracturing
Bedding planes
Fracture morphology
Injection scheme
Numerical simulation
* Corresponding author.
E-mail address: yuhaitao@tongji.edu.cn (H. Yu).

https://doi.org/10.1016/j.petsci.2025.03.008
1995-8226/© 2025 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Shale oil reservoir is generally characterized by well-developed bedding planes, and multi-cluster frac-
turing is the most effective technique to achieve stable shale oil production. In this paper, a multi-cluster
fracturing model for a horizontal well in shale with high-density bedding planes is established. The
fracture morphology, fracture geometry, fracturing area and multiple fracture propagation mechanism
are analyzed under simultaneous fracturing, sequential fracturing, and alternative fracturing. Results
show that in the case of small cluster spacing and three clusters, the growth of the middle fracture is
inhibited and develops along the bedding planes under both simultaneous fracturing and alternative
fracturing. For sequential fracturing, the increase in the interval time between each fracturing advances
the post fracturing fracture deflecting to the pre-existing fractures through the bedding planes. The
reactivation of the bedding planes can promote the extension of the fracturing area. Increasing the in-
jection rate and the number of clusters promotes the activation of bedding planes. However, it is pref-
erable to reduce the number of clusters to obtain more main fractures. Compared with modified
alternating fracturing and cyclic alternating fracturing, alternating shut-in fracturing creates more main
fractures towards the direction of the maximum in-situ stress. The fracturing efficiency for high-density
layered shale is ranked as simultaneous fracturing > alternative fracturing > sequential fracturing.
© 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Shale oil development has obtained a worldwide concern with
the continuous consumption of conventional energy. Geological
exploration data illustrates that Sichuan Basin, Songliao Basin,
Bohai Bay Basin, Ordos Basin, Junggar Basin, Santang Lake Basin,
and Qaidam Basin, China, all have rich shale oil resources (Liu et al.,
2019a, 2023b; Mei et al., 2023). Furthermore, the shale, as a typical
sedimentary rock, generally has lowpermeability, low porosity, and
well-developed bedding structures, in which the density of
bedding planes ranges from milimeter to meter (Guo et al., 2023;
Wei et al., 2023; Meng et al., 2024). Different from the exploitation
of oil, shale gas, and coal, multi-stage and multi-cluster fracturing
in horizontal wells is the most effective technique to achieve stable
y Elsevier B.V. on behalf of KeAi Co
shale oil production (Chang et al., 2022a). Previous theoretical re-
sults and experimental observation have proven that the bedding
planes or natural fractures embed in the shale will affect the hy-
draulic fracture initiation and geometry (Blanton, 1982; Zhou et al.,
2008; Cheng et al., 2014; Dahi Taleghani et al., 2016; Tan et al., 2017;
Li, 2024; Pan et al., 2024). Thus, it is important to evaluate the
multi-cluster fracturing characteristics in high-density layered
shale and reasonably optimize the multi-cluster injection scheme
for shale oil production.

Relevant studies have proved that the stress interference occurs
due to the multi-cluster fracturing in horizontal wells, resulting in
strong uneven expansion pattern of hydraulic fractures (Zangeneh
et al., 2015; Siddhamshetty et al., 2018; Sobhaniaragh et al., 2018;
Liu et al., 2019b; Dontsov and Suarez-Rivera, 2020). The number of
perforation clusters and the fracture spacing are key factors con-
trolling the stress interference and fracture morphology, with the
closer fracture spacing strengthening the stress interference in one
stage (Wu et al., 2016; Saberhosseini et al., 2019). Moreover, Tian
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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et al. (2019) established a multi-cluster hydraulic fracture propa-
gation model using the extended finite element method, and pro-
posed that the difference in geostress can offset the influence of
stress interference between hydraulic fractures. Chen et al. (2020)
found that the increased perforation number in cluster will pro-
mote the uniform fluid partitioning under high in-suit stress using
a 3D planar multi-cluster fracturing model. Yang et al. (2018)
emphasized that the reduction of fracturing fluid viscosity and
the increase in injection rate will improve the uniformity of multi-
cluster hydraulic fractures in a horizontal well. Li et al. (2018)
studied the effect of perforation erosion on hydraulic fracture
growth in multi-stage and multi-cluster hydraulic fracturing.
Manchanda et al. (2017) found that not all clusters provide good
and effective fracturing cracks, thus proposing an optimization
scheme to adjust the cluster number to improve the stimulation.
Wang et al. (2023) investigated the multiple fracture propagation
path in large-angle oblique horizontal wells, revealing the impact of
horizontal stress, injection rate, horizontal wellbore azimuth, and
cluster spacing.

For the multiple fracture propagation under the influence of
natural fractures or bedding planes, Ren et al. (2019) established
two opposite natural fractures in the rock and analyzed the influ-
ence of stress anisotropy, layered distributed properties, and well
deviation on anisotropy and heterogeneity of the propagation path
of a two-cluster fracture system. Huang et al. (2022) conducted
multi-cluster fracturing in shale reservoir and suggested that the
complex hydraulic fracture network can be obtained by variable
fluid-viscosity injection method. Liu et al. (2023c) found the shale
anisotropy causes stronger stress interference on multiple hy-
draulic fractures. Qianli et al. (2023) developed a hydro-mechanical
phase-field model to study the multi-cluster fracturing in discrete
fracture network. Yang et al. (2022) applied coupled 3D displace-
ment discontinuity method and finite volume method to analyze
the fracture hydraulic morphology in fractured rock. They all
discovered that the inter-cluster stress interference will be reduced
effectively by activating natural fractures. However, few studies pay
attention to the interaction of multi-cluster fracturing and bedding
planes. Given the existence of high-density bedding planes in shale
oil reservoir, the current research findings cannot effectively guide
the shale oil production. The control mechanism of bedding on the
fracturing behavior remains unclear.

The injection strategies also play an important role on fracturing
efficiency. Chang et al. (2022b) conducted the experimental study
in deep shale using constant fluid rate injection, cyclic injection,
shut-in intermittent injection, and low-frequency pulse pressuri-
zation injection, finding that both the cyclic fracturing and shut-in
fracturing can reduce the rock breakdown pressure, and pulse
fracturing creates the most complex fracture morphology. Chang
(2019) experimentally observed that the stepped-rise pump rate
is conductive to opening the pre-existing discontinuity, while the
cyclic-uplift injection method can only form a transverse fracture.
Sesetty and Ghassemi (2013) pointed that the stress interference
and the propagation of hydraulic fractures are both affected by
fracturing sequence. Kumar and Ghassemi (2016) observed that
sequential fracturing and modified alternative fracturing in a hor-
izontal well could achieve greater fracture complexity. Wang et al.
(2021) reported that the alternative fracturing scheme could
generate better fracturing effect compared with sequential and
simultaneous fracturing. Nevertheless, the fracturing efficiency in
layered shale with different injection strategies still keeps a poor
understanding.

In this paper, we use a novel unified pipe-interface element
method (UP-IEM) proposed by Yan and his coworkers (Yan et al.,
2021; Yan and Yu, 2022) to establish a multi-cluster fracturing
model containing high-density bedding structure. The fracturing
2110
efficiency of simultaneous injection, sequential injection, and
alternative injection are investigated together with the fracture
morphology, fracture geometry, and fracturing area. The paper is
organized as follows: the methodology, numerical model, and nu-
merical scheme are given in Section 2. In Section 3, we present the
numerical results of multi-cluster simultaneous fracturing. The
effect of cluster spacing, injection rate, and cluster number are
discussed. In Section 4, fluid injection scheme including sequential
fracturing and alternative fracturing are conducted. Also, the frac-
turing effect of modified alternating fracturing, alternating shut-in
fracturing, and cyclic alternating fracturing are compared. The
conclusions are drawn at the last section.

2. Mathematical model and numerical method

The numerical model in this study is calculated using the UP-
IEM (Yan et al., 2021). In UP-IEM, the unified pipe network
method (UPM) and the interface element (IE) are coupled to solve
the hydro-mechanical coupled fracture propagation problem. The
rock matrix is fully saturated. Compared with other existing
methods or commercial software, UP-IEM is a simple yet accurate
and robust numerical method to simulate fluid flow in discrete
dual-permeability media. It is capable of capturing the overall
anisotropy of the layered rock by explicitly representing bedding.
The additional interchange term between bedding and surrounding
rock is not needed as the interchange is already accounted for
implicitly. In addition, it can consider both the cemented bedding
and frictional bedding. The dilatation due to rough bedding surface
during hydraulic fracturing is also calculated. Most previous studies
only focus on the evolution of fracture parameters while ignoring
the bedding plane evolution characteristics. The hydro-mechanical
coupled mechanical equilibrium of the fractured rock is expressed
based on the porelastic theory. The fluid flow in rock matrix, hy-
draulic fractures, and bedding planes follows Darcy's law. The UP-
IEM has been successfully applied in modeling seepage and hy-
draulic fracturing on a laboratory scale and field scale (Sun et al.,
2019; Yan and Yu, 2022; Yan et al., 2021, 2024).

2.1. Basic equations

2.1.1. Fluid flow equation
The fluid flow in both perforation clusters and fractured rock is

governed by Darcy's law, and the mass conservation equation is
expressed as follows (Rutqvist et al., 2002; Shao et al., 2024):

rwS
vp
vt

þ arw
vεvol
vt

þ V

�
rw

1
h
kVp

�
¼ rwqs (1)

where r represents the fluid density; S is the specific storage; p is
fluid pressure; a is the Biot coefficient; εvol is the volumetric strain;
ƞ represents the fluid viscosity; k represents the permeability; and
qs is the source term.

2.1.2. Equilibrium equation
The hydro-mechanical coupling is expressed according to the

change of effective stress. The Biot coefficient a is used to express
the influence of fluid pressure as follows:

Vðs0 �apIÞ¼0 (2)

where s‘ is the effective stress tensor; and I is the identity tensor.

2.1.3. Fracture propagation equation
The cohesive-frictional zone model proposed by Barenblatt

(1962) is used to describe the hydraulic fracture propagation. The



Fig. 1. Diagram of a numerical model for hydraulic fracturing of shale specimen.
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relationship between cohesive traction and separation is deter-
mined by a linear softening law (Snozzi and Molinari, 2013):

td ¼
t
u
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!
(3)

u¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2N þ b2

k2
u2T

s
(4)

where td is the cohesive traction; t is an equivalent traction; u is the
equivalent fracture opening; uN and uT represents the normal and
tangential separation over the surface. The parameter b accounts for
the ratio of tensile strength to shear strength, the parameters k de-
fines the ratio between the fracture energy in Mode-II and Mode-I.
2.1.4. Slip equation
The frictional slip and stick behavior of the bedding planes are

controlled by classical Coulomb's friction law (Oliver et al., 2008):

uN � 0; tcN � 0; uN$t
c
N ¼ 0 (5)

f ¼
���tfT���� ��m$tcN��

�¼ 0; slipping
<0; sticking

(6)

where tcN is the normal closure traction; tfT is the tangential fric-
tional traction; and m is Coulomb's friction coefficient. When the
shear stress is less than the bedding strength (defined as m$tcN), a
stick situation governs the relative displacement of the disconti-
nuities, while a slip situation is restricted to the value once the
shear stress is equal to the bedding strength.
2.1.5. Aperture evolution equation
The permeability of the hydraulic fractures and bedding planes

is written based on the evolution of aperture (w) (Witherspoon
et al., 1980):

k¼w2

12
(7)

The generation of hydraulic fracture is considered as tensile
failure, thus the aperture of the hydraulic fracture is obtained
directly according to the normal separation. While for the bedding
planes, the aperture varies under compressive load and tensile load.
The aperture for hydraulic fractures and bedding planes can be
written as follows (Saeb and Amadei, 1992; Rutqvist et al., 2002;
Fang et al., 2017; Nguyen et al., 2017):
w ¼

8>>>><
>>>>:

uN; hydraulic fractures

wr þ ðw0 �wrÞexp
�
� 1
Knðw0 �wrÞt

c
N

�
þ DuTtanj; bedding planes ðcompressive loadÞ

w0 þ uN; bedding planes ðtensile loadÞ

(8)
where wr represents the residual aperture; w0 represents initial
aperture under zero stress; Kn represents the stiffness of the
bedding planes; and j represents the dilation angle.
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2.2. Numerical model

As shown in Fig. 1, a numerical model with awidth of 100 m and
a height of 50 m containing high-density bedding planes is estab-
lished. Due to the density of bedding planes ranging from milli-
meter to meter in shale oil reservoir (Guo et al., 2023; Wei et al.,
2023; Meng et al., 2024), the spacing of the bedding plane is
defined as 2 m. The vertical stress sv ¼ 40 MPa is loaded on the top
edge of the model domain, as well as the minimum horizontal
stress sh ¼ 25 MPa is acted on the right and left boundaries of the
model. The normal displacement of the bottom edge is fixed. A
horizontal well is located in the middle of the model with several
clusters. In this study, the basic mechanical and hydraulic param-
eters for the simulation are obtained from the shale oil reservoir in
Jiyang Depression, Bohai Bay Basin, Eastern China, which was
tested using laboratory experiments by (Liu et al., 2023a; Li et al.,
2024). In their experiments, the permeability of the rock matrix
ranges from 5� 10�18 to 2� 10�15 m2. The intrinsic permeability
in this study is assumed to be low-permeable with 1� 10�17 m2.
The mechanical and fluid parameters are listed in Table 1.

In this study, simultaneous fracturing, sequential fracturing, and
alternative fracturing are conduced to estimate the evolution of
multi-cluster fracturing. In single-stage multi-cluster simultaneous
fracturing simulation, the effect of different cluster spacing, injec-
tion rate, and cluster number are discussed, as presented in
Fig. 2(a). In the multi-cluster sequential fracturing, three fracturing
clusters are modeled in one stage with different interval time
(Fig. 2(b)). In the multi-cluster alternative fracturing, to compare
with the sequential fracturing, we firstly conduct a three-cluster
fracturing with different interval time, in which the middle clus-
ter is injected at last with the continuous injection for Cluster 1,
Cluster 2, and Cluster 3 (see Fig. 2(c)). After that, we design three
different alternative injection schemes under nine perforations
with two stages (Xia et al., 2024), as displayed in Fig. 2(d). In the
first scheme, the fluid is firstly injected into Cluster 1 and then
injected into Cluster 2, called the modified alternating fracturing
(Fig. 3(a)). The second scheme is an alternating shut-in fracturing
with a shut-in period existing between the fracturing of Cluster 1



Fig. 2. Injection schemes for multi-clus

Fig. 3. Three kinds of alternative injection sche

Table 1
Input material parameters for numerical simulation.

Parameter Value

Young's modulus E, GPa 20
Poisson's ratio v 0.22
Biot coefficient ɑ 1
Initial porosity fm

0 0.02
Intrinsic permeability k, m2 1� 10�17

Fracture energy Gf, N/m 51
Tensile strength ft, MPa 2.0
Scaling factor for rock strength b 1
Scaling factor for fracture energy k 1
Stiffness of bedding plane Kn, GPa/m 200
Initial aperture of bedding planes w0, mm 0.01
Residual aperture of bedding planes wr, mm 0.001
Friction coefficient m 0.4
Dilation angle j, � 10
Fluid viscosity ƞ, Pa s 0.001
Fluid density rw, kg/m3 1000
Injection rate q, m2/s 1� 10�4
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and Cluster 2 (Fig. 3(b)). The last scheme is a cyclic alternating
fracturing (Fig. 3(c)). In these schemes, the injection rate q1 asso-
ciated with Cluster 1 and q2 with Cluster 2 (Xia et al., 2024).

3. Simultaneous fracturing

In this section, to study the effect of key multi-cluster fracturing
factors on multiple hydraulic fracturing, we analyze the fracture
propagation path, fracture geometry, and fracturing area.

3.1. Effect of cluster spacing

Previous work of multi-cluster fracturing in homogeneous rock
found that a small cluster spacing will strength the stress inter-
ference and further affect the fracture morphology. However, the
impact of cluster spacing onmultiple fracture propagation behavior
and fracturing efficiency in shale with high-density bedding planes
is still not clear. In this section, three fractures propagate
ter fracturing in a horizontal well.

mes under nine-cluster fracturing process.



Fig. 4. Three-cluster fracture propagation behavior under different cluster spacing.
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simultaneously with fracture spacing of 5, 10, 15 and 20 m,
respectively.

Fig. 4 shows three-cluster fracture propagation behavior under
different cluster spacing. When the cluster spacing is 5 m, the
middle fracture (Cluster 2) will cross two layers of bedding planes
and then be arrested. The upper part of the left fracture (Cluster 1)
and the bottom part of the right fracture (Cluster 3) are compressed
by the middle fracture, causing uneven fracture width along the
hydraulic fracture length. It can also be observed from the pore
pressure contour as shown in Fig. 4(a), the fracturing fluid pene-
trates into the bedding planes, while the aperture of the bedding
planes is smaller compared with the hydraulic fractures. The slip-
page of the bedding planes has a non-negligible influence on hy-
draulic fracturing. For larger cluster spacing, the influence of
bedding planes and stress interference on the propagation path of
hydraulic fracture is weakened, which is similar as the results in
previous studies (Yang et al., 2018; Ma et al., 2022). Especially when
the cluster spacing is 20 m, the three fractures propagate more
independently towards the vertical stress, as well as the fracture
apertures along the propagation path are almost the same.
Different from the multi-cluster fracturing results in intact rock, it
was noticed that hydraulic fractures could bypass the inter-cluster
interference by connecting bedding planes. The existence of
bedding planes would induce the middle fracture to be arrested or
results in the fracture merging and diverting.

Fig. 5 presents the variations of fracture aperture with time at
the inlet position for different cluster spacing. In the initial prop-
agation stage, the width of the three fractures at the inlet position
all increases gradually with the continuous injection and the
aperture difference is minor. This is because the stress shadow
between the hydraulic fractures is small and the stress conditions
at fracture tips are analogous. However, when the cluster spacing is
small, the propagation of single cluster fracture will result in an
intense compressive load on the rock matrix and leads to a closure
of the existing hydraulic fractures. For cluster spacing of 5 m, the
edge fractures at the inlet position are squeezed by the middle
fracture, and it is predicted that the aperture will decreases
continuously. Nevertheless, the slippage of the bedding planes
2113
promotes a further expansion on hydraulic fracture aperture after
the bedding plane is activated and connected with the outer cluster
fractures. This phenomenon could be observed in Fig. 5, after the
bedding plane is activated and connected at approximately 80 s, the
fracture width further shows an obviously increase trend. On the
contrary, with the increase in cluster spacing, no bedding is acti-
vated, and the fracture width for three-cluster fractures is almost
the same, indicating that the fracture is more likely to growth like
single fracture (Fig. 5).

Due to the shale oil may exist in the bedding planes, it is
necessary to consider the reactivation area of the bedding planes.
Thus, the fracturing area in the current study includes the artificial
fracture area and the reactivated bedding plane area. Note that the
artificial fracture area here is determined as the accumulation of
the fracture area in each cracked element which is the product of
fracture height and fracture aperture. The reactivated bedding
plane area is defined as the product of bedding plane opening
(normal width and dilation width) and bedding length. The frac-
turing area under different cluster spacing is shown in Fig. 6. The
fracturing area is the largest when the cluster spacing is 5m, and an
obvious growth is foundwhen the fracturing time is about 90 s. The
results mean that the activation of the bedding planes together
with the connection between the hydraulic fractures and bedding
planes could promote the fracturing efficiency.

3.2. Effect of injection rate

The injection rate plays an important role on pore pressure
distribution, the interaction between hydraulic fractures and nat-
ural fractures, as well as hydraulic fracture geometry (Remij et al.,
2015; Khisamitov and Meschke, 2021; Yan and Yu, 2022). This
section chooses four different injection rates to investigate the
three-cluster fracture propagation pattern in bedding planes. The
injection rates in each cluster are 2� 10�5, 1� 10�4, 2� 10�4, and
3� 10�4 m2/s. The cluster spacing is 5 m.

As for the fracture propagation path and aperture distribution
shown in Fig. 7, its variation strongly depends on fracturing fluid
injection rate. With a low injection rate, the fluid tends to flow into



Fig. 5. Variations of fracture aperture with time at the inlet position for different cluster spacing.

Fig. 6. Variations of fracturing area with time for different cluster spacing.
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the bedding planes, and it is difficult for main fractures to wake
bedding planes so as to induce shear slip of bedding planes. For the
case q ¼ 2� 10�5 m2/s, all fractures develop along the bedding
planes. It is noted that the middle fracture initially propagates
vertically crossing several bedding planes and then tends to deflect
to the left fracture and right fracture through the bedding planes
when q ¼ 1� 10�4 m2/s and q ¼ 2� 10�4 m2/s. Once the hydraulic
fracture deflects along the bedding planes, approaching hydraulic
fractures initially induce shearing along bedding planes. When the
injection rate is further increased to q ¼ 3� 10�4 m2/s, the three-
cluster fractures mainly extend crossing the bedding planes.
Combined Figs. 7 and 8, a larger stress shadow (sxx) and fluid
pressure disturbance caused by high injection rate are easier to
induce the middle fracture deflection.
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The previous simulation results prove that under the small
cluster spacing, themiddle fracture is restricted to propagate due to
the stress interference under low injection rate. Fig. 9 illustrates the
evolution curves of fracture aperture at injection points. As seen,
the total fracture width increases gradually with injection rate.
Increasing fluid flow rate increases shear displacement at the
junction of hydraulic fractures with bedding planes. The shearing
displacement and dilation further promote the aperture of the
hydraulic fractures. According to the comparison results of frac-
turing area considering the influence of injection rate during three-
cluster fracturing (Fig. 10(a)), under the same fracturing time, the
total fracture area shows an increasing trend as the increase in the
injection rate. However, the fluid injection volume also acts as a
dominant factor influencing the fracturing behavior. Fig. 10(b)
presents the relationship between fracturing area and total injec-
tion volume. It is also found that although the gradual increase in
pumping rate can effectively increase the width of the fracture
system and promote the fracturing area, attention still needs to be
paid to the competing factors of fluid volume, as well as the acti-
vation of bedding planes. Increasing the injection rate is conducive
to generate vertical main fractures.

3.3. Effect of the number of clusters

The main parameters in layout of the multi-cluster perforation
include the number of clusters and the cluster spacing. The key
problem still needed to be addressed is whether the transformation
efficiency of the shale reservoir with high-density bedding planes
could be enhanced by increasing the number of clusters. Four cases
with cluster number of 3, 5, 7 and 9 are considered. The cluster
spacing is defined as 5 m. Two schemes are conducted here, in
which Scheme 1: The injection rate in each cluster is 1� 10�4 m2/s.
Scheme 2: The total injection rate is fixed as 9� 10�4 m2/s in the
horizontal well.

Figs. 11 and 12 show the comparison of different fracture



Fig. 7. Three-cluster fracture propagation behavior under different injection rates.

Fig. 8. Variations of stress with time at the middle point between Cluster 1 and Cluster
2 (The dashed line circle means that the middle fracture starts to deflect to the edge
fractures.).
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network patterns under different number of clusters. As seen, with
the increase in the number of clusters, bedding planes are easier to
be activated and the inter-cluster hydraulic fractures are more
Fig. 9. Variations of fracture aperture with time at

2115
likely to be arrested by the bedding planes. The multiple fractures
present intense competition propagation phenomenon with
continuous fluid injection. More interior cluster fracture propaga-
tion will be impeded by the bedding planes with the increased
number of clusters. The growth rate of the artificial main fracture
becomes slow affected by the activated bedding planes. The injec-
tion fluid accumulates in the connected multiple fractures and
promotes their aperture. For the constant total injection rate, the
three-cluster hydraulic fractures could initiate effectively and cross
the bedding planes, eventually, these fractures merge together in
the rock matrix and propagate forward. This is because the intense
fluid pressure in each cluster promotes the effective initiation and
propagation.

Fig. 13 illustrates the evolution of fracturing area for four cases
with different numbers of clusters. It is worthmentioningwhen the
total injection rate is fixed, the fracturing area with the cluster
number of 5 and 7 is almost the same. The competition among
more cluster fractures restricts the fracturing transformation. In
addition, the number of the failure elements (includes the elements
representing the hydraulic fracture and the elements representing
the activating bedding) does not satisfy the similar increasing
mode. More clusters increase the probability of hydraulic fractures
communicating with bedding planes to obtain more failure
the inlet position for different injection rates.



Fig. 10. Variations of fracturing area with time and injection volume at different injection rates.

Fig. 11. Multi-cluster fracturing behavior under different numbers of clusters with the injection rate of 1� 10�4 m2/s in each cluster.
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elements, but the competition flow distribution may cause an un-
satisfactory stimulation response. Considering the existence of
shale oil in the bedding planes, comprehensively balancing the
fracturing area and bedding plane activation area, relatively small
cluster number with a closely spaced stage may more profitable to
fractured shale stimulation.

4. Sequential fracturing and alternative fracturing

Multi-cluster sequential fracturing and alternative fracturing are
also important injection scheme usually used in the actual oil and
gas production. Influenced by the stress redistribution and non-
uniform pore pressure induced by fracturing (Yan and Yu, 2022),
the time interval and injection sequence of each cluster will have
non-negligible effect on multiple fracturing behavior. The injection
scheme conducted in this section is given in Fig. 2.
2116
4.1. Effect of time interval between each fracturing

To discuss the effect of time interval and injection sequence on
multi-cluster fracturing with bedding planes, two kinds of cases are
designed here, as shown in Fig. 2. (1) Sequential fracturing: frac-
turing fluid is firstly injected into Cluster 1, and then followed by
Cluster 2 and Cluster 3. (2) Alternative fracturing: fracturing fluid is
still firstly injected into Cluster 1, however, Cluster 3 is injected
earlier than Cluster 2. The time interval between each fracturing is
chosen as 10, 20, 30, and 40 s, respectively. The cluster spacing is
5 m. The injection rate in each cluster is kept as 1� 10�4 m2/s.

According to the results of three-cluster fracture propagation for
fracturing sequence Cluster 1 - Cluster 2 - Cluster 3 as shown in
Fig.14, we observe that the new hydraulic fracture is easier to deflect
towards the existed fractures with the increase in the interval time
between each fracturing. When the time interval Dt ¼ 10 s, the left



Fig. 12. Multi-cluster fracturing behavior under different cluster numbers with the total injection rate of 9� 10�4 m2/s.

Fig. 13. Variations of fracturing area with time for different cluster numbers.
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andmiddle fractures propagate perpendicular to the bedding planes,
while the right fracture is partly arrested by the bedding planes. For
the time interval Dt ¼ 20 s and 30 s, the bottom of the middle
fracture turns to the left fracture and the right fracture develops
along the bedding planes. When the time interval Dt ¼ 40 s, the
three-cluster fractures are connected by the bedding planes. The
bedding planes will be reactivated accompanying the opening and
slipping after the second and third cluster fracturing. The early
fracturing causes a more obvious stress interference and non-
uniform pore pressure on the subsequent fracturing than the
simultaneous fracturing. The non-uniformly distributed aperture on
hydraulic fractures explains the interaction between different clus-
ter fracturing. It is also noted that the preferential propagated frac-
ture presents a smaller aperture before connecting with the
activated bedding planes. The slipping and dilation of bedding
planes restrict the vertical development of the subsequent fractures.
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Fig. 15 presents the fracture aperture variation at the injection
point for fracturing sequence Cluster 1 - Cluster 2 - Cluster 3. For
the time interval of 10, 20, and 30 s, the aperture of the middle
fracture is always larger than the other two fractures, which is
because a higher pressure is needed to push the middle fracture
initiation by resisting the stress interference induced by the first
cluster fracturing, and then causes a larger opening of the hydraulic
fracture. The right fracture generally has the smallest aperture due
to the hydraulic fracture arrested by the bedding plane with the
bedding planes activating. Fig. 15 also shows that the aperture of
the middle aperture increases sharply at the later period of frac-
turing when the time interval is 10, 20 and 30 s, while a sudden
drop is observed for the left fracture when Dt ¼ 40 s. It can be
speculated that an obvious growth of previous cluster fracture
aperture occurs once the fracturing fluid penetrates into the con-
nected previous cluster fracture. When Cluster 2 fracture and



Fig. 14. Three-cluster fracture propagation behavior for fracturing sequence: Cluster 1 - Cluster 2 - Cluster 3.

Fig. 15. Variations of fracture aperture with time for fracturing sequence: Cluster 1 - Cluster 2 - Cluster 3.
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Cluster 3 fracture develop along the bedding planes, more fluid
accumulates in Cluster 1, and the compressive load around Cluster
2 causes a sharp decrease in aperture for Cluster 2.

Fig. 16 shows the crack morphology for alternative fracturing
with fracturing sequence Cluster 1 - Cluster 3 - Cluster 2. The
middle fracture is strongly affected by the previous cluster frac-
turing. Also, the increase in the interval time between each frac-
turing results in a larger stress shadow effect on the neighborhood
fracture. Although a larger injection pressure for the middle cluster
fracturing may be required, the activation of the bedding plane
cannot promote a long and wide single fracture. On the contrast, a
connected and complex fracture network may be generated. The
last cluster fracture generally has the minimum aperture due to the
existence of the bedding planes. As observed in the evolution curve
of the fracture aperture at the injection point (see Fig. 17), the right
fracture and the left fracture display the similar variation trend
during the fracturing process. The quick growth of Cluster 1 and
Cluster 3 fractures generates obvious compressive load around
Cluster 2, thus resulting in a sudden drop in aperture for Cluster 2.

The fractures generated in the first cluster are open, with the
increase in interval time, the rock matrix is squeezed. In addition,
the fluid pressuremainly accumulates in the previous fractures. The
pre-fracturing obviously affects the stress distribution and pore
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pressure field. Yan and Yu (2022) proposed that the hydraulic
fractures are more likely to coalesce with existing fracture
branches, the expansion of hydraulic fractures is highly influenced
by themacroscopic gradient distribution of pore pressure. Thus, the
increase in interval time will lead to a worse fracturing effect of the
post-fracturing. Especially arrested by the bedding planes, the post-
fracturing crack is difficult to grow in the vertical directionwith the
increase in interval time.

The fracturing area decreases with the interval time increasing
for different multi-cluster fracturing sequences, as shown in Figs.18
and 19. For fracturing sequence Cluster 1 - Cluster 2 - Cluster 3, it is
noted that although the number of the damaged elements is the
least for interval time of 40 s, the aperture of the main fracture and
the slipping displacement of bedding planes are larger, resulting in
the fracturing area larger. It could be predicted that, choosing a
relatively long time interval is suitable to efficiently activate the
bedding plane, while more main fractures will be obtained at a
small interval time. For alternative fracturing Cluster 1 - Cluster 3 -
Cluster 2, the fracturing morphology is almost the same. Compared
Figs. 18 and 19, the alternative fracturing could have a better frac-
turing efficiency than the sequential fracturing under the three-
cluster fracturing.



Fig. 16. Three-cluster fracture propagation behavior for fracturing sequence: Cluster 1 - Cluster 3 - Cluster 2.

Fig. 17. Variations of fracture aperture with time for fracturing sequence: Cluster 1 - Cluster 3 - Cluster 2.

Fig. 18. Variations of fracturing area with time for fracturing sequence: Cluster 1 -
Cluster 2 - Cluster 3.

Fig. 19. Variations of fracturing area with time for fracturing sequence: Cluster 1 -
Cluster 3 - Cluster 2.
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Fig. 21. Variations of fracturing area with time for different alternative injection
schemes.
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4.2. Effect of alternative injection scheme

Previous studies have proposed that cyclic alternating fracturing
and alternating shut-in fracturing could decrease the breakdown
pressure and reduce the risk of induced seismicity (Patel et al.,
2017; Zhuang et al., 2020; Liu et al., 2021). In this section, to
discuss the effect of cyclic injection and shut-in injection on frac-
ture morphology in shale with high-density bedding planes, we
design three different alternative injection schemes, as displayed in
Fig. 3. In the first scheme, the fracturing time for each cluster is 50 s.
In the second scheme, the shut-in time lasts for 50 s and the frac-
turing time is the same as Scheme 1. In the last scheme, the single
fracturing time for each cluster at each cycle is 20 s, and three cycles
are conducted in the current simulation. The total fracturing time is
same for the above fracturing scheme (total fracturing time is
100 s). In the above-mentioned scheme, the injection rate for
Cluster 1 is equal to that of Cluster 2 (q1 ¼ q2 ¼ 1� 10�4 m2/s). Nine
clusters are simulated with the cluster spacing of 5 m.

The nine-cluster fracture morphologies for simultaneous injec-
tion and other three different alternative injection schemes are
depicted in Fig. 20. It is observed that the alternative injection
generally generates hydraulic fractures with smaller aperture
compared with the simultaneous injection. Simultaneous injection
facilitates to generate connected fractures with more bedding
planes activated near the inter-cluster. The modified alternating
fracturing and cyclic alternating fracturing enable the post frac-
turing cracks expanding towards the direction of pre-existing hy-
draulic fracture, and developing along the bedding planes. The
length of the post fracturing cracks is inhibited by the existed
fracturing cracks and the bedding planes. On the contrast, accord-
ing to the results of alternating shut-in injection scheme, five-
cluster fractures propagate vertically along maximum principal
stress. During the shut-in time, the pressure at the crack tip
maintains at a high value rather than decrease significantly, causing
the fracture to continue expanding to propagate towards the ver-
tical stress. The newly generated hydraulic fractures from Cluster 2
have larger aperture. It can be explained that the release of the pore
pressure reduces the effect of stress interference, as well as Cluster
Fig. 20. Nine-cluster fracture propagation b
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1 fractures are compressed by Cluster 2 fractures without
proppants.

Fig. 21 shows the fracturing area under nine clusters for
simultaneous fracturing, modified alternating fracturing, alter-
nating shut-in fracturing, and cyclic alternating fracturing. Simul-
taneous injection provides the most extensive area of stimulation,
which is contributed by larger bedding plane slip displacements
and wider hydraulic fracture aperture. When conducting alterna-
tive injection, cyclic alternating fracturing could achieve a better
reservoir transformation with continuous vertical propagation of
Cluster 1 and further bedding slipping and dilation induced by
Cluster 2. For shut-in fracturing, more vertical main fractures could
be obtained. However, it is noted, Xia et al. (2024) pointed that
alternating shut-in fracturing benefits the increase in fracture
length, and cyclic alternating fracturing facilitates uniform fracture
propagation in homogeneous rock. This conclusion is not applicable
ehavior for different injection schemes.
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to the multi-cluster fracturing in layered shale with high-density
bedding planes.

5. Conclusions

In this paper, UP-IEM is utilized to investigate the multi-cluster
fracturing behavior and fracturing efficiency in high-density
layered shale. This method incorporates the geo-mechanical ef-
fect, pressure diffusion in rock matrix, as well as the frictional slip
and tensile failure of the bedding planes. The multi-cluster simul-
taneous fracturing, sequential fracturing, and alternative fracturing
are conducted. The fracture morphology, fracture geometry, frac-
turing area, and multiple fracture propagation mechanism are
analyzed. In addition, the effect of cluster spacing, injection rate,
cluster number, interval time between each fracturing, and
different injection schemes for alternating fracturing are discussed.

For simultaneous fracturing, the central fracture is easier to be
arrested and then develops along the bedding planes under a small
cluster spacing. The decrease in the cluster spacing results in a
strong stress interference, further inducing uneven fracture aper-
ture. Increasing the injection rate can effectively improve the
fracturing efficiency by increasing the main fracture aperture, the
slipping displacement and dilation of the bedding planes. With
more cluster number, more bedding planes become activated, and
the interior fractures mainly grow in the bedding planes. It is better
to setting less cluster number to obtain more main fractures. For
sequential fracturing and alternative fracturing, the propagation of
post-fracturing cracks and the aperture of pre-existing fractures are
affected by the combined action of the stress shadow and fluid
pressure transfer through the bedding planes. Extending the
interstage interval promotes the activation of additional bedding
planes. The slipping and dilation of bedding planes restrict the
vertical development of the subsequent fractures. The reactivation
of the bedding planes can promote the extension of the fracturing
area. For different alternative injection schemes, shut-in fracturing
exhibits superiorities in creating main fractures along the direction
of themaximum principal stress. To sum up, considering the sliding
of the bedding planes, the fracturing area for multi-cluster simul-
taneous injection is the largest for shale reservoir with high-
density bedding planes, followed by the alternative injection and
sequential injection.
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