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a b s t r a c t

The perforating phase leads to complex and diverse hydraulic fracture propagation behaviors in lami-
nated shale formations. In this paper, a 2D high-speed imaging scheme which can capture the interaction
between perforating phase and natural shale bedding planes was proposed. The phase field method was
used to simulate the same conditions as in the experiment for verification and hydraulic fracture
propagation mechanism under the competition of perforating phase and bedding planes was discussed.
The results indicate that the bedding planes appear to be no influence on fracture propagation while the
perforating phase is perpendicular to the bedding planes, and the fracture propagates along the perfo-
rating phase without deflection. When the perforating phase algins with the bedding planes, the fracture
initiation pressure reserves the lowest value, and no deflection occurs during fracture propagation. When
the perforating phase is the angle 45�, 60� and 75� of bedding planes, the bedding planes begin to play a
key role on the fracture deflection. The maximum deflection degree is reached at the perforating phase of
75�. Numerical simulation provides evidence that the existence of shale bedding planes is not exactly
equivalent to anisotropy for fracture propagation and the difference of mechanical properties between
different shale layers is the fundamental reason for fracture deflection. The findings help to understand
the intrinsic characteristics of shale and provide a theoretical basis for the optimization design of field
perforation parameters.
© 2023 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

Multi-cluster perforation is one of key procedures of the plug
and perforation fracturing (Cai et al., 2019; Michael and Gupta,
2020). The perforating phase has been confirmed to be a signifi-
cant influence on laminated shale hydraulic fracture propagation
(Abass et al., 1996; Bai et al., 2020). Therefore, understanding the
hydraulic fracture propagation and their morphology under the
influence of perforating phase and bedding planes, is necessary to
enhance the efficiency of mass hydraulic fracturing in shale gas
reservoir.

The influence of perforation has been studied by many authors.
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Daneshy (1973) found that the increase of perforation diameter can
effectively reduce the formation tensile strength by theoretical
analysis and physical experiments as early as 1973. Lei et al. (2015)
found out that the presence of perforation can significantly reduce
the breakdown pressure and the increase of perforation depth is
conducive to fracture initiation and propagation. Furthermore, by
varying the horizontal stress ratio, Liu et al. (2016) and Zhang et al.
(2018) observed multiple types of fracture patterns under different
perforation parameters: a single flat, spiral-shaped, multiple-main
or network fractures.

Some progress has been made on the influence of bedding
planes on fracture propagation. A complex fracture geometry with
tortuous propagation trajectories is created in both tensile and
shear fracture modes because of the activation of shale bedding
structures (Daneshy, 2003). Laboratory experiments have observed
several typical propagation modes of fracture: penetration,
deflection and arrest (Hou et al., 2018; Wang et al., 2021; He et al.,
2022; Zhang et al., 2023). In order to better understand the complex
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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propagation behaviors of hydraulic fracture in the rock sample after
fracturing, Acoustic Emission (AE) and Computed Tomography (CT)
scan monitoring techniques have been widely used. Wu et al.
(2022) concluded that the existence of layered structure made
the formation of hydraulic fractures no longer simple tensile action,
and the slip of fractures could not be ignored through AE moni-
toring. Guo et al. (2014) obtained the fracture propagation pattern
of horizontal shale wells by observing the experimental cores un-
der different parameter conditions by high-energy scanning.
Furthermore, the typical hydraulic fracture propagation behaviors
have been confirmed by several numerical simulation works (Zou
et al., 2018; Liu et al., 2020; Cong et al., 2022; Zhang et al., 2022).
Although the complex fracture propagation behaviors influenced
by perforation parameters and bedding plane structure have been
identified, yet the high-speed imaging of hydraulic fracture prop-
agation in bedding shale samples with perforation and its intrinsic
reasons have rarely been addressed.

In this paper, a 2D high-speed imaging scheme for hydraulic
fracturing test was used to understand the effect of perforating
phase and bedding planes on hydraulic fracture propagation. High
resolution images and image processing technology can directly
monitor and quantify the fracture propagation in experiments.
Furthermore, numerical simulations consistent with experimental
conditions were also used to gain further insight into the fracture
propagation mechanism of shale hydraulic fracturing under
different perforating phases. Results indicate that the perforating
phase angle plays an important role on fracture propagation along
the weak bedding planes or penetration into the matrix. Moreover,
the mechanical difference between layers is the fundamental
reason for the different deflection angles of fracture propagation.
2. Materials and methods

2.1. Material properties and sample preparation

The natural shale samples with bedding planes clearly visible for
this study were taken from outcrops of the Lower Silurian Long-
maxi Formation, Sichuan Basin, China. And the typical shale sam-
ples selected for the experiment contain 150 to 200 layers per
200 mm length as shown in Fig. 1. Their mineral compositions and
contents interpreted fromX-ray diffraction techniquewere listed in
Table 1, which proved that the samples are the classical shallow
black shale containing much quartz, dolomite, clay minerals, etc.
Fig. 1. Natural shale samples with
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Through a large number of rock mechanical tests on shale with
parallel and vertical bedding planes as shown in Table A1, the
mechanical parameters E1, E2, v12 and v23 were determined to be
21.1 GPa, 15.2 GPa, 0.19, 0.26 respectively.

The plate samples (100 mm length, 100 mm width, and 20 mm
height) from the same block for each type of shale without any
obvious fractures or other imperfections were all cored by the
waterless wire cutting technique. Therefore, all samples have
roughly the samemechanical properties such as strength, modulus,
Poisson ratio, etc. The bedding planes of the samples were parallel
to the direction of formation deposition. A 23 mm diameter injec-
tion hole was used for hydraulic fracturing, while 20� symmetrical
notches, i.e. 5.5 mm long and 20 mm high, were opened on both
sides so that the hydraulic fractures initiate preferentially in this
direction. The wellbore was cemented into the center of the in-
jection hole. Fine polishingwas conducted to ensure sample surface
are parallel within 100 mm or less which makes the contact stress
on the interface uniform. Thin, soft transparent adhesive were
spread evenly over the surface of the samples, and stood for 48 h to
prevent fracturing fluid leakage. b is the angle between the bedding
plane and the notch center line, taking values from 0� to 90�,
known as the perforating phase angle. Notches of natural shale
samples in different directions were used to simulate different
perforating phases in real shale formations. As shown in Fig. 2, five
perforating phase angles namely, b ¼ 0�, 45�, 60�, 75�, and 90�

respectively, were setup in the experiments to study the influences
of perforating phase and bedding planes on the fracture deflection
in laminated shale.
2.2. Experimental design

A 2D plane strain high-speed imaging scheme for hydraulic
fracturing test was proposed without consideration of in-situ stress
as shown in Fig. 3. The pressure curves were measured by a syringe
pump. The maximum injection pressure is 50 MPa with the accu-
racy of ±0.1 MPa and the maximum injection rate is 50 mL/min. At
the beginning of the experiment, the high-speed camera was
placed directly in front of the sample at a distance of 80 cm. The LED
light sources were placed on both sides of the sample 20 cm away
to ensure that the captured images were clear and sharp. During
the entire experiment process, the fracture propagation behaviors
were recorded by a high-speed camera (1280 � 720 pixels) at 240
frames/sec. At the end of the experiment, the still keyframes of the
bedding planes clearly visible.



Table 1
Mineral compositions of tested shale.

Mineral Quartz Feldspar Calcite Dolomite Pyrite Clay Anhydrite

Weight percent, wt% 37.6 1.2 11.9 27.6 3.4 16.8 1.5

Fig. 2. Shale sample (a) and cementing seal (b) for hydraulic fracturing test.

Fig. 3. Ongoing laboratory imaging of 2D hydraulic fracturing test.

M.-Z. Gu, M. Sheng, X.-Y. Zhuang et al. Petroleum Science 21 (2024) 1221e1230
fracturing process were extracted from the recorded video. The
images were binarized by ImageJ to achieve accurate positioning of
fracture propagation at each moment. Moreover, the experimental
results can be directly verified with the 2D numerical model of
hydraulic fracture propagation. Fig. 4 contains an overall view of
the apparatus. The key to the success of the test is the sealing of the
sample and the experimental setup. Two soft transparent PVC
shims were utilized as sealing materials to be compacted on the
surface of the sample respectively to resist the pressure of frac-
turing fluid, thus effectively reducing the probability of fluid
leakage onto the sample surface during the tests.
1223
Fig. 5 shows the layout of the experimental setup. 1 MPa pres-
sure was applied in the Z direction to ensure that the PVC shims
were closely fitted with the shale sample, and the fracture propa-
gation of shale without in-situ stress is simulated without applying
other directional stresses. The tested fracturing fluid is water with a
viscosity of 1 mPa $s. To ensure that the experimental parameters
correspond to the field scale, the published laboratory data (Bunger
and Detournay, 2008; Lu et al., 2022) and the typical field fracturing
situations for shale formations were collected. Based on the simi-
larity criterion proposed by Detournay (2016), the dimensionless
parameters of fracture evolution corresponding to our experiments



Fig. 4. Front (a) and side (b) view of 2D hydraulic fracturing visualization apparatus.

Fig. 5. Layout of the experimental setup.
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and collected data were calculated as shown in Table A2. The low-
viscosity fracturing fluid with a viscosity of 1 mPa$s and displace-
ment of 1 m3/min was selected under field conditions, and the
injection rate of this experiment was determined to be 20 mL/min.
The syringe pump was in constant speed mode and continued to
inject until sample failure and all the procedures were performed at
28 �C.
2.3. Numerical simulation for experimental schemes

As a popular method widely implemented in hydraulic frac-
turing research, phase field method has obvious advantages
(Zhuang et al., 2023). By introducing a phase field variable 4 (4 ¼ 0
and 4 ¼ 1 respectively represent intact and fully broken materials),
the fracture model can be described by continuous functions
without introducing discontinuity. In addition, the multi-field
fracture propagation is transformed into a problem of solving a
partial differential equation system (Francfort and Marigo, 1998).

As shown in Fig. 6, the calculation domain is a two-dimensional
rock with internal fractures, which are denoted as U and G,
respectively. The boundary of the calculation domain is marked as
vU, where the time-dependent Dirichlet boundary conditions u*(x,
t) and the Neumann condition t*(x, t) must be satisfied on vUu and
vUt, respectively. Note that x is the position vector. On this basis,
through a series of mathematics deductions, the governing
1224
equations of the hydraulic fracture propagation problem can be
obtained. More details on isotropic and transversely isotropic me-
dia can be referred to Zhou et al. (2018) and Zhou and Zhuang
(2020).

In order to gain further insight into the fracture propagation
behavior in laminated shale, a 2D numerical model which was
constructed with the same size and physical properties of the
laboratory samples was carried out to investigate experimental
results. As shown in Fig. 7, a total of three different rock matrices,
isotropic, transversely isotropic, andmultilayer rock, were designed
to characterize the structural and mechanical properties of shale.
The third of these matrices can still be considered as transversely
isotropic from a macroscopic point of view.

Based on the phase field method, the fluid driven fracture
propagation in different media due to increased fluid pressure on
pre-existing notches was investigated (Zhou et al., 2018). The ge-
ometry and boundary conditions of the models are shown in Fig. 7
which were consistent with the experiments. All the outer
boundaries were fixed for the displacement field. Linear triangular
cells were used for mesh division in all numerical simulations and
the maximum size is set as h ¼ 0.5 mm. All rock mechanical pa-
rameters in numerical calculation were obtained by mechanical
testing of shale samples which were similar to the previous frac-
turing experiments. A total of five perforating phase angles which
were consistent with above experiments were simulated with



Fig. 6. Phase field representation of the (a) sharp fracture and (b) diffusive fracture.

Fig. 7. Geometry and boundary conditions for different rock matrices subjected to internal fluid pressure.
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other parameters unchanged. The fluid pressure on the notch sur-
face is p ¼ 5�104 Pa/s. In addition, the mechanical parameters that
characterize the properties of different rockmatrices for calculation
are listed in Table 2 (Zhou and Zhuang, 2020).
3. Results and discussion

3.1. Influence of perforating phase angle on fracture trajectory

Fig. 8 shows the hydraulic fracture initial and final propagation
Table 2
Mechanical parameters of different rock matrices.

Rock matrices Young's
modulus,
GPa

Poisson's
ratio

Critical energy
release rate,
N/m

Layer

Isotropic E v Gc n
15.2 0.26 80.56 /

Transversely isotropic E1 E2 v12 v23 Gc1 Gc2 n
21.1 15.2 0.19 0.26 14.63 80.56 /

Multilayer isotropic E1 E2 v1 v2 Gc1 Gc2 n
15.2 5.5 0.26 0.26 80.56 29.15 80

where E - GPa, v, Gc - N/m represent Young's modulus, Poisson's ratio and critical
energy release rate of different rock matrices, n represents the number of shale
layers.

1225
morphology in laminated shale at five perforating phases. Fig. 9
shows the degree to which different shale propagations deflect
from the original perforating phase. All the shale samples were
initiated from one side of the original perforating phase and
propagated to the boundary within 1 s. When b ¼ 0� and 90�,
fractures initiated along the original perforating phase and propa-
gated without deflection. The fracture propagation trajectories
coincide with the trajectory of type I fracture in isotropic medium
(Li et al., 2013). However, compared with other perforating phase
angles, it is found that the perforating phase angle has a significant
influence on the direction of fracture propagation. When b ¼ 45�,
60�, and 75�, fractures propagated obviously deflect from the
original perforating phase and the tendency of fracture deflection
toward the bedding plane is more significant as the perforating
phase angle becomes larger. For the damage mechanism, when
b ¼ 0�, fracture propagation is mainly due to the effect of tensile
damage of the bedding plane. When b ¼ 90�, the fracture propa-
gation is mainly due to the effect of tensile damage of the matrix.
The stress concentration at the perforating tip competes with the
shear action of the weak bedding plane resulting in different de-
grees of fracture deflection (Wang et al., 2022).

3.2. Influence of perforating phase angle on energy for fracture
propagation

Fig. 10(a) shows the pressure-time curves of shale with different



Fig. 8. Initial (a) and final (b) propagation morphology of five shale samples.

Fig. 9. Deflection angles during propagation of five shale samples.
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perforating phase angles. When the load reaches the peak value,
the load-time curve drops instantaneously. This load-time curve
trend indicates its internal brittle fracture is dominant during the
loading failure of shale, thus showing strong brittle nature.
Fig. 10. Injection pressure profile (a) and the slope of pump press
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Fig. 10(b) shows the slope of different shale pump pressure curves
during the decline phase. The results show that when b ¼ 0�, the
curve slope becomes the minimum. On the contrary, the curve
slope becomes the maximum when b ¼ 90�. The difference in
tensile strength between the matrix and the weak bedding plane is
the main reason (Shi et al., 2022). When b ¼ 45�, 60�, and 75�, the
slope of the curve is decreasing. It indicates that the different
perforating phase angles lead to anisotropy in the tensile strength
of shale which in turn causes the energy required for hydraulic
fractures to propagate in the shale to vary.

Fig.11(a) shows the fracture propagation rate of shale samples at
different times for five different perforating phase angles. Fig. 11(b)
shows the initiation pressure of five shale samples at different
perforating phase angles. It is noted that the initiation pressure
corresponds to the fracture propagation rate. The results show that
when b ¼ 0�, the fracture propagation rate becomes the maximum
and the initiation pressure becomes the minimum. On the contrary,
the fracture propagation rate becomes the minimum and the
initiation pressure becomes the maximum when b ¼ 90�. It in-
dicates that b ¼ 0� is more likely to cause hydraulic fracture
propagation than b ¼ 90�. When b ¼ 0�, the perforating phase is
aligned with the bedding plane direction, the synergistic interac-
tion between the perforating phase and the weak bedding plane
makes it easier for the fracture to propagate along this angle, so
fracture propagation requires less energy. When b ¼ 90�, the
fracture propagates along the perforating phase and the perforation
plays a dominant role. Fracture penetrates the shale matrix and
ure curves during the decline phase (b) of five shale samples.



Fig. 11. The fracturing behavior of five test samples: (a) the fracture propagation rate; (b) fracture initiation pressure.
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requires high energy to break the matrix (Heng et al., 2021).
Furthermore, when b ¼ 45�, 60�, and 75�, the fracture propagation
rate increases gradually as the perforating phase angle becomes
larger and initiation pressure decreases gradually as the perforating
phase angle increases. It indicates that the bedding plane and the
perforating phase compete with each other and the dominant role
of the bedding plane increases with the increase of perforating
phase angle, so the energy required for fracture propagation de-
creases with the increase of perforating phase angle.
3.3. Influence of shale medium characteristics on fracture
propagation

In this section the above experiments were implemented
through a 2D numerical model of fracture propagation under fluid-
structure coupling for a better understanding of the fracture
propagation mechanism under different perforating phases. Fig. 12
shows the numerical simulation results in three different rock
matrices under the same experimental conditions (b ¼ 60�). It can
be observed that the fractures in isotropic rock matrix propagated
exactly in the direction of the perforating phase. In the transversely
isotropic rock matrix, the fracture morphology is observed to be
Fig. 12. Comparison of numerical simulation results of hydraulic fracture propagation in (a)
and (d) experimental results.
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fully affected by the weak bedding plane and propagated along the
direction of e2 which has the maximum critical energy release rate
Gc2. Fig. 13 shows the fluid pressure field of three different rock
matrices (b ¼ 60�). It is observed that the fluid pressure field has a
consistent shape with the phase field, and the fluid pressure has a
maximum value in the fracture domain. Fig. 14 shows the effective
maximum stress distributions of three different rock matrices
(b ¼ 60�). The stress distributions coincide with the fracture pat-
terns and the stress concentration is observed only around the
fracture tip (Zhuang et al., 2020).

Since shale have obvious bedding structure, it is mostly studied
as transversely isotropic (Tan et al., 2021; Zhang et al., 2021).
However, the numerical simulation results of isotropic and trans-
versely isotropic are quite different from the experimental results.
Therefore, we speculate that the existence of bedding planes may
not be completely equivalent to transversely isotropic. So, the rock
matrix was divided into multiple layers of isotropic medium
superimposed while the layers were tightly connected. The
conjecture was verified by changing the mechanical parameters of
the thin layers to reflect the differences between the shale layers.
The comparison between numerical simulation and experimental
results further confirms the competitive relationship between
isotropic rock matrix, (b) transversely isotropic rock matrix, (c) multilayer rock matrix



Fig. 13. Fluid pressure field of hydraulic fracture propagation in (a) isotropic rock matrix, (b) transversely isotropic rock matrix and (c) multilayer rock matrix.

Fig. 14. Effective maximum stress distributions in (a) isotropic rock matrix, (b) transversely isotropic rock matrix and (c) multilayer rock matrix.
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perforating phase and bedding planes on fracture propagation.
Fig. 15. Comparison of fracture deflection angles under different conditions.
3.4. Discussion

The influences of perforating phase and bedding planes on the
fracture deflection in laminated shale have been studied, evaluated
and cross validated in this study. It can be observed from the
fracture propagation trajectories, see Fig. 8, that the stress con-
centration of the mode І fracture and the shear interaction of the
weak bedding plane lead to the fracture deflection in different
degrees during the propagation. When b ¼ 0� and 90�, the fracture
propagations are mainly related to the tensile failure, which is
mode І fracture (Lash and Engelder, 2005). When b ¼ 45�, 60�, and
75�, the fracture propagations are mainly related to the tensile-
shear failure, which is mode І-II fracture (Erarslan and Williams,
2013).

Perforating phase angle impacts not only the failure modes but
also the energy required for fracture propagation. The data of
initiation pressure and propagation rate of shale in different
perforating phases reveal that the energy required along the
bedding plane is significantly less than that in the matrix. It is
consistent with the experimental conclusions obtained by Luo et al.
(2018) and Sedman et al. (2012). Furthermore, with the increase of
fracture initiation pressure, more energy is required and the
propagation rate becomes slower.

The numerical simulation results in different rock matrices
explain the internal cause for the different degrees of fracture
deflection. As shown in Fig. 15, the fracture propagation trajectories
of isotropic and transversely isotropic are quite different from the
experimental results. This is due to the materials used in the
simulation are strictly transversely isotropic but the shale used in
the experiment does not fully comply with the transversely
isotropic assumption but only between the layers. Natural shale is
composed of multilayers of isotropic mediumwhich is transversely
1228
isotropic in macroscopic view. Therefore, the numerical model was
furtherly refined and verified the above conjecture. In terms of
fracture propagation, the existence of shale bedding plane is not
exactly equivalent to anisotropy but to the accumulation of multi-
ple different homogeneous layered structures. Shale is not strictly
transversely isotropic material but is intermediate between
isotropic and transversely isotropic media in some ways. The
complexity of shale mechanics will affect the hydraulic fracturing
mode and lead to the complex fracture network in the formation
(Hu et al., 2021; Khan et al., 2023).
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4. Conclusions

This paper proposed a 2D laboratory imaging scheme for hy-
draulic fracturing test to study the competition effects on fracture
propagation between perforating phase and bedding planes. In
addition to original images of fracture evolution, phase fieldmodels
were used to gain further insight into the fracture propagations that
generate hydraulic fracture complexity. It can be concluded the
following four parts:

(1) Fracture propagation behavior is controlled by perforating
phase and bedding planes, which are mutually competitive.
The fractures penetrate into the matrix and the bedding
planes appear to be no influence on fracture propagation
when the perforating phase is perpendicular to the bedding
planes. When the perforating phase angle is relatively small,
the effect of perforating phase on fracture propagation
deflection is weakened and bedding planes plays a dominant
Table A1
Uniaxial compression test data

Sample identifier Direction Failure strength, MPa Young's modulus, GPa Poisson's ratio

P-1 83.0 22.0 0.21
P-2 Parallel 73.0 22.9 0.18
P-3 102.0 18.3 0.18

C-1 66.0 14.4 0.27
C-2 Vertical 47.6 17.3 0.29
C-3 63.8 13.8 0.22

Table A2
Propagation regimes of shale hydraulic fractures

Test Q0 m, mPa$s lgt Regime

Our experiment 20 mL/min 1 6.428 Toughness
Bunger (2008) 12 mL/min 80 2.483 Viscosity
Lu et al. (2022) 0.2 mL/min 110 6.373 Toughness
Shale-1 5 m3/min 40 �4.582 Viscosity
Shale-2 1 m3/min 1 6.419 Toughness

where t represents the dimensionless parameter of fracture evolution.
role. In particular, the fracture propagation deflection is
largest when the perforating phase is the angle 75� of
bedding planes.

(2) The variations in bedding and matrix strength lead to a
regular influence of perforating phase angle on the energy
required for fracture propagation. The maximum energy is
required when the perforating phase is perpendicular to the
bedding planes. Conversely, the minimum energy is required
when the perforating phase aligns with the bedding planes.
In addition, when the perforating phase is the angle 45�, 60�,
and 75� of bedding planes, the energy required decreases
with the increase of perforating phase angle.

(3) The intrinsic characteristics of shale is manifested in the
mechanical difference between the shale layers. The trans-
versely isotropic assumption is not sufficient to characterize
the nature of shale. The difference in mechanical properties
between different shale layers is the fundamental reason for
different fracture deflections.

(4) There are two aspects of limitation in this study involving the
sample scale issues and in-situ stress. Because of the size
limitation, the effective propagation paths of fractures
without boundary effects are relatively short. The in-situ
stress definitely affects on the fracture propagation. The
extended work will take account into the factor of in-situ
stress.
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