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Abstract: Horizontal wells’ multi-section and multi-cluster hydraulic fracturing plays an important
role in the efficient development of shale gas. However, the influence of the perforating hole
and natural fracture dip angle on the process of hydraulic fracture initiation and propagation has
been ignored in the current researches. This paper presents the results related to a tri-axial large-
scale hydraulic fracturing experiment under different natural fracture parameters. We discuss
the experimental results relating to the near-wellbore tortuosity propagation of hydraulic fractures.
Experimental results showed that the triaxial principal stress of the experimental sample was deflected
by the natural fracture, which caused significant near-wellbore tortuosity propagation of the hydraulic
fractures. The fractures in most rock samples were not perpendicular to the minimum horizontal
principal stress after the experiment. As well, the deflection degree of triaxial principal stress direction
and the probability of hydraulic fractures near-wellbore tortuosity propagation decreased with the
increase of the natural fracture dip angle. After hydraulic fractures’ tortuous propagation, the
hydraulic fractures will propagate in the direction controlled by the triaxial stress in the far-wellbore
area. For reservoirs with natural fractures, proppant in hydraulic fracturing should be added after the
fractures are fully expanded to prevent sand plugging in tortuous fractures. When the permeability
of natural fractures is low, the volume of fracturing fluid entering natural fractures is small, and
hydraulic fractures are easy to pass through the natural fractures.

Keywords: shale gas; hydraulic fracturing; fracture dip angle; near wellbore distortion; fracture
permeability

1. Introduction

Shale reservoirs have extremely low porosity and permeability, which can be obviously
impacted by mineral deposition [1]. In the development of shale gas, hydraulic fracturing
plays an important role in connecting the wellbore and reservoir matrix, establishing the
gas flow path, and reducing gas seepage resistance [2]. The hydraulic fracture influences
the whole life of the shale gas well, including the fracturing period, shut-in period, and
production [3]. Numerical simulation is the main means of studying the impact of hydraulic
fractures on reservoir fluid flow and production [4], especially in the production of shale
gas reservoirs [5]. However, the propagation law of hydraulic fractures is difficult to obtain
through numerical simulation and needs to be studied through fracturing experiments [6].
The interaction between hydraulic fractures and natural fractures has been widely studied,
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which directly determines the complexity of the fracture network, the invasion range of frac-
turing fluid, and the stimulation effect of shale gas wells [7]. The complexity of the fracture
network deeply impacts the production of a shale gas well [8]. As an important fracture
parameter, the influence of natural fracture dip angle on the propagation of hydraulic
fractures is rarely discussed [9]. As well, the fracture initiation and fracture propagation
patterns near the horizontal wellbore, which seriously impact the near-wellbore friction
during fracturing and the tortuosity and resistance of shale gas flow during production,
have always been regarded as the research focus of hydraulic fracturing. Therefore, the
analysis of fracture propagation patterns and influencing factors in the near wellbore area
is of great significance for improving the effectiveness of fracturing construction.

Natural fractures are widely distributed in shale reservoirs. Due to the low porosity
and permeability of the shale matrix, effective activation or connection of natural fractures
has become an important way to improve the production of shale gas wells. Building a
fracture network has become the main goal of current fracturing construction. Therefore,
the study of the influence of natural fractures on the propagation of hydraulic fractures is
of great significance. Many researchers discussed the intersection mechanism of hydraulic
fracture and natural fracture through laboratory experiments [10]. Lamont et al. [11] and
Daneshy et al. [12] used outcrop rock samples as experimental samples for the first time
to conduct fracturing experiments and discussed the influence of natural fractures on hy-
draulic fracture propagation. Their research shows that the scale of natural fractures has a
significant impact on the expansion of hydraulic fractures. Real triaxial large-scale physical
simulation experiments were carried out using natural shale outcrop rock samples and
artificial gypsum rock samples. As well, the impact of the intersection angle and horizontal
principal stress difference on the hydraulic fracture passing through the naturally weak
surface was discussed. [13–15]. As well, the influence of natural fracture shear strength
on fracture intersection criterion is discussed by fracturing experiment [16,17]. Natural
fractures and formation stress control the geometry and propagation behavior of hydraulic
fractures [18]. Gu et al. verified the intersection criterion between hydraulic fractures and
natural fractures through experiments [19]. This shows that natural fractures are of great
significance to the construction of complex fracture networks. As well, complex fracture
network is conducive to the efficient development of Shale gas [20]. The influence of the
angle between natural fractures and hydraulic fractures on fracture propagation and the
intersection criterion between hydraulic fractures and natural fractures is mainly discussed.
However, hydraulic fractures in the horizontal well of the shale reservoir may have the
same angle as natural fractures with different dip angles. Therefore, the influence of natural
fracture inclination on hydraulic fracture propagation is worth studying. Fatahi et al. [21]
discussed the interaction between hydraulic fractures and natural fractures through hy-
draulic fracturing experimental research and numerical simulation methods. The research
shows that the smaller the angle between the natural fracture and the minimum horizontal
principal stress, the easier the hydraulic fracture will pass through the natural fracture. The
influence of bedding on fracture propagation in coal was also discussed through exper-
iments and numerical simulation [22]. Based on these studies, the optimization scheme
of hydraulic fracturing operation is also proposed [23]. Zou et al. [24] use CT scanning
technology to analyze the hydraulic fracture geometry of shale rock samples with natural
fractures after a fracturing experiment. The shear slip characteristics of natural fractures
during hydraulic fracturing were analyzed through experiments [25]. The hydraulic frac-
ture approach angle will affect the shear slip degree of natural fractures [26]. The vertical
propagation mechanism of hydraulic fracture is analyzed by fracturing experiments with
samples containing interlayers and bedding [27]. The influence of bedding and natural
fractures on hydraulic crack propagation has also been confirmed through numerical simu-
lation [20]. Above all, the impact of shale bedding on fracture height and the interaction
between hydraulic fractures and natural fractures are considered in a large-scale hydraulic
fracturing physical simulation experiment. A large number of studies show that natural
fractures significantly affect the expansion of hydraulic fractures [28,29]. As well, many in-
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tersection mechanism models between hydraulic fractures and natural fractures have been
proposed [30]. However, few studies have discussed the influence of fracture dip angle on
hydraulic fracture propagation with complex natural fracture networks and hydraulic frac-
tures with near-wellbore tortuosity propagation. The migration of proppant in fractures is
affected by the near-wellbore tortuosity propagation of hydraulic fractures. This is because
curved fractures increase the migration resistance of proppant in the fracturing fluid, which
can easily cause proppant to accumulate at the fracture opening and block the flow channel.
This situation will seriously impact fracture propagation and hinder the construction of
the fracture network. Therefore, the study of hydraulic fractures’ near-wellbore tortuosity
propagation is of great significance.

In this paper, cement samples with natural fractures were used to study the influence
of natural fracture dip angle on hydraulic fracture initiation and propagation through
a tri-axial large-scale hydraulic fracturing experiment. The influence of natural fracture
dip on the near-wellbore triaxial principal stress and hydraulic fractures’ near-wellbore
tortuosity propagation was discussed. As well, the influence of horizontal principal stress
differences on the propagation of hydraulic fractures and the intersection of hydraulic
fractures and natural fractures is analyzed.

2. Materials and Methods
2.1. Experimental Equipment and Sample

The real tri-axial large-scale hydraulic fracturing initiation and propagation physical
simulation system (Figure 1) is composed of a triaxial stress loading chamber, a liquid
pumping system, a pneumatic control system, and a digital control system. There is a
hydraulic jack in the X-Y-Z direction in the triaxial stress loading chamber, which can
provide compressive stress to simulate the triaxial principal stress in the formation. One of
the hydraulic jacks is installed at the bottom of the loading chamber to apply vertical stress
to the experimental sample. The other two are installed in a horizontal direction to apply
two mutually perpendicular horizontal stresses to the experimental sample. Set stress
values in three directions in the experimental system, and the experimental equipment will
load corresponding stresses in the three directions to meet the experimental conditions.

Figure 1. The real tri-axial large-scale hydraulic fracturing initiation and propagation physical
simulation system.

A liquid pumping system, which is connected to an artificial wellbore in the cement
sample, can provide constant pressure pumping and constant displacement pumping. The
pump rate range is from 1 mL/min to 120 mL/min. The pump pressure range is from 0 MPa
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to 100 MPa. The maximum volume of the liquid injection pump is 500 mL. The pipeline
and wellbore should have strong pressure-bearing capacity to meet the requirements of the
fracturing experiment. During the experiment, the liquid is pumped into the intermediate
container, and the dyed liquid, which is used to simulate fracturing fluid, is injected into
the artificial wellbore by the intermediate container. Throughout the entire experiment, the
pump pressure of the liquid will be recorded until the end of the experiment.

Experimental samples are formed by cement and sand in the mold (Figure 2b). An
artificial wellbore, which is a steel pipe with an external thread for enhancing the friction
between the wellbore and sample, is inserted into the mold during the cement setting.
It should be noted that the steel pipe did not fully fill the wellbore of the experimental
sample. In the experiment described in this paper, the wellbore of the rock sample is 5
mm longer than the steel pipe, which allows the hydraulic fractures to propagate from
the bottom of the well after the fracturing experiment, and the effect is comparable to the
perforation process in actual construction. The experimental samples were cut by a water
jet with reference to different natural fracture dip angles (Table 1) and recombined with
cement. For each rock sample, we used the same material for bonding to ensure that the
natural fracture permeability in each rock sample tends to be consistent. This can effectively
avoid the impact of large differences in natural fracture permeability on the fracturing
experimental results.

Figure 2. Experimental sample preparation.
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Table 1. Experimental scheme.

Sample
No

Sizes of Rock
Sample (mm)

Depth of the
Wellbore

(mm)

Length of
Steel Pipe

(mm)

Inner Diameter
of Steel Pipe

(mm)

Triaxial
Principal Stress

X-Y-Z (MPa)

Number
of Natural
Fracture

Natural
Fracture Dip

Angle (◦)

P1-1

300 × 300 × 300 150 145 25

50-60-60 1 80
P1-2 50-65-65 1 80
P1-3 50-70-70 1 80
P2-1 50-60-60 1 60
P2-2 50-65-65 1 60
P2-3 50-70-70 1 60
P3-1 50-60-60 1 40
P3-2 50-65-65 1 40
P3-3 50-70-70 1 40
P4 50-65-65 2 80/80
P5 50-65-65 2 80/−80
P6 50-65-65 2 40/40
P7 50-65-65 2 40/−40
P8 50-65-65 2 80/0

2.2. Experimental Method and Procedure

Experimental research is the main means to explore the propagation of hydraulic
fractures and the interaction criteria between hydraulic fractures and natural fractures. The
experimental methods and steps in this paper are as follows.

(1) Polish the irregular residue on the sample surface to make the surface of the samples
regular and flat. The installation process of the rock sample can be performed smoothly.

(2) Put the experimental sample into the predetermined position of the triaxial stress
loading chamber through the lifting machine. Then install metal cushion blocks
between the hydraulic pump and rock sample to make it fully fit with the surface of
the sample and ensure uniform stress on the sample.

(3) Add the pre-configured fracturing fluid, which is prepared with glycerin and dye,
into the fracturing intermediate container. Then connect the fracturing fluid pipeline
outlet with the pressure sensor, and then connect the pipeline with the upper part of
the wellbore.

(4) Apply triaxial stress to the rock sample by using the hydraulic pump. In this process, it
is necessary to maintain the slow and synchronous loading of three-dimensional stress.

(5) After the triaxial stress of the rock sample reaches the predetermined value, pump
fluid into the sample at a small pumping rate to fill the fracturing fluid injection
pipeline and wellbore space. When the pipeline pressure has an upward trend, inject
fracturing fluid into the wellbore with a pre-designed pumping rate, and record the
changes in pumping pressure and pumping rate during fracturing through the data
acquisition system. When the pressure curve of the computer acquisition system
window shows a sudden drop in pressure, it indicates that the sample has success-
fully fractured. Then continue to record the change rule of injection pressure with
injection displacement.

(6) Stop the pump to complete the test when the predetermined pumping volume is
reached. Then remove the sample from the triaxial stress loading chamber with a
lifting machine. Use a large cutting machine to cut the sample along the fracture
surface, observe and record the space coordinate position of the residual tracer trace
from the cutting surface, and determine the shape and extension direction of the
crack initiation.

To discuss the influence of natural fracture dip and horizontal stress difference on
fracture propagation, each group of experiments was set with the same rock sample size,
wellbore depth, and steel pipe size, only changing the three-dimensional principal stress,
the number of fractures, and natural fracture dip. The experimental design scheme was
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shown in Table 1. The natural fracture of each experimental sample was shown in Figure 3.
The pump rate is set to 30 mL/min in the fracturing experiment. Although temperature
changes can impact the structure of shale [31], the fracturing construction time is relatively
short, so the influence of temperature on crack propagation was ignored in the experimental
design of our work.
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3. Results and Discussion

The sample was broken by physical tools after the hydraulic experiment. The mor-
phology of hydraulic fractures in rock samples is recorded (Figure 4). Due to the staining
of the fracturing fluid, the hydraulic fracture morphology in the rock sample after the
fracturing experiment and the intrusion of the fracturing fluid into the natural fractures
can be clearly distinguished. As well, the fractures in the sample were redrawn with the
drawing software (Figure 5). Based on the redrawn fracture morphology, the propagation
mechanism of hydraulic fractures can be analyzed. As well, the influence of natural fracture
dip on fracture propagation is discussed.

Figure 4. Experimental sample after fracturing.

From the hydraulic fracture morphology of the above 14 sets of experiments, it is
obvious that hydraulic fractures do not pass through natural fractures in most cases. When
the inclination angle of natural fractures is 80◦, hydraulic fractures all pass through natural
fractures, such as P1-1, P1-2, P1-3, P4, and P5. When the inclination angle of the natural
fracture is 60◦, only the hydraulic fractures in the case of P2-1 pass through the natural
fracture. This result is in line with many current studies on the intersection of natural and
hydraulic fractures, where the larger the inclination angle of natural fractures, the easier it
is for them to pass through natural fractures [19]. However, there were many hydraulic
fractures in the experimental results that were not perpendicular to the minimum horizontal
principal stress set in the experiment. Tortuosity propagation of hydraulic fractures occurs
in the near-wellbore area. This indicates that there is a difference between the horizontal
principal stress and the pre-set principal stress during the experimental process. This is
caused by natural crack-induced stress and perforation hole stress, and the smaller the
inclination angle of the natural crack, the more the main stress is affected.

It is generally believed that the expansion of hydraulic fractures will be affected by
the maximum and minimum horizontal principal stress. The initiation and propagation of
hydraulic fractures are in the direction perpendicular to the minimum horizontal principal
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stress at the borehole. This phenomenon has also been confirmed in most large physical
simulation experiments without prefabricated fractures [32]. Under the influence of perfo-
ration and induced stress of natural fracture near-wellbore in this experiment, the initiation
and propagation mode of hydraulic fractures becomes very complex in our experiment. It
shows a near-wellbore distortion effect that is not completely controlled by the maximum
and minimum horizontal principal stress.

The hydraulic fracture morphology of shale is strongly influenced by natural frac-
tures [33]. The fractures perpendicular to the wellbore in P1–2 do not intersect with the
bottom of the well. First, the fractures parallel to the wellbore communicate with the
natural fractures, forming a large leak-off, and then the fracture initiates and propagates
from the natural fracture in the direction perpendicular to the wellbore. This phenomenon
shows that the fracture distortion effect influenced by complex natural fractures is only
effective in the near-wellbore position. After the fracture propagates far away from the
stress concentration area, the fracture propagation is controlled by triaxial principal stress
and conforms to the stress control theory. In the samples with only distorted fractures, such
as P2-2, P2-3, P3-1, P3-3, P8, etc., the fractures may propagate according to the mode of
crustal stress control after pumping for a period of time. When the natural fracture density
of the reservoir is high, there will be a large number of fractures with various dip angles
near the well. In this case, sand plugging is easy to form, and the amount of pre-fluid
needs to be increased. After the fracture perpendicular to the direction of the minimum
horizontal principal stress is fully expanded, a sand-adding operation can be carried out.

Figure 5. Cont.



Processes 2023, 11, 1934 9 of 14

Figure 5. Cont.
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Figure 5. Fracture morphology after the experiment.

The permeability of hydraulic fractures has an extremely important impact on the
expansion of fractures. According to previous experimental results, under the maximum
and minimum horizontal principal stress differences (10, 15, and 20 MPa) set in this
experiment, the artificial fractures should completely pass through the natural fractures.
Under the experimental conditions in this paper, natural fractures are cemented and filled
again by cement, but the leak-off volume of fracturing fluid will increase significantly after
hydraulic fractures intersect with natural fractures. In the experimental results, only a few
of the natural fractures in the sample are not completely colored. The massive fracturing
fluid leak-off in natural fractures causes the artificial fractures to turn along the natural
fractures instead of passing through the natural fractures. It has greatly increased our
confidence in building artificial fracture networks in deep shale gas reservoirs.

When the natural fracture dip angle is greater than 80◦, hydraulic fractures easily
penetrate natural fractures, and the hydraulic fracture propagation direction is mainly
in the direction of the vertical minimum horizontal principal stress [34,35], such as P1-1,
P1-2, and P1-3. With the prefabricated natural fracture dip angle decreasing (from 80◦

to 60◦ and then to 40◦), the deflection degree of the maximum and minimum horizontal
principal stress directions increases. As well, the shape of the hydraulic fracture gradually
deviates from the control of maximum and minimum horizontal principal stresses. When
the natural fracture dip angle is 60◦, the fractures parallel to the wellbore direction appear
in experiments P2-2 and P2-3. When the natural fracture dip angle is 40◦, the fractures
parallel to the wellbore direction appear in the experiments of P3-1, P3-2, and P3-3.
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The stress-sensitive effect of natural fractures impacts the permeability of natural
fractures and the fracturing fluid leak-off in natural fractures. From the three groups
of experiments (P1-1P1-3, P2-1P2-3, and P3-1P3-3), it can be analyzed that the leak-off
volume of fracturing fluid in natural fractures gradually decreases with the increase of the
difference between the maximum and minimum horizontal principal stresses, as shown
in Figure 6. Especially when the difference between the horizontal principal stresses is
more than 20 MPa, the spread of fracturing fluid in the natural fracture will be strongly
inhibited, and only a part of the natural fracture area in the sample is stained. This is
because it is difficult to open natural fractures, making it difficult for fracturing fluid
to enter natural fractures under high stress. In the experiments of P4P8, the difference
between the maximum and minimum horizontal principal stress is 15 MPa. As well, leak-
off inhibition only occurs in the P6 sample. Therefore, in the fracturing construction of
deep shale gas wells, the fracturing fluid leak-off in natural fractures may be inhibited
when the maximum and minimum horizontal principal stress differences are greater than
20 MPa. This will impact the hydration fracture network and reduce the fracturing effect.
The permeability of natural fractures and matrix can be enhanced by corrosion filler [36],
which can promote the invasion of fracturing fluid in natural fractures and enhance the
complexity of the fracture network. Therefore, the effect of stimulation can be improved by
the corrosion of fracture-filling materials in fracturing construction.

Figure 6. Fluid intrusion in natural fractures.

The experiments of P4–P8 show hydraulic fracture initiation and propagation under
the influence of multiple groups of natural fractures. Comparing P4, P5, P6, and P7, it is
shown that hydraulic fractures are easier to pass through high-dip-angle fractures near
the wellbore. We assumed that the influence of a high dip angle fracture on horizontal
principal stress is not obvious, and hydraulic fractures are easier to crack and expand in the
non-dip mode. The experiments of P8 show that the maximum and minimum horizontal
principal stresses are deflected by horizontal natural fractures and high-angle fractures.
After the fracture initiated from the perforation hole, the horizontal fracture was directly
communicated along the minimum horizontal principal stress. After the natural fracture
was communicated, a large amount of leakage occurred, and the fracture almost no longer
propagated to the rest.
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4. Conclusions

In this work, 14 sets of fracturing experiments were completed by the real tri-axial
large-scale hydraulic fracturing initiation and propagation physical simulation system. By
observing the morphology of hydraulic and natural fractures in experimental rock samples,
we redrew the fracture morphology through software. Through the analysis of experimental
results, the influence of natural fracture dip on hydraulic fracture propagation is discussed.
The influence of natural fracture permeability on the propagation of hydraulic fractures
under different stress conditions is analyzed. This work also conducted an analysis and
discussion on the influencing factors of near-wellbore distortion propagation.

(1) The direction of triaxial principal stress will be deflected by the near-wellbore natural
fracture, which causes significant near-wellbore tortuosity propagation of hydraulic
fractures. As well, the deflection degree of the triaxial principal stress direction and the
probability of hydraulic fractures near-wellbore tortuosity propagation is negatively
correlated with the natural fracture dip angle.

(2) The influence of high-dip angle fracture on the maximum and minimum horizontal
principal stresses is not obvious. In this case, the propagation of hydraulic fracture
is also controlled by the three-dimensional principal stress. With the prefabricated
natural fracture dip angle decreasing (from 80◦ to 60◦ and then to 40◦), the deflection
degree of the maximum and minimum horizontal principal stress directions increases.
As well, the shape of the hydraulic fracture gradually deviates from the control of
maximum and minimum horizontal principal stresses.

(3) The hydraulic fractures will propagate in the direction controlled by triaxial stress
in the far-wellbore area after tortuously propagating. For reservoirs with natural
fractures, proppant in hydraulic fracturing should be added after the fractures are
fully expanded, and the amount of pre-fluid should be increased to prevent sand from
plugging in tortuous fractures.

(4) The stress-sensitive effect of natural fractures impacts the permeability of natural
fractures and the fracturing fluid leak-off in natural fractures. Natural fractures are
easily crossed by hydraulic fractures when their permeability is small. When the
difference between the horizontal principal stresses is more than 20 MPa, the spread of
fracturing fluid in the natural fracture will be strongly inhibited, and only a part of the
natural fracture area in the sample is stained. Therefore, enhancing the permeability
of natural fractures with corrosion fracture filler can increase the complexity of the
fracture network.
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