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ARTICLE INFO ABSTRACT

Keywords: Hydraulic fracturing plays a key role in the oil and gas development of unconventional tight reservoirs.
Hydraulic fracturing Therefore, it is important to study the fracturing mechanism of rocks. Thus far, the exploration of this problem
In situ

through laboratory experiments has been regarded as the best method. However, the current laboratory ex-
periments cannot achieve in situ high-resolution observation and analysis. Accordingly, an online scanning
platform composed of hydraulic fracturing and micro-computed tomography (HFCP) was developed in this
study. The in situ measurements obtained using the HFCP include three parts: a computed tomography (CT)
system with a maximum imaging resolution of 7 pm, a power system with a continuous changeable fluid
pressure, and a post-processing system with rock reconstruction, grayscale calibration, threshold segmentation
and efficient extraction of the fracture network. Furthermore, we carried out hydraulic fracturing experiments on
tight sandstone samples using the HFCP, and the entire experimental process was conducted in situ. The statistics
showed that under different confining pressures, the breakdown pressure and average fracture aperture increased
with increasing injection rate, but the branch fracture volume fraction exhibited diverse characteristics. The
HFCP provides a new method of studying the mechanism of the hydraulic fracturing of rocks, and it has the
potential to reveal the in situ differences in fracture networks in tight reservoirs.
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1. Introduction

As the main method of stimulating oil and gas production, hydraulic
fracturing plays a key role in the oil and gas development of uncon-
ventional and tight reservoirs (Zhou et al., 2019; Li et al., 2019; Wu
et al., 2021). Because it is difficult to observe and directly measure the
fracture network in a reservoir during hydraulic fracturing, laboratory
experiments and numerical simulations have become important
methods in hydraulic fracturing research (Feng et al., 2019; Roth et al.,
2020). For a long time, laboratory experiments have been the most
direct and reliable method for determining the micro-characteristics of
fractures in rocks and reservoirs. Laboratory experiments are also a
powerful tool for verifying the effectiveness of numerical simulation
results (Hampton et al., 2018; Li and Shi, 2021). Therefore, in recent
years the focus of such research has remained achieving the direct
observation and statistical analysis of laboratory hydraulic fracturing
(Qian et al., 2020; Chen et al., 2020).

The fracture network is one of the main indicators for evaluating the
effect of hydraulic fracturing. Therefore, many researchers have

conducted a variety of fracturing experiments to study the influences of
various factors on the formation of the fracture network. The shale
fracturing experiments conducted by Lin et al. (2016) revealed that the
fracture network induces complex morphologies when the fractures
encounter bedding planes with weaker cementation. Deng et al. (2018)
found that the propagation of inclined fractures perpendicular to the
minimum principal stress was limited by the shear stress. The confining
pressure around the rock was simulated by Zhang et al. (2019) in frac-
turing experiments, and they demonstrated that the shape of fractures
became simpler as the stress difference increases. Large-scale tight
sandstone experiments were carried out by Guo et al. (2021), and it was
found that a high injection rate increased the longitudinal expansion
range of the fractures. The above-mentioned fracture studies were
mainly conducted on the millimeter or larger scales. However, because
oil and gas production usually includes multiple stages from matrix
pores to millimeter-scale fractures, studying the smaller-scale complex
microfracture network is also important. Based on the studies of Du et al.
(2020) and Gou et al. (2021) the morphology and distribution of the
complex microfracture network formed during the fracturing process
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can significantly improve the fracturing effect.

With the rapid development of high-resolution equipment, the
growth mode of microfractures in rocks has been described by many
researchers using micro-computed tomography (micro-CT) or scanning
electron microscopy (SEM). Based on micro-CT observations, Jiang et al.
(2019) determined that the complexity and extension distance of frac-
tures plays an important role in the change in the shale fracturing vol-
ume. He et al. (2020) calculated the length of the microfractures in the
hydraulic fracture network using SEM, and the results usually exhibited
a lognormal distribution. The influence of temperature on the growth of
hydraulic fracture network was discussed by Li et al. (2021) . They
proved that the average value of the microfracture tortuosity increases
as the temperature gradually increases. Yang et al. (2021) compared the
effects of different fracturing fluids on the complexity of fracture
network and determined that the volume fraction of fracture network
produced by SC-CO; is 4.4 times that produced by water. The
above-mentioned studies used high-resolution equipment to summarize
the various laws of rock microfracture growth after fracturing. Unfor-
tunately, these experiments required to unload the rock samples before
observing the fractures. The gradual loss of fluid pressure during the
unloading led to significant changes in the fracture morphology, and as a
result of this, the fracture network lost some in situ microscopic prop-
erties (Zhuang et al., 2020).

In addition, the statistics and analysis provided by He et al. (2020)
and Li et al. (2021) were mainly based on direct observation of the rock
fracturing results under a microscope, so it was difficult to capture the
geometric shape of fractures in the vertical direction. However, Jiang
et al. (2019) and Yang et al. (2021) extracted the three-dimensional
fracture network based on hydraulic fracturing of a rock. The extrac-
ted fracture network not only reflected the changes in fracture propa-
gation in the different directions, but it could also be used to analyze the
rock’s seepage capacity after fracturing. Therefore, accurate and effi-
cient extraction of the fracture network based on fracturing experiments
is of great significance to the subsequent rational planning of oil and gas
production (Gehne and Benson, 2019; Zhong et al., 2021).

In order to overcome the problem in which Jiang et al. (2019) and
Yang et al. (2021) did not achieve in situ observations of the fracture
network in their fracturing experiments, an online hydraulic fracturing
CT scanning platform (HFCP) was developed in this study. We explored
the influences of the confining pressure and injection rate on the growth
of the hydraulic fracturing fracture network in homogeneous tight
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sandstone using an HFCP. In this study, it was directly demonstrated
that an HFCP has the advantages of in situ high-resolution imaging, a
short-time CT scanning, and efficiently accurate fracture network
extraction. This paper is organized as follows. Section 2 introduces the
CT system and power system of the HFCP. The tight sandstone hydraulic
fracturing experiments and experimental procedure are presented in
Section 3. The fracture extraction algorithm in the post-processing sys-
tem is described in Section 4. The results of hydraulic fracturing ex-
periments are discussed and analyzed in Section 5, and the conclusions
are presented in Section 6.

2. Introduction to HFCP

The main components of the HFCP are shown in Fig. 1 and can be
divided into a CT system and a power system. The CT system (green box
in Fig. 1) includes a micro-CT and rock holder, which are the most
important devices for rock fracturing experiments and CT scanning. The
power system (gray box in Fig. 1) includes a pump unit, an injection
container, and recovery equipment. It mainly provides loading to the
rock during the experiment and collects residual fluid and rock debris
after the experiment. The specially designed CT system and power sys-
tem of the HFCP provide an adequate guarantee of in situ high-
resolution CT imaging during the hydraulic fracturing of the rock
sample.

2.1. CT system

Fig. 2 shows the micro-CT equipment used in the CT system, which is
composed of a ray source, a pneumatic rotary table, and a receiving
plate. The nanoVoxel-3000 micro-CT developed by Sanying Company
with a maximum resolution of 7 pm is used in HFCP. The maximum
power of the micro-CT ray source is 20 W, and multiple images can be
combined automatically at the same scanning position to ensure that the
fine fracture network developed in the rock can be identified. The
installation relationship between micro-CT and holder is also shown in
Fig. 2. After it is installed on the pneumatic rotary table, the holder is in
a straight line with the ray source and receiving plate, thus meeting the
rotation and alignment requirements for CT scanning. The resolution of
CT imaging is controlled by adjusting the relative distance between the
ray source, holder and receiving plate. The pipelines on the holder are
divided into upper and lower parts and are semi-fixed to the wall of the
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Fig. 1. Schematic of the HFCP. The green box is the CT system and the gray box is the power system. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 2. The micro-CT used in CT system, and the installation of non-metallic
holder inside the micro-CT.

CT. A suitable length should be reserved for the movable parts of
pipelines, in order to avoid pulling the pipeline during the scanning
rotation due to a pipeline too short or interference with the CT imaging
due to a pipeline too long.

Al Shafloot et al. (2021) attempted to observe the in situ fracture
networks while researching the propagation characteristics of fractures
induced by sc — CO, and water in shale, but they failed because the time
period of CT scanning was too long. Therefore, in order to ensure the
effectiveness of in situ observations after rock fracturing, it is necessary
to reduce the time period of the CT scanning as much as possible. In the
HFCP, the time period of total scanning process is shortened by
increasing the CT power and reducing the exposure time. In addition,
the multiple lifting and rotation of the holder are avoided during the
scanning of the hydraulic fractures by expanding the view of the ray
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source and setting an appropriate height for the installation of the
holder. The main part of the fractures in the rock sample can be scanned
in a single rotation based on the above measures. The time required to
perform a single micro-CT scan is effectively controlled to less than 800
s, with a micro-CT vision of 1920 x 1920 x 1024 pixels and 1080
acquisition frames.

In order to attain the in situ observations, the holder in CT system
was specially designed. Fig. 3 shows the connection of the pipeline to the
holder and the internal details of the holder. Part of the holder is con-
structed of 10% carbon fiber reinforced polyimide that can withstand a
confining pressure of 25 MPa, and this material wraps the rock hori-
zontally. It is important to reduce the energy attenuation caused by the
holder during the CT scanning of the rock while ensuring that the holder
has sufficient strength, which improves the quality of scanning images of
the rock and the fracture network. The top of the holder is connected to
the recovery pipeline, axial pressure pipeline, and confining pressure
pipeline, while the bottom of the holder is connected to the injection
pipeline.

The specially designed fracturing plug and plunger in the CT system
guarantee that the injected fracturing fluid is sealed into rock (Fig. 3).
The installation methods of the rock, fracturing plug, fracturing plunger
and holder are as follows. The top of the plug is inserted into the hole of
the rock and is sealed with a rubber ring, and its side opening allows the
injected fluid to load on the central hole of the rock. The bottom of the
plug is connected to the top end of the plunger by an O-ring, and the
bottom of the plunger is connected to the holder injection pipeline. The
combination of the rock, plug and plunger are installed inside the holder
using the tail threaded pipe. Compared with conventional glue sealing,
the connection method of the HFCP has the advantages of convenient
disassembly and assembly, and it can be installed and used between the
rock and holder many times. The internal diameter of the fracturing plug
and the hole through the fracturing plunger is 1.5 mm, and the specific
overall dimension is determined based on the geometric dimensions of
the rock and the holder. The fracturing plug and fracturing plunger are
constructed of high-strength polyetheretherketone material, which can
resist deformation a fluid pressure of 40 MPa.

To guarantee the effectiveness of the fracturing experiment, it is
necessary to ensure the end face of rock is level and flat, and the di-
rection of the blind hole at the center of rock is perpendicular. Thus, the
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Fig. 3. The holder connected with pipelines and the internal details of the installation of rock, plug and plunger.
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end face of the rock was cut using a wire cutting machine, and a twist
drill was used to drill into the center of the end face of the rock using a
bench drill before the experiment. The flatness of the end face of the rock
should be +0.2mm, and the direction between the blind hole and the
vertical direction should be less than 2°.

2.2. Power system

The pump unit in the power system includes an injection pump, an
axial pressure pump and a confining pressure pump, which provide
power for the injection of the fluid and the application of anisotropic
stress around the rock. The injection pump is shown in Fig. 4. Two
operating modes can be set using the injection pump, that is, constant
flow rate and constant pressure modes. In the constant flow rate mode,
the maximum flow rate of the injection pump can be set to 30 ml/min. In
the constant pressure mode, the maximum fluid pressure can be main-
tained at 50 MPa. In order to keep the pump from stopping during the
fracturing experiment, the injection pump is required to have the ability
to inject fluid constantly. In this experiment, a double-cylinder injection
pump was used. When one of the cylinders is in use, the other cylinder
can be refilled at the same time. The upper limits of the axial pressure
pump and the confining pressure pump are both 25 MPa. Because the
axial pressure and confining pressure are kept constant during the
experiment, a single-cylinder pump can meet the experimental
requirements.

The injection container of the power system is shown in Fig. 5. The
inlet of the injection container is connected to the injection pump, and
the outlet is connected to the injection pipeline outside of the holder.
The injection fluid can be replaced and a propping agent can be added
into the injection container. Then fracturing fluids of different types and
viscosities can be injected into the rock using the injection pump. In
addition, based on the different experimental conditions, multiple in-
jection containers can be installed to realize a mixed injection of various
types of fracturing fluids. The power system of the HFCP is controlled by
pneumatic valves, and all of the pneumatic valves are powered by the
same air compressor. Three pressure sensors are installed in the HFCP to
monitor the injection fluid pressure, axial pressure and confining pres-
sure in real time during the fracturing experiment. The pressure sensor
can realize data collection at a 0.01 s interval.

The recovery equipment in the power system includes a recovery
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Fig. 4. The double-cylinder injection pump in the power system.
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Fig. 5. The injection container in the power system.

container and a vacuum pump, which are mainly used to collect the
residual fracturing fluid and the rock debris in the holder and pipeline
after the fracturing experiment. An isolation cotton net is placed in the
recovery container to separate the fracturing fluid and rock debris. The
operating pressure of the vacuum pump is set as 5 x 10~°Pa (absolute
pressure) to avoid the impact of an excessive recovery flow rate on the
pipeline.

In summary, the CT system and power system in HFCP meet the
requirements of short-term high-resolution CT imaging while ensuring
that the equipment can withstand changes in the fluid pressure. There-
fore, the HFCP can scan the rock serval times without disassembling the
holder during the fracturing experiment, achieving in situ high-
resolution observation under fracturing conditions.

3. Experiments

The hydraulic fracturing experiments were carried out using the
HFCP. In this study, samples from the tight sandstone outcrops in the
Yanchang area of Xi’an were used. The samples had a porosity of 2.6%, a
permeability of 0.3 mD, and a density of 2.63 g/cm®. The external
structure of the cut cylindrical rock samples is shown in Fig. 6a. The
diameter of the circular end face of the rock was 25 mm and the total
height was 30 mm. A blind hole (4 mm in diameter and 10 mm deep)
was drilled in the center of the end face of the rock. The basic me-
chanical properties of the tight sandstone samples are presented in
Table 1. In addition, a polarized light microscope was used to observe
multiple sets of cast thin sections of the tight sandstone (Fig. 6b). It was
found that the rock is mainly composed of brittle minerals, and the
brittle mineral interface is connected by a small amount of clay minerals.
The three main minerals in the rocks were quartz, feldspar, and pyrite.
Table 2 presents the statistics of the main mineral composition, content,
and particle size range of the rock samples. Based on the cast thin section
observations, it was found that the minerals were evenly distributed in
the rock and have a favorable homogeneity overall.

We conducted fracturing experiments on rock samples under
different constant flow rates and two confining pressures (1 MPa and 5
MPa). The experiments were carried out using the fracturing parameters
in Table 3. The injection fluid pressure recording interval of the sensor
was 0.05 s, and clean water was selected as the fracturing fluid added to
the injection container. During the experiments, the voltage of the
micro-CT was 175 kV, the current was 0.11 mA, and the number of
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Fig. 6. (a) Tight sandstone sample with a blind hole in the center and (b) photograph of a cast thin section of the rock sample.

Table 1

Basic mechanical properties of the tight sandstone.
Tensile strength Uniaxial compressive Young’s modulus  Poisson’s
(MPa) strength (MPa) (GPa) ratio
4.18 63.21 10.12 0.21

Table 2

The main mineral composition, contents and particle size range of the tight
sandstone.

Mineral Mineral content (%) Mineral size range (mm)
Quartz 71 0.2-0.6
Feldspar 24 0.2-0.6
Pyrite 5 0.3-2.5
Table 3
Fracturing parameters used in experiments on tight
sandstone.
Experimental parameters Value
Injection rate (cm®/ min) 2,3,4
Confining pressure (MPa) 1,5
Axial pressure (MPa) 5
Dynamic viscosity (mPa- s) 1

merged images at the same position was 2. The single scan time was 726
s, and the field of vision of the micro-CT was 1920 x 1920 x 1080 pixels.
The resolution of the rock scan image was 14.95 pm, and the number of
acquisition frames was 1080.

For the fracturing experiments carried out using the HFCP, we
established a corresponding experimental procedure and attained in situ
high-resolution observations. In the preparation stage of experiment, the
rock was cut and drilled, and the holder connected to the pipeline was
fixed to the pneumatic rotary table of Micro-CT. The main flow of the
hydraulic fracturing experiment using the HFCP was as follows.

(1) The axial pressure and confining pressure were applied. The geo-
stress around the rock was simulated and the rock was held in the
center of the holder.

(2) An initial CT scan of the rock was obtained before the fracturing.
The micro-CT reconstructed images obtained before and after the
fracturing were compared using grayscale calibration to deter-
mine the threshold range of the fracture network after the rock
fracturing. It was observed whether there were obvious fractures
or pores before the fracturing to assess the influence of the initial
defects on the growth of the fracture network.

(3) The switching valves of the injection container and the injection
pipeline of the holder were opened. It was ensured that the

injection pipeline was filled with the fracturing fluid and the air
was removed from the pipeline.

(4) The switching valves of the injection pipeline for injecting fluid
into the rock were closed, and the recording module that moni-
tors the injection fluid pressure in real time was opened. Within a
certain period of time, if the fluid pressure did not rise or
remained the same, then the seepage in the rock caused frac-
turing of the rock to fail. It was necessary to shut down the in-
jection pump and stop the fracturing experiment. If the fluid
pressure increased steadily, then the fracturing experiment was
continued.

(5) When the fluid pressure dropped significantly in a short time, it
was necessary to promptly conduct in situ CT scanning of the
rock. The pressure curve of the rock fracturing process is shown in
Fig. 7, and it can usually be divided into three stages: loading,
fracturing, and post-fracturing. The breakdown pressure between
the loading stage and the fracturing stage is the highest point on
the fluid pressure curve. One or more macroscopic through
fractures have been generated when the fluid pressure is loaded
to the breakdown pressure, thus leading to a rapid decrease in the
fluid pressure. In the post-fracturing stage, the main body of the
fracture surfaces becomes stable, and the continuous injection of
fluid causes the fluid pressure in the central hole of the rock to be
slightly higher than the confining pressure. The in situ micro-CT
scanning was carried out immediately in the post-fracturing
stage, and the micro-CT images were used to preliminarily
determine the fracture morphology.

(6) The injection pump was turned off and the vacuum pump was
turned on. The residual liquid and rock debris in the injection
pipeline were cleaned out.

(7) The axial pressure and confining pressure around the rock were
removed. The hydraulic fracturing experiment was ended, the
device was disassembled, and the rock was removed from the
holder.

The experimental procedure of hydraulic fracturing experiments
conducted using the HFCP is shown in Fig. 8.

4. Post-processing system

The accurate extraction of the fracture network in rock was realized
using the post-processing system of HFCP and the results of the in situ
high-resolution micro-CT scanning. The post-processing system mainly
includes four parts: rock reconstruction, grayscale calibration, threshold
segmentation, and efficient extraction of the fracture network. The
process of extracting the fracture network based on the micro-CT data
obtained before and after fracturing is shown in Fig. 9.

First, the micro-CT scanning data obtained before and after frac-
turing were used for the rock reconstruction (Fig. 9a). The fracturing
plug and non-metallic holder can be separated in the rock image during
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the rock reconstruction stage due to the obvious differences in their
densities. Only the rock and fracture data were retained and the
reconstructed image was stored as 16 bits.

Then, grayscale calibration was carried out to construct a grayscale
image (Fig. 9b). Grayscale calibration eliminates the grayscale differ-
ence between the scanned images before and after the rock fracturing
due to fluid immersion. The calibration process was based on the
landmark minerals at the same height section in the rock before and
after fracturing to unify the grayscale of the scanning images. Based on
the grayscale images of the rock before and after fracturing, the gray
attenuation area of the fracture body and boundary were accurately

delineated, and thus, the threshold range of the fracture could be
determined.

Furthermore, threshold segmentation was conducted on the frac-
tures in the rock (Fig. 9¢). In order to accurately identify the fracture
network formed in the fracturing experiment, the initial defects coin-
cident with the fracture surfaces within the threshold range were
marked or removed by comparing the threshold segmentation results
before and after fracturing. In addition, to avoid isolated micro-defects
within the threshold range of the rock being extracted, during the
threshold segmentation, small-size defects were filtered based on pixel
volume quantity judgment.
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Finally, the fracture surfaces were efficiently extracted using the
medial axis-maximal ball (AB) algorithm and fracture morphology, and
the branch fractures on the fracture surfaces were identified by the
vector direction (Fig. 9d, e, ). In this study, we defined the fractures that
extended from the central hole to the rock wall as the main fractures.
Branch fractures were defined as fractures that extended from the main
fractures and for which the vector between the bottom and the tip was
significantly different from the vector of the main fractures. In the post-
processing system, the AB algorithm proposed by Yi et al. (2017) was
used to extract a physically realistic pore and fracture network. The
center axis of the pore and fracture network after fracturing was used to
guide the construction of the maximal-balls-like skeleton of the frac-
tures. The fracture network extracted represents of the fracture space in
the sense of topology and morphology and is also a good tool for accu-
rately predicting the transport properties. The balls in the skeleton were
then connected to form a fracture network in order to identify the bot-
tom and tip of the fracture. The different vectors of the fractures were
finally determined based on the maximal-balls-like skeleton, and the
main fracture surfaces were distinguished from the branch fractures.

5. Results and discussion

In this section, we select the results of six representative experiments
for comparison based on the fracturing experiments described in Section
3. The variations in the injection fluid pressure and fracture network
with confining pressure and injection rate during fracturing are
discussed.

5.1. Variations in injection fluid pressure

After the injection fluid pressure is loaded to 1 MPa, the curves of
pressure with time for all of the rock samples are shown in Fig. 10. Due
to the low permeability of the rock samples used in the fracturing ex-
periments, the slope of the curve remained stable during the loading
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Fig. 10. Influences of confining pressure and injection rate on fluid pressure
during the fracturing experiment.

stage, and there was no obvious pressure initiation point. Fig. 10 shows
that when the loading time was the same, the fluid pressure increased
with the rise of the confining pressure, because a high confining pressure
caused the closure of some micro-defects in the rock sample and reduced
the fluid seepage speed in the rock.

However, Fig. 10 also shows that the increase in injection rate
increased the slope of the fluid pressure curve. The higher injection rate
accelerated the compression rate of fluid in the rock’s central hole and in
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the injection pipeline, so the slope of the pressure curve increased at the
same time. Because a stable fracture surface had already formed in the
fracturing stage, the continuous injection of fluid in the post-fracturing
stage maintained the fluid pressure similar to the confining pressure.

The variations in the breakdown pressure of the injection fluid with
the injection rate and confining pressure are shown in Fig. 11. As the
confining pressure increased, the interaction between mineral particles
became stronger, and thus, a higher breakdown pressure was needed to
form a fracture network in the rock. As the injection rate increased, the
breakdown pressure of the injection fluid increased under the two
different confining pressures. Based on low-permeability and low-
porosity rocks, Garagash and Detournay (1996, 1997) theoretically
explained the phenomenon that an increase in the injection rate caused
an increase in the breakdown pressure. They established the relationship
between the dimensionless breakdown pressure and the pressurization
rate considering one-dimensional lubrication flow in the fracture
coupled with the non-local elastic response of the fracture and other
conditions. They proved that under the assumption of fluid incompres-
sibility, the breakdown pressure will increase infinitely as the injection
rate increase. Fig. 11 also shows that the increase in the amplitude of
breakdown pressure decreased with increasing injection rate under the
different confining pressures.

5.2. Variations in the fracture network

The micro-CT data obtained before and after the rock fracturing were
subjected to post-processing. The grayscale threshold range of fractures
was determined to be 3245-12435. The threshold segmentation results
of the six rock samples before fracturing show that the interiors of all of
the rock samples were intact, and no defects were caused during the rock
preparation. In this study, the analysis zone consisted of 400 cross sec-
tions, which were continuously intercepted from the end face by the
blind hole in the center of the rock. Focusing on the analysis zone of each
rock sample, the influence of the injection rate on the fracture network’s
morphological and quantitative characteristics under the two confining
pressures was analyzed.

5.2.1. Morphological characteristics of the fracture network

Fig. 12 show grayscale images of the rock after fracturing, the
threshold segmentation fracture network, and the variations in the
extracted single-wing fracture surface and branch fractures with
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Fig. 11. Influence of injection rate on the breakdown pressure under different
confining pressures.
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injection rate under the two different confining pressures. By comparing
the grayscale images in Fig. 12, it was found that there were always two
main fractures around the central hole in the rock sample, and they were
distributed symmetrically around the midpoint of the rock. This is the
same as the number and distribution of the main fractures obtained by
Kumari et al. (2018), Lin et al. (2019), and Zhang et al. (2019) through
hydraulic fracturing experiments on cylindrical rock samples. The
threshold segmentation shows that the direction of the fracture network
in the rock sample was hardly affected by the change in the height.
Through comparison of all of the experimental rock samples, it was
found that the main fractures formed in rock tended to be more complete
as the injection rate increased under both of the confining pressures.
This occurred because after the breakdown pressure increased as the
injection rate increased under the same confining pressure. As a result,
the rock released more strain energy during fracturing, which was more
conducive to the formation of a complete main fracture surface in the
rock. However, through further comparison of the branch fracture data,
it was found that when the confining pressure was 1 MPa, the volume of
the branch fracture network decreased with increasing injection rate,
while the opposite relationship occurred when the confining pressure
was 5 MPa. We explain the most likely reasons for the different trends of
the branch fracture volume in the next section, based on the quantitative
statistics of the geometric characteristics of the fracture network.

5.2.2. Quantitative characteristics of the fracture network

Based on the fracture network data obtained from the experiments,
the hydraulic fracturing effect was evaluated quantitatively. Regarding
the statistics of geometric parameters of hydraulic fracture network, the
aperture and complexity of fracture network are very important.
Increasing the aperture and complexity of the fracture network can
reduce the resistance of oil and gas flow to the wellbore and increase the
seepage area between the fracture and the reservoir, thus significantly
improving the oil and gas production efficiency (Li and Einstein, 2019;
Gou et al., 2021). In this study, the average fracture aperture and branch
fracture volume fraction were used as quantitative statistical parameters
to reflect the aperture and complexity of the fracture network.

The average value of the fracture aperture of 400 sections obtained
in the experiment was defined as the average fracture aperture. The ratio
of the branch fracture volume to total fracture volume is defined as the
branch fracture volume fraction. Under the two confining pressures, the
statistical results of the average fracture aperture and the branch frac-
ture volume fraction in the fracture network are shown in Fig. 13. Ac-
cording to Fig. 13, for the specific fracturing parameters and rock types,
the continuous increase in the injection rate under the same confining
pressure improved the average fracture aperture. However, as the
confining pressure increased, the influence of the injection rate on the
average fracture aperture weakened. The volume fraction of the branch
fractures exhibited different characteristics with increasing injection
rate under the different confining pressures. Based on the research
conducted by Renshaw and Pollard (1995) on the mechanism of
compressional crossing, the theoretical derivation and experimental
results reported by Li et al. (2021) on the promotion of branching of
hydraulic fractures, and the results of this study, we speculate that the
most likely reasons for the influences of confining pressure and injection
rate on the branch fractures are as follows. When the confining pressure
is low, the formation rate of the fracture network increases with
increasing injection rate, resulting in the fracture propagation rate being
greater than the injection rate of the fluid. As a result, the fluid does not
produce enough pore pressure on both sides of the main fracture to form
branch fractures, and thus, the volume of the branch fractures decreases.
When the confining pressure is high, the formation rate of the main
fracture does not increase significantly at the current injection rate, and
the fracture interface is always close to the fluid level. Increasing the
injection rate causes an increase in the pore pressure in the weak
structure of rock matrix, which provides a tensile opening force for the
formation of branch fractures, leading to a gradual increase in the
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Fig. 13. Variations in the average fracture aperture and branch fracture volume fraction with injection rate under different confining pressures.

branch fracture volume. Based on the above statistics and the
morphology of the fracture network, we conclude that under the same
confining pressure, increasing the injection rate can improve the
average aperture of fractures; however, the relationship between the
injection rate and the complexity of fracture network is not monotonous.
Other experiments have also been conducted under different stress
loading conditions, and they statistically summarized the influence of
sole controlling the injection rate on the growth of fracture networks in
tight rocks. When using a high-speed camera to photograph the frac-
turing experiment conducted on the Opalinus shale and Barre granite, Li
and Einstein. (2019) discovered that as the injection rate increases the
number of branch fractures decreased. Cheng et al. (2020) reported the
statistics of the AE activity and fractures in Songliao granite during the
fracturing process and found that a more complex fracture network
more easily forms as the injection rate increases. These experimental
results provide strong evidence that increasing the injection rate will
have different effects on the complexity of the fractures under different
confining pressures. Furthermore, fracturing experiments using an HFCP
can be conducted to extract the in situ three-dimensional fracturing
network. This is of great significance for subsequent research on the
impact of fracturing on the rock mechanical behavior and seepage
properties using digital cores (Ji et al., 2019; Hou et al., 2021).

6. Conclusions

In order to achieve high-resolution in situ observation of a rock
fracture network, an online hydraulic fracturing CT scanning platform
(HFCP) was developed in this study. The HFCP is composed of a CT
system for in situ high-resolution imaging, a power system with
continuously changeable fluid pressure, and a post-processing system
for efficient extraction of the fracture network. In addition, hydraulic
fracturing experiments on tight sandstone were carried out using the
HFCP to explore the influences of the confining pressure and injection
rate on the fluid pressure and the characteristics of fracture network.
Furthermore, the HFCP provides a new in situ high-resolution method
for studying the mechanism of hydraulic fracturing of rocks. The specific
conclusions drawn from the results of this study are as follows.

(1) The major scanning parameters, fracturing plug, and plunger in
the CT system were specially designed, which not only shortened
the scanning time but also fundamentally solved the feasibility
problem of in situ high-resolution observation during fracturing
experiments.

(2) A special experimental procedure was developed for the HFCP,
and the specific steps of micro-CT scanning before and after
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fracturing were defined. Thereby, in situ high-resolution obser-
vation of the fracturing network in a rock was achieved.

The grayscale calibration of the reconstructed images was carried
out based on the in situ high-resolution observations, ensuring
the accuracy of the fracture threshold segmentation. Further-
more, the efficient AB algorithm was used to achieve accurately
extraction of the in situ fracture network.

The HFCP was used to conduct fracturing experiments on tight
sandstone with confining pressures of 1 MPa and 5 MPa and in-
jection rates of 2, 3, and 4 cm®/min. The statistics of the experi-
mental results revealed that increasing the injection rate under
the two confining pressures increased the breakdown pressure
and the average fracture aperture. However, the variations in the
volume fraction of the branch fractures differed under the two
confining pressures. It decreased with increasing injection rate
under a confining pressure of 1 MPa, while it increased with the
increasing injection rate under a confining pressure of 5 MPa.

3

-

(4

—

Because the rock sample is always in the holder during the fracturing
experiment and micro-CT scanning, the morphology and quantitative
characteristics of the in situ fracturing network obtained using an HFCP
are close to the micro-fracture network generated during downhole
fracturing. However, at present, the direct guiding ability of an HFCP for
on-site hydraulic fracturing is limited because the size of the rock sample
and the confining pressure in all directions cannot be differentiated. In a
future study, we will combine the experimental results and numerical
simulations through non-dimensional analysis in order to expand the
research scope and make it consistent with actual formation loading,
thereby providing guidance for field fracturing construction.
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