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Hydraulic fracturing (HF) technology is crucial to form connected fracture network within
the low-permeability geothermal reservoir. However, the HF process and failure
mechanism in this process are only partly understood. A series of true triaxial hydraulic
fracturing tests on large-scale natural granite samples were conducted under different
confining conditions, combining with acoustic emission monitoring to evaluate the initiation
and propagation of hydraulic fractures. Results show that a main hydro-fracture was
formed in three samples during the first fracturing process. Many AE events occurred
during the first pump period. The proportion of tensile fractures during the hydraulic
fracturing accounted for more than 85% of all fractures. The test results could provide a
new understanding of the effect of HF under different stress conditions. And implied that
field engineering should pay attention to the initial HF, which may determine the main
fracture framework of the field at the first pump procedure.

Keywords: hydraulic fracturing, enhanced geothermal system, acoustic emission, confining stress, granite

1 INTRODUCTION

Geothermal energy shows significant potential as a renewable energy because of its huge resource reserve,
clean, and low-carbon characteristics. The geothermal heat source has been widely applied in power
generation and heat supply uses (Moya et al., 2018). China has gradually increased its policy support for
geothermal energy development in recent years. According to the outline of the 14th Five-Year Plan
(2021-2025) for national economic and social development and vision 2035, China plans to develop and
utilize geothermal energy in accordance with local conditions (Xinhua News Agency is authorized to
release, 2021). The State Council released an action plan for reaching carbon dioxide peak before 2030,
which proposed to explore ways of expanding the exploitation and utilization of geothermal energy (State
Council Report, 2021). Hot dry rock (HDR) energy is an important part of geothermal energy, and is
considered to be the future energy due to its huge reserves and development prospects (MIT-Led Report,
2006). Enhanced geothermal system (EGS) is essential for the extraction of geothermal heat from HDR,
and a number of EGS sites have been carried out worldwide [(Lu, 2018) and references therein]. A series
of EGS tests is conducted by the China Geological Survey (CGS) in Qinghai Province since 2018, and aim
to establish a demonstration project in the next few years (Zhang et al., 2019).
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Reservoir construction by Hydraulic fracturing (HF) for EGS
is a key technology (Fan and Zhang, 2014; Wu et al., 2017; Tomac
and Sauter, 2018). A network of hydraulic fractures can provide a
path for fluid flow and heat exchange with the surrounding hot
rock. The injected geothermal fluid (usually water) flows through
the fractures and exchanges heat with the HDR reservoir.

The monitoring of HF and laboratory simulations have been
intensively studied (Kumari et al., 2018; Liu et al., 2018; Xing
etal, 2019; Zhou et al., 2019; Shan et al., 2021). The HF process of
reservoir rocks can be monitored with the help of laboratory tests,
and the propagation of fractures can be directly observed. This
provides an understanding of the fracturing characteristics, rock
fracture mechanism, and hydraulic fracture network distribution
of HDR reservoirs at the given sites. The fracture initiation and
propagation behavior of HF are mainly studied using true triaxial
hydraulic fracturing physical simulation experiments. The
influence of pre-existing fractures on HF in the EGS project
has been proven in many previous studies (Guo, 2016; Mao et al.,
2017; Kolawole and Ispas, 2020; Zhou et al., 2020; Liu et al., 2021).
The extension path of hydraulic fractures in the HDR reservoir is
simple and extending only in the direction of the maximum
principal stress; however, because of the influence of the weak
surface of the rock, hydraulic fractures prefer to extend along the
weak surface, creating a complicated fracture network (Liu et al.,
2021). Mao et al. (2017) conducted HF tests on granite with
prefabricated fractures under different confining pressures, and
found that the extension path of the hydraulic fractures obviously
influenced by the magnitude of the horizontal stress difference,
and the larger the horizontal stress difference, the greater the
curvature of the hydraulic fracture extension path.

Previous studies have divided the process during HF into five
stages (Caulk et al., 2016; Lei et al., 2019). 1) The steel wellbores of
the sample were gradually filled with water, and the rock samples
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were not affected by the water pressure; 2) continued injection of
water resulted in a rapid increase in pressure; 3) accumulation of
pressure caused the rock to be hydrofractured; and 4) pressure of
the induced hydraulic fracture was gradually released along the
induced hydraulic fracture. In this process, under the same
injection rate, there was almost no change in the water
pressure, which is defined as the residual pressure that induces
cracks. The residual pressure can be regarded as the corresponding
minimum confining pressure; 5) post-fracture stage.

Acoustic emission (AE) systems are used to monitor fracture
propagation and energy release activities in rocks (Matsunaga
et al,, 1993; Ishida, 2001; Zhou et al., 2019). Significant energy is
released during HF fracture propagation, and AE events are
generated (Ishida, 2001; Shan et al, 2021). Laboratory and
field studies have shown that during HF the failure
mechanism is not unique. The stress and direction of natural
cracks control the dominant failure mechanism for HF (Fischer
and Guest, 2011; Yamamoto et al., 2019). The failure mechanism
can be distinguished by specific AE parameters, and cracks are
classified into tensile and shear cracks (Yuyama et al., 1999;
Ohtsu, 2010). The order of tension and shearing depends on the
specific microcrack in granite (Li and Einstein, 2019).

However, for granites that are commonly applied to
geothermal energy utilization, the HF process and failure
mechanism are only partly understood, which merits further
study. Additionally, fracturing experiments for large-scale granite
samples are few.

In this study, a series of true triaxial hydraulic fracturing
experiments were performed to evaluate the impact of the fracture
on the HF process under different compressive pressures on natural
granite rock samples. During the fracturing process, an acoustic
emission monitoring system was used to record the acoustic
emission events during the HF of the rock samples. The
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FIGURE 1 | Schematic diagram of the true triaxial hydraulic fracturing system.
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samples.

FIGURE 2 | Sample preparation (A) intact surface of samples; (B) arrangements of AE sensor; (C) wellbore sealed with glue; (D) AE sensors layout on cubic

AE sensor

wellbore

TABLE 1 | Experimental programs and resullts.

Sample id Target confining Temperature ('C) Constant flow Breakdown pressure Residual pressure With obvious
pressure (MPa) (ml/min) (MPa) (MPa) natural cracks
X Y z
HDR400-1 10 20 15 23 20 24.91 —— No
HDR400-2 15 25 20 20 32.15 17.0 No
HDR400-4 35 40 30 20 34.57 16.0 No

experiments show the AE-based fracturing behavior reveals the notable
characteristics of hydraulic fractures. This study is useful for
understanding the effect of HF in granite reservoirs under different
stress conditions.

2 EXPERIMENTAL PROCEDURES
2.1 Experiment Setup

The equipment used in this experiment was a true triaxial
hydraulic fracture propagation simulation system developed

by Jiangsu Huaan Scientific Reasarch Devices Co., Ltd. The
equipment can carry a maximum sample size of 600 mm X
600 mm x 600mm, and the triaxial pressure can be
automatically and uniformly loaded separately. The
maximum loading pressure is 70 MPa. To accurately detect
the development of fractures, an acoustic emission probe is
directly installed on the surface of the rock sample. During the
test preparation stage, the rock sample was opened and slotted
for the monitoring probe.

The equipment included a true triaxial pressure control
system and a pressure monitoring system (Figure 1) as well as
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FIGURE 3 | AE hit feature extraction [Modified from (Fischer and Guest, 2011)].
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FIGURE 4 | Result of the injection pressure and AE energy and count of HDR400-1.
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an acoustic emission monitoring system in addition to the
fracturing main part, which can monitor the pressure and
acoustic emission data in real time during the experiment, to
identify the fracture development, and the fluid used for
fracturing. The maximum injection pressure is up to
120 MPa.

2.2 Sample Preparation

The samples used in the HF experiments were all outcropping
Permian strata and Middle-Late Triassic granodiorite and granite
from Qinghai Province, northwestern China. The samples were
gray, medium-grained biotite granite, with a massive structure. The
sample size was 400 mm x 400 mm X 400 mm cubes, all of which
were polished in order to reduce uneven stress of the samples
during the test. Three samples were prepared to study the influence

of the injection pressure on the HF and AE parameters. Distilled
water was used as the fracturing fluid during the fracturing process.

Before processing, we carefully checked for natural cracks on
each end surface of the sample, recorded, and described them.
The samples were relatively intact, and no obvious natural
cracks were observed (Figure 2A). The samples were then
perforated and slotted, including injection wells (bore
diameter is 30 mm, hole depth is 200 mm, which equals 1/2
of the sample side length) and holes for acoustic emission probe
placement (Figure 2B). The reason for the designed length of
the injection well is to attempt to keep the fracturing extension
and AE events as centrally located as possible. After completing
the drilling, the wellbore was placed in a well, sealed the
wellbore with glue, and dried for at least 24 h to ensure the
sealing effect (Figure 2C).
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FIGURE 6 | Result of the injection pressure and AE energy and count of HDR400-4.

2.3 Testing Procedure

Considering that the scale of the rock sample is very small
compared to in-situ fracturing, large confining pressure cannot
be set for HF when the confining pressure is added in the early
stage of the test. The value of the pressure begins to increase
gradually, and a relatively large confining pressure difference
owing to the strength of the granite, which makes the effect of the
confining pressure on the fracture more obvious.

Before the start of the experiment, the confining pressure
system, fracturing fluid injection pump, pressure monitoring

system, and AE monitoring system were turned on. The target
confining pressure value was entered on the display of the
confining pressure system, and pressurizing was started. The
pressure and AE monitoring start time are recorded and used to
adjust the data to the same timeline for corresponding analysis.
Comparing with the thermal reservoir condition in the field, an
injection rate of 20 ml/min was adopted for the experiment.
Different triaxial pressures were applied for each sample
(Table 1), which are the equal proportional reduction of the
situ geological stresses. We set the vertical confining pressure
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FIGURE 7 | AE spatial distribution characteristics of HDR400-1 (A) AE spatial distribution compared with the surface appearance of the sample. Each sphere
represents a single AE event, and the size of the spheres represent the value of AE energy. The red scatter points are the projection of the AE events on the X-Y plane; (B)
AE spatial distribution of each pump periods, and @-® represent the first to third pump periods.

(Y) as the maximum stress, while there is a difference of 5 MPa
between the horizontal confining pressure (X and Z). The value
of the confining pressures of the samples are increased in
sequence, which is used to simulate the fracture propagation
of the field HF process. The experiment was processed under
23°C. i.e., the room temperature in the laboratory. Pressurizing
was stopped and maintained after the confining pressure value
was stable. Then the injection pressure was started, and
simultaneously recording pressure and acoustic emission
data. When the injection pressure in the boreholes
stabilized, data collection was complete and the experiment
was finished.

2.4 Acoustic Emission Monitoring
The AE signal detecting part includes three eight-channel AE

signal processing systems (PCI-2). The AE system is from the
American physical acoustics company (PAC), which has an
operating frequency range from 20 to 1,500 kHz. The trigger
threshold of AE was set to 40 dB. The sensors were separated into
four groups, which were adhered to the surrounding surfaces of
the samples, respectively (Figure 2D). Sixteen AE sensors are
used to enhance source location accuracy in this study. The
location coordinates of the AE events were determined by the
arrival time differences between different sensors, the sensor
arrangement geometry, and the propagation velocity through
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FIGURE 8 | AE spatial distribution characteristics of HDR400-2 (A) AE spatial distribution compared with the surface appearance of the sample; (B) AE spatial
distribution of each pump period. ®-® represent the spatial distribution characteristics of AE for different section of the pressure curve corresponding to the time

the granite (Shang et al., 2021). After installation, the probe was
connected to the acoustic emission system according to the serial
number, and the upper adapter plate, pressure injection joint, and

longitudinal pressure pump head. The upper pressure plate was
then fixed with a nut.

The detected AE signal was analyzed by the rise time, AE
counts, AE amplitude, and AE duration (Mao et al., 2017), which
is illustrated in Figure 3. The injection pressure and AE
parameters were combined to evaluate the propagation of the
hydraulic fracture (Landis and Baillon, 2002).
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3 RESULTS

3.1 Injection Pressure and AE

Characterizations

The experiment results are presented in Table 1. The samples
showed different HF characteristics under different confining
pressure conditions, with the same flow rate and temperature.
The confining pressures, AE parameters, and spatial distribution
characteristics showed differences during the experimental
process. In order to better observe the trend of AE parameters
during the hydraulic fracturing experiment, we eliminated several
very-high values (>300 aJ) of AE energy events, most of which
were occurred once the rock fractured, and the elimination would
not influence the distribution trend of AE energy and count.

3.1.1 Sample HDR400-1

The injection pressure of HDR400-1 started to rise rapidly 2 min
after the injection began, and reached a breakdown pressure of
24.91 MPa (Figure 4). Once the rock fractured, the injection
pressure quickly dropped to 10.57 MPa. During this process, the
AE activity increased significantly, and the AE energy and count
reached the maximum of the entire experimental process. Dense
AE activity still occurred in the case of a sudden drop in the
injection pressure. Subsequently, the injection pressure continued
to rise at a relatively rapid rate until it reached 21.39 MPa, and
breakdown occurred again; the pressure dropped rapidly to
14.43 MPa. During the second fracture process, the AE activity
was also dominant, but compared with the first fracture process,
the AE energy and count were weakened. Subsequently, the
pressure rapidly increased, and the third fracture process
occurred. The breakdown pressure was 24.78 MPa, which was
remarkably close to the breakdown pressure of the first time,
whereas the pressure dropped to 21.75 MPa. During the third
fracture process, there was no obvious AE activity, and the AE
energy and count were also significantly reduced, indicating that
no obvious cracks were formed in the process.

After the pump was filled with water and injection continued,
the pressure increased again and reached a breakdown pressure of
22.63 MPa. After re-pumping, the breakdown pressure was lower
than the pressure during the first pumping period. After the
breakdown, the injection pressure dropped to 18.16 MPa and
then slowly increased to 29.86 MPa. During this process, the AE
activity continued to appear, which may represent the continuous
occurrence of small-scale cracks causing decompression and
injection pressurization during the crack extension.

Cracks occurred when the injection pressure dropped sharply,
and a large amount of AE activity was generated simultaneously.
The pressure drop occurred because the injection water gradually
filled the fractures suddenly formed by fracturing, forming a
short-time decompression space. When the crack is filled with
water, the pressure increases, forcing the cracks to expand. The
subsequent breakdown pressure of the second and third pump
periods continued to increase, indicating the continuous
expansion of the cracks; however, the AE energy and count
were less than those of the first pump period. It can be seen
from the cumulative AE energy and count that during the first
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fracture process, more than half of the AE energy accumulation
was completed quickly. The accumulation of AE energy and
count was relatively smooth during the subsequent pumping
periods.

3.1.2 Sample HDR400-2

After the injection started, the injection pressure increased rapidly
(Figure 5). The breakdown pressure was 32.15 MPa. Afterwards, the
pressure dropped sharply to 17.13 MPa, and the pressure increases
to 18.15 MPa. A second fracture occurred, and the pressure dropped
to 15.78 MPa. The pressure then increased slowly and steadily,
indicating that the continuous water injection after the fracture
occurred caused the cracks to propagate. After the pressure
increased to 17.15MPa, the pump refilled water, and the
pressure decreased to 2.38 MPa during this process.

The pressure curves in the 2-4 pump periods were similar. The
breakdown pressure is 18.39-18.43 MPa. It can be explained that
the required breakdown pressure cannot reach 32.15MPa
because the cracks have been opened before. The injection
pressure stabilizes at approximately 17 MPa, which is similar
to the 17.15 MPa of the first pump period. This suggests that the
very first fracture process is the most important fracture process
in the entire hydraulic fracture experiment, and a long extended
fracture framework may have been formed. This can be verified
by the spatial distribution characteristics of acoustic emission
(Figure 5). The fracture expands along the direction of the first
fracture process under a stable pressure of 17 MPa during
subsequent pump periods.

3.1.3 Sample HDR400-4
After the sample HDR400-4 injected water to fill the wellbore, the
injection pressure increased rapidly and fracture occurred
(Figure 6). The breakdown pressure was 34.57 MPa.
Subsequently, the pressure decreased sharply to 11.86 MPa,
and the pressure increased slowly to 14.40 MPa until the
pump refilled water, and the pressure decreased to 2.49 MPa.

The pressure curve patterns in the 2-3 pumps are similar, and the
pressure rises rapidly after re-pumping. As the cracks steadily expand,
the injection pressure steadily increases from approximately
14-17 MPa, which is higher than the residual pressure of the first
pump at 14.40 MPa. This may be because the injection water was
exhausted before the residual pressure increased to 17 MPa.

The cumulative AE energy and count did not show a rapid
increase during the first pump period. Instead, there was a rapid
increase during the second pump period.

3.2 Spatial Distribution Characteristics

of AE

3.2.1 Sample HDR400-1

The AE spatial distribution of sample HDR400-1 shows that the
HF produced a main fracture that is parallel to the direction of the
maximum principal stress, and projects a relatively concentrated
fracture distribution on the XY plane. It can be seen that the
locations of the AE events are aligned with the hydraulic fracture
(Figure 7A).
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FIGURE 9 | AE spatial distribution characteristics of HDR400-4 (A) AE spatial distribution compared with the surface appearance of the sample; (B) AE spatial
distribution of each pump periods. See Figure 7 for detailed figure description.

The AE energy and count during the first pump period were ~ pump period, and the spatial distribution of AE events extends to
high, mainly on one side of the well pipe, and constituted the  the other side of the well pipe, showing a lower energy and denser
fracture framework (Figure 7B). The AE energy and count of  distribution. Overall, sample HDR400-1 shows that the first
each subsequent pump period were less than those of the first ~ pump period formed the main fracture framework.
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3.2.2 Sample HDR400-2

The AE spatial distribution of sample HDR400-2 appeared to be
relatively dense, and the main fracture direction was parallel to
the maximum principal stress direction (Figure 8A). The main
fracture channel is projected onto the X-Y plane, with a relatively
large fracture width (Figure 8A). From the temporal and spatial
distribution of AE, the fracture process during the first pump
period was mainly concentrated around the well pipe and formed
the main fracture framework (Figure 8B). During the subsequent
2-4 pump injection periods, the cracks gradually spread to the
outside. The extended AE events are still mainly in the range of
the main fracture, which is equivalent to the extension of the main
fracture. Owing to its larger confining pressure compared to
HDR400-1, the fracture extension speed is slow, causing the
injected water to accumulate in the main fracture.

3.2.3 Sample HDR400-4

The fractures produced by sample HDR400-4 formed a dense
main channel (Figure 9A). The AE events with larger energy at
the first fracture process are mainly parallel to the direction of the
maximum principal stress, whereas the denser small-energy AE
events are almost horizontally distributed, approximately
perpendicular to the direction of the maximum principal
stress, which coincides with the fractures appearing on the
surface of the sample. It is possible that this phenomenon is
related to the influence of the weak layers inside the rock sample;
that is, the larger energy events are new cracks formed by HF, and
the nearly horizontal dense AE events may have been formed by
the weak layers. Therefore, the energy released by the dense
horizontal AE events was relatively small. The fractures formed
during the first pump period were mainly concentrated in the

vertical and horizontal planes at the bottom of the wellbore
(Figure 9B). During the second and third pumping periods,
the fractures mainly extended to the plane of the wellbore and
slightly upwards, representing the main fractures extending
far away.

4 DISCUSSION

4.1 Analysis of AE Parameters During

Hydraulic Fracturing

4.1.1 AE Events During Hydraulic Fracturing

When the injection pressure drops sharply after the peak pressure,
the hydraulic fractures rapidly spread, and many AE events occur
in the form of stress waves due to the release of potential strain
energy (Lei et al., 2019). Similar situation is reported by Ishida et al.
(1997) that after injecting high-pressure water into the granite, with
the sudden drop of pressure, the AE count increased sharply and
the cracks expanded rapidly (Ishida et al., 1997). A main fracture
framework was formed in all three samples during the first
fracturing process. Under low confining pressures (e.g., sample
HDR400-1), the main fractures relatively extend longer, and in the
subsequent pump periods, the formation and expansion of
fractures occur in the blank areas where no cracks occurred
before. However, for the high confining pressure cases (e.g.,
samples HDR400-2 and HDR400-4), the propagation of
fractures in the subsequent pump periods was the continuous
reconstruction of the main fractures. Usually, the direction of
fracture propagation is perpendicular to the direction of the
minimum principal stress (Shang et al, 2021), however the
spatial distribution of the AE events in three samples indicates
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FIGURE 11 | Cumulative AE count over time.
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that the direction of the main fractures does not exactly coincide
with the maximum stress directions. We speculate that the reason
may be due to the artificial damage inside the rock samples during
the transportation to the laboratory and the sample-cutting
process.

4.1.2 Accumulative AE Energy and Counts During
Hydraulic Fracturing

The cumulative AE energy changes before and after the breakdown
pressure shows the energy required for the rock fracturing, and the
propagation of the fracture caused a release of energy during the
fracturing process. For the samples HDR400-1 and HDR400-2, the
AE energy accumulates rapidly during the first pump period, and
then slowly increases for the subsequent pump periods (Figure 10),
which is consistent with the observations of Xing et al. (Shan et al.,
2021). However, the sample HDR400-4 shows a difference

variation trend that the accumulated AE energy is small for the
first pump period, and then increased progressively during the
subsequent pump periods, perhaps indicating that the condition of
high confining pressure limits the rock fracturing during the first
pump period. Similarly, the variation of cumulative AE count has a
good corresponding with the cumulative AE energy (Figure 11).

4.1.3 Analysis of Failure Mechanism

The characteristics of the AE signals are evaluated primarily by
the RA value and the average frequency (AF) (Ohtsu, 2010),
which are defined as follows:

Rise time
RA value = - - 4-1)
Maximum amplitude
AE ringd t
Average frequency (AF) = [Ingoaoun coums (4-2)

Duration time
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The RA value of AE events can be used to distinguish the
failure mechanisms, where the RA value of shear failure is
generally higher than the RA value of tensile failure (Yue
et al, 2019). According to the relationship between the RA
value and AF, the detected AE events can be divided into
tensile and shear fractures based on the method of JCMS-III
B5706 (Ohtsu, 2010; Mao et al., 2017).

As can be seen in Figure 12 that the percentages of tensile
events are 96.9, 90.5, and 91.9%, respectively, for the samples
HDR400-1, HDR400-2, and HDR400-4. Although it is necessary
to note that the approach based on RA value and AF is kind of
empirical method, it can be interoperate that tensile crack
dominates in all tests [(Zhang et al., 2021) and references
therein]. This result was well in accordance with Jiang et al.
(2020), which reported tensile crack comprised over 94% of the
cracks. It can be explained that tensile cracks are commonly
observed in the initial loading and failure preparatory phase

Laboratory Hydraulic Fracturing of Granite

(Zhuang and Zang, 2021), which concentrates most of the AE
events.

4.2 Analysis of Confining Pressure on
Hydraulic Fracturing

Through comparing three samples it can be found that the initial
breakdown pressure increases correspondingly with the confining
pressure increases (Figure 13), indicating that the high confining
pressure has a limiting effect on the rock fracturing. Once the
rock is fractured, the higher confining pressure caused the
increasing of the fracture surface roughness (Hu et al., 2019;
Liu et al.,, 2021). This may contribute to the fracture remaining
open, which results in significantly lower breakdown pressure for
subsequent pumping. In addition, after the hydraulic fractures
occurring, the residual pressure decreases gradually with the
increase of confining pressure, indicating the hydraulic
pressure required to maintain the fracture propagation is low
at high confining pressure. The samples HDR400-2 and
HDR400-4 exhibit similar variation trends of breakdown
pressure, in which a high breakdown pressure occurs at first
and then the pressure rapidly decrease and stabilize in a lower
level. In contrast, the variation of the sample HDR400-1 was
different that the pressure maintained at a higher level at whole
fracturing process (Figure 13). This may be due to the pressure
increase caused by the continuous formation of new cracks in the
unfractured area during the expansion of the sample HDR400-1.

In order to verify the reliability of the measured breakdown
pressure, the empirical equations established by Haimson and
Fairhurst (1967) (H&F) and Anderson et al. (1973) were used to
calculate the HF breakdown pressures.

P, =30, -0y +or (4-3)
2v

1-

Py = (Pyy — aP,) + aP, (4-4)
Where P;, represents the breakdown pressure, o, represents the
minimum horizontal pressure, oy represents the maximum

horizontal pressure, o represents the rock tensile strength
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FIGURE 14 | Comparison between measured HF breakdown pressure and relative literature results in Qinghai.
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with the range of 11.5-19.9 MPa (Lei et al., 2019), v represents the
Poisson’s ratio of 0.25 (Lei et al., 2019), Py, represents the
overlying rock pressure, P, represents the pore pressure of
zero (considering the extremely low permeability of the rock),
and «a represents the Biot coefficient with the range of 0.2-0.6.

The results showed that the breakdown pressures calculated by
Eq. 4-3) are relatively high compared with the measured values,
while the breakdown pressures calculated by Eq. 4-4) are lower
than the measured values. That is, the measured HF breakdown
pressures fall in the middle range of the calculated results of these
two empirical equations.

We compared with measured values of other studies in
Qinghai Province, and the results show consistency (Figure
14). Lei et al. (2019) obtained the HF breakdown pressures of
monzogranite at room temperature of 30.6-44.3 MPa. Zhou et al.
(2019) reported the HF breakdown pressures of granite of
26.49-26.65 MPa. Cheng et al. (2020) obtained the HF
breakdown pressures of 23.07-30.28 with the temperatures
range of 30-120°C. Since the measured HF breakdown
pressure is influenced by the sample size, confining pressure,
injection flow rate, temperature, etc. (Lei et al., 2019; Cheng et al.,
2020), we speculate that the deviations between former studies
and our results may be due to the different experimental
conditions.

4.3 Implication for Field Fracturing

Although the number of samples in our HF test is small, all three
samples exhibit the formation of the main fracture framework
during the first pumping, which indicates that the initial HF
operation would likely has a large impact on field reservoir
construction. And high confining pressure will cause the
fracture modification to be concentrated near the borehole,
but lower confining pressure help to the main fractures to
extend longer (Warpinski et al., 1982). This suggests that HF
at shallow depths (low confining pressure) may result in greater
reservoir space, while the deeper depths (high confining pressure)
is likely to create smaller reservoir space, but with more adequate
reservoir construction effect. The HF experiments also indicate
that selecting a field site with relatively low geological stress is
more beneficial for fracture expansion (Cheng et al., 2020). The
failure mechanism of all samples revealed a dominate character of
tensile crack, suggesting that tensile crack occurs first when HF is
processing at field site of Qinghai.
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