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Cyclic injection hydraulic fracturing is a promising way for the geothermal energy exploitation by reactivating the fractures in
geothermal reservoir. However, fracture initiation and growth induced by cyclic injection schemes have been inadequately
studied for hot dry rock (HDR), and the cyclic injection fracturing optimized often by experience. For this reason, the
initiation and propagation of hydraulic fractures in the HDR under different cyclic injection methods were determined by
experiment research for hydraulic fracturing. The results show that the cyclic frequency and injection rate play different roles
in the stimulation of HDR. The cyclic injection with low frequency-low pressure can create more branched fractures, forming
a short but complex hydraulic fracture network. However, when high flow-high frequency injection method is subjected, the
branch fractures formed are significantly reduced, but each branch fracture can be fully expanded. To fully exploit the
advantages of different injection methods, a numerical model that contains a fracture network was established with PFC
software, and an alternating cyclic injection scheme with synergistic control of the cyclic frequency and injection rate was
proposed. The comparison results indicated that the alternating cyclic injection method can effectively improve the fracturing
effect in the HDR. The stimulation area of the alternating cyclic injection method is about 2.3 times and 2.7 times that of the
low flow-low frequency and high flow-high frequency injection methods, respectively. The method presented here can be
adopted to optimize the fracture growth regime and provide a scientific basis for EGS hydraulic fracturing design.

1. Introduction

Hot dry rock (HDR) is a high-temperature rock without
water (or with a small amount of water but not flowing),
which can be artificially fractured to form an enhanced geo-
thermal system (EGS) to extract a large amount of thermal
energy from deep underground. At present, HDR is a clean
energy with the most application value and potential in the
21st century as its advantages of cleanness, wide distribution,
and large resource reserves [1, 2].

Hydraulic shear, which aims to shear more preexisting
fractures, has become the key technology widely used in
the stimulation of HDR reservoirs [3, 4]. However, so far,
this design has achieved only limited success. Studies have

shown that short circuits or severe reservoir leakage still
occurs even the fracture-developed zones in EGS were direc-
tionally fractured [5–7]. This is because, only by injecting
water into a single open-hole section, the fluid flow tends
to be localized in a few main flow paths, and the natural frac-
tures in HDR are difficult to be sheared and activated [8].
Without substantial flow paths, thermal storage lacks the
ability to maintain high-velocity flow, resulting in poor frac-
turing effect of the reservoir [9–11]. Additionally, hydraulic
stimulation aimed at creating commercial reservoirs may
generate seismic events, resulting in a negative public per-
ception of EGS. For example, the seismic event (M = 3 4)
triggered by the hydraulic stimulation of Basel in Switzer-
land has led to the (preliminary) termination of the project
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[3]. In the Soultz in France and Cooper in Australia, hydrau-
lic fracturing also induced a series of seismic events, with the
highest magnitudes reaching M = 2 9 and M = 3 7, respec-
tively. Therefore, the main challenge for the effective devel-
opment of HDR is to construct a more complex fracture
network under the premise of safe stimulation measures, to
achieve the best heat transfer performance of the enhanced
geothermal system (EGS) [12–14].

Cyclic injection is a promising solution for the HDR
hydraulic fracturing [15–17]. Experiments performed by
Zang et al. [18] have proved that the monotonic increase
in load with time can produce a wider fracture process zone.
However, the constant loading interrupted by cycles of alter-
nating high and low injection rate has no further deforma-
tion, which leads to narrow areas of tensile and shear
fractures [19, 20]. By contrast, laboratory experiments con-
ducted by [21] determined that the cyclic injection has obvi-
ous advantages in reducing the fracturing pressure of
Pocheon granite. Frequent starting and stopping of loading
causes fatigue fracture of the rock, and the area of cyclic
injection, that is, the stimulated volume, is larger than that
of monotonic injection. Additionally, the number of events,
as well as their magnitudes, was found to be lower compared
to those during continuous injection [13, 22, 23]. The reason
is that mechanical fatigue is highly dependent on the fre-
quency of loading and the type of material. The propagation
of microcracks caused by fatigue during cyclic injection can
be envisioned to involve more fluid-rock interactions, thus
resulting the larger stimulated area and the lower seismic
magnitude generation [24–26].

Cyclic injection is expected to be an alternative to the
HDR hydraulic fracturing treatment [27, 28]. However, the
hydraulic fracturing scheme using cyclic injection is still in
the proof-of-concept stage, and the initiation and propaga-
tion mechanism of hydraulic fractures in HDR under differ-
ent cyclic injection methods is inadequately studied [15, 29,
30]. Lacking of theoretical guidance, the hydraulic fracturing
of HDR based on the cyclic injection does not reduce the
risk of large earthquakes; the effect of reservoir permeability
enhancement is also unsatisfactory [31, 32]. Predictably, the
key cyclic hydraulic fracturing parameters (injection rate
and cycle frequency) play different roles in the stimulation
of HDR, and different combinations of the two (different
cyclic injection methods) may have a significant impact on
the initiation and propagation of hydraulic fractures in
HDR. Therefore, it is necessary to systematically study the
initiation and propagation of hydraulic fractures under dif-
ferent cyclic injection methods.

At present, the researches on hydraulic fracturing of
HDR almost focus on hydraulic fracturing under a single
cyclic injection method. To our knowledge, few publications
have been published so far on when alternative cyclic injec-
tion methods were adopted. Therefore, a true triaxial
hydraulic fracturing system was adapted to systematically
study the initiation and propagation of hydraulic fractures
in HDR under different cyclic injection methods. On this
basis, by constructing a discrete fracture network model,
the initiation and propagation of hydraulic fractures under
single and alternate cyclic injection schemes were deter-

mined. As a result, an alternating cyclic injection scheme
with synergistic control of the cyclic frequency and injection
rate was proposed. The results presented in this work are of
great significance for the construction of fracture network
and the promotion of large-scale exploitation of geothermal
resources from the HDR.

2. Methods

2.1. Physical Experiments

2.1.1. Sample Preparation. The rock samples used in the
experiment were taken from the Gonghe Basin in Qinghai
Province. The collected samples are gray white in color, hard
in texture, and resistant to weathering (Figure 1). Through
mechanical testing, the physical and mechanical properties
of granite rock samples were obtained, as shown in Table 1.

The sample used in the experiment is 300mm × 300
mm × 300mm granite cube. Before the test, a circular hole
with a diameter of 16mm and a depth of 120mm was verti-
cally drilled at the center of one side of the granite sample to
simulate the wellbore. Simulate the wellbore using a stainless
steel pipe with an outer diameter of 14mm and an inner
diameter of 10mm. The simulated wellbore was cemented
using temperature resistant epoxy resin (Figure 1).

2.1.2. Experimental Setup. The hydraulic fracturing system
upgraded by Jilin University can currently provide an injection
pressure of 80MPa, and the three-dimensional stress can be
provided separately as required. The three-dimensional con-
fining pressure can be loaded up to 30MPa, and the rated load
is 18kW. The heating device can make the working tempera-
ture in the sample chamber range from room temperature to
the maximum value of 180°C (Figure 2).

Acoustic emission monitoring system is composed of
DS2 acoustic emission instrument, supporting acquisition
and storage software system, which can realize high-
frequency multichannel synchronous acquisition of acoustic
emission characteristics (Figure 3). The acoustic emission
calculation system can calculate the signal amplitude,
energy, occurrence time, and duration of each AE probe,
while monitoring the propagation process and morphology
of fractures through three-dimensional positioning of 8 AE
probes.

2.1.3. Experimental Procedures. The detailed steps of the
experiment are as follows: (1) dye the fracturing fluid, fill it
into an intermediate container, connect the pipeline, and
check the sealing of the pipeline; (2) place the sample in an
oven, heat it to 180°C at a heating rate of 5°C/min, and
maintain it for 12 hours; (3) after the temperature inside
the pressure vessel returns to the target temperature, open
the pressure boosting valve of the true triaxial equipment,
and load the triaxial stress to the target value through the
control system; (4) start the injection pump and conduct
the fracturing experiment with the target displacement,
and record the fracturing curve; and (5) stop heating the ket-
tle body, open the equipment evacuation valve, unload the
pressure, take out the sample, and label it.
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After the fracturing is completed, the cubic granite sam-
ple is evenly cut into 4 pieces and the expansion morphology
of hydraulic fractures inside each piece is observed. Reorga-
nize and reconstruct the observed results of each piece to
draw the final expansion morphology of hydraulic fractures
in the sample (Figure 4).

2.1.4. Experimental Scheme. The measured vertical principal
stress and maximum and minimum horizontal principal
stress of the target reservoir in the Gonghe Basin are
50MPa, 45MPa, and 35MPa, respectively. Considering the
physical similarity between the fracturing site and the
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Figure 1: Triaxial hydraulic fracturing platform and sample preparation: (a) triaxial hydraulic fracturing platform; (b) schematic diagram of
fracturing sample; (c) prepared rock samples.

Table 1: Basic physical and mechanical properties of the granite
samples.

Parameter (unit) Value

Density (kg/m3) 2560

Permeability (mD) 0.04

Young’s modulus (GPa) 40

Tensile strength (MPa) 19.17

Poisson ratio 0.25

Thermal conductivity (W·m-1·K-1) 3.13
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experimental model, the three-dimensional in situ stress in
the experiment was set to 20, 18, and 14MPa, respectively.
The temperature of 180° was set in the fracturing test, which
is the highest temperature that the system can reach.

To capture the initiation and propagation of hydraulic
fractures under different cyclic injection methods, high
flow-high cycle interval and low flow-low cycle interval
cyclic injection methods were performed on granite speci-
mens A1 and B1, respectively. During cyclic fracturing with
the high flow-high cycle interval, the fracturing fluid was
injected at the constant rate of 15mL/min. After maintain-
ing this state for 20 s (cycle interval), the injected fluid
decreased to 1mL/min. For the next 20 s, enter the next cycle
(see Figure 5(a)). Compared with high flow-high cycle inter-
val, the cyclic hydraulic fracturing with low flow-low cycle
interval increased to 10mL/min and the cycle interval
decreased to 10 s (see Figure 5(b)).

2.2. Discrete Elemental Method. On the basis of laboratory
tests, a discrete element fracture network model was con-
structed by introducing preexisting fractures to analyze the
influence of fracture reactivation on the hydraulic fracture
initiation and propagation in the HDR.

2.2.1. Fluid-Mechanical Coupling in Particle Flow Program.
In the discrete element method (DEM) model, the algo-
rithm of fluid flow is realized based on the subroutine
developed by the embedded FISH language. The principle
of fluid-mechanical coupling in the DEM model is shown
in Figure 6. Two adjacent fluid domains are related
through fluid channels and obey the Poiseuille channel
flow theory [33]:

Q = −
R3

12μ
p2 − p1

l
, 1

where Q is the volume of fluid flowing through the flow
channel (cm3/s), l is the length (cm), R is the pore size
of the flow channel (cm), and μ is the fluid viscosity
(Pa·s).

According to the fluid-structure coupling relationship of
DEM model, the R can be expressed as [34]

R = R0σ
n
0

σn + σn0
, 2

where R is the pore radius under normal stress (cm), R0 is
the pore radius of the reservoir when no stress is applied
(cm), and σn and σn

0 are the normal stress acting on the stra-
tum and pores (MPa).

2.2.2. Model Setup. PFC2D software was used to build the
DEM model. The size of the model is 120 × 100mm. To
capture the effect of cyclic injection methods on the prop-
agation of natural fractures, two natural fracture models
were set up with a length of 50mm on both sides of the
injection hole (Figure 7(a)). On this basis, multiple natural
fractures were preset in the DEM model to further analyze
the impact of fracture reactivation on the formation of
hydraulic fracture networks in HDR.

In the DEM model, two injection methods as the
experimental test were considered: low flow-low frequency
and high flow-high frequency cyclic injection methods.
The interval of each cycle in the low flow-low cycle inter-
val cyclic injection was 10 s, and the injection rate was set
as 1.0m2/s. The model cycled 360 times in 120 minutes,
and the injection volume is 360m2. The interval of each
cycle in the high flow-high cycle interval cyclic injection
was 20 s, and the injection speed was 2.0m2/s. The model
cycled 360 times in 240 minutes, and the total injected
volume was consistent with the low flow-low cycle interval
scheme (i.e., 360m2).

In addition, to capture the initiation and propagation of
hydraulic fractures under different cyclic injection methods,
the in situ stress and injection fluid parameter set in the
model are based on the actual data published based on the
Gonghe Basin EGS fracturing site [36, 37].

2.3. Model Calibration. To verify the correctness of the DEM
model, the triaxial compression tests using the typical gran-
ite samples from the Gonghe Basin were conducted, and the
accuracy of the model was calibrated. Before the hydraulic
fracturing experiment, the remaining rock samples for
hydraulic fracturing were cut to a cylindrical sample with
the size of 50 × 100mm. In order to ensure the comparabil-
ity between the model and the experiment, the stress, tem-
perature, and loading method of the model were consistent
with the experiment. The detailed model parameters are
summarized in Table 2.

The comparisons with experimental data and numerical
simulation data are shown in Figure 8. The comparison
results show that the model calculated results are generally
in good agreement with the experiment observation. The
error between the numerical model and the experiment
observation is within an acceptable range.

Based on data fitting, the fracture morphology of the
experimental and numerical model was further compared
as shown in Figure 9. The comparisons between the

Figure 2: The true triaxial hydraulic fracturing equipment and test
process.
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experimental and model simulation showed that the macro-
scopic fracture morphology of rock has a good correspon-
dence with the simulation results. By comparing the
experimental model with numerical simulation results, the
accuracy and reliability of the DEM model have been effec-
tively verified. In addition, the macro- and micromodel

parameters required by the model have also been further cal-
ibrated and given in Table 2.

Based on the triaxial compression experiment, the con-
stitutive model of the numerical procedure was corrected
and the macroscopic and microscopic constitutive proper-
ties of the HDR were obtained. To comprehensively correct
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the accuracy of the model, on the basis of constitutive
relationship correction, a large-scale true triaxial hydraulic
fracturing test was conducted to further calibrate the fluid-
structure coupling of the numerical model.

To make the numerical model comparable with the
laboratory experiment, the test conditions (temperature,
pressure), rock mechanical parameters, and fluid injection
method of the fracturing numerical model are consistent
with the experimental model. Figure 10 reflects the
hydraulic fracture morphology of the numerical and
experimental models. The calibration results show that
the hydraulic fracturing forms a main hydraulic fracture
and a branch fracture in the direction of maximum prin-
cipal stress. The morphology of hydraulic fractures formed
by experimental and numerical models has high compara-
bility, which perfectly verifies the correctness of the
numerical model.

Additionally, the hydraulic fracturing pressure curve of
the numerical and experimental models shows that the
hydraulic fracturing pressure curve obtained by the numeri-
cal model is in good agreement with the experimental model,
and there are differences only at the highest and lowest points
of the injection pressure curve (Figure 11). This is because
real granite samples are not perfectly homogeneous and iso-
tropic; the initiation and propagation of hydraulic fracture
can never exactly match the theoretical prediction and
numerical modeling. Although there are some differences
only at the highest and lowest points of the injection pressure
curve, the error maintains at a small value, which verifies the
accuracy of the numerical model for simulating the initiation
and propagation of hydraulic fractures.

2.4. Model Parameters for Natural Fracture. The criterion pro-
posed by Gu and Weng [38] regarding the nonorthogonal
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angle of friction interfaces with cohesion indicates that the
accuracy of NF parameters is determined by the propagation
of hydraulic fracture after the intersection of hydraulic frac-
tures and natural fractures [39]. The critical determination
curve of hydraulic fracture crossing natural fractures based
on the theoretical criteria proposed by Gu and Weng [38] is
shown in Figure 12.

To ensure the accuracy of numerical simulation, nature
fracture parameters such as cohesion, friction coefficient,
shear stiffness, and tensile strength were selected to be as
similar as possible to the actual situation of the reservoir
under different stress ratios, friction coefficients, and
approach angle [40]. Therefore, the nonorthogonal angle
criterion of natural fracture friction interface proposed by
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Gu and Weng was adopted, and the relevant parameters of
natural fractures in the model were calibrated.

Figure 13 shows the comparison of the hydraulic frac-
tures and natural fracture interaction results under different
conditions. In most cases, there is good consistency between
numerical simulation and theoretical analysis. Based on the
validation between theoretical model and numerical simula-
tion, the properties of natural fractures in the model were
corrected and the parameters of natural fractures in the
model were obtained (Table 3).

3. Results and Analyses

3.1. Hydraulic Fracturing Experiment of HDR under
Different Cyclic Injection Methods

3.1.1. The Cyclic Injection with High Flow-High
Cycle Interval

(1) AE Characteristics during Hydraulic Fracturing. Combin-
ing the pressure data with the acoustic emission to analyze
the activity and concentration of the acoustic emission
source can comprehensively understand the fracture initia-
tion and propagation during hydraulic fracturing of the
HDR [41]. The injection pressure and acoustic emission
energy level of sample A1 are shown in Figure 14. The
results show that the curve of injection pressure under the
cyclic injection with high flow-high cycle interval can be
divided into three stages.

Stage I is the prefracturing stage, in which the fracturing
fluid fills the wellbore and the pressure rises to 15.4MPa.
The second stage is the crack initiation stage of the granite
specimen. As the fracturing fluid is injected into the granite
specimen, the injection pressure rises to the breakdown
pressure point (Figure 14). At the breakdown pressure point,
the injection pressure reaches a peak pressure of 34.45MPa,
the fracture curve drops sharply, and the pressure drop can
reach 16MPa (Figure 14). A higher pressure drop indicates
that the rock releases higher energy during fracture, and
the macrofracture extension ability is stronger. In stage III,
the injection pressure gradually decreased and the frequency

of acoustic emission activities was very low. This further
proved that fracturing opening occurred in the second stage.

(2) Hydraulic Fracture Morphology. The location points of
acoustic emission can reflect the gradual damage of the
material and then reveal the evolution process of fractures
in the granite specimen [42]. Figure 15 shows the spatial dis-
tribution of acoustic emission points under the cyclic injec-
tion with high flow-high cycle interval.

The results show that from the acoustic emission local-
ization of the whole test, the localization points are mainly
concentrated in the center of the wellbore and distributed
in a band along the path of the fracture surface, and the
overall number of acoustic emission events is small
(Figure 15(d)). Figure 11 shows the fracture morphology of
specimen A1 after fracturing. The results show that the
hydraulic fracture mainly extends along the maximum prin-
cipal stress (MPS) and penetrates the front and bottom sur-
faces of the specimen. In addition, a branch fracture was
formed in the direction with an angle of 30° to the MPS.
The geometry of fractures in Figure 16 corresponds well
with the acoustic emission location of the specimen.

The results show that the pulse pressure wave formed
by cyclic injection with high flow-high cycle interval is
strong and easy to form a single main fracture (defect) in
the rock. However, despite the relatively simple morphology
of these main cracks, they have a strong ability to extend
(advantage).

3.1.2. The Cyclic Injection with Low Flow-Low Cycle Interval

(1) AE Characteristics during Hydraulic Fracturing.
Figure 17 shows the pump pressure curve of specimen B1
against the acoustic emission sequence. During the initial
stage of prefracturing, the frequency of acoustic emission
activities is not high, and only a few low-energy-level acous-
tic emission events occur. As the injection pressure
increases, the fluid pressure fluctuation becomes larger,
and the high-energy-level acoustic emission events are dis-
tributed in clusters. This indicates that fatigue damage
occurs in the rock, and the microcracks of internal defects
are aggregated and nucleated with the increase of the num-
ber of cycles. After reaching the peak pressure, the fluid pres-
sure fluctuation decreases slowly. At this time, there are still
high-energy acoustic emission events distributed in clusters,
indicating that the cracks are still forming and expanding.

(2) Hydraulic Fracture Morphology. The spatial distribution
of acoustic emission points under the cyclic injection with
low flow-low cycle interval is shown in Figure 18. In the
early stage, the AE points are only distributed in the center
of the sample, and the cracks are in the stage of scattered ini-
tiation (Figure 18(a)). With the increase of injection volume,
the AE points become dense at the center and spread radially
from the center to the surrounding (Figure 18(b)). The fur-
ther accumulation of fluid pressure makes the AE events
evenly generated around the channel path generated in the
previous stage, which indicates that a considerable number

Table 2: The macroscopic and microscopic parameters of the
model after experimental calibration.

Category Parameters Value

Bonded particle

Density (kg/m3) 2600

Particle radius Rmin (mm) 0.25

Radius ratio Rmax/Rmin 1

Young’s modulus (GPa) 62

Normal and tangential stiffness
ratio kn/ks 1.7

Friction coefficient 0.5

Contact characteristics

Cohesion (MPa) 30

Tensile strength (MPa) 9

Angle of internal friction (°) 52
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of secondary cracks have been formed in the specimen
(Figure 18(c)). After fracturing, the AE events are distributed
radially from the injection point to the surrounding
(Figure 18(d)). However, the formed fracturing fractures
are limited to the surrounding of the wellbore, far from
reaching the surface of the specimen.

In addition, judging from the actual fractures of speci-
men B1, the cyclic injection with low flow-low cycle interval
can form complex radial-shaped fractures. However, due to
the low injection pressure, the formed complex fracture net-
work has a limited scope (Figure 19), which is in good agree-
ment with the acoustic emission location of the specimen.

High flow-high cycle interval cyclic injection can easily
form fractures with single morphology but strong extensibil-
ity; while the fractures formed by low flow-low cycle interval
cyclic injection are complex but have a short extension
range. However, based on the development concept of the
HDR, the hydraulic fracturing technology requires not only
the formation of complex propagation paths in the target
reservoir but also requires that the fractures can be fully
expanded. Therefore, to fully exploit the merits of the differ-
ent cyclic injection schemes, a combination of the two injec-
tion methods was proposed and the hydraulic fracturing

experiments were further conducted. In the early stages of
hydraulic fracturing, the low flow with low cycle interval
cyclic injection method was adapted to generate more
branching fractures. After that, the high-pressure injection
method (high flow-high cycle interval) was alternately
adopted to further expand the branching formed by the early
stages, thereby forming a larger fracture network.

The morphology of the hydraulic fracture network under
alternating cyclic injection is shown in Figure 20. The exper-
imental results show that compared to a single hydraulic
fracture created by high flow-high cycle interval, multiple
branch fractures (8 branch fractures) were formed in the
HDR under alternating cyclic injection. Compared to the
complex with short extension fracture network formed by
low flow-low cycle interval, each branch fracture formed
by alternating cyclic injection in HDR has been fully
expanded.

3.2. Fracture Network Simulation of HDR under Different
Cyclic Injection Methods. The experiment preliminarily
proves that the cyclic injection method of low flow-low cycle
interval + high flow-high cycle interval is beneficial for fully
utilizing the advantages of each injection method and form-
ing good fracturing effects in HDR. However, compared to
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conventional oil and gas reservoirs, there are a large number
of natural fractures developed in HDR. Therefore, unlike
conventional hydraulic fracturing techniques that use large
displacement to form tensile fractures in oil and gas reser-
voirs, the reactivation of these preexisting fractures through
hydraulic shear fracturing techniques is key to the formation
of hydraulic fracture networks in HDR [43–45]. Since the
granite samples collected in the field for the experiments
are mostly homogeneous (without natural fractures), it is
difficult to quantitatively study the role of natural fractures
in cyclic hydraulic fracturing, resulting in incomplete exper-
imental results [21]. Thus, to further explore new cyclic
injection methods, a discrete element fracture network

model was constructed by introducing preexisting fractures,
and the initiation and propagation of hydraulic fractures
under different cyclic injection methods were determined
in this work.

3.2.1. The HF Propagation Regime Induced by Low Flow-Low
Cycle Interval. Figure 21 shows the HF propagation regime
at different approach angles (15°, 30°, 45°, and 60°) using
the cyclic injection method with low flow-low cycle interval.
When hydraulic fractures encounter natural fractures, the
propagation modes of natural fractures can be divided into
four categories [46]. For situation where the approach angle
is small (15°), hydraulic fracture can fully open the natural
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Figure 9: Comparisons of experiment and the simulation results about the fracture morphology: (a) the experimental result; (b) the
macroscopic fracture mode of experimental result (schematic diagram); (c) the fracture propagation simulated by the DEM model; (d)
the energy released by fracture propagation.
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fractures, and shear sliding occurs along the natural frac-
tures (type I, Figure 21). With the increase of the approach
angle (60°), the propagation mode of hydraulic fracture

changes from being captured by natural fractures to directly
penetrate through natural fractures and propagating along
the original direction (type IV, Figure 21). For the cyclic
injection with low flow-low cycle interval, hydraulic frac-
tures can easily capture and propagate along the natural
fractures.

The geometry of the stimulated area under the low flow-
low cycle interval shows that the propagation of hydraulic
fractures is greatly affected by natural fractures, and it is easy
to form a nearly circular (planar) hydraulic fracture net-
work. However, due to the small injection displacement,
the elliptical fracture network is only limited around the
wellbore, and the extension of the fracture network is short
(Figure 22).

The reason is that the low flow-low cycle interval cyclic
injection is easy to activate natural fractures and create more
branched fractures in the rock matrix. However, although
the hydraulic fracture network formed by this hydraulic
fracturing method is complex, it is difficult to form an effec-
tive heat exchange area due to the short propagation range
of the fractures.
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Figure 11: The hydraulic fracturing pressure curve of the numerical and experimental models.
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3.2.2. The HF Propagation Regime Induced by High Flow-
High Cycle Interval. The HF propagation regime induced
by high flow-high cycle interval is shown in Figure 23. At a
lower intersection angle (15°), the propagation of hydraulic
fractures is the same as that of high flow-high cycle interval
cyclic injection. When the approach angle gradually
increases, it appears to directly penetrate through the natural

fractures and continue to propagate along the original direc-
tion. Compared with low flow-low cycle interval cyclic injec-
tion, high flow-high cycle interval has poor ability to capture
natural fractures, and it is easy to produce a simple and
straight hydraulic main fracture with fewer branches in the
reservoir far from the wellbore (Figure 23).

The geometry of the stimulated area under the high
flow-high cycle interval shows that this cyclic injection
method has a better stimulation effect around the wellbore
due to the high injection pressure. The fractures are distrib-
uted in a nearly elliptical shape. However, at the far end of
the wellbore, the fracture is mainly along the direction of
the MPS, and there is no branch fracture in other directions
(Figure 24).

Compared with the low flow-low cycle interval cyclic
injection, the high flow-high cycle interval has poorer ability
to capture natural fractures, and the hydraulic fractures are
easily controlled by in situ stress. Therefore, compared to
the low flow-low cycle interval cyclic injection, hydraulic

1
0.0 0.1 0.2 0.3 0.4 0.5

Coefficient of friction ( fn)
0.6 0.7 0.8 0.9 1.0

2St
re

ss
 ra

tio
 (S

H
 : 
S h

)

3

4
5
6
7
8
9

10

𝜃 = 15°

𝜃 = 15°

No-crossing

1
0.0 0.1 0.2 0.3 0.4 0.5

Coefficient of friction ( fn)
0.6 0.7 0.8 0.9 1.0

2St
re

ss
 ra

tio
 (S

H
 : 
S h

)

3

4
5
6
7
8
9

10

𝜃 = 30°

𝜃 = 30°

No-crossing

1
0.0 0.1 0.2 0.3 0.4 0.5

Coefficient of friction ( fn)
0.6 0.7 0.8 0.9 1.0

2St
re

ss
 ra

tio
 (S

H
 : 
S h

)

3

4
5
6
7
8
9

10

𝜃 = 45°

𝜃 = 45°

No-crossing

Crossing
1

0.0 0.1 0.2 0.3 0.4 0.5
Coefficient of friction ( fn)

0.6 0.7 0.8 0.9 1.0

2St
re

ss
 ra

tio
 (S

H
 : 
S h

)

3

4
5
6
7
8
9

10

𝜃 = 60°

𝜃 = 60°

No-crossing

Crossing

Critical curve of analytical solution
Numerical simulation results (no crossing)
Numerical simulation results (crossing)

Critical curve of analytical solution
Numerical simulation results (no crossing)
Numerical simulation results (crossing)

Critical curve of analytical solution
Numerical simulation results (no crossing)

Critical curve of analytical solution
Numerical simulation results (no crossing)

Figure 13: Validation results of numerical simulation and corresponding theoretical analysis.

Table 3: The parameters of natural fractures after calibration.

Parameter Value Unit

Normal stiffness 45 N/m3

Shear stiffness 55 N/m3

Tensile strength 0.78 MPa

Cohesion 0.64 MPa

Friction angle 22 °

Dilation angle 3 °
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fractures are mainly along the direction of the MPS, and
there is no branch fracture in other directions. Additionally,
due to the high pressure of this injection method, the main
hydraulic fractures formed by the cyclic injection with high
flow-high cycle interval have strong extension ability.

3.3. Discussion of Alternating Cyclic Injection Method. Com-
pared to conventional reservoirs, the HDR is subject to high
temperature, high stress, and high stress difference condi-
tions. At higher stress differences, the nonuniform allocation
of fracturing fluid volume in all directions becomes stronger,
and the competitive advantage of hydraulic fractures along
the direction of maximum principal stress becomes more
obvious. Therefore, it is difficult to form effective branching
fractures in other directions [20]. Research suggests that
cyclic injection can achieve stress relaxation at the fracture
tip through the intermittency of each cycle stage and then
generate a new loading state. After the redistribution of
the stress, the fluid has the opportunity to find a new flow
path in the following injection cycle. This provides the
possibility of redistributing fluid flow volume and pressure,
regulating the competition between hydraulic fractures,
and achieving simultaneous initiation of multiple hydraulic
fractures [42, 47].

The results show that the initiation and propagation of
fractures are influenced by the injection rate and duration
of each cycle. Through the experiments, it can be inferred
that when the injection rate and cycle interval are low during
the cyclic injection, the range of fluid migration and accu-
mulation in the reservoir is wide, and the uniform pressure
increase of the fluid in the reservoir can to some extent reg-
ulate the competition relationship between multiple frac-
tures. However, due to the small injection displacement
and the dispersed migration of fluids (multiple branch frac-
tures), the injection pressure allocated to each fracture is
lower. Currently, the fractures are likely to initiate simulta-
neously along the circumference of the wellbore, forming
complex but relatively short hydraulic fractures.

On the contrary, the increase of injection rate and cycle
interval will lead to fluid migration mainly controlled by in
situ stress and the nonuniform distribution of fracturing
flow volume causing the formation of hydraulic fractures
in the reservoir that are simple and straight but have strong

expansion ability. Thus, it follows that when the rock mate-
rial and external conditions are the same, the key parameters
of cyclic injection play significant roles in regulating the
competition of fractures. The changes in the combination
relationship between injection rate and cycle interval induce
changes in the competition mechanism, which will inevita-
bly lead to differences in the hydraulic fracture morphology
of the reservoir.

Hence, one can see that, at the early stage of fracturing,
the low flow-low cycle interval cyclic injection can promote
the uniform migration of fluid to the unpressurized area of
the reservoir. A uniform increase in fluid pressure can cause
natural fractures within the pressurized range to initiate
simultaneously. On this basis, the high flow-high cycle inter-
val can promote stable and rapid propagation of the gener-
ated fractures by increasing the injection pressure. The
alternating fluid injection can fully exploit the merits of the
different cyclic injection schemes, thus forming a large vol-
ume fracturing network.

3.4. Fracture Network Simulation of HDR under the
Alternating Cyclic Injection Method. The different cyclic
injection methods play different roles in the development
of the HDR hydraulic fracturing. To fully improve the com-
plexity of the hydraulic fracture network and consider the
hydraulic stimulation area, an alternating cyclic injection
method with synergistic control of the cyclic frequency and
injection rate is proposed in this work. The total injection
amount of the alternating cyclic injection method (i.e., com-
bined the low flow-low cycle interval and the high flow-high
cycle interval injection scheme) is consistent with the single
low flow-low cycle interval and high flow-high cycle interval
injection method (e.g., 360m2).

Compared with the single injection methods (low flow-
low cycle interval and high flow-high cycle interval)
(Figures 25(b) and 25(c)), the alternating cyclic injection
method produced a larger stimulation area (Figure 25(a)).
When the total injection volume of all injection methods is
360m2, the stimulation area of the alternating cyclic injec-
tion method (stimulation area = 9 8 × 103m2) is about 2.3
times and 2.7 times that of the low flow-low frequency
(stimulation area = 4 2 × 103m2) and the high flow-high
frequency (stimulation area = 3 6 × 103m2) (Figure 26). In
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Figure 14: Injection pressure and acoustic emission energy level of high flow-high cycle interval rock sample.
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addition, the average aperture of hydraulic fractures of the
alternating cyclic injection method is acceptable compared
to the low flow-low cycle interval and high flow-high cycle

interval injection methods. The results indicated that the
proposed alternating cyclic injection method can effectively
improve the fracturing effect of the HDR.

0

0

50

50

100
100

150 150
200

200

250

250

300

300

50

100

150
Z-

po
sit

io
n 200

250

300

X-position Y-positio
n

UDS (Mw)

−7.8417
−7.8500
−7.9000
−7.9500
−8.0000
−8.0500
−8.1000
−8.1500
−8.2000
−8.2500
−8.4995
−8.3500
−8.4000
−8.4500
−8.4995

(d)

Figure 15: The spatial distribution of acoustic emission points under the cyclic injection with high flow-high frequency.

𝜎H 𝜎V

𝜎h

(a)

𝜎H

𝜎H 𝜎V

𝜎h

𝜎H
𝜎V

𝜎h

A single fracture A single fracture

Pr
op

ag
at

e a
lo

ne
 th

e 𝜎
H

Pr
op

ag
at

e a
lo

ne
 th

e 𝜎
H

Branch fracture

A1

𝜎H 𝜎H

𝜎H

A1

(b)

Figure 16: Hydraulic fracture geometry of high flow-high cycle interval rock sample after hydraulic fracturing.
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Figure 17: Injection pressure and acoustic emission energy level of low flow-low cycle interval rock sample.
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4. Conclusions

True triaxial hydraulic fracturing platform was adapted to sys-
tematically study the initiation and propagation of hydraulic

fractures in the HDR under different cyclic injection methods.
On this basis, by constructing a discrete fracture network
model, the initiation and propagation of hydraulic fractures
under single and alternating injection methods were
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Figure 18: The spatial distribution of acoustic emission points under the cyclic injection with low flow-low cycle interval.
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Figure 19: Hydraulic fracture geometry of low flow-low cycle interval rock sample after hydraulic fracturing.
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Figure 20: Hydraulic fracture geometry of alternating cyclic injection.
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determined. As a result, an alternating cyclic injection scheme
with synergistic control of the cyclic frequency and injection
rate was proposed for improving the hydraulic fracturing
effect. Based on experimental and numerical model studies,
the following conclusions are drawn:

(1) The impact of cyclic injection methods on hydraulic
fracture propagation regimes was determined by
experiment research for hydraulic fracturing. The
results show that different cyclic injection methods
played different roles in the stimulation of HDR.
High flow-high cycle interval cyclic injection can
easily form fractures with single morphology but
strong extensibility, while the fractures formed by
low flow-low cycle interval cyclic injection are com-
plex but have a short extension range

(2) Different cyclic injection methods can lead to differ-
ent propagation regimes and ultimately result in
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Figure 21: Mechanism of HF propagation under low flow-low cycle interval cyclic injection method.

Figure 22: The geometry of the stimulated area under the low flow-
low cycle interval cyclic injection method.
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variation of the fracture network. Thus, a numerical
model that contains a fracture network was estab-
lished with PFC2D software, and the impact of cyclic

injection methods on the hydraulic fracture network
formation was investigated systematically. The
results show that the expansion of hydraulic frac-
tures is greatly affected by natural fractures, and it
is easy to form a complex but short hydraulic frac-
ture network under the low flow-low cycle interval
cyclic injection, while the hydraulic fractures under
the high flow-high cycle interval generally extend
asymmetrically along the MPS and tend to form a
narrow and long strip-shaped hydraulic fracture
network

(3) Different cyclic injection methods play different roles
in the formation of hydraulic fractures, and each has
its own merits and disadvantages. To fully exploit
the advantages of the different cyclic injection
schemes, an alternating cyclic injection scheme with
synergistic control of the cyclic cycle interval and
injection rate was proposed. The results show that
the alternating cyclic injection scheme can fully
exploit the merits of the different cyclic injection
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Figure 24: The geometry of the stimulated area under the high
flow-high cycle interval cyclic injection method.
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schemes and may also offer some advantages, and
the fracturing area of the alternating cyclic injection
method is 2.3~2.7 times that of the single injection

schemes. The method presented here can be adopted
to optimize the fracture growth regime and provide a
scientific basis for EGS hydraulic fracturing design
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