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Abstract: Sandstone oil-gas reservoirs in the Junggar Basin, China have great development potential.
However, their ultra-deep formation depth leads to high crustal stress and high breakdown pressure.
Therefore, in this research, we studied the cyclic hydraulic fracturing of tight sandstone with different
combinations of “high-pressure duration + low-pressure duration” under high-stress conditions.
Through laboratory experiments, the pump pressure curves, hydraulic fracture morphology, acoustic
emission counts, and peak frequency of the samples were obtained. The results showed that: (1) Com-
pared with conventional hydraulic fracturing, the breakdown pressure of cyclic hydraulic fracturing
was reduced by more than 30%, the minimum threshold of cyclic pump pressure required for sample
breakdown was between 60%Py, and 70%P},, and cyclic hydraulic fracturing more easily formed com-
plex and diverse hydraulic fractures. (2) In cyclic hydraulic fracturing, under the same upper limit of
cyclic pump pressure, the shorter the high-pressure duration, the fewer the cycles required for sample
breakdown. (3) Under the same “high-pressure duration + low-pressure duration” condition, the
lower the upper limit of the cyclic pump pressure, and the greater the number of cycles required for
sample breakdown. (4) The AE cumulative counts curves fluctuated greatly during cyclic hydraulic
fracturing, rising in an obvious step-wise manner and the AE peak frequency was banded and mainly
divided into three parts: low frequency, medium frequency, and high frequency.

Keywords: tight sandstone; cyclic hydraulic fracturing; acoustic emission counts; acoustic emission
peak frequency

1. Introduction

With China’s increasing efforts in the development of tight sandstone oil-gas reservoirs,
their productivity has increased year by year, and the development target has shifted from
shallow layers to deep layers. The high stress of the reservoir has brought greater challenges
to on-site hydraulic fracturing. The depth of the Jurassic Qigu Formation sandstone reservoir
in the Junggar Basin is between 5000 and 8000 m, the three-dimensional crustal stress is
between 80 and 140 MPa, and the horizontal stress difference is between 12 and 20 MPa,
resulting in reservoir breakdown pressure of between 115 and 184 MPa. These conditions
require high performance of fracturing equipment. The application of cyclic hydraulic
fracturing can reduce the breakdown pressure of the reservoir to a certain extent, so it
is very important to understand the mechanism of reservoir rock fracture and fracture
extension under cyclic hydraulic fracturing. The indoor hydraulic fracturing experiment is
an important means of revealing the mechanism of crack initiation, expansion, and extension.

Scholars have conducted a large number of conventional hydraulic fracturing exper-
iments. Guo et al. studied the influence of natural fracture development degree, crustal
stress conditions, fracturing treatment parameters, and temporary plugging on fracture
propagation of tight sandstone outcrops under true triaxial conditions [1]. Duan et al.
investigated the influence of natural fracture development degree, horizontal crustal stress
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conditions, and fracturing treatment parameters on the hydraulic fracture propagation
pattern of tight sandstone outcrops under true triaxial conditions [2]. Lou et al. investigated
the micro-response of two types of natural sandstone outcrop cores with different sizes to
the formation and expansion of hydraulic fractures under no lateral pressure and confining
pressure [3]. He et al. studied the initiation, expansion, and closure of hydraulic fractures
in hollow cylindrical sandstone [4]. Zhu et al. studied the hydraulic-fracturing process
of tight sandstone under high differential stress [5]. Ma et al. studied the liquid CO,
and water hydraulic fracturing of tight sandstone under different confining pressures and
analyzed their different fracturing mechanisms [6]. Mugqtadir et al. studied the effect of
fracturing fluid on the breakdown pressure of tight sandstone [7]. Yang et al. studied the
effect of water and SC-CO, on the fracture morphology of tight sandstone under different
stress magnitudes [8]. Cai et al. studied the fracture behavior of sandstone caused by
liquid-nitrogen fracturing [9].

From the working mode of the pump, the above fracturing tests were all conventional
hydraulic fracturing. In short, whether it was tight sandstone gas exploitation, shale
gas exploitation, or geothermal exploitation, current research has been mostly in the
conventional hydraulic fracturing mode. The pump pressure continues to increase until
the sample breakdown. The breakdown pressure is large, and the sample tends to produce
a single main fracture. It is difficult to produce the complex fracture that is actually needed.

Zhuang et al. proposed a new concept of cyclic hydraulic fracturing. The test results
showed that 80% of the average breakdown pressure can cause sample breakdown through
cyclic injection [10]. Goyal. et al. proved that cyclic injection can help reduce the breakdown
pressure by using cylindrical dry-hot rock samples [11]. Other studies have been valuable
for the protection of energy and environmental security [12-15]. Zhou et al. carried out
cyclic hydraulic fracturing tests on rectangular concrete samples with multiple perforation
clusters, and the results showed that more cracks could be produced by injecting the
perforation cluster through the cyclic pump [16]. Liu et al. studied the effect of different
cycle times and injection rates on the initiation and propagation of cyclic hydraulic fractures
in granite under true triaxial conditions [17]. Zhou et al. used large cement samples to
study the influence of different combinations of crustal stress, cycle number, and cycle
mode on the complexity of the hydraulic fracture network [18]. Zhuang et al. proved
that cyclic hydraulic fracturing can reduce the breakdown pressure by 20% and produce
more complex fractures by alternating high and low injection rates or pressurization [19].
Diaz et al. studied the evolution of acoustic emission activity, hydraulic energy, fracture
area, and fracture development under repeated maximum cyclic pressure with different
cycle durations [20]. Jia et al. combined laboratory experiments and numerical simulation
models to study the failure mechanisms, seismic risk, and permeability enhancement
performance of circulating fluid injection [21]. Patel et al. evaluated the possibility of using
pre-fracturing cyclic injection to reduce rock breakdown pressure and increase the damage
around hydraulic fractures under the condition of true triaxial stress [22]. Zhuang et al.
studied the impact of granite on hydraulic performance and induced seismic activity during
hydraulic fracturing in six different water injection schemes [23].

The above research was based on the concept of cyclic hydraulic fracturing, and
hydraulic fracturing tests under different circulating modes have been carried out, but the
matching of different upper limits of cyclic pump pressure and different high-pressure
durations has not been considered. Therefore, this research adopted a new cyclic hydraulic
fracturing mode, set different upper limits of cyclic pump pressure, and combined different
high-pressure durations to make the pump pressure rise, maintain, and fall in one cycle, and
so on, and used an acoustic emission recording instrument to monitor the whole process in
real time. Compared with conventional hydraulic fracturing, the fracture initiation and
propagation law and fracturing effect of cyclic hydraulic fracturing were analyzed and
combined with the pump pressure curves, hydraulic fracture morphology, cumulative
counts of acoustic emission, and peak frequency of acoustic emission.
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2. Materials and Methods
2.1. Test Material

In this study, sandstone samples were collected from the outcrops of the Jurassic Qigu
Formation in Urumgqi, Xinjiang, China. The outcrop samples were red sandstone with
partially visible sedimentary weak surfaces. As shown in Figure 1, through XRD mineral
analysis, the mineral composition was mainly quartz, accounting for 35.03%, followed by
microcline, calcite, and anorthite, accounting for 23.93%, 19.53%, and 15.25%, respectively.
Finally, montmorillonite and illite, accounted for 4.17% and 2.29%, respectively.

Quartz, syn = 35.03 %

[Abite, calcian, ordered = 15.25 %]

Analdme = 19.53 %

Microcline maximum = 23.73 %

|Montm0n||on|te (bentonite) = 4.17 % | Tlite = 2.29 %

Figure 1. The main mineral composition of tight sandstone.

The basic mechanical parameters of sandstone are shown in Table 1. The mechanical
properties of samples are anisotropic. When the force changes from parallel to perpendic-
ular to the bedding plane, the wave velocity, uniaxial compressive strength, and tensile
strength of the sandstone core increase, while the Young’s modulus, Poisson’s ratio, and
fracture toughness decrease.

Table 1. Basic physical and mechanical parameters of sandstone specimen.

. Longitudinal Uniaxial Elastic . , Uniaxial Fracture
Bedding Angle . . Poisson’s .
© Wave Velocity Compressive Modulus Ratio Tensile Toughness
(m-s—1) Strength (MPa) (GPa) Strength (MPa) (MPa-m'?2)
0 2024 45.55 9.66 0.29 1.70 0.14
90 2314 53.08 8.05 0.24 2.41 0.11

2.2. Sample Preparation

As shown in Figure 2, according to the dimensions of the triaxial chamber, a standard
cylindrical specimen with a diameter of 100 mm and a height of 200 mm was used in this
experiment. The two ends of the sample were polished with a diamond-face grinder to
ensure that the non-parallel error of the two ends did not exceed 0.05 mm, and the end face
was perpendicular to the axis of the sample, with a maximum deviation of 0.25°. This step
was essential to ensuring the good sealing of the sample and to eliminate any potential
liquid leakage during the test. A diamond bit with an outer diameter of 12 mm was used to
drill a 115 mm deep round hole in the center of the sample. Kraft K-9741 epoxy resin was
used to bond the 95 mm long, 6 mm outer diameter, and 3 mm inner diameter stainless
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steel pipe to the wellbore wall. A 20 mm open-hole section was reserved at the end of
the wellbore for open-hole hydraulic fracturing. In order to reduce non-uniformity, the
samples used in the test were selected from multiple samples without obvious macroscopic
cracks or defects.

6mm

Figure 2. Basic size parameters of tight sandstone specimens.

2.3. Test Apparatus

The laboratory hydraulic fracturing simulation test was conducted using the XTRO01-
01 micro-computer-controlled electro-hydraulic servo rock triaxial tester of the Institute
of Rock and Soil Mechanics, Chinese Academy of Sciences. As shown in Figure 3, the
equipment is mainly composed of four parts: triaxial loading system, fracturing fluid
injection system, data acquisition system, and acoustic emission monitoring system. The
maximum axial load of the test system is 2000 kN, and the maximum confining pressure
is 60 MPa. The pressure servo booster can operate in constant flow, constant pressure,
and programmable program modes, and can control the maximum water pressure of
140 MPa. In addition, in order to prevent fluid leakage and loss, a rubber O-ring was
installed in the groove at the end of the wellbore. The acoustic emission monitoring system
is composed of acoustic emission sensor, preamplifier, and data-acquisition module. AEwin
software was used to visualize and analyze the recorded data. The acoustic emission probe
arrangement is shown in the Figure 4. During the hydraulic fracturing test, two people
simultaneously clicked the “start” button of the hydraulic fracturing program and the
“start” button of acoustic emission to ensure that the pump pressure and acoustic emission
data were monitored synchronously.
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Figure 3. XTR01-01 micro-computer-controlled electro-hydraulic servo rock triaxial tester.
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Figure 4. Diagram of acoustic emission probe arrangement.

2.4. Experimental Design

According to the original crustal stress test results of the underground core, the actual
vertical crustal stress of the formation was 142.99 MPa, and the minimum horizontal
crustal stress was 126.10 MPa. In order to avoid potential damage to the sample due to the
application of high stress, the triaxial stress applied in the test was reduced by 2.5 times at
the same time. To reduce the filtration effect, a linear gel with green fluorescent tracer and
a viscosity of 40 mPa-s was used as the fracturing fluid. In addition, the radial deformation
and acoustic signals of the sample were simultaneously collected during the experiment.

As shown in Figure 5, in this conventional hydraulic fracturing test, three tests were
carried out using the constant displacement injection mode, and the fluid injection rate
was 10 mL/min until the sandstone breakdown. The average breakdown pressure of the
three samples was defined as the breakdown pressure Py, which was used to design the
upper limit of the cyclic pump pressure in the cyclic hydraulic fracturing.

In the test of cyclic hydraulic fracturing, the upper limit of the cyclic pump pressure
was set at 90%Py,, 80%Py, 70%Py,, and 60%Py,, respectively, and the lower limit of the cyclic
pump pressure is set at 50% Py, In the first cycle, the time for the pump pressure to rise
from 0 MPa to the upper limit of the cyclic pump pressure was set to 60 s. In the subsequent
cycles, the time from the 50%P}, to the upper limit of the cyclic pump pressure (rising
section) was set to 20 s, and the time from the upper limit of the cyclic pump pressure to the
50%Py, (descending section) was also set to 20 s. To explore the impact of the pump-pressure
duration, the “high-pressure duration + low-pressure duration” in each cycle was set to
20 s in total, with three combinations of “15s + 5s”, “10s + 10 s”, and “5s + 15s”. The
rising section 20 s + the high-pressure duration + the falling section 20 s + the low-pressure
duration was regarded as a complete cycle, with a total time of 60 s. The maximum number
of cycles was set to 60, that is, 1 h at most, when the test was stopped regardless of whether
there has been sandstone-sample breakdown.
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Figure 5. Schematic diagram of pump pressure curve: (a) conventional hydraulic fracturing, (b) cyclic
hydraulic fracturing.

The specific experimental parameters of all tests, including breakdown pressure,
rupture state, and number of cycles are summarized in Table 2. The equivalent cycles
represent the number required for the sample breakdown.

Table 2. Summary of experimental parameters and results.
. . . Fracturing Upper High- Low-
Injection Test Axial  Confining Fluid Limit of Pressure  Pressure Breakdown Breakdown Equivalent
Stress Pressure . . . . Pressure
Modes Number (MPa) (MPa) Viscosity Pump Duration  Duration (MPa) Observed Cycles
a a (mPa-s) Pressure Time Time a

Conventional S1 56.5 50 40 / / / 99.13 v /
hydraulic S3 56.5 50 40 / / / 97.16 4 /
fracturing sS4 56.5 50 40 / / / 110.01 v /
S5 56.5 50 40 90%P}, 15s 5s 92.03 Vv 32
) 56 56.5 50 40 90%Py, 10s 10s 92.03 4 25
h(fi}g:fuc S7-1 56.5 50 40 90%P, 5s 15s 92.03 v 7
frzcturing 510 56.5 50 40 80%P,, 5s 15s 81.84 v 35
513-1 56.5 50 40 70%Py, 5s 15s 71.61 Vv 37
S514-1 56.5 50 40 60%P}, 5s 15s / X 60

3. Results and Discussion
3.1. Breakdown Pressure

As shown in Table 2, in conventional hydraulic fracturing, the three test results were
similar, therefore, only sample 5S4 is described here. The relationship between pump
pressure, AE amplitude, and injection time is shown in Figure 6. Four different stages can
be identified in the pump pressure-time curve: the OA section of the wellbore pipeline-
filling stage, the AB section of the wellbore pressurization stage, the BC section of the
macrocrack propagation stage, and the CD section of the post-breakdown stage. The
sample entered the OA section from the beginning of fluid injection. With the injection of
fracturing fluid, the pump pressure rose slowly until all accessible pores and microfractures
near the open-hole section of the wellbore were filled with fracturing fluid. It then entered
the AB section where the slope of the pump pressure curve remained almost unchanged
at first before decreasing significantly when it approached the B point. It then entered
the BC section, where, with the initiation and expansion of the main induced hydraulic
crack until it penetrated the surface of the sample, the pump pressure curve reached its
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maximum value and then dropped sharply. Finally, it entered the CD section, and under
the constraint of the high confining pressure of 50MPa, the induced fracture was rapidly
squeezed and closed.

Sample: S4
Pump pressure (MPa)
1204l ° AE amplitude (dB) 70
100
E P
S 804 -60 S
Pl 2
2 60 D =
= o &
5 g, :
i ° o 53]
£ 40 . . 50 =
Q-' oan (';7D 20() O’z,:.r{'_n Z ° o
20 - @ D cemm— c
0 T T T T 40
0 100 200 300 400

Time (s)

Figure 6. The relationship between pump pressure, AE amplitude, and injection time of sample S4.

The breakdown pressures of samples S1, S3, and S4 were 99.13 MPa, 97.16 MPa,
and 110.01 MPa, respectively. Therefore, the average breakdown pressure P}, of the three
samples was 102.10 MPa; the 90%P}, was 92.07 MPa, the 80%P}, was 81.84 MPa, the 70%P},
was 71.61 MPa, the 60%P}, was 61.38 MPa, and the 50%P}, was 51.05 MPa.

It can be seen from Table 2, when the 90%P}, was 92.07 MPa, under the three combina-
tions of “high-pressure duration + low-pressure duration” as “15s + 5s”, “10s + 10s”, and
“5s+15s”, the cycles required for sample breakdown had a certain regularity.

As shown in Figure 7, when the upper limit of the cyclic pump pressure was 90%P},,
under the condition of “high-pressure duration 15 s + low-pressure duration 5 s”, sample S5
was subjected to 32 cycles. In the 32nd cycle, the pump pressure suddenly dropped when
it rose from 51.05 MPa to 58.8 MPa, and then dropped to the extension pressure. Under the
condition of “high-pressure duration 10 s + low-pressure duration 10 s”, sample S6 was
subjected to 25 cycles in total. At the end of the 25th cycle, when the pump pressure was
ready to rise at 2.05 MPa/s according to the setting procedure, the pump pressure suddenly
dropped from 50%P},. Under the condition of “5 s for high-pressure duration + 15 s for
low-pressure duration”, sample S7-1 was subjected to seven cycles in total. In the 7th cycle,
when the pump pressure dropped from 90%Py, to 72.6 MPa, it suddenly rose slightly to
76.4 MPa, and then dropped almost vertically to 50 MPa.

From this, we can get the following understanding: with high-pressure duration
decreasing from 15 s to 10 s to 5 s, the cycles required for sample breakdown decreased
from 32 to 25 to 7. That is, in this cycle mode, the shorter the high-pressure duration,
the fewer the number of cycles required for sample breakdown, the more conducive the
sample to the expansion and fracture of test-sample cracks. There was a positive correlation
between the high-pressure duration and the cycles required for breakdown, as shown
in Figure 8.
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Figure 7. The relationship between pump pressure, AE amplitude, and injection time of samples:
(a) S5, (b) S6, (c) S7-1.
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Figure 8. The relationship between high-pressure duration and the cycles required for breakdown.
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The reason why cyclic hydraulic fracturing can reduce the breakdown pressure is due
to fatigue damage. On the one hand, as shown in Figure 9, the maximum radjial strain of
samples S5, 56, and S57-1 was 0.18%, 0.07%, and 0.06%, respectively. When the high-pressure
duration was longer, the fracturing fluid carried more energy for rock deformation, so the
energy used to generate hydraulic fractures decreased. On the other hand, low-pressure
duration had little effect on rock fatigue damage, while high-pressure duration played
a major role. After removing the low-pressure duration, the shorter the high-pressure
duration, the more effective the impacts carried out in the same time. The stress change in
the rock was greatly affected by the cycle interval, leading to more efficient fatigue damage.

0.24

—ss
——S6

0.20 |——S7-1
0.16

£

£

wvi

2 0.12+

g

S}

=4
0.08
0.04
0.00

0 400 800 1200 1600 2000 2400
Time (s)

Figure 9. The relationship between radial strain and injection time of samples.

It can be seen from Table 2, under the condition of “5 s for high-pressure duration + 15 s
for low-pressure duration” in cyclic hydraulic fracturing, when the upper limit of the cyclic
pump pressure successively decreased from 90%Py, to 60%Py,, the cycles required for break-
down had a certain regularity.

As shown in Figure 10, when the upper limit of the cyclic pump pressure was 90%Py,.
The pumping curve of specimen S7-1 has been described above and is not repeated here.
When the upper limit of the cyclic pump pressure was 80%P},, sample S10 conducted
35 cycles in total. In the 35th cycle, the pump pressure dropped almost vertically from
80%Py, to 37.5 MPa, and then suddenly rose sharply to 49.5 MPa. When the upper limit of
the cyclic pump pressure was 70%Py,, sample S13-1 had carried out 37 cycles in total. In the
37th cycle, the pump pressure dropped almost vertically from 70%P}, to 31.9 MPa, and then
suddenly rose sharply to 48.9 MPa. When the upper limit of the cyclic pump pressure was
60%P},, sample S14-1 had been tested for 60 cycles without breakdown.

It can be seen that when the upper limit of the cyclic pump pressure decreased from
90%Py, to 60%Py,, the cycles required for sample breakdown increased, from 7 to 35 to 37,
even without fracture. That is, in this cycle mode, the lower the upper limit of the cyclic
pump pressure, the more unfavorable it was for the crack propagation and breakdown of
the sample. There was a negative correlation between the upper limit of the cyclic pump
pressure and the cycles required for breakdown, as shown in Figure 11.

The higher the upper limit of the cyclic pump pressure, the greater the fatigue damage
to the sample caused by the frequent fluctuation of the pump pressure and the circulation
of stopping liquid injection. When the upper limit of the cyclic pump pressure dropped
to 60%P},, sample S14-1 did not break down after 60 cycles of more than 3600 s. This is
because the maximum fluid pressure was too small, making it difficult to cause enough
micro-damage to the sample to cause macro-fracture. For field applications, a longer
cyclic fracturing is considered impractical and has no economic value. Therefore, there is
a minimum upper limit threshold of cyclic pump pressure that can break down the sample
during cyclic hydraulic fracturing, which should be between 60%Py, and 70%P,.



Processes 2023, 11, 875 10 of 20
Sample: S7-1 Sample: S10
Pump pressure (MPa) Pump pressure (MPa)
1004 © AE amplitude (dB) 30 90| o  AE amplitude (dB) r90
80
80 1 701 80
= 70 5 =
< o ~ (- i m
= g 29 02
= o o [}
o 601 g 2 £ 50- o 2
a 5 o E} L 60 .g g o o o E
o 3 g s £a0q| . c
o 404 o° 3 © g g P o o o oo o ° 60 s
=3 oo °© 3 @0 £ 30 © o o co o s3]
£ 98 g ©o = g ° o 8°8 8.° .38 <
K o o ge °e o 50 £ 2 S g 8q8° °8
04[50 e ° g 079 go0% 8 o° BN
& e ¢ 0 & £ 1080 w0 fati®e ©° ° w'o oo oHEEEE 8 §
0 T T T T T 40 0 T T T T T 40
0 100 200 300 400 500 600 0 400 800 1200 1600 2000 2400
Time (s) Time (s)
(a) (b)
Sample: S13-1 Sample: S14-1
Pump pressure (MPa) Pump pressure (MPa)
80~ ° AE amplitude (dB) - 90 70+ © AE amplitude (dB) -70
70 60 -
80
= 60 2 £ 50- )
S 50 S g o 60z
2 708 g 404 2
2 40 1 © l % g o ° o 0o %
o
2 ° L 60 =] g 30 EO o o o E
a, 304 S < o, o o o <
£ & § 2 EuB° %o e - : ° 203
D:: 20+ ° (g 3 nz' 201 ?&Dg o °0e o Og o °
g %0 I S0 e .
10 4 g : @ ° g8 101
0 T T T T T T 40 0 T T T T T T T T T 40
0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Time (s) Time (s)
(© (d)

Figure 10. The relationship between pump pressure, AE amplitude, and injection time of samples:

(a) S7-1, (b) S10, (c) S13, (d) S14-1.
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3.2. Hydraulic Fracture Morphology

The Brazil splitting test showed that the average tensile strength of the sandstone layer
was 1.70 MPa, while the average tensile strength of the sandstone matrix was 2.41 MPa. As
shown in Figure 12, in conventional hydraulic fracturing, at the injection rate of 10 mL/min,
sample S4 only activated a horizontal bedding plane near the open-hole section and
extended outward until it penetrated the sample. During this process, the fracturing fluid
leaked mainly into the bedding fracture. Finally, sample S4 only activated a horizontal
bedding plane without forming a complex fracture.

(a) (b)

Figure 12. Hydraulic fracture morphology of sample S4: (a) Post-fractured view, (b) scanning
reconstruction view.

The post-fractured view and the scanning reconstruction diagram of the hydraulic
fracture morphology of all samples in cyclic hydraulic fracturing are shown in Figure 13.
When the upper limit of the cyclic pump pressure was 90%P},, sample S5 formed an
obvious longitudinal main fracture after the 32nd cycle under the condition of “high-
pressure duration 15 s + low-pressure duration 5 s”. Because the injection rate was greater
than the fluid loss, the main fracture could pass through the bedding plane and continue
to expand in the direction of axial stress; thus the oblique downward extension activated
a horizontal bedding plane. On the scan reconstruction diagram of hydraulic fracture
morphology, an approximate “L”-shaped fracture appeared, forming a relatively complex
fracture. Under the condition of “high-pressure duration 10 s + low-pressure duration 10 s”,
after the end of the 25th cycle, part of a horizontal bedding surface was activated in sample
56, forming a long horizontal bedding joint. On the scanning reconstruction diagram of
the hydraulic fracture morphology, there is approximately a horizontal “1” type fracture,
which formed a fracture with greater undulation than in sample S4. Under the condition
of “5 s for high-pressure duration + 15 s for low-pressure duration”, sample S7-1 formed
a transverse fracture zone after the 7th cycle and activated a horizontal bedding plane. On
the hydraulic fracture morphology diagram, there is approximately a horizontal “1” type
fracture, which was a relatively simple fracture.

Under the condition of “5 s for high-pressure duration + 15 s for low-pressure duration”,
when the upper limit of the cyclic pump pressure was 90%P,, the rupture joints of sample
S7-1 have already been described and not repeated here. When the upper limit of the cyclic
pump pressure was 80%D}, a longitudinal crack zone was formed on sample S10 after the
35th cycle. On the hydraulic fracture morphology diagram, an approximately vertical “1”
type fracture is displayed, forming a relatively complex fracture network. When the upper
limit of the cyclic pump pressure was 70%P}, a longitudinal crack zone was formed on
sample S13-1 after the 37th cycle. Similarly to sample 510, an approximately vertical “1”
type fracture is shown on the hydraulic fracture morphology diagram, forming a relatively
complex fracture network. When the upper limit of the cyclic pump pressure was 60%P},,
sample S14-1 was still intact after 60 cycles, and no visible cracks were formed on the surface.
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Figure 13. Post-fractured view and scanning reconstruction of hydraulic fracture morphology of
cyclic hydraulic fracturing samples: (a) S5, (b) S6, (c) S7-1, (d) S10, (e) S13-1, (f) S14-1.

To sum up, conventional hydraulic fracturing can only form a single transverse frac-
ture. In addition to forming a single transverse or longitudinal fracture, cyclic hydraulic
fracturing can also form complex and diverse fractures in which transverse and longitudinal
fractures exist simultaneously. Even if a similar horizontal fracture is formed, the fracture
relief obtained by cyclic hydraulic fracturing is obviously higher and more complex.

3.3. Acoustic Emission Behavior

In this experiment, the Disp-24 AE detection system was used for real-time monitoring
of the sandstone hydraulic fracturing. The AE detection threshold was set to 45 dB, the
center frequency of the sensor was 150 kHz, and the sampling rate was 1 MPS.

3.3.1. AE Counts

The internal damage and fracture of rock produce acoustic emission signals. In the
acoustic-emission-signal waveform, the larger the acoustic emission counts, the more
serious the internal rock damage, and the faster the crack propagation. The AE counts
represent the number of times the threshold was exceeded within the signal. During the
initiation and propagation of sandstone hydraulic fractures, the AE cumulative counts
increased continuously, and the water injection pressure changed accordingly.

The relationship between the AE cumulative counts and injection time of the samples
is shown in Figure 14. In the early stage of fracturing, the AE counts were equal to 0,
because the fracturing fluid filled the closed space between the pipeline, the wellbore, and
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the bottom of the open-hole section of the sample, and there was no microcrack initiation.
When the fracturing fluid was filled, the pressure began to increase significantly, and cracks
formed inside the sample, resulting in the release of elastic energy. When the fracturing
fluid filled the fracture, the pressure increased again, the AE cumulative counts increased,
and the curve was concave. This was because of the generation and closure of microcracks,
with the AE counts becoming more frequent and active, and the AE cumulative counts
curve rising, which meant more severe microcrack growth and greater damage. When
the microcracks increased sharply, reached the limit of sample breakdown, macrocracks
suddenly appeared and the most severe AE counts during the whole fracturing process
occurred. There was no AE response after the fracture of the sample, because the formation
of macrocracks in the sample has made it impossible to maintain the pressure to produce
micro-damage in the sample. In the whole hydraulic process, the change rule of acoustic
emission cumulative counts and the pump pressure curve showed a good response.

It can be seen from Figure 13 that compared with conventional hydraulic fracturing,
the AE cumulative counts curve of the sample fluctuated greatly during cyclic hydraulic
fracturing, rising in an obvious step-wise manner, and the microcracks in the sample devel-
oped more thoroughly. With the continuous circulating injection of fracturing fluid, each
time the AE cumulative counts increased, new hydraulic cracks continuously generated
and expanded in the sample. Before the formation of macroscopic cracks, there were many
microcracks in the sample. At this time, the sample was relatively complete and the AE
cumulative counts only fluctuated slightly. When macrocracks formed and penetrated the
whole sample, the sample became unstable and cracked. At this time, the AE cumulative
counts accelerated and the fluctuation was the most obvious.
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Figure 14. The relationship between the AE cumulative counts and injection time of the samples.

3.3.2. AE Peak Frequency

Frequency is the key parameter used to analyze the rock failure mechanisms and to
reveal the internal stress state of the rock during loading [24]. Different acoustic emission
frequencies reflect different crack-initiation mechanisms and types. The frequency of the
maximum amplitude point in the spectrum is the peak frequency of the AE signal. The
low frequency acoustic emission signal corresponds to the large-scale crack, while the high
frequency acoustic emission signal is related to the small-scale crack [25]. The frequency
characteristics of AE can be used to characterize the microfracturing process that leads to
rock failure.

As shown in Figure 15, it can be observed that the peak frequency had a good corre-
lation with the pump pressure curve. The AE peak frequency signal distribution of the
sample had obvious coherent and horizontal band characteristics. These peak frequencies
can be divided into low frequency, medium frequency, and high frequency, with the range
of 0-75 kHz, 75-200 kHz, and 200-400 kHz, respectively. These peak-frequency bands
correspond to different damage stages of the hydraulic-fracturing process of the sample.
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Figure 15. The relationship between the AE peak frequency and injection time of the samples.

Regardless of conventional hydraulic fracturing or cyclic hydraulic fracturing, low-
frequency and medium-frequency events always exist and run through the whole exper-
imental process, but high-frequency events only occur before the sample breaks or not.
As shown in Table 3, the acoustic emission peak-frequency signals were mainly repre-
sented by low frequency and medium frequency, accounting for more than 98% of the
peak frequencies. There were few or no high peak-frequency signal event points. From
the average proportion of peak frequencies, the descending order was as follows: medium
frequency > low frequency > high frequency. It can also be seen that the proportion of low
frequency and high frequency events of conventional hydraulic fracturing samples was
the smallest among the fracture samples, indicating that the proportion of corresponding
large-scale and small-scale fractures was small, that is, cyclic hydraulic fracturing could
produce more microfractures.

Table 3. Percentage of peak frequency of the samples.

Test Number Low Frequency Medium Frequency High Frequency

S4 11.9% 88.1% 0
S5 19.2% 80.4% 0.4%
S6 14.3% 85.1% 0.1%
S7-1 19.4% 80.3% 0.3%
510 38.6% 59.7% 1.7%

S13-1 16.7% 82.6% 0.7%

S14-1 1.2% 98.8% 0

During the hydraulic-fracturing process, the number of AE events at low and medium
frequencies increased significantly at the same time and appeared to be locally concentrated.
This phenomenon is known as “simultaneous multi-frequency response” [26], which indi-
cates that the specimen had fractured, which is consistent with the microfracture expansion
pattern in the rock mass. In the initial stage of hydraulic fracturing, microcracks gradually
appeared inside the rock mass, and at this stage, the microcracks were relatively isolated
and the peak-frequency distribution was relatively single and discrete. With the increase in
pump pressure, the microfractures gathered and gradually penetrated the internal pores
of the rock mass and began to form fractures. When the cracks continued to extend until
they penetrated the rock sample, a large area of cracks occurred inside the sample, the
pump pressure dropped sharply, the number of AE events increased sharply, and the peak
frequency distribution involved a larger area with a local concentration phenomenon.
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During the cyclic hydraulic-fracturing process, the AE peak-frequency signal distribu-
tion of the specimens not only had obvious coherent and horizontal band characteristics,
but also had strip characteristics in the vertical direction at some cyclic time periods, and
three different peak frequencies always appeared at the same time, which was especially
obvious at the beginning of the pump-pressure-rise stage and the last cycle when the
specimen was about to rupture.

4. Conclusions

Based on the lithological characteristics of the sandstone formation, the pump pressure
curves, post-rupture hydraulic fracture morphology, acoustic emission cumulative counts,
and acoustic emission peak frequency during hydraulic fracturing of sandstone samples
were analyzed, and the following conclusions can be drawn.

(1) Compared with conventional hydraulic fracturing, cyclic hydraulic fracturing under
high-ground-stress conditions can effectively reduce the specimen breakdown pressure
by more than 30%, and the upper limit of the cyclic pump pressure of 70%P}, can make
the specimen break down. The minimum threshold of the upper limit of the cyclic pump
pressure which can make the specimen break down is between 60%Pb and 70%P,.

(2) In cyclic hydraulic fracturing, when the upper limit of the cyclic pump pressure is
the same, the high-pressure duration decreases from 15 s to 10 s and to 5 s, the cycles
required for the specimen breakdown decreases from 32 to 25 to 7. This means that
the shorter the high-pressure duration, the more easily the specimen expands and
breaks down.

(3) In cyclic hydraulic fracturing, under the same condition of “high-pressure dura-
tion + low-pressure duration”, the cycles required for breakdown increases as the
upper limit of the cyclic pump pressure decreases from 90%P}, to 60%P},, which means
that the larger the upper limit of the cyclic pump pressure, the more favorable the
extended rupture of the specimen.

(4) Compared with conventional hydraulic fracturing, the fracture morphology of cyclic
hydraulic fracturing specimens is more complex and diverse, with higher undulations
and larger sizes.

(5) AE events show a good response to the pump pressure curves of sandstone samples,
with AE counts sporadically presenting in the early stage and sharply increasing near
the breakdown pressure; AE peak frequencies are distributed in horizontal bands,
mainly divided into low, medium, and high parts, and AE peak frequencies in cyclic
hydraulic fracturing are also characterized by bands in the vertical direction.

Hydraulic fracturing of rock is a complex process. In this study, we analyzed the pump
pressure curves, post-rupture fracture morphology, and acoustic emission characteristic
information of sandstone under conventional hydraulic fracturing and cyclic hydraulic
fracturing through typical experiments, and summarized some important observations.
However, there were some limitations in the study. For example, we did not apply different
sizes of circumferential pressures to the samples, and we did not consider the effects of
fracturing fluid flow-rate and fracturing fluid viscosity. These shortcomings should be
considered in future studies.
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