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a b s t r a c t

The cyclic soft stimulation (CSS) is a new method of reservoir reforming for which the mechanism of
fracturing crack propagation is ambiguous with regard to the alternating fluid pressure. This study aims
to provide a comprehensive understanding of the fracturing mechanical characterizations of CSS under
different magnitudes and amplitudes of the alternating fluid pressure. Acoustic emission (AE) is recorded
to investigate the damage evolution under CSS based on the b value analysis of AE. Experimental results
reveal the difference of pressure in a crack under different cyclic fluid pressure conditions. The AE results
show that the maximum radiated energy under CSS tends to be reduced with the increase in the
amplitude and magnitude of the alternating fluid pressure. The finishing crucial touch is that the crack
extending criterion under CSS is proposed, which combines the injection parameters, the rock properties
and in-situ stress. According to the crack extending criterion, the fluctuation fluid pressure causes the
reduction of a critical crack extending pressure, and the CSS causes the crack to initiate and propagate
under low fluid pressure. Under a higher-value magnitude of alternating fluid pressure, the cyclic times
of CSS is less for the crack initiation. In supplement to the crack extending criterion, a distinct rela-
tionship between the radiated energy and the cyclic fluid pressure also is established based on the
energy dissipation criterion. These new findings provide an insight into the determination of crack
extending criterion under CSS for efficiently implementing shale fracturing.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Conventional energy resources play a vital role in supplying the
energy demand around theworld (McGlade, 2012). Efficientmining
of unconventional energy has typically striven to resolve the energy
crisis. Hydraulic fracturing has been applied to stimulate the un-
conventional reservoir to strengthen the productivity and mobility
of shale gas (Mateusz et al., 2019; Tan et al., 2020). The process of
Info-Physics, Central South

Chen), pinghesun@csu.edu.cn

y Elsevier B.V. on behalf of KeAi Co
the fluid injection is associated with an interaction between the
fracturing fluid and formation (Ali et al., 2018; Chen et al., 2019;
Huang et al., 2019; Zhuang et al., 2019; Lei et al., 2020), as a result,
the pore distribution of formation is changed. Further, the stress
field presents dynamic, and the propagation of cracks (direction,
width and height, etc.) is complex. The conventional hydraulic
fracturing is to continuously inject fluids with a constant rate to
generate fractures in target formations. With the stress attenuation
around cracks, a large amount of stimulated energy is released
under the action of tensile and shear stress (Ingrid andMarte, 2017;
Wang et al., 2022). Severely, the radiated energy can induce micro
seismic in the tectonic areas such as fault distribution zone, etc.
Previous works (Bao and Eaton, 2016; James and Verdon, 2016; Lee
et al., 2019; Antonio et al., 2020) have shown that the interaction
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Nomenclature

a Half-width of crack, mm
Ai Amplitude of AE event
Amin Minimum amplitude of AE events in each time

window
b AE analytical parameters
C Half-length of crack, mm
D Damage variable
e Natural logarithm base
eeff Effective energy during the CSS, mV ms
etot Total input energy, mV ms
KI Stress intensity factor of the “I” type crack, MPa m1/2

KIC Fracture toughness of the “I” type crack, MPa m1/2

L(Dt) Fluid migration length in Dt time, m
n Total number of AE events in each window
N Time cycles of pressurization and depressurization
Dp Hydraulic pressure variation, MPa
Pc Critical crack extending pressure, MPa
Pextend Extending pressure acting on the crack by fluid

injection, MPa

Pf Injected flow pressure, MPa
Pinitiate Crack initiation pressure, MPa
Pw Fluid pressure, MPa
P (x, t) Fluctuating fluid pressure, MPa
DQ Volume of fluid, m3/s
R Equivalent radius of fractured segment, m
t Flow time, s
u (x, t) Flow velocity, m/s
Us Surface energy, mV ms
U0
s New surface energy under CSS, mV ms

x Coordinate, m
a Biot coefficient
g Surface energy in unit
g0 New surface energy in unit under CSS
m Viscosity coefficient, mPa s
r0 Fluid density, g/cm3

s1 Axial stress, MPa
s3 Confining stress, MPa
st Tensile strength of rock, MPa

Fig. 1. Change of fluid injection rate and fluid pressure in the tight reservoir (modified
from Zang et al., 2019).
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between hydraulic fracturing and formation will significantly
interfere with the in-situ stress causing the fault activation, the
dislocation of the earth's crust, and the destabilization of the bot-
tom layer, even the generation of micro-earthquakes. These studies
claim that the magnitude of micro-earthquakes is linked to the
maximum radiated energy of hydraulic fracturing. As the major
problem caused by unconventional energy exploitation, the micro-
seismic has aroused global thinking, which brings non-resource
and non-technical troubles to many unconventional energy-
producing areas (Lee et al., 2019).

For unconventional reservoir fracturing, the current issue is how
to reduce the possible micro-earthquake caused by hydraulic
fracturing. Some scholars referred to the cyclic stimulation in the
enhanced geothermal systems (EGS) (Zimmermann et al., 2010,
2015; Philip et al., 2020) and presented the cyclic soft stimulation
(CSS) (Bai et al., 2006; Zang et al., 2013; Hofmann et al., 2019).
Moreover, the CSS is accomplished by adjusting the fluid rate or
fluid pressure to stimulate the formation. This will make the crack
initiation pressure and maximum radiated energy reduction, thus
avoiding a bigger magnitude of micro-seismic. To emphasize the
advantage of cyclic stimulation, there are many comparisons (Bai
et al., 2006; Diaz et al., 2018b; Liang et al., 2018a; Hofmann et al.,
2019; Lou and Zhang, 2019; Chao et al., 2020; Xie et al., 2020; Wu
et al., 2020) between cyclic hydraulic fracturing (CHF) and mono-
tonic hydraulic fracturing (MHF). In these works, hydraulic frac-
turing tests focus on cubic granite and sandstone specimens. And
that, about 80% of crack initiation pressure was assumed as the
peak value of the alternating fluid pressure to investigate the in-
fluence of CHF (Patel et al., 2017; Diaz et al., 2018a); Farkas et al.
(2018); Hofmann et al. (2018); Liang et al. (2018b); Zhuang et al.
(2018); Zhou et al. (2019) and the minimum value of the alter-
nating fluid pressure closes to zero. It is important to study the
impact of the amplitude of the cyclic fluid pressure on the hydraulic
fracturing results. Moreover, in the process of fluid pressure
reduction, the micro-cracks will be closed under the in-situ stress.
Therefore, the study of the effective fluid pressure magnitude of
cyclic stimulating is urgent for unconventional reservoir
exploration.

Shale is an unconventional gas reservoir with the characteristics
of low permeability and low porosity (Chen et al., 2017b; Cao et al.,
2831
2020). Therefore, in the process of hydraulic fracturing, the change
of the fluid pressure and the injection rate presents a consistent
trend in shale (Fig. 1). However, the fluid pressure is cyclically
fluctuating between two pressure values (P1, P2) in the CHF, the
coupling of the alternating fluid pressure and the formation has a
great influence on the initiation and propagation of cracks. On the
one hand, the fluid state is different under varied pressure. It is
necessary to understand the mechanism of interaction between
different amplitudes and magnitudes of alternating fluid pressure
and the formation, further to clear the threshold of the alternating
fluid pressure for shale gas exploitation. But a few works in the
literature consider the low cyclic fluid pressure of CHF in shale. On
the other hand, the duration of the fluid invading in CHF is
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generally longer than that in MHF. With a long period of fluid-solid
coupling, the formation will perform different mechanical charac-
teristics. Therefore, it is important to investigate the effect of cyclic
soft stimulating (CSS) on shale gas exploitation.

In this paper, first, different magnitudes and amplitudes of CSS
were conducted in shale-like samples, then the fluid pressure and
the crack propagation are discussed. To understand the mechanism
of fracturing crack propagation under CSS, the damage evolution
and a crack extending criterion were obtained. Finally, the
maximum radiated energy during the sample breaking was stud-
ied. The novelty is that we comprehensively investigate the impact
of different ranges of cyclic fluid pressure on the crack propagation
of shale and the maximum radiated energy of fracturing. The
crucial touch is that the crack extending criterion under CSS is
proposed, which combines the injection parameters, the rock
properties and in-situ stress. These new findings provide an insight
into the determination of crack extending criterion under CSS for
efficiently implementing shale fracturing.
2. Materials and methods

2.1. Test equipment

The equipment used in the test is the self-developed device for
hydraulic fracturing under triaxial loading (Fig. 2a), which is
composed of three parts: a loading system, a fluid injection system,
and a monitoring system. (1) The loading system: both the
maximum confining and axial loading are 50 MPa. The suitable
specimen for the equipment is the cylinder with a diameter of
100 mm and a height of 190e210 mm. The axial loading disks have
a round hole with a diameter of 8 mm in the center. The fluid in-
jection pipe is connected to the fluid container through the round
hole. (2) The injection system: the maximum pressure of the in-
jection system is 40 MPa, and the rate range is 0e10 mL/min with
an accuracy of 0.01mL/min. (3) Themonitoring system includes the
fluid pressure monitoring part, the confining stress monitoring
part, and the acoustic emission (AE) monitoring part, which can get
the radiated energy during crack propagating. To accurately collect
the AE parameters, the piezoelectric element of the AE sensor is the
chip composed of the lead zirconate titanate and ceramic. In the
Fig. 2. (a) Cyclic fracturing experimental system; (b
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process of CSS, six AE sensors were applied to monitor the elastic
wave and the radiated energy of fracturing. Both the layout of AE
sensors and the loading distribution are shown in Fig. 2b. The
acquisition frequency of the AE system was 16 kHz, the threshold
value of data collection was set as 30 mV, and the gain multiple of
the pre-amplifier was selected as 40 dB.

2.2. Test materials

To eliminate the influence of the bedding in shale and guarantee
the repeatability of the results, the shale-like cylindrical samples
(Fig. 3) with a diameter of 100 mm and a height of 200 mm were
prepared based on the similarity principle. On account that the
mechanical mechanism of hydraulic fracturing and the cyclic soft
stimulation is a more significant topic, the bedding of shale was not
considered in detail in this investigation. The samples applied in
this investigation were described in detail in previous literatures
(Chen et al., 2019; Gao et al., 2019). The shale-like cylindrical
samples are homogeneous, and the fracturing mechanical charac-
terizations and the radiated energy are the major research object,
which is beneficial to studying the influence of CSS on hydraulic
fracturing. In the testing, the sample was connected to the injection
system through an injection pipe with an outer diameter of 4 mm
and an inner diameter of 2mm. The naked segment is located in the
middle of the sample with a length of 60 mm. The fracturing fluid
used in the test is distilled water. To understand the impact of cyclic
soft stimulation, two sets of samples were tested in terms of the
amplitude of cyclic stimulation and the magnitude of fluid
pressure.

2.3. Test procedure

The test procedure consists of three steps. First, the triaxial
stresses were applied with axial stress of 5 MPa and initial
confining stress of 4 MPa. For the effect of true triaxial stress on the
results, some works have been conducted in previous literature
(Gao et al., 2019). Second, the monotonic hydraulic fracturing
(MHF) with an injection rate of 10 mL/minwas conducted to obtain
the fracturing characteristic of cracks, including crack initiation
pressure, crack propagation pressure, break pressure and crack
) Layout of AE sensors and loading distribution.



Fig. 3. Experimental sample.
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intersecting pressure in the fluid pressure curve. Third, based on
the fluid pressure curve of MHF, the amplitudes and magnitudes of
alternating fluid pressure in CSS were determined (Table 1 and
Fig. 4a). For the amplitudes of alternating fluid pressure in CSS, the
samples were divided into a test group with an amplitude of 2 MPa
and a test groupwith an amplitude of 4 MPa. For the magnitudes of
alternating fluid pressure in CSS, the lower-value and the higher-
value fluid pressure were confirmed. Then, the different ranges of
CSS were conducted. Where, the duration of cyclic fluid injection is
1 h and the injection rate changed between 10 and 0.5 mL/min
(refer to Fig. 4b) to produce the alternating fluid pressure. In the
process of CSS, the alternating fluid pressure is dependent on the
experimental scheme in Table 1. Finally, the fluid pressure was
increasing with an injection rate of 10 mL/min until the sample was
broken down.
3. Results

3.1. Monotonic hydraulic fracturing (MHF)

For the analysis of the experimental results in cyclic soft stim-
ulation, different stages and fracturing parameters under MHF are
discussed. The results of the fluid pressure are shown in Fig. 5. It can
be seen that the fluid pressure curve of MHF is composed of the
stages of pressurization, crack initiation, crack propagation, sample
break, and crack interacting until the fluid injection is stopped.
There is a significant decline in the fluid pressure once the sample is
broken, which indicates that at the initial stage of the crack inter-
acting, the fluid pressure variation of the sample is formed by hy-
draulic fracturing, and the sample is broken down with the tensile
failure mode (Fig. 5). Finally, the cracks intersect the wall of the
sample, the fluid pressure increases due to the rubber boundary in
the cyclic fracturing experimental system. Therefore, the fluid
Table 1
Test scheme parameters.

Amplitude of cycles Sample Mag

\ S01 \
2 S02 Low

S06 Low
S03 High

4 S04 Low
S07 High
S05 High

Note: Sample S01 was used for the monotonic hydraulic fracturing. In the process of the e
magnitudes of alternating fluid pressure three times, respectively.
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pressure has an obvious change in different stages under MHF, and
the results will be researched further in the cyclic soft stimulation.
3.2. Cyclic soft stimulation (CSS)

Based on the results in Section 3.1, Fig. 6a shows the fluid
pressure under lower-value magnitude CSS. With the increase in
the amplitude of CSS, the duration of crack propagation decreases
significantly under the lower-value magnitude of cyclic fluid
pressure. It indicates that the fracture process zone under alter-
nating fluid pressure of large amplitude is wider than that of small
amplitude. Therefore, with the given diameter of the sample, the
duration of crack propagation is reduced. On the condition that the
magnitude of CSS increases, the similar results can be obtained
(Fig. 6a and b). The duration of crack interacting increases with the
increase in the alternating amplitude or magnitude. The reason is
that the larger the alternating amplitude or magnitude of fluid
pressure is, the wider the fracture process zone of the sample will
be, thus increasing the interaction path and the interaction time.
Therefore, it can be concluded that the fracture process zone in-
creases obviously under a large amplitude or magnitude of fluid
pressure.

The fluid pressure curve in high magnitude CSS can be divided
into two stages (Fig. 7): uniform and non-uniform cyclic changes.
For the uniform cyclic change, the change of fluid pressure is linear,
but with the action of alternating fluid pressure, the non-uniform
cyclic change presented owing to the fracture process. Compared
with the lower-value magnitude of cyclic fluid pressure (Fig. 7a),
the highlight is the significant reduction in fluid pressure fluctua-
tions during the crack propagation under the higher-value
magnitude of cyclic fluid pressure (Fig. 7c), and the higher-value
magnitude CSS strengthens the fracture process zone and in-
creases the continuity of crack interaction paths caused by
nitude of fluid pressure Range of cyclic pressure, MPa

Direct
er-value 0e2
er-value 1e3
er-value 6e8
er-value 0e4
er-value 5e9
er-value 6e10

xperiment, we carried out monotone hydraulic fracturing, different amplitudes, and



Fig. 4. (a) Sketch of testing; (b) Injection rate in the testing.

Fig. 5. Fluid pressure under MHF.
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fracturing. This can be reflected by the reduction of pressurization
rate under higher-value magnitude alternating fluid pressure in the
process of circulating fluid injection (Fig. 7c). In particular, the crack
initiation and the break of the sample almost occurred at the same
time under the higher-value magnitude of CSS. Therefore, the
fracture process zone of the higher-value magnitude of alternating
fluid pressure is significantly wider, and the time interval between
the crack initiation and the break of the sample reduces. As a result,
there is almost no crack propagation. Therefore, the higher-value
alternating fluid pressure promotes the increment of the fracture
process zone. Moreover, as shown in Fig. 7a and b, with the
amplitude of CSS increases, the duration of crack propagation de-
creases, and the fluctuation of fluid pressure during crack inter-
acting increases, it can infer that the deformation of the sample
increases owing to the propagation of cracks.

3.3. Peak value of fluid pressure

The peak value is an important parameter of fracturing char-
acterization, and it shows the crack initiation. As shown in Fig. 8
and Table 2, the smaller the magnitude of CSS, the larger the
peak value of fluid pressure, which shows that the fracture process
zone is less under the lower-value magnitude of alternating fluid
pressure, and the sample is fractured in CSS with high crack initi-
ation pressure. However, with the higher-value magnitude of CSS,
the peak value of fluid pressure is small because the fracture pro-
cess zone is large. As the amplitude of CSS increases, the peak value
of fluid pressure is decreased obviously, and the stimulation of a
larger amplitude of cyclic fluid pressure significantly increases the
fracture process zone of the samples. Therefore, with the increase
in circulation amplitude, the peak value of fluid pressure decreases
significantly.

Based on the theoretical overview of hydraulic fracturing, the
2834
crack initiation pressure around the pilot hole can be calculated
according to the Kirsch equation as follows (Sampath et al., 2018):

Pinitiate ¼3s3 � s1 þ st � aPw (1)

In the testing, the value of crack initiation pressure (Pinitiate) is
equal to the peak value of the fluid pressure. Based on the fluid
mechanics theory (You, 2015; Tong and Gao, 2018a, 2018b), the
motion equation of the non-monotonous fluid in a homogeneous
fractured segment is:

r0
vuðx; tÞ

vt
þ vPðx; tÞ

vx
¼ 0 (2)

Compared with MHF, multiple fluid injections and pressure
reduction are added in the CSS process. The frequent pressurization
and depressurization of fluid pressurewill produce fatigue damage;
in this stage, the fluid volume with the stable flow is as follows
(Chen et al., 2017a):

DQ ¼ Dp
LðDtÞ

p
8m

R4 (3)

Therefore, the flow rate of non-monotonous in the homoge-
neous fractured segment is:

uðx; tÞ ¼ DQ
pR2

¼ 1
8m

DpR2

LðDtÞ (4)

The internal fluid pressure in the pilot hole often fluctuates in
the fracturing process. The fluctuation has an impact on the peak
value of the fluid pressure. Therefore, the research process is an
ideal fracturing process, and the fluctuating pressure of the fluid is

obtained by combining Eq. (4) and Eq. (2) as:

Pðx; tÞ ¼ M,Dp,x,
vLðDtÞ
L2ðDtÞvt (5)

with

M¼ r0R
2

8m
¼ 9:16� 10�2

Then, the injected flow pressure (Pf) in the cracks is composed of
the fluctuating fluid pressure (Pðx; tÞ) and the fluid pressure (Pw),
which can be expressed as:

Pf ¼ Pðx; tÞ þ Pw ¼ 9:16� 10�2,

 
x,

vLðDtÞ
L2ðDtÞvt

!
,DP þ Pw (6)

When Pf � Pinitiate >0, the crack is propagating. Combining Eq.
(1) and Eq. (6), it is deduced:



Fig. 6. Fluid pressure with different magnitudes and amplitudes of CSS under low fluid pressure.
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Pf � Pinitiate ¼ 9:16� 10�2,

 
x,

vLðDtÞ
L2ðDtÞvt

!
,DP þ ð1þ aÞPw

� ð3s3 � s1 þ stÞ>0

(7)

According to Eq. (7), with the increase in fluid pressure (Pw) and
the amplitude (DP) of CSS, the Pf increases owing to the fracture
process enlarging the porosity of the sample. Therefore, the peak
value of the fluid pressure will reduce, and the crack initiation
pressure will be decreased, but the injected flow pressure Pf is
increased under CSS. In particular, under higher-value magnitude
fluid pressure (Pw) and large amplitude cyclic fluid pressure (DP), it
is confirmed that Pf is greater than Pinitiate. As a result, the crack
initiates easily.
3.4. Propagation pressure and propagation rate

The crack propagation under the CSS can be used to characterize
the strength of the skeleton around the cracks, and the propagation
pressure and the propagation rate are the characteristic fracturing
parameters (Cao et al., 2021). Fig. 9a shows that with the increase in
2835
the magnitude or amplitude of alternating fluid pressure, the
pressurization rate and the propagation pressure of the crack under
the CSS increase. It concludes that the strength of the skeleton
around cracks is reduced under the CSS, but for the skeleton non-
contacted with fluid, its strength increases because of the
compaction of the fluid pressure (Cao et al., 2021). Thus, the pres-
surization rate and the average fluid pressure of crack propagation
under the CSS increase obviously. However, under the action of
higher-value magnitude CSS, the cracks have been completely
propagated, and the sample breaks down in the stage of cyclic fluid
pressure stimulation. Therefore, with the increase in the pressuri-
zation rate, the low values of fluid pressure indicate that the skel-
eton at the front of the crack is compacted and strengthened, while
the higher magnitude of alternating fluid pressure promotes the
effect of the fracture process significantly and the crack propaga-
tion increases obviously.

In order to further compare the fracture process zone under
different alternating fluid pressure stimulation, the durations of
pressurization and crack propagation after the action of different
CSS are analyzed. The larger the amplitude or the magnitude of
alternating fluid pressure, the shorter the durations of pressuriza-
tion and crack propagation. The fracture process zone of the sample
is related to the magnitude and amplitude of the fluid pressure in



Fig. 7. Fluid pressure with different magnitudes and amplitudes of CSS under high fluid pressure.

Fig. 8. Peak value of fluid pressure under MHF and the peak value of fluid pressure
under different magnitudes and amplitudes of CSS.

Table 2
Peak value of fluid pressure.

Range of cyclic pressure, MPa Peak value of fluid pressure, kPa

MHF 14247.331
0e2 13294.024
1e3 12782.463
6e8 9286.954
0e4 12613.412
5e9 9943.242
6e10 7695.134

Q. Gao, H. Cao, T. Bao et al. Petroleum Science 19 (2022) 2830e2843
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the CSS. The greater the magnitude and amplitude of the fluid
pressure, the wider the fracture process zone and the shorter the
pressurization and the crack propagation. As shown in Fig. 9b with
a black arrow line, on the condition that the amplitude of the CSS is
the same, with the increase in the cyclic fluid pressure, the duration
of the crack propagation decreases under the lower-value magni-
tude CSS. This shows that the fracture process zone is strongly
influenced by alternating fluid pressure. In addition, the crack can
propagate rapidly under the high-value magnitude CSS, leading to
the sample's break, so the propagation duration is concise under
this condition.



Fig. 9. (a) Propagation pressure and pressurization rate of the crack under different magnitudes and amplitudes of alternating fluid pressure; (b) Durations of pressurization and
crack propagation under different magnitudes and amplitudes of CSS.
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3.5. Crack extending criterion (Pextend and KI) under CSS

Based on the linear elastic superposition principle (LESP)
(Atkinson et al., 1992), the stress intensity factor around the crack
(Fig. 10a) is represented by the superposition of stress intensity
factors caused by various simple loads (Fig. 10b), that is:

KI

�
s3; Pðx; tÞ; Pw

�
¼2KIðs3Þ þ KI

�
Pðx; tÞ

�
þ KIðPwÞ (8)

On the condition that there is only the stress s3, the stress in-
tensity factor is:

KIðs3Þ¼ � s3,
ffiffiffi
R

p
,fðbÞ (9)

with

fðbÞ ¼ �2
h�

b2 � 1
�.

pb7
i1 =

2

b ¼ 1þ a=R

On the condition that there is only fluid pressure, the stress
intensity factor is:

KIðPwÞ¼ Pw,
ffiffiffi
R

p
,hðbÞ (10)

On the condition that there is only the fluid fluctuating pressure,
the stress intensity factor is:

KI

�
Pðx; tÞ

�
¼
XN
i¼1

�
Pðx; tÞ ,

ffiffiffi
R

p
, gðbÞ

�
(11)

where g(b) and h(b) are determined by the change of the fluid
Fig. 10. Fracture model under o
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pressure (Atkinson et al., 1992).
Then, based on the fracture criterion (Lemaitre and Desmorat,

2005), cracks begin to extend when the stress intensity factor
reaches the fracture toughness. The criterion can be expressed as
follows:

KI

�
s3; Pðx; tÞ; Pw

�
� KIC (12)

where KIC is the rock fracture toughness, it is a property of rock.
Therefore, the critical crack extending pressure Pc under N time

cycles of pressurization and depressurization (Atkinson et al., 1992)
can be calculated as follows:

Pc ¼ 1
NgðbÞ þ hðbÞ

�
KICffiffiffi
R

p þ2 , s3 , fðbÞ

�
(13)

According to the fracture mechanics and the results in Section
3.3, the extending pressure Pextend acting on the crack by the fluid
injection is (Fig. 11):

Pextend ¼ 9:16� 10�2,

 
x,

vLðDtÞ
L2ðDtÞvt

!
,DP þ ð1þ aÞPw � 3s3

þ s1

(14)

When Pextend > Pc, the crack is extending, that is:
ne cyclic soft stimulation.



Fig. 11. Pressure on the crack under the action of pressurization and depressurization.
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ð1þ aÞPw þ 9:16� 10�2,DP,x,
vLðDtÞ
L2ðDtÞvt > ð3s3 � s1Þ

þ 1
NgðbÞ þ hðbÞ

�
KIC

R
þ 2,s3,fðbÞ

�
(15)

Eq. (15) is the crack extending criterion under CSS, the left side
of the Eq. (15) is composed of the injected circulating fluid pa-
rameters under CSS, and the right side is related to the rock
properties and in-situ stress.

According to Eq. (15), the fluctuation fluid pressure (Pðx; tÞ)
causes the reduction of critical crack extending pressure (Pc). The
Fig. 12. “N" type of b value stimulated with different amplitudes of cycle and magnitudes o
duration of AE parameters, the black line is the fluid pressure, and the blue dash-dotted lin
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reason is that h(b) decreases the value of Pc, and then the Pc will
gradually reduce with the increase in the cycles (n). Further, with
the action of CSS, the skeleton is weakened by the alternating fluid
pressure, resulting in the decrease in the fracture toughness (KIC) of
the sample, which indicates that the CSS causes the crack to initiate
and propagate under low fluid pressure. Based on the extending
pressure (Pextend) acting on the crack (Eq. (14)) and the critical
pressure (Pc) required for the crack extending (Eq. (13)), with the
increase in fluid pressure (Pw) and the amplitude (DP) of the fluc-
tuating pressure, Pextend is larger than Pc under fewer cycles (n) of
CSS, the apparent results are present in Fig. 9. Under higher-value
magnitude of alternating fluid pressure, the times (n) of CSS is
less for the crack initiation, it can be supported by the graphs and
curves in Figs. 6 and 7. Therefore, the crack extending criterion is a
critical basis for promoting the abundant propagation of cracks
under CSS. For the field, on the condition that the injection cycles
are sufficient, the injection fluid pressure and the amplitude of the
fluctuating pressure can be reduced. As the depth increases, the in-
situ stress is larger, and the fluid pressure or the amplitude of
fluctuating pressure should be increased.

4. Discussion

4.1. Effect of CSS on the law of crack's damage evolution

To research the crack propagation and the damage evolution in
the process of CSS, the acoustic emission (AE) data and the fluid
pressure curves were discussed together in this part. As we all
know that a small fraction of seismic energy can be captured by the
AE sensors during the stress damaging and crack propagating.
Therefore, the b value, which is an AE analytical parameter, can
f fluid pressure by low alternating fluid pressure. The red points in the figure are the
e is the change of b value.



Fig. 13. Damage evolution law of “N" type of b value.
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express the rock damage process by referring to relevant research
on damage mechanics (Unander, 1993), and the b value is also used
to describe the initiation and propagation of cracks. Specifically,
with the increase in the b value, the sample is fracturing on a small
scale and the proportion of small AE events to total events in-
creases. On the contrary, the sample is mainly fracturing at a large
size, and the proportion of large AE events to total events increases
with the reduction of the b value. If the b value is constant, it in-
dicates that the distribution of large and small cracks is uniform,
and the proportion of AE events remains unchanged. In this paper,
themaximum likelihood estimation (MLE)method (Unander,1993)
was used to calculate the b value, and the calculating formula is as
follows:

b¼ nlgePn
i¼1

lgAi � nlgAmin

(16)

As shown in Fig. 12, a lot of AE signals are produced (red points)
with a long duration during the propagation of main cracks (the b
value decreases sharply), which shows that the propagation of
main cracks will induce more micro-cracks, and then micro-cracks
are interconnected to form a new main crack. With the increase in
the b value, the AE signals are less with a short duration, indicating
that new micro-cracks are formed again. With the increases in the
amplitude and magnitude of the cyclic fluid pressure, the duration
of the first propagation for micro-cracks decreases (the b value
increases firstly in Fig. 12).

Under the stimulation of lower-valuemagnitude CSS, the b value
shows the “N" type (Fig. 12) owing to the damage of crack propa-
gating. The “N" type of b value reveals that the small AE events
increase firstly, and the micro-cracks begin to form. Then the large
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AE events increase, and the micro-cracks are interconnected lead-
ing to the generation of main cracks. At the end of CSS, the small AE
events are increased again, and new micro-cracks are produced.
With the lower-value magnitude CSS, the damage of crack propa-
gation is promoted by the two blossoms of micro cracks, and the
main cracks are formed and propagated in this process (Fig. 13).

As shown in Fig. 14, the evolution of the b value presents a “W"
shape under higher-value magnitude CSS. In the initial phase of the
higher-value magnitude CSS, the b value is reduced, and the main
cracks generate. With the continuous effect of the higher-value
magnitude CSS, the main cracks propagate to a stable size. And
then, the micro-cracks initiate and propagate once again to form
the large-scale main crack (Fig. 15). Therefore, based on the “W"
type of b value, it can see that the propagation of micro-cracks is
strengthened and three times the large-scale main crack propaga-
tion are present under the higher-value magnitude CSS. In partic-
ular, the second propagation of the main crack takes the shortest
time, indicating that the skeleton around the crack had been
weakened after the first propagation of the main crack, and the
propagation rate of the second main crack is larger than that of the
first main crack. At the same time, the sample undergoes three
times micro-crack propagation processes, and the duration of
micro-crack propagation is increased gradually. It can be concluded
that the crack propagation in the skeleton is significantly enhanced,
and more abundant micro-cracks are generated under the action of
higher-value magnitude CSS.

4.2. Effect of CSS on the radiated energy

In the process of CSS, the propagation of micro-cracks and the
hydraulic energy are codependent, where the hydraulic energy is
introduced by hydraulic fracturing treatments. A part of hydraulic



Fig. 15. Damage evolution law of “W" type of b value.
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energy transforms into heat energy and dissipates during the crack
propagation, which is called stimulated energy. The other small
part is seismic, and it can be detected by the AE sensors and turned
into the AE signals, which is called radiated energy (Stoeckhert
et al., 2015; Li et al., 2019; Liang et al., 2019; Zhang et al., 2021).
Therefore, the radiated energy obtained from the AE signals is the
opposite of the dissipation stimulated energy produced during the
CSS. Fig. 16 shows that with the increase in the amplitude of cyclic
fluid pressure, the radiated energy reduces gradually during the
sample is fracturing. Based on the result, the radiated energy is
42797.33 mV ms during the sample is breaking under monotonic
hydraulic fracturing, when the amplitude of the CSS is 2 MPa, the
radiated energy is larger than 18,000 mV ms, and when the
amplitude of the CSS is 4 MPa, the radiated energy is less than
18,000 mV ms (Fig. 16). Thus, the radiated energy can be reduced
under the CSS during hydraulic fracturing. The larger the amplitude
of circulation stimulation, the more stimulated energy is dissipated
during the CSS, and the more conducive to reducing the radiated
energy during the sample is breaking. Furthermore, the radiated
energy is large under the lower-value magnitude of alternating
fluid pressure, while with the higher-value magnitude of alter-
nating fluid pressure, the radiated energy is small. Based on the
discussion in Section 4.1, with high cyclic fluid pressure, the frac-
ture process zone of CSS is large, micro-cracks are abundant, and
the radiated energy is small. Moreover, the difference of radiated
energy under alternating fluid pressure with higher-value magni-
tudes is smaller than that under alternating fluid pressure with
lower-value magnitudes, which shows that more stimulated en-
ergy is released during CSS with a higher-value magnitude.
Fig. 14. “W" type of b value stimulated by high alternating fluid pressure. The red points in t
blue dash-dotted line is the change of b value.
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During the CSS, with the multiple increase and decrease of fluid
pressure, the micro-cracks in the rock continuously initiate and
propagate then to promote the damage evolution of the rock. Ac-
cording to the energy dissipation criterion of damage, the damage
variable can be defined as (Attewell and Farmer, 1973; Chen et al.,
2017a):

D¼ eeff
etot

(17)

where eeff is the effective energy during the CSS, and its value
equals the stimulated energy; etot is the total input energy, and it is
the hydraulic energy. They can be calculated as follows:
he figure are the duration of AE parameters, the black line is the fluid pressure and the
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eeff ¼
ðt1
t0

p2extenddt

¼
ðt1
t0

"
9:16�10�2,

 
x,

vLðDtÞ
L2ðDtÞvt

!
,DPþð1þaÞPw�3s3þs1

#2
dt

(18)

etot ¼
ðt1
t0

p2wdt (19)

Based on the rock fracture mechanics, the initiation and prop-
agation of cracks are driven by the surface energy Us, and the
surface energy is consistent with the maximum radiated energy:

Us ¼4gC (20)

By combining Eq. (18)�Eq. (20), with the stimulation of cyclic
fluid pressure, the maximum stimulated energy of the crack
propagation reduces to U0

s:
U
0
s ¼ 4g

0
C ¼ 4C,g,ð1� DÞz4C,g,

ðt1
t0

 
3s3 � s1 � 9:16� 10�2,DP,ðt1 � t0Þ � Pp

Pw

!2

dt (21)
According to Eq. (21), the relationship between the maximum
radiated energy and the alternating fluid pressure is established. It
concludes that with the increase in fluid pressure Pw and the cyclic
Fig. 16. Maximum released stimulated energy of different CSS. The unit for energy is mV m
energy for different amplitudes of cyclic fluid pressure, the value is 18,000.
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amplitude DP, the surface energy Us of the crack initiation and
propagation reduces. The radiated energy during the sample
breaking has a positive correlation with the surface energy of crack
Us, which supports the results of Fig. 16. Under high-value cyclic
fluid pressure Pw, the difference of Us is small. The reason is that the
Pw is large, and the change of Us with varied cyclic amplitude DP is
mainly dependent on the Pw. Therefore, as for the application of the
CSS and the reduction of the maximum radiated energy, the cyclic
fluid pressure should be raised properly, and the amplitude of the
fluctuating fluid pressure should be increased as much as possible.
5. Conclusions

The purpose of the current study was to investigate the me-
chanical effects of cyclic fluid pressure with different magnitudes
and amplitudes on crack propagation and maximum radiated en-
ergy in hydraulic stimulation. Based on the macro-scale experi-
mental results (fluid pressure) and the micro-scale AE analysis (b
value and radiated energy), the following conclusions can be
drawn:

(1) From the macro-scale investigations, lower-value magni-
tudes of CSS lead to a larger peak value of the fluid pressure,
while with the amplitude of CSS increasing, the peak value of
fluid pressure decreases. With the increase in the amplitude
s, the relative energy is captured by AE; the dash-dotted line is the bound of relative
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of CSS, the pressurization rate and propagation pressure of
crack increase, while the durations of pressurization and
crack propagation decrease.

(2) From the micro-scale analysis, it concludes that more
abundant micro-cracks are generated under the action of the
higher-value magnitude of cyclic fluid pressure. The crack
extending criterion has been proposed to link the injection
parameters under CSS, the rock properties, and in-situ stress.
The fluctuation fluid pressure causes the reduction of a
critical crack extending pressure, and the CSS causes the
crack to initiate and propagate under low fluid pressure.
With the increasing depth, the in-situ stress is larger, and the
fluid pressure or the amplitude of fluctuating pressure
should be increased in the field.

(3) The maximum radiated energy decreases with the increase
in the amplitude of CSS and the magnitude of alternating
fluid pressure. The relationship between MRE and the
alternating fluid pressure is established using the damage
variable based on the energy dissipation criterion. To reduce
the maximum radiated energy, the cyclic fluid pressure
should be raised properly, and the amplitude of the fluctu-
ating fluid pressure should be increased as much as possible.
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