
lable at ScienceDirect

Petroleum Science 21 (2024) 2688e2702
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Multiple damage zones around hydraulic fractures generated by high-
frequency pulsating hydraulic fracturing

Yan Peng a, *, Sheng-Jie Wei a, Guang-Qing Zhang a, Da-Wei Zhou a, Chuang-Chao Xu b

a School of Petroleum Engineering, China University of Petroleum, 18 Fuxue Road, Changping, Beijing, 102249, China
b PetroChina Changqing Oilfield Company, Xi'an, 710018, Shaanxi, China
a r t i c l e i n f o

Article history:
Received 30 October 2023
Received in revised form
13 May 2024
Accepted 13 May 2024
Available online 15 May 2024

Edited by Jia-Jia Fei

Keywords:
Tight reservoir
Reservoir stimulation
Numerical simulation
Secondary fracture
Fracture initiation
* Corresponding author.
E-mail address: yan.peng@cup.edu.cn (Y. Peng).

https://doi.org/10.1016/j.petsci.2024.05.007
1995-8226/© 2024 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Pulsating hydraulic fracturing (PHF) is a promising fracturing method and can generate a dynamic pe-
riodic pressure. The periodic pressure can induce fatigue failure of rocks and decrease initiation pressure
of fracture. If the frequency of periodic pressure exceeds 10 Hz, the distribution of pressure along the
main fracture will be heterogeneous, which is much different from the one induced by the common
fracturing method. In this study, the impact of this special spatial feature of pressure on hydraulic
fracture is mainly investigated. A coupled numerical simulation model is first proposed and verified
through experimental and theoretical solutions. The mechanism of secondary fracture initiation around
the main fracture is then discovered. In addition, sensitivity studies are conducted to find out the
application potential of this new method. The results show that (1) this coupled numerical simulation
model is accurate. Through comparison with experimental and theoretical data, the average error of this
coupled model is less than 1.01%. (2) Even if a reservoir has no natural fracture, this heterogeneous
distribution pressure can also cause many secondary fractures around the main fracture. (3) The
mechanism of secondary fracture initiation is that this heterogeneous distribution pressure causes
tensile stress at many locations along the main fracture. (4) Through adjusting the stimulation param-
eters, the stimulation efficiency can be improved. The average and amplitude of pressure can increase
possibility of secondary fracture initiation. The frequency of this periodic pressure can increase number
of secondary fractures. Even 6 secondary fractures along a 100 m-length main fracture can be generated.
(5) The influence magnitudes of stimulation parameters are larger than ones of geomechanical prop-
erties, therefore, this new fracturing method has a wide application potential.
© 2024 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

Pulsating hydraulic fracturing (PHF) method can decrease
initiation pressure of hydraulic fractures (Zhi et al., 2017; Zang et al.,
2017b), decrease seismicity (Zang et al., 2013, 2018) and create
complicated hydraulic fracture networks. It has been applied at
shale reservoirs (Chang et al., 2022; Wu et al., 2023) and hot dry
rock (HDR) geothermal reservoirs (Zang et al., 2021; Liu Y. et al.,
2022). The PHF can be simply completed by periodically change
pumping rate (Haimson and Cornet, 2003; Zang et al., 2017b;
Ciezobka et al., 2018; Sullivan and Grieser, 2017; Zimmermann
et al., 2019) and generate a periodic pressure. However, the
y Elsevier B.V. on behalf of KeAi Co
frequency of periodic pressure generated by this method is usually
less than 4 Hz. In this case, the mechanism of decreasing hydraulic
fracture generation difficulty is mainly the rock fatigue failure
(Zang et al., 2013, 2017a; Zhou et al., 2017; Zhi et al., 2017; Xu et al.,
2019; Hou et al., 2022a).

The impacts of the PHF stimulation parameters on hydraulic
fracture have been investigated. The PHF stimulation scheme af-
fects hydraulic fractures. The stepwise pulse pressurization scheme
can significantly decrease breakdown pressure by around 24% (Jung
et al., 2021; Zhuang et al., 2019, 2020; Chang et al., 2022) and
decrease seismic energy (Ji et al., 2021). The controlled-pressure
uniform cyclic injection scheme can enhance permeability up to 3
times (Zang et al., 2013; Zimmermann et al., 2019; Goyal et al.,
2020). These advantages of the PHF result from the rock fatigue
failure so the circle number of periodic pressure is important. The
fatigue lifetime (required circle number of periodic pressure to
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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broke an intact rock) of shale rocks and granite rocks is usually
several hundreds or even be up to one thousand (Diaz et al., 2018;
Hou et al., 2022a). The hydraulic fracturing experiment points out
that the require circle number sharply decreases. This experiment
uses a rock sample with a hole in sample center and hydraulic fluid
is injected through this hole. There may be microcracks generated
during drilling this hole. The circle number depends on the upper
limit pressure of periodic pressure. If the upper limit pressure
reaches at 90% breakdown pressure of rock, the required circle
number will be only 7 (Wu et al., 2023). If the upper limit pressure
is 60% of breakdown pressure, the required circle number will
significantly increase to be over 40 (Wu et al., 2023). In real hy-
draulic fracturing stimulation, the circle number of periodic pres-
sure is usually less than 10 (Zang et al., 2017a; Sullivan and Grieser,
2017; Zimmermann et al., 2019), which is obviously less than fa-
tigue lifetime. Therefore, the fatigue failure may be hard to be
occurred in those PHF stimulations.

The PHF can induce the pressure wave propagation inside fluid-
filled pipes, which is well known as the water hammer phenome-
non (Su et al., 2003; He et al., 2022). The superposition effects of the
pressure waves make borehole pressure different from the one of
common hydraulic fracturing (Zhai et al., 2015; Xu et al., 2017, 2018;
Ma et al., 2017; Wu et al., 2020). Experimental data from Zhai et al.
(2015) showed that input frequency increases amplitudes of pres-
sure waves. The experimental results indicate that pressure inside
pipe initially fluctuates with time and then stays at a stable state
(He et al., 2018). The numerical simulation is the other way to
investigate the fluid flow behavior of the PHF. The common models
include: a percolation model, an oscillation flow model, a one-
dimensional pressure wave equation, and a transient flow model
(TFM). The percolation model was proposed based on Darcy's law
(Rehbinder, 1980) and it was only available for blocked fractures
(Liu et al., 2007; Li et al., 2015). The oscillation flow model was
proposed based on Poiseuille flow, and the pressure wave propa-
gation was assumed to relate to the average velocity and acceler-
ation of a fluid in a cross-section (Zhao and Liang, 1998). This model
was only available when fractures disintegrate completely and
vibrate with the pulse pressure (Li et al., 2015; Liu et al., 2007). The
one-dimensional pressure wave equation was proposed by Jiang
and Xing (2018) but it ignored the friction effect leading inaccu-
racy about pressure wave propagation features. The TFM was pro-
posed by Fiorotto and Rinaldo (1992) and pressure wave was
directly assumed as a wave and the friction effect was also
considered. This model was solved by the method of characteristics
Fig. 1. Illustration of conceptual model of high
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(MOC). Many scholars used this method to investigate the pressure
wave features in pipes and fractures (Liu, 1994; Oliveira et al., 2013;
Wang et al., 2015; Zhai et al., 2015; Sławomir, 2018; Zhang et al.,
2018). Its accuracy was validated by experimental data (Hou
et al., 2021). Zhang et al. (2018) used the TFM to study the pres-
sure wave propagation in coiled tubing drilling pipes and
concluded that an input frequency (8, 12, 15, or 20 Hz) has almost
no effect on pressure amplitude. Hou et al. (2021) used this method
to investigate the pressure wave features in pipes. The main fre-
quency of pressure wave was found out to be close to the resonance
frequency of fluid inside pipes. Hou et al. (2022b) used this method
to investigate the pressure wave features in fractures. The results
showed that a standing wave is formed in fractures and the number
of its peak values depends on input frequency. If the high-frequency
periodic pressure is used (frequency is higher than 10 Hz), over 2
pressure peak values could be generated. This kind of pressure
inside fracture has a potential to generate several secondary frac-
tures around main fracture. However, its availability to generate
secondary fractures and its controlling factors have not been fully
investigated.

In this study, the main purpose is to investigate the mechanism
of secondary fracture initiation induced by high-frequency pul-
sating hydraulic fracturing and to find out its controlling factors.
Firstly, the numerical simulation coupling pulsating pressure wave
in fractures, rock deformation and rock damage was proposed. The
pulsating pressure wave equation describes the fluid flow features
inside fractures. The rock deformation equation predicts the rock
stress. The rock damage equation evaluates the initiations of sec-
ondary fractures around main hydraulic fracture. Secondly, those
equations were then validated by experimental data and theoret-
ical solutions. Thirdly, through this coupling numerical simulation,
the mechanism of secondary fracture initiation induced by the
high-frequency PHF was discovered and the controlling factors
were discussed. The results can provide technical guidance to en-
gineering applications.

2. Numerical simulation model

2.1. Conceptual model

After the main hydraulic fractures is generated, the pulsating
pressure can be generated by some instruments or methods, such
as the self-excited pulsed jet device (Pang et al., 2022), hydraulic
pulse oscillation tools (Shi et al., 2021) and periodic injection
-frequency pulsating hydraulic fracturing.
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scheme (Zang et al., 2017b; Hou et al., 2021; Chang et al., 2022). The
pulsating pressure propagates into main hydraulic fractures. If the
frequency of pulsating pressure is over 10 Hz, the pressure distri-
bution in main hydraulic fractures has multiple peak values (Hou
et al., 2022a). The pressure inside fracture generated by common
hydraulic fracturing methods is almost constant, which is different
from the above pressure feature of the high-frequency PHF. The
threshold of frequency to obtain the multiple peak values is over
10 Hz which is higher than the one of normal PHF method, there-
fore, this method is called as high-frequency PHF. The pressure
inside fracture can trigger stress. If the stress meets rock damage
criterion, the secondary fracture will be initiated.

The conceptual model for the above physical phenomenon is
shown in Fig.1. There are three physical processes: (1) the pulsating
pressure (represented by the redwave line in Fig.1) inside themain
fractures is generated; (2) the rock deformation induced by the
pulsating pressure and in-situ stress; (3) if the stress states of rocks
around the main fracture is satisfied with rock damage criteria, the
secondary fractures (represented by the yellow curves in Fig. 1) will
be initiated. The tools to generate high-frequency pulsating pres-
sure in reservoirs were proposed, such as self-excited pulsed jet
device (Pang et al., 2022), hydraulic pulse oscillation tools (Shi et al.,
2021).
2.2. Governing equations

In order to describe the above three physical phenomena, three
governing equations are used in this study. The details of governing
equations are shown in this section.

(1) Flow governing equation for pulsating pressure propagation

The fracturing fluid flow inside main hydraulic fractures during
the PHF can be assumed as one-dimensional flow of single-phase
liquid. In the PHF, the velocity of fluid satisfies the transient flow
model, therefore, the momentum conservation law and mass
conservation law of liquid are as follows (Fiorotto and Rinaldo,
1992; Hou et al., 2022b):
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where v represents the velocity of fluid, m/s; H represents the
pressure head, m; There is a relationship between pressure head
(H) and fluid pressure (p), H ¼ p/rg þ z, z represents the vertical
location of fluid, m; g represents the gravity acceleration, m/s2; r
represents the fluid density, kg/m3; a represents the propagation
velocity of pressure wave in liquid, m/s, a¼(K/r)0.5; K represents
elasticity modulus of fluid, GPa; f represents the Darcy-Weisbach
friction factor; D is the equivalent diameter of the hydraulic frac-
ture, which is calculated by: D¼ 4� (A/S), m, A indicates the area of
a fracture cross section, m2, and S means the perimeter of the
fracture cross section, m.

There are many models for Darcy-Weisbach friction factor. In
this study, the Churchill equation (Churchill, 1997) is used:
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where Re represents the Reynolds number; e represents the
roughness of the hydraulic fracture, m; m is the fracturing fluid
viscosity, Pa�s.

(2) Rock deformation equation

After the pulsating pressure is generated, it is applied at rocks
and induces rock deformation. As shown in Fig. 1, the pulsating
pressure is applied at main fracture surface so it can be an internal
boundary condition for rock deformation. The governing equation
for rock deformation is from the classical elasticity theory (Peng
et al., 2021):

Gui;kk þ
G

1� 2n
uk;ki ¼ 0 (7)

where G represents the shear modulus of rock, G ¼ E
2ð1þ2nÞ, E rep-

resents the Young's modulus of rock, GPa; n represents Poisson's
ratio, u represents the rock displacement, m, subscript i and k
represent three directions.

When the stress induced by pulsating pressure satisfies with the
rock damage criteria, the microscopic fractures are generated. Ac-
cording to rock damage theory (Zhu et al., 2018), the rock proper-
ties, such as Young's modulus, are changed when the rock damage
occurs. Therefore, the damage variable is normal used to describe
the alternation of Young's modulus induced by rock damage:

Ed ¼ð1� dÞE0 (8)

where Ed represents the updated Young's modulus with rock
damage, GPa; E0 represents the initial Young's modulus, GPa;
d represents the damage variable. Substituting Eq. (8) into Eq. (7),
the updated stress solutions after rock damage occurs can be
obtained.

(3) Rock damage equation

According to the rock damage theory, the damage variable is
defined as the ratio of broken rock to the whole representative
volume element (Qu et al., 2019). Normally, it is assumed that the
mechanical properties of the whole representative volume element
are heterogeneous and the Weibull function is used to describe the
heterogeneous distribution of mechanical properties (Zhu andWei,
2011):

4ðzÞ¼m
z0
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z
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�m�1
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�
�
�
z
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(9)

where 4(z) is the probability density function of variable z; z0 is the
scale parameter of variable z; m is the homogeneity index of vari-
able z and represents the dispersion degree of variable z. In this
study, the strain in the whole representative element is assumed to
be heterogeneous and the damage variable d equals to the



Fig. 3. Illustration of equipment in Zhai's experiment (a) and numerical geometry (b).
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integration of Weibull distribution of strain:

dðεÞ¼
ð
ε

0
4ðεÞdε (10)

When the strain of the whole representative volume element is
less than the threshold value ε0, the representative volume element
belongs to elastic stage. Otherwise, the rock damage occurs.
Therefore, the damage variable model is as follows:

dðεÞ¼
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(11)

In this study, the maximum tensile criterion is used to judge
whether the rock is broken so the threshold value of strain (ε0):

ε0 ¼
sts
E

(12)

where sts is the tensile strength of rock, MPa.

2.3. Numerical solving method

In order to numerically simulate the above three physical pro-
cesses, three governing equations are used. The numerical solving
method of these governing equations is complicated, the semi-
explicit method is used to simplify the solving difficulty. The
whole process is divided into several time steps. In each step, (1)
the flow equations (Eq. (1)~(2)) that describes the pulsating pres-
sure propagation behavior are first solved. (2) This solution is
substituted into the rock deformation equation (Eq. (7)) to solve
rock stress solution. (3) If the rock stress solution satisfies the
damage criteria (Eq. (11)), the rock damage variable (Eq. (8)) would
be updated. (4) The updated damage variable is then substituted
into rock deformation equation to update the stress solution. If the
updated stress solution also satisfies the damage criteria, the rock
damage variable would be updated as well. (5) The fully coupled
process terminates until the damage variable stop changing. One
time step is finished and then the following time step continue to
solve. The flow chart of semi-explicit method is shown in Fig. 2.

2.4. Model validation

(1) Validation of flow equation

In order to validate the flow equation as shown in Eq. (1)~,(6),
the experimental data obtained by Zhai et al. (2015) is compared
Fig. 2. Flow chart of sem
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with the numerical simulation data. The information of steel tube
used in Zhai's experiment is shown in Fig. 3(a) and its length is
4.5 m and 6measure points tomeasure pressure. The geometry and
boundary condition used in the numerical simulation is shown in
Fig. 3(b) and they are same with the ones in Zhai's experiment. The
injection fluid is water and its density is 1000 kg/m3 and viscosity is
3 mPa‧s. The fluid is injected from the left side and the no flow
boundary condition is set at the right end of pipe. The injection
pressure is the pressure at Point 1 (P1) which is collected from the
published paper of Zhai et al. (2015). The pressure at the Point 6
(P6) is used to validate the numerical result, as shown in Fig. 4. The
average error between experimental and numerical results is only
1.01%. It indicates that the numerical model in this study is valid
and can be used to analyze pressure applied at rock surface. The
average error is calculated by Eq. (13):

d¼1
n

Xn
i¼1

��Vsim;i � Vcount;i
��

Vcount;i
� 100% (13)

where d is the error, Vsim is the simulation data, Vcount is the
counterpart datawhich is experimental data or theoretical data, n is
the number of data, i represents the data order.

(2) Validation of rock deformation equation

The stress induced by pulsating pressure that is described by Eq.
(7) so the accuracy of this equation is important to analysis of rock
damage induced by pulsating pressure. The geometry and bound-
ary conditions in numerical simulation are shown in Fig. 5. The rock
with a fracture is applied by two kinds of stress: maximum hori-
zontal stress (sH) and minimum horizontal stress (sh). The homo-
geneous pressure (p) is applied at fracture surface. In this case, the
conformal transformation method can calculate the stress around
i-explicit method.



Fig. 4. Comparison between experimental and numerical results of fluid flow.

Fig. 5. Illustration of numerical model for validation of rock deformation equation.

Fig. 6. Comparison between experimental and numerical results of rock deformation.
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ellipse fracture (Peng et al., 2021) and the theoretical solution was
proposed by Liu C. et al. (2022).

Fig. 6 shows the comparison between theoretical and numerical
solutions for rock deformation equation. The parameters used in
this case are also shown in Fig. 6. The average error between nu-
merical solution and theoretical solution is also calculated by Eq.
(13) and this average error is only 0.25%. It indicates that the gov-
erning equation for rock deformation is valid and can be used to
analyze stress induced by pulsating pressure. However, the errors
at low angle (0�~10�) are 4.01% and higher than ones at large angle.
It is because that grids at low angle area cannot accurately repre-
sent its geometry and those grid inaccuracy bring higher errors at
this area.

3. Mechanism of damage zone induced by pulsating pressure

3.1. Numerical model geometry and conditions

In this section, the characteristic of damage zone induced by
pulsating pressure is investigated by numerical simulation. The 2D
geometry model and boundary conditions are shown in Fig. 7. It is
common that the hydraulic fracture propagation simulation is
assumed as a 2D plane strain issue (Lei et al., 2021). With this
assumption, it can decrease the solving difficulty and it is suitable
when the fracture height is constant. The whole rectangle repre-
sents a reservoir, the ellipse in the center represents a half hydraulic
fracture. The fluid is injected from the center of hydraulic fracture
as shown a red point. The quarter of the whole geometry is selected
due to the symmetry as shown in the right figure in Fig. 7. The right
and bottom boundaries are applied by in-situ stress, sH and sh,
respectively. The left and top right boundaries are applied by roller
supports due to the symmetry of the whole geometry. The top left
boundary is the hydraulic fracture surface and is applied by the
pulsating pressure generated by fluid injection. The half-length of
hydraulic fracture is 100 m and the maximum width of hydraulic
fracture is 0.05 m. The quarter geometry size is 150 � 150 m. The
pressure of the injection point is assumed as follows:

pin ¼p0 þ pam sinð2ptf Þ (14)

where p0 is the average value of injection pressure, MPa; pam is the
amplitude value of injection pressure, MPa; f is the frequency of
injection pressure, Hz; t is the time, s. The parameter values in the
numerical simulation are shown in Table 1.

3.2. Characteristics of damage zone generated by pulsating pressure

After the common hydraulic fracturing is finished, the main
hydraulic fracture is generated and then the high-frequency PHF is
used to generate secondary fractures around the main hydraulic
fracture. In this study, the rock damage is used to represent the
initiation of secondary fractures generated by pulsating pressure.

The numerical solutions of rock damage zones around the main
hydraulic fracture are shown in Fig. 8. There are three main char-
acteristics of damage zones. (1) The damage zones are generated at
different time. The time sequence of damage zones is Damage Zone
1, Damage Zone 2, Damage Zone 3 and Damage Zone 4. It indicates
that enough time span is required to obtainmore damage zones. (2)
The required time span is not so big. The number of damage zones
are fixed after a short time span. After 0.371 s, all the 4 damage
zones are generated. After that, only the area of damage zones
(represented by the black zones in Fig. 8) increases and the damage
zone in the middle locations (zone 2 and zone 3 in this case)
generate higher damage area than those in other locations as
shown in Fig. 9. (3) The spatial distance between two nearby



Fig. 7. Illustration of simulation model geometry and boundary conditions.

Table 1
Parameter values for numerical simulation (values cited from Zhu and Wei, 2011;
Peng et al., 2021; Hou et al., 2022b).

Symbol Value Unit Physical meaning

sH 25 MPa Maximum horizontal stress
sh 15 MPa Minimum horizontal stress
sts 2 MPa Tensile strength
spr 80 MPa Compression strength
p0 10 MPa Average value of injection pressure
pam 8 MPa Amplitude value of injection pressure
f 25 Hz Frequency of injection pressure
r 2450 kg/m3 Rock density
E0 20 GPa Young's modulus
y 0.25 Poisson's ratio
m 1 mPa$s Fluid viscosity
m 2 e homogeneity index
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damage zones is about 28 m as shown in Fig. 8. It indicates that the
zones around main hydraulic fracture can be fully stimulated by
high-frequency PHF. The whole fracturing process includes two
main modules: the conventional fracturing and the high-frequency
PHF, therefore, the whole stimulation time equals to the sum of
time for conventional fracturing and the time for the high-
frequency PHF. In Figs. 8 and 9, the time value is only the time for
the high-frequency PHF and it represents howmuch time the high-
frequency pressure is applied to the rock.

In order to emphasize on the characteristics of secondary frac-
ture initiation, based on the above numerical simulation setting,
the pressure at injection point (red point in Fig. 7) is set as a con-
stant value and this condition occurs in the common hydraulic
fracturing (Goyal et al., 2020; Li M. et al., 2022). Normally, the
pressure inside main fracture equals the sum of minimum
Fig. 8. Damage zone evolution during pulsating hydraulic fracturing stimulation (those tim
fracture).
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horizontal stress and rock tensile strength. According to the pa-
rameters in Table 1, the pressure in this case is set as 22 MPa. The
damage zone in this case is shown in Fig. 10. It is obvious that the
common fracturing method only induces one damage zone at main
fracture tip. It indicates the main fracture propagates. Its phe-
nomenon is widely accepted by academic society (Lei et al., 2021).
The difference of damage zone between Figs. 8 and 10 clearly il-
lustrates the advantage of high-frequency PHF. This new hydraulic
fracturing method can induce secondary fracture around the main
fracture. It enhances the connectivity between main fractures and
the whole fracture network volume, which can further enhance
productivity.
3.3. Mechanism of damage zone generation

In this study, the tensile stress criterion is used to evaluate the
damage zone generation. According to the geometry used in nu-
merical simulation, the tensile stress around the main hydraulic
fracture is stress in the x-direction (sx). The mechanism of damage
zone generation can be analyzed by the sx distribution around the
main hydraulic fracture, as shown in Fig. 11. When the sx is larger
than the tensile strength (2 MPa in this case), the rock damage is
generated.

During the PHF stimulation, the sx is always heterogeneous
distribution along the main fracture. However, its distribution is
time-dependent, therefore, all damage zones are not generated at
same time and their generations occur from Zone 1 to Zone 4, as
shown in Figs. 8 and 11. Fig. 12 shows the stress distribution
induced by the common hydraulic fracturing stimulation (pressure
inside main fracture is constant). The stress only has an obvious
change at fracture tip due to the stress concentration and only the
e values are the time spans after pulsating pressure starts to be applied at the main



Fig. 9. Damage zone area evolution.

Fig. 10. Damage zone induced by common hydraulic fracturing stimulation (the
pressure applied at rocks is constant and its value is 22 MPa which exceeds the
minimum horizontal stress).
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stress around fracture tip exceeds tensile strength. The difference of
stress distribution generated by these two methods (as shown in
Figs. 11 and 12) clearly illustrates the mechanism of damage zone
generation induced by the PHF. The high-frequency PHF can induce
tensile stress in the middle of main fracture and this tensile stress
can exceed tensile strength. This spatial stress distribution results
in the damage initiation.

In addition, the stress result from the above numerical simula-
tion is further to compared with the theoretical solution to valid its
accuracy. The stress solution induced by the heterogeneous distri-
bution pressure inside fracture is extremely hard to be derived. In
order to simplify the difficulty, the theoretical solution ignores the
fracture existence and it is derived from the simple structure: the
heterogeneous distribution pressure is applied at a semi-infinite
solid as shown in Fig. 13(a). Based on the elasticity theory, the
theoretical solution of sx in this case is:

sxðtÞ¼ � 2
p

ðh
h0

pðx; tÞx3dxh
x2 þ ðy� xÞ2

i2 (15)

where x, y are the coordinate components in two directions as
shown in Fig. 13(a); x is the internal integration variable; h and h0
are two ends of integration path; p(x, t) is the dynamic pressure and
can be obtained from the above simulation.

In order to compare with the theoretical solution, the almost
same conditions are set for numerical simulation model but a
fracture surface exists in numerical simulation, as shown in
Fig. 13(b). The parameters used for theoretical and numerical so-
lutions are shown in Table 1.

The comparison of stress distribution between theoretical and
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numerical solutions is shown in Fig. 14. It is obvious that stress
distribution trends of theoretical and numerical solutions are same.
If the homogeneous distribution pressure is applied at two models,
stress distributions at fracture surface is also constant shown by the
dashed lines in Fig. 14(a). Otherwise, if the heterogeneous distri-
bution pressure is applied at two models, both theoretical and
numerical models obtain the heterogeneous stress distributions at
fracture surface shown by the solid lines in Fig. 14(a) and their
alternation behaviors are the same but they have different values at
some locations.

The gap between their values is induced by the difference of
boundary conditions. The numerical simulation has a fracture
structure but the theoretical model cannot have a fracture struc-
ture. The impact of boundary condition on stress solution can also
be illustrated by the difference of solutions from the constant
pressure as shown by the dashed lines in Fig. 14(a). In order to
cancel out this impact, the difference of stress solutions from ho-
mogeneous pressure and heterogeneous pressure is shown in
Fig. 14(b). In this case, the numerical solutions are almost the same
with the theoretical solutions, and their average error is only 2.03%
as shown in Fig. 14(b).

From the above analysis, the numerical solution has a same
alternation trend from the theoretical solution; their values are
almost the same if the impact of boundary condition is canceled
out. Therefore, the numerical solutions shown in Figs. 8 and 11 are
reliable. The heterogeneous stress distribution can really be
induced by the heterogeneous distribution of pressure inside
fracture during the PHF stimulation, and this heterogeneous stress
distribution can really be induced tensile stress and damage zones
around the main fracture. These solutions prove that high-
frequency PHF method has a huge potential to initiate secondary
fractures, enhance the connectivity between main fractures and
increase fracture network volume.

4. Sensitivity study

In order to illustrate the factors affecting on damage zone gen-
eration, several sensitivity studies with the same geometry size in
Fig. 7 are conducted in this section. Two groups of impact factors
are investigated and they are geomechanical and stimulation
factors.

4.1. Impact of geomechanical impact

In order to find out what kind of reservoir can be stimulated by
high-frequency PHF, the impact of geomechanical properties on
stress distribution is first investigated.

(1) Young's modulus

Normally, the Young's modulus range of rocks in reservoirs is
15~40 GPa so this range of Young's modulus is selected and other
input parameters are the same with ones in Table 1. The numerical
solution of stress around main fracture is shown in Fig. 15. It is clear
that Young's modulus almost has no obvious impact of stress dis-
tribution. It is consistent with theoretical solution as shown in Eq.
(15). The stress solution has no relationship with Young's modulus
and it relates to pressure, boundary condition and fracture geom-
etry size.

(2) in-situ stress

The hydraulic fracture propagation is importantly affected by
the in-situ stress, especially the difference between two horizontal
stresses. In this section, the range of stress difference is set as



Fig. 11. Stress distribution evolution during pulsating hydraulic fracturing stimulation.

Fig. 12. Stress distribution induced by common hydraulic fracturing stimulation (the
pressure applied at rocks is constant and its value is 22 MPa which exceeds the
minimum horizontal stress.).
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7e13 MPa and two groups are conducted, respectively: in one
group, the maximum horizontal stress remains the same and only
minimum stress changes; in the other group, the minimum hori-
zontal stress remains the same and only maximum stress changes.

The stress solution is shown in Fig. 16. If the minimum stress
changes, the tensile stress values alternate sharply but the
compressive stress values are almost same, as shown in Fig. 16(a). If
themaximum stress changes, all the stress values along the fracture
surface alternate and the maximum tensile stress increases with
stress difference, as shown in Fig. 16(b). The alternation of mini-
mum stress plays a more important role on stress alternation than
that of maximum stress. This phenomenon indicates that the
minimum horizontal stress has more important impact on stress
than that of the minimum one.

(3) Tensile strength

In this study, the rock damage is analyzed by maximum stress
criterion as shown in Eqs. (11) and (12), therefore, the tensile
strength is important for damage zone generation. The tensile
strength range is set as 0.1e15 MPa and other parameters are
shown in Table 1. The damage area evolutions for those cases are
shown in Fig. 17. It is clear that the tensile strength decreases
damage area. The damage area is extremely low and even fails to be



Fig. 13. Illustration about geometry models of theoretical and simulation.

Fig. 14. Comparison of stress distribution between theoretical and numerical solutions.

Fig. 15. The impact of Young's modulus on stress distribution.
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generated after tensile strength exceeds 10MPa. For the majority of
reservoirs, the tensile strength is hard to exceed 10 MPa, therefore,
this new hydraulic fracturing method can be widely applied.

The above solutions show that the damage zone generation
difficulty magnitude has slight relationship with geomechanical
factors. It indicates that the high-frequency PHF has a wide appli-
cation potential for reservoirs with tough geomechanical
properties.

4.2. Impact of stimulation factors

In the above simulations, the stimulation schedule remains the
same. In order to find out how to improve stimulation efficiency,
the impacts of stimulation factors on stress distribution are inves-
tigated in this section. The stimulation factors include average value
of injection pressure (p0), amplitude value of injection pressure
(pam) and frequency (f).

(1) Average value of injection pressure

Previous studies show that one of advantages of pulsating hy-
draulic fracturing is decreasing the injecting pressure (Hou et al.,
2021), therefore, in this section, the average value of injection
pressure (p0) is set below the minimum horizontal stress. The other
parameters are the same with ones in Table 1. The solutions of
stress affected by average value of injection pressure (p0) is shown
in Fig. 18.

The impact of average value of injection pressure has a signifi-
cant impact on stress distribution. The PHF can generate a dynamic
pressure wave (Hou et al., 2022b) and its pressure is mainly
dependent on superposition of several pressure waves. The pres-
sure applied at fracture surface is heterogeneous, as shown in
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Fig.18(b). The pressure applied at the location of wave peak is larger
than the one at the location of wave trough. According the classical
elasticity theory, the tensile stress can be generated by this kind of
pressure distribution. If the p0 is small, the pressure at wave trough
is low and even a negative pressure value can be generated, as
shown in Fig. 18(b). In this case, the tensile stress at wave trough is
easily generated, as shown in Fig.18(a). Therefore, the average value
of injection pressure (p0) has a significant impact of stress
distribution.



Fig. 16. The impact of in-situ stress difference on stress distribution.

Fig. 17. Damage zone area evolution for rocks with different tensile strength values.

Fig. 18. The impact of average value of inj
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(2) Amplitude value of injection pressure

Amplitude value of injection pressure is one of important factors
affecting pressure wave (Hou et al., 2022b), therefore, in this sec-
tion, the amplitude value of injection pressure (pam) is alternated
but the other parameters are the same with ones in Table 1. The
solutions of stress affected by amplitude value of injection pressure
(pam) is shown in Fig. 19.

The impact of amplitude value of injection pressure (pam) has a
significant impact on stress distribution. It is obvious that the
maximum tensile stress increases with amplitude value of injection
pressure (pam). The alternation amplitude of maximum tensile
stress is about 3 times higher than the amplitude value of injection
pressure (pam). The maximum tensile stress can be easily controlled
by the amplitude value of injection pressure (pam), therefore, the
difficulty magnitude of damage zone generation can be decreased
by increasing amplitude value of injection pressure (pam).

(3) Frequency of injection pressure

Frequency of injection pressure is the other of important factors
ection pressure on stress distribution.



Fig. 19. The impact of amplitude value of injection pressure on stress distribution.

Fig. 20. Spatial-temporal map of damage value evolution for different frequency
values.
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affecting pressure wave (Hou et al., 2022b), therefore, in this sec-
tion, the frequency (f) is alternated but the other parameters are the
same with ones in Table 1. The superposition of pressure wave
occurs when the frequency exceeds 10 Hz for a 100 m-length
fracture (Hou et al., 2022b), therefore, the frequency range is set
from 15e50 Hz.

The spatial-temporal map of damage value evolution is shown
in Fig. 20. It can be clearly seen that the frequency has an important
role on damage zone evolution. Firstly, frequency has a close rela-
tionship with the damage zone number and the distance between
two adjacent zones. Normally, the damage zone number increases
with frequency, except for 30 Hz. There is only one damage zone
when the frequency is 15 Hz, while, this number significantly in-
creases to 4 when the frequency is 25 Hz, and it continuously in-
creases to 7when the frequency is 50 Hz. The distance between two
adjacent damage zones decreases with frequency increases. This
distance is 25 m when the frequency is 25 Hz and it decreases to
14 mwhen the frequency is 50 Hz. Secondly, frequency also affects
maximum damage value. Although some frequency (f ¼ 30 Hz,
50 Hz) obtainmany damage zones, their maximum damage value is
few. In this case, secondary fracture cannot be efficiently generated.
In addition, Fig. 21 shows the stress distributions in the above cases.
When the frequency values equal 25 and 40 Hz, the maximum
tensile stress exists so the rock can be totally broken and the
damage variable reaches at 1. In the other cases, there is no tensile
stress so the rock cannot be totally broken and the damage variable
is slight. It indicates that the frequency should be carefully selected
and this principle is required more studies in the further.

(4) Importance magnitude of sensitive factors

If a factor affects fracture initiation significantly, the area of
damage zone is large, therefore, the area value of damage zone can
represent the importance of a factor. In order to compare the
importance magnitudes between the above factors, the Pearson
correlation coefficient method is used. This method can judge
whether a factor has a linear relationship with the area value of
damage zone. If the linear relationship is satisfied, the importance
magnitudes of those factors can be compared by the slopes of linear
relationship functions.

Table 2 shows analysis results of the above factors based on the
Pearson correlation coefficient method. Based on the criterion of
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this method, if the correlation coefficient (|r|) exceeds 0.8, the factor
has a linear relationship with the area value of damage zone. Based
on the results, the factors having a linear relationship includes:
Young modulus (E0), the maximum horizontal stress (sH), the
minimum horizontal stress (sh), the tensile strength (sst), the
average pressure (p0) and the pressure amplitude (pam). The
importance magnitude can be judged by the slope value (|k|). The



Fig. 21. The impact of frequency of injection pressure on stress distribution.
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order of importance magnitude of these factors is: the pressure
amplitude (pam), the average pressure (p0), the minimum hori-
zontal stress (sh), the maximum horizontal stress (sH) and Young
modulus (E0).

From Fig. 20, it can be seen that the frequency has an important
role in damage zone. However, the correlation coefficient (|r|) of
frequency (f) is less than 0.8, so it does not have a linear relationship
with area value of damage zone. The importance magnitude of
frequency (f) cannot be directly compared with others. In order to
simplify the comparison, the sensitivity index is proposed as shown
in Eq. (16). It is the ratio of maximum alternation of damage zone
area to the maximum alternation of factors. The ratio results of
Table 2
Comparison results of importance magnitude between different factors.

Factor symbol (unit) Factor values Damage zone ar

E0, GPa 15 286.39
20 284.97
25 282.24
40 281.10

sh, MPa 12 362.89
15 284.91
18 154.57

sH, MPa 22 302.43
25 284.97
28 265.65

sst, MPa 0.1 830.57
2 284.97
5 168.34
10 45.91
15 0.00

p0, MPa 6 655.35
8 490.13
10 284.97
12 130.91
14 24.31

pam, MPa 4 0.00
6 0.00
8 284.97
10 757.27
12 1199.70

f, Hz 15 0.00
25 284.97
30 0.00
40 677.72
50 0.00
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these factors are shown in Table 2. Based on these results, the
importance magnitude of frequency is higher than the one of the
maximum horizontal stress (sH). Based on these results, it is clear
that the importance magnitudes of stimulation parameters (like p0,
pam and f) is much greater than ones of geomechanical properties.
Therefore, this new method can efficiently stimulate reservoirs.

b¼ ymax � ymin
xmax � xmin

(16)

where b represents sensitivity index of factor; y represents the area
value of damage zone; x represents the value of a factor; the
subscript ‘max’ represents the maximum value; the subscript ‘min’
represents the minimum value.
4.3. Application potential of high-frequency pulsating hydraulic
fracturing

Based on the above analysis, the stimulation factors can signif-
icantly improve efficiency of damage zone generation, but the
geomechanical characteristics in the above ones are not too tough.
In this section, the potential of this new hydraulic fracturing
method applied at some tough conditions is investigated.

(1) Reservoir with high maximum horizontal stress

When the maximum horizontal stress increases, the damage
zone generation becomes difficulty, as shown in Fig. 16(b). How-
ever, the amplitude and frequency of injection pressure can
decrease damage zone generation difficulty as shown in Figs.19 and
20. In this section, the very tough condition of maximum horizontal
stress is set and the optimized amplitude and frequency for this
tough condition is found out. The maximum horizontal stress is set
as 40 MPa and the stress difference between maximum and
ea, m2 |r| |k| b

0.92 4.13 0.21

0.99 520.80 34.72

1.00 153.28 6.13

0.81 89.01 55.74

0.99 810.65 78.88

0.96 1262.70 149.96

0.21 e 19.36



Fig. 22. Stress distribution in the condition of high maximum horizontal stress.
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minimum stress is 20 MPa, other parameters are the same with
ones in Table 1.

The stress distribution solution in this case is shown in Fig. 22. It
is obvious that the maximum tensile stress does not exceed the
tensile strength (shown as the black solid line), therefore, no
damage zone is generated in these stimulation parameters shown
in Table 1. Based on the above analysis in Section 4.2, there are two
ways to improve stimulation efficiency. It is clearly seen from
Fig. 22(a) that the maximum tensile stress exceeds the tensile
strength if the pressure amplitude is 12 MPa. The other way to
improve stimulation efficiency is to increase frequency. It is clearly
seen from Fig. 22(b) that the maximum tensile stress exceeds the
tensile strength if the frequency is 40 Hz and the damage zone
number also increases in this case.

(2) Reservoir with high tensile strength

When the tensile strength exceeds 10 MPa, the damage gener-
ation becomes difficult as shown in Fig. 17. In this section, the very
high tensile strength value (15 MPa) that rarely occurs in real res-
ervoirs is set and the optimized amplitude and frequency for this
Fig. 23. Stress distribution in the c
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tough condition is found out, other parameters are the same with
ones in Table 1.

The stress distribution solution in this case is shown in Fig. 23. It
is obvious that the damage zone can also be generated through
optimizing pressure amplitude or frequency of injection pressure
under this tough condition. Fig. 23(a) shows that the maximum
tensile stress exceeds the tensile strength if the pressure amplitude
is 12 MPa. Fig. 23(b) shows that the maximum tensile stress ex-
ceeds the tensile strength if the frequency is 40 Hz and the damage
zone number also increases in this case.

The above solutions show that the damage zone generation
difficulty magnitude has a significant relationship with stimulation
factors. The damage generation difficulty can simply decrease by
optimizing pressure amplitude or frequency of injection pressure. It
indicates that the high-frequency PHF has a wide application po-
tential for reservoirs even with tough geomechanical properties.

(3) Discussion about impacts of roughness and natural fractures

The surface of hydraulic fracture is usually rough and natural
fractures are usually existed in reservoirs. The roughness of
ondition of high tensile stress.
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hydraulic fracture enhances the friction of fluid flow, and the nat-
ural fractures make the fluid leak from the HF into reservoir (Zhang
et al., 2019; Wang et al., 2023). These phenomena normally make
pressure inside fracture decrease (Hou et al., 2021; Cao and Sharma,
2022). If impacts of roughness and natural fractures are considered,
the pressure inside fracture is lower than that without these im-
pacts. The lower pressure inside fracture decreases the hydraulic
fracture width and length (Cao and Sharma, 2022; Li N. et al., 2022).
For the conventional hydraulic fracturing method, there are several
models representing the impact of roughness on pressure. How-
ever, the fluid flow velocity for the high-frequency PHF significantly
alternates, which is different from the one for the conventional
hydraulic fracturing method. The impact of roughness on the
pressure in this case is rarely investigated and there is no appro-
priatemodel to represent the impact of roughness. In this study, the
accurate pressure alternation behavior induced by roughness and
natural fractures cannot be predicted. According to the studies for
the conventional hydraulic fracturing, the pressure inside fracture
with these impacts can decrease. In this case, the generation diffi-
culty of damage zone induced by the PHF increases and the
application potential of the PHF can be restricted. The thorough
investigation about impacts of roughness and natural fractures is
required to be conducted in the future. In addition, the advantage of
the PHF is to generate several damage zones around hydraulic
fractures. The permeability of damage zone increases by several
orders (Jiang et al., 2010; Zhu and Wei, 2011). The initial perme-
ability range of shale reservoir and tight reservoir is from nano-
darcy to micro-darcy. The production rate is low even after hy-
draulic fracturing. Several studies show that the oil and gas pro-
duction of shale and tight reservoir will increase by about 163% if
the permeability increase by 2 orders (Cui et al., 2018). Therefore,
the high-frequency PHF is a promising method. The accurate pro-
duction performance of the high-frequency PHF is required to be
conducted in the future.

5. Conclusion

In order to investigate the mechanism of secondary fracture
initiation induced by high-frequency PHF, a coupled numerical
simulation model is proposed. Its validation is verified through
experimental and theoretical solutions. Based on this model, the
controlling factors are found out and its application potential for
reservoirs is shown. The main conclusions are as follows.

(1) The coupled numerical simulation to investigate damage
zone induced by the high-frequency PHF is valid. Through
comparison with experimental and theoretical data, the
average error of this simulation is less than 1%.

(1) The high-frequency PHF can induce many secondary frac-
tures around the main fracture. This secondary fracture
network is different from the one induced by the common
hydraulic fracturing. It is because that the high-frequency
PHF can induce tensile stress in several areas around the
main fracture.

(3) The key geomechanical factors affecting secondary fracture
initiation include the tensile strength and in-situ stress.

(4) The importance magnitudes of stimulation parameters are
normally larger than ones of geomechanical properties. The
average and amplitude of pressure can increase possibility of
secondary fracture initiation. The frequency of pressure can
increase number of secondary fractures. It indicates that this
new method has a wide application potential.
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