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Abstract: Pulse hydraulic fracturing is capable of creating intricate seam networks for improved
reservoir recovery, but its dynamic damage mechanism remains unclear, limiting its scientific guid-
ance for fracturing construction. This study combined the statistical damage and viscoelastic models
according to the D-P criterion and fluid flow continuity equation to establish a mathematical model
of the fluid–solid coupling under pulsed hydraulic pressure. The finite element approach was used
to investigate the dynamic response and damage accumulation law of tight reservoirs under various
pulse parameters. The model’s correctness was verified with indoor triaxial pulse hydraulic fracturing
studies, and the Changqing oilfield’s pulse hydraulic fracturing parameters were optimized. The
results showed that the rock body around the borehole sustained dynamic damage when exposed
to pulsed fluid pressure. The impact force increases with frequency; however, when the frequency
is too high, the dynamic pore pressure cannot be stabilized. Consequently, the damage to the rock
mass starts to increase and then progressively decreases with higher pulse frequencies. The ideal
frequency was found to be 1 Hz. The rock body steadily accumulates damage as the number of pulses
rises, increasing the damage value gradually. At the same frequency, the damage is higher for larger
pulse amplitudes and ground stress differences, as well as a smaller modulus of elasticity. Pulse
cycling reduces the rupture pressure by up to 26% compared to conventional hydraulic fracturing.
Moreover, the Sine wave is 4–20% better than the triangle wave. The pulse damage mechanism and
parameter optimization in this paper provide theoretical support for improving the effect of hydraulic
fracture modification.

Keywords: tight reservoir; pulse cycle; rupture pressure; dynamic damage

1. Introduction

After a 24-year decline in oil production, tight oil and gas research in North Amer-
ica has sparked significant progress in reservoir development [1]. The oil and gas re-
serves in China exceed 200 × 108 t, with recoverable reserves ranging from 20 × 108 t to
25 × 108 t [2]. Tight reservoir fracturing and reformation primarily use horizontal well vol-
ume fracturing technology, underdeveloped natural fractures, and poor volume fracturing
reformation [3,4]. Hydraulic fracturing may form a single principal fracture when the hori-
zontal principal stress is high [5], hindering tight reservoir exploration and development.
A new technology is needed to solve the above problems.

In the beneficiation of low-rank coal, dynamics simulation analyses have yielded
excellent results [6,7], and scholars are gradually applying dynamics in fracturing. Pulse
hydraulic fracturing effectively reduces the fracture initiation pressure during coalbed
methane extraction, producing a significant fracture network near the wellbore [8,9]. Matin
et al. [10] found that the stress concentration around the wellbore during pulsed hydraulic
fracturing has a significant effect on fracture extension. Xi et al. [11] developed a new pulse
loading method in order to accurately predict rock fractures downhole. Using 3D printing
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technology, Xia Y et al. [12,13] recreated columnar jointed rock bodies by sampling window
technique sampling, comparing similar constants, and empirically verifying them. This
opened up new avenues for research in rock engineering. Subsequently, Xia Y et al. [14]
conducted true triaxial compression tests on 3D-printed specimens and compared them
with the compression tests of real rocks, as well as investigated the mechanical properties of
jointed rock damage [15,16], which provided a direction for rock mechanics research. Luke
P. Frash et al. [17] modified granite via secondary pulsed hydraulic fracturing after con-
ventional fracturing. The results showed a significant increase in permeability, secondary
fracture development, and further extension, intersection, and formation of penetration
joints in the primary fractures. This technique was more successful in enhancing the pen-
etration than repeated conventional fracture modification. Wu et al. [18] found that the
fracture development was better, and the fracture initiation pressure decreased and then
increased with the pulsation frequency, and there existed an optimal frequency through
pulsed hydraulic fracturing experiments. In order to obtain more complex fracture en-
hancement extraction [19,20], Cappa F [21] used in situ fracturing pulses to study different
control flow patterns and analyze the field data with simulation. Chen et al. [22] used
an experimental method to analyze the influence of fluid pressure, strain rate, pulsation
amplitude, and other factors on rock damage and crack extension and found that the pulse
parameters mainly influence the extension scale of microcracks. Xie et al. [23] investigated
the influence law of pulsating hydraulic fracturing on the pore structure of coal; with the
increase of pulsating load, the pores in the samples increased, which is more favorable
to the extension of the cracks to a certain extent. Li et al. [24] showed that pulsating
cycle hydraulic fracturing can reduce fracture initiation pressure by 20% compared with
conventional hydraulic fracturing. Stephansson et al. [25] concluded on the basis of their
experiments that the use of pulsed hydraulic fracturing reduces the breakdown pressure
by almost 20 percent compared to conventional HF. Diaz et al. [26] used an experimental
study to investigate the effect of different cycle time intervals on crack propagation under
maximum pulsation cycling and showed that the number of cycles required for crack
initiation decreases with increasing time intervals. Wu Jinjun et al. [27] analyzed the pulse
fracturing feasibility in low-permeability coal seams, finding that multiple peak pressures
extended the crack length and created secondary cracks during pressure relief. Zhang
et al. [28] proposed pulse hydraulic injection fracturing for coal seams to create a volumet-
ric seam network and reduce fracture initiation pressure. However, minimal studies are
available regarding pulse fracturing law and frequency optimization. Nie et al. [29] devel-
oped low-frequency hydraulic pulsation fracturing technology to improve sand transport,
support fractures, and reduce construction pressure. However, hydraulic pulsation can
cause fatigue damage to rocks, especially at lower frequencies. He et al. [30] proposed a
rectangular pulse hydraulic fracturing technique, which can be used to obtain the optimum
fluid pressure in different rocks with the optimum frequency and damping coefficient.
Wei et al. [31] conducted strength tests under different pulse pressures, established rock
damage evolution models, and explored the laws of pulse pressure and crack extension.
Anjun et al. [32] investigated the effect of cyclic loading and its parameters on coal rock
fracturing and found that permeability can be increased by cyclic loading, and the lower
the loading frequency, the better the fracture extension. Pulse hydraulic fracturing is a new
technology that aims to reduce fracturing challenges and improve fracture modification.
Although exploratory tests have been conducted, the mechanism and cumulative damage
effect remain unclear.

This paper combines statistical damage and viscoelastic models to create a dynamic
damage ontology model for dense rock using the D-P criterion and fluid flow continuity
equation. The finite element method is used to analyze the dynamic response law of dense
rock and the evolution law of pulse cycle fracturing damage and explore the fatigue damage
mechanism. Based on the mechanical characteristics of the rock in tight reservoirs, pulse
cycle hydraulic fracturing similarity experiments were conducted to verify the accuracy
of the method, and the relevant parameters of the field wells were optimized. The pulse



Processes 2023, 11, 3398 3 of 23

damage mechanism and parameter optimization in this paper provide theoretical support
for improving the effect of hydraulic fracture modification.

2. The Theory of Pulse Hydraulic Fracturing Model
2.1. Dynamic Damage Intrinsic Modeling of Rocks
2.1.1. Basic Assumption

To establish an intrinsic rock damage model under the combined action of dynamic
and static forces, this paper assumes the following:

1. The rock sample shown in Figure 1 consists of a viscous cylinder and a damaged body
with statistical and viscous characteristics.
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Figure 1. The time-damage model.

2. Before destruction, the material is a linear material. The mechanical properties of the
material after its destruction satisfy Hooke’s law.

3. In the case of static loading, the viscous body does not act; it only acts at a certain
loading rate. It obeys the following instantonal equation:

σb = η
dε

dt
(1)

where σb is the stress of the cohesive body and η is the coefficient of cohesion, reflecting the
cohesive properties of the rock.

4. Assuming that the intensity of the micrometeoroid conforms to the Weibull distribu-
tion rule, its probability density function is

p(F) =
m
F0
×
(

F
F0

)m−1
× exp

[
1
(

F
F0

)m]
(2)

2.1.2. Statistical Damage Variable

Statistical damage variables are used to characterize microdefects, microholes, and
other features because of their randomness and the premise that the strength of microunits
obeys statistical distribution. It is assumed that the number of failed microelements oc-
curring in the microelements under a certain load is N f and the total number is N. The
dynamic damage variable D′ based on Weibull distribution can be obtained by substituting
(2) as

D′ = 1− exp
[
−
(

F
F0

)m]
(3)

2.1.3. Strength of the Rock Microscopic Unit

For the damage mechanism of the rock body, the Drucker–Prager damage criterion is
used, and the strength of the rock microscopic unit is

F = f (σ) = αI1 +
√

J2 = k (4)

where α and k are the parameters related to the cohesion c and the angle of internal friction

φ of the rock mass, α = sin ϕ/
√

9 + 3 sin2 ϕ. I1 is the first invariant of the stress tensor, and
J2 is the second invariant of the stress bias.
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In the case of triaxial static load and repeated impact, there is not only an axial static
load σx on the axis but also an impact dynamic load σ and enclosing pressure (σ2 − σ3).
Therefore, it is obtained as follows:

I1 =
(σx + σa + 2σ3)Eε

σx + σa − 2υσ3
(5)

√
J2 =

(σx + σa − σ3)Eε√
3(σx + σa − 2υσ3)

(6)

2.1.4. Establishment of Damage Ontology Modeling

Taking into account a rock mass’s damage behavior under three-dimensional static
loading and repetitive impacts, the relationship between the damaged and viscous bodies
is expressed as ε = εa = εb, σ = σa + σb, where σ is the total impact stress of the combined
body in the axial direction and σa and σb are the impact stress suffered by the damaged and
viscous bodies, respectively. The intrinsic relationships of the assemblies are as follows:

σ = Eε
(
1− D′

)
+ υ
(
σy + σz

)
− σx + η

dε

dt
(7)

The intrinsic damage relationship of the rock mass under cyclic loading established
according to the Weibull distribution is

σ = Enε exp
[
−
(

F
F0

)m]
+ υ
(
σy + σz

)
− σx + η

dε

dt
(8)

2.2. Rock Damage Intrinsic Model

The rock damage intrinsic equation describes the changing law of the internal structure
and mechanical properties of the rock. From the theory of equivalent strain assumption, it
can be obtained as [

σ′
]
=

[σ]

(1− D)
=

[E] [ε]
(1− D)

(9)

The damage intrinsic equation for sandstone specimens under hydrodynamic cycling
is obtained as

σ1 = Eε1 exp
[
−
(

Eε1
(σ1 + σ3)− (σ1 + σ3) sin φ

2F[σ1 − µ(σ2 + σ3)]

)m]
+ µ(σ2 + σ3) (10)

The parameters F and m in the damage intrinsic model vary with the perimeter
pressure, and the relationship between F, m, and the perimeter pressure can be established
to obtain the damage intrinsic model under any perimeter pressure.

2.3. Rock Stress Equilibrium Equation

The total stress at a point in the rock σ includes three components, namely the pore
pressure in the wet fluid Pw, the average compressive stress in other nonwetting fluids pa,
and the effective stress σ, which is expressed as

σ = σ + (xpw + (1− x)pa)I (11)

where x is a dimensionless factor ranging from 0.0 to 1.0. The magnitude of this factor is
closely related to the adhesion between the fluid and the solid.

Since pa � pw, the effective stress is simplified as

σ = σ + xpwI (12)

Differential equilibrium equations of rock mass for deformation characteristics and
stability analysis of rock mass. Based on the principle of imaginary work, the balance
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equation weight function is considered a variant of the true velocity δvi, while the weight
function for the boundary conditions is considered as −δvi and integrated over the volume
of the microelement, resulting in∫

V
(σij,j + fi)σvidV −

∫
Sa
(σijnj − ti)σvidS = 0 (13)

The effective stress matrix is expressed as

σ = σ + pwm (14)

where pw is pore fluid pressure, Pa m = [1, 1, 1, 0, 0, 0]T .
When relating this to the intrinsic equation of the material, the matrix expression for

the equivalent force is obtained as follows:

σ = Dε + σ0 = D
(

ε +
pw − p0

w
3Kg

m
)
+ σ0 = Dε +

Dm
3Kg

pw −
Dm
3Kg

p0
w + σ0 (15)

When the surface and volume force vectors are considered conservative force loads,
and the large deformation effect is taken into account, then∫

V

[
1
J

BTd(Jσ) +
(

dBT
)

σ

]
dV =

∫
Sσ

NTdtdS +
∫

V
NTdfdV (16)

2.4. Fluid Seepage Equilibrium Equation

The fluid’s flow through a porous material at different pressures and temperatures,
as well as the relationship that results between pressure and flow, are described by the
equilibrium equation for fluid percolation. When the surface area of the rock is S, and the
volume of its microelement is V, then the mass change rate of the wet liquid within the
volume V is

d
dt

∫
V

ρwnwdV =
∫

v

1
J

d
dt

(Jρwnw)dV (17)

where nw is the porosity and ρw is the wet liquid density, kg/m3.
The mass of the wet liquid per flow into the microscopic cell body is

−
∫

S
ρwnwnT · vwdS (18)

where nT is the outer normal vector of the surface S and vw is the seepage velocity, m/s.
According to the mass conservation law, when the mass of the liquid entering the

micrometeoroid via the surface is equal to the increase in its own mass. The fluid flow
momentum equation is

vw = − 1
nwgρw

k ·
(

∂pw

∂x
− ρwg

)
(19)

where k is the permeability coefficient vector, unfactored, and g is the gravitational acceler-
ation vector, m/s2.

2.5. Cumulative Evolution of Cyclic Load Damage

Rocks with lower load levels and higher strengths will generally have comparatively
longer fatigue lifetimes. The S-N curve yields the top stress limit, which is as follows:

log
(

S− S f 1) = A− B log N (20)

where A, B are coefficients to be determined by the nature of the material.
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The effect of load frequency on fatigue life is

S = CN−A(1 + B log N f )C f (21)

where C f = 1 + a(1− bR) log f , A, B, C, a and b are relevant to the experiment.
Since the material’s stiffness gradually diminishes with reciprocating loads, it is

important to average the strain magnitude under each reciprocating load. To account for
the impact of load frequency on stress level, a correction factor η is added.

η =
σd
σc

= C1 + C2 log f (22)

Then, the corrected upper limit stress ratio is given by

S′ =
σmax

σd
=

σmax

Mr · σc
=

S
Mr

(23)

3. Examining the Pulse Parameter Influence Law
3.1. Cohesive Force Model

As shown in Figure 2, the ABAQUS cohesive element follows the traction separation
criterion when the normal-phase cohesive element surface stress is below tn; the stress is
proportional to the displacement, and the stress reaches tn, the cohesive element is damaged,
and the stress it can withstand gradually decreases with an increase in displacement. When
the displacement reaches dn, its strength declines to zero, and the cohesive element is
considered completely damaged.
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The two tangential directions display the same damage pattern. Cohesive elements
exhibit linear elasticity when the normal displacement is below the initial damage displace-
ment d0

n, softening when the stress reaches the tensile strength t0
n of the material. When

the complete damage displacement reaches normal damage displacement, and the tensile
stress is 0, the cohesive elements crack, which is expressed as

max
{

tn

t0
n

,
ts

t0
s

,
tt

t0
t

}
= 1 (24)

where t0
n is the critical stress normal to the cohesive elements, representing the tensile

strength of the rock, and t0
s and t0

t are the critical stresses in the first all-direction and the
second tangential direction, respectively.
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The cohesive cell expansion criterion uses stiffness degradation to describe the cell
damage evolution process and is generally expressed as

ts = (1− D)ts

tn =

{
(1− D)tn

tn
tt = (1− D)tt

(25)

where tn, ts, and tt are the stresses predicted in the normal direction, the first all-direction,
and the second tangential direction, respectively, of the cohesive cell at the current strain
according to the undamaged linear elastic traction–separation criterion. tn, ts, and tt are
the actual stresses in the three corresponding directions.

The damage factor of the linear stiffness degradation criterion is calculated as

D =
d f

m
(
dmax

m − d0
m
)

dmax
m

(
d f

m − d0
m

) (26)

where dmax
m is the maximum displacement amplitude reached by the unit during loading,

d f
m is the displacement amplitude when the unit is completely damaged, and d0

m is the
displacement amplitude of the unit at the time of initial damage.

When multiple types of damage are generated in the cohesive elements, the equivalent
displacement is introduced:

dm =
√

dn2 + d2
s + d2

t (27)

The damage factor, also known as the exponential stiffness degradation, is expressed
as

D = 1−
{

d0
m

dmax
m

}1−
1− exp

(
−α

(
dmax

m −d0
m

d f
m−d0

m

))
1− exp(−α)

 (28)

where α is an index describing the rate of crack expansion, and α defines the magnitude of
the rate at which the curve decreases.

3.2. The Finite Element Modelling of Circular Hydraulic Fracturing

The simulation analysis shown in Figure 3 used 2436 cpe4p units for formation and 88
coh2d4p units for cracks. Displacement constraints, impermeable boundaries, horizontal
maximum and minimum principal stresses, and pulsed cyclic water pressure were applied
to the shot hole eye section of the specimen.

The rock material parameters were simulated using a finite element model used for
cyclic load impact experiments by previous studies [33], as shown in Table 1.

Table 1. The rock dynamic material parameters.

Number of Impacts Dynamic Strength/MPa Modulus of Elasticity/GPa

1 55 50
2 50 46
3 40 39
4 35 31
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Studies [34] have shown that the strength of the rock in dynamic conditions displays
a power function relationship with the loading rate. The strain rate during the pulse
cycle simulation was extracted by the subroutine, while the cohesive material parameters
during the pulse cycle simulation were controlled according to the relationship between the
strength of the rock and the strain rate. Table 2 shows the specifically designed comparison
programs.

Table 2. The simulation comparison program design.

Groups Pulse
Frequency/Hz

Differential Ground
Stress/MPa

Modulus of
Elasticity/GPa

Maximum
Stress/Mpa Variant

A 1 4 28 40 ——
B 0.1–10 4 28 40 Frequency
C 1 0–12 28 40 Differential ground stress
D 1 4 22–46 40 Modulus of elasticity
E 1 4 28 37–42 Maximum stress

Group A represented the control group, while the B, C, D, and E variables denoted
the frequency, ground stress difference, modulus of elasticity, and maximum stress. These
groups were loaded with sinusoidal and triangular pulse waveforms in order to study the
laws of waveform influence on pulsed hydraulic fracturing.

3.3. The Dynamic Response Law of Dense Rock Exposed to Different Impulse Parameters
3.3.1. Pulse Loading Frequency

Compared and contrasted are the two groups, A and B, thus studying the effect
of frequency on pulsed hydraulic fracturing. Pulsed water pressure was applied in a
0.1 Hz–10 Hz frequency range, while the maximum principal stress cloud, pore pressure
cloud, damage cloud, and influence law curves of the plane around the borehole were
extracted, as shown in Figures 4 and 5. The maximum principal stress around the borehole
increased with the pulse water pressure frequency since higher frequencies increased the
mechanical properties and dynamic response. At higher frequencies, due to the presence
of hydraulic osmosis, the pore pressure is too late to diffuse in a short period of time, the
stabilized dynamic pore pressure value decreases, and the range of diffusion of the pore
pressure cloud and value decreases with the increase of frequency. The maximum damage
value around the borehole showed an initial increase, followed by a decline, reaching a
maximum of 1 Hz. The combined effect of the maximum principal stress and pore pressure
was analyzed, indicating 1 Hz as the optimal pulse frequency for the damage response at
different pulse frequencies.
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3.3.2. Differential Ground Stress

Compared and contrasted were the two groups, A and C, thus studying the effect of
differential ground stress on pulsed hydraulic fracturing. The principal stress, pore pressure,
damage, and influence law curves at a 1 Hz pulse frequency are displayed in Figures 6
and 7, at ground stress values varying from 0 MPa to 12 MPa. As the geostress difference
increased, the principal stress and damage value in the borehole plane gradually rose



Processes 2023, 11, 3398 10 of 23

while the model pore pressure remained almost unchanged. The ground stress difference
minimally affected the model pore pressure.
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3.3.3. Modulus of Elasticity

Compared and contrasted were the two groups, A and D, thus studying the effect of
modulus of elasticity on pulsed hydraulic fracturing. The maximum principal stress, pore
pressure, damage, and influence law curves in the plane with elastic moduli ranging from
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22 GPa to 46 GPa at a 1 Hz pulse frequency are shown in Figures 8 and 9. The maximum
principal stress in the borehole plane decreased as the modulus of elasticity and formation
strength increased. This reduced the maximum principal stress, increased the pore pressure,
and decreased the damage.
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3.3.4. Maximum Stress

Compared and contrasted were the two groups, A and E, thus studying the effect of
Maximum stress on pulsed hydraulic fracturing. The maximum principal stress cloud,
pore pressure cloud, damage cloud, and influence law curves of the plane at a 1 Hz pulse
frequency and 37 MPa–41 MPa maximum stress are shown in Figures 10 and 11. At higher
maximum stress, the principal stress in the eyelet plane, range of action, damage, and pore
pressure around the eyelet gradually increased. This increased the pressure and reduced
the pore space, leading to higher pore pressure. The dynamic response remained constant
due to load action, with little effect on diffusion.
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Figure 11. Variation rule around borehole under different maximum stresses: (a) The maximum
principal stress in the plane. (b) Pore pressure. (c) Damage.

3.3.5. Pulse Waveforms

The model was simulated using triangular and sinusoidal waves to obtain the maxi-
mum principal stress, pore pressure, and damage influence law curves around the eyelet, as
shown in Figures 12–14. Under the same circumstances, the pressurization effect of differ-
ent pulse waveforms and the decay rate of the pressure wave with the propagation distance
are different, and when the pulse frequency is changed, the change of pressurization effect
of different waveforms is also different. Higher pore pressures during hydraulic fracturing
are prone to damage and then fracture initiation, and the higher the damage value, the
more likely the fracture initiation will occur. The magnitude of the value is calculated
by comparing the damage value. Comparative damage value analysis showed that the
sinusoidal waveforms presented a 4–20% better effect than the triangular waveforms.
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4. Study of Damage Accumulation Cracking Mechanism 
4.1. Cyclic Cumulative Damage Theory 

The Corten–Dolan [35] model uses a nonlinear fatigue cumulative damage theory to 
assume multiple damage kernels on the surface of a specimen due to stress levels. The 
damage is assumed to be 

aD mrn=  after n actions under equal amplitude loading, where 
m is the number of damage nuclei, r is the crack expansion coefficient positively correlated 
with the stress level, and a  is a constant. When the test specimens are subjected to 1σ  

and 2σ  stress levels, the fatigue life of 1n  and 2n  are destroyed, and the total damage 

is tD , then, when the 1σ  and 2σ  stress levels (assuming 1σ > 2σ ) act alternately on the 

specimen, the number of damage nuclei 1 2m m=  and a  represent the same constant. 
Based on the above assumptions, if the total number of cycles for the two stress levels is 

fN   and the proportion of 1σ   and 2σ   during the entire process is 1λ   and (1 − 1λ  ), 
respectively, then 

( ) ( )
1

1
1 1 2 1

1

/ 1

f

a

N
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=
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(29)

where ( )
1

1 2/ ar r  is related to the stress ratio: 

Figure 13. The waveform effect of the different ground stress differences: (a) The maximum principal
stress in the plane. (b) Pore pressure. (c) Damage.
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4. Study of Damage Accumulation Cracking Mechanism
4.1. Cyclic Cumulative Damage Theory

The Corten–Dolan [35] model uses a nonlinear fatigue cumulative damage theory to
assume multiple damage kernels on the surface of a specimen due to stress levels. The
damage is assumed to be D = mrna after n actions under equal amplitude loading, where
m is the number of damage nuclei, r is the crack expansion coefficient positively correlated
with the stress level, and a is a constant. When the test specimens are subjected to σ1 and σ2
stress levels, the fatigue life of n1 and n2 are destroyed, and the total damage is Dt, then,
when the σ1 and σ2 stress levels (assuming σ1 > σ2) act alternately on the specimen, the
number of damage nuclei m1 = m2 and a represent the same constant. Based on the above
assumptions, if the total number of cycles for the two stress levels is N f and the proportion
of σ1 and σ2 during the entire process is λ1 and (1 − λ1), respectively, then

N f

n1
=

1

λ1 + (r1/r2)
1
a (1− λ1)

(29)

where (r1/r2)
1
a is related to the stress ratio:

(r1/r2)
1
a = (σ1/σ2)

d (30)

where d is a constant and can be obtained experimentally. Extension to the Corten–Dolan
model with multilevel load effects is

N f

n1
= ∑k

i=1
1

(σ1/σ2)
dλ1

(31)

Xie et al. [36] improved the modulus of elasticity method, defining the elastic-plastic
damage influenced by irreversible plastic deformation under one-dimensional conditions
and considering the elastic-plastic and viscous material damage characteristics:

D = 1− ε− ε′

ε

E′

E
(32)

where E′ is the unloaded modulus of elasticity of the elastoplastically damaged materials,
and ε′ is the residual plastic deformation after unloading.

Figure 15 shows a simulation flow chart of the cumulative effect of rock damage
under a pulse cycle load, allowing material parameters to change as the number of pulse
cycles increases.



Processes 2023, 11, 3398 15 of 23

Processes 2023, 11, x FOR PEER REVIEW 16 of 25 
 

 

( ) ( )
1

1 2 1 2/ / d
ar r σ σ=

 
(30)

where d is a constant and can be obtained experimentally. Extension to the Corten–Dolan 
model with multilevel load effects is 

( )1
1 1 2 1

1
/

kf
di

N
n σ σ λ=

=
 

(31)

Xie et al. [36] improved the modulus of elasticity method, defining the elastic-plastic 
damage influenced by irreversible plastic deformation under one-dimensional conditions 
and considering the elastic-plastic and viscous material damage characteristics: 

1 ED
E

ε ε
ε
−−

′
=

′

 
(32)

where E ′   is the unloaded modulus of elasticity of the elastoplastically damaged 
materials, and ε′  is the residual plastic deformation after unloading. 

Figure 15 shows a simulation flow chart of the cumulative effect of rock damage 
under a pulse cycle load, allowing material parameters to change as the number of pulse 
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4.2. The Effect of Static and Dynamic Loading Methods on Rupture Pressure

Cyclic loading during hydraulic fracturing can cause fatigue damage that reduces
model strength. To compare the performance of pulse hydraulic fracturing with con-
ventional hydraulic fracturing, pulse fracturing with a load of 37 MPa and conventional
fracturing with a load of 50 MPa were calculated separately. Figure 16 shows the damage
cloud diagrams, while Figure 17 presents the cumulative damage curve.
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The comparison showed that conventional hydraulic fracturing did not cause damage
under the same load, while damage was evident when exposed to pulsed hydraulic
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fracturing. The damage to the model at an impulse load of 37 MPa reached 1 after
four cycles, causing complete destruction. Pulsed hydraulic fracturing damaged the rock
at lower pressures, reducing the rupture pressure from 50 MPa to 37 MPa, representing a
26% decrease.

4.3. Effect of Different Impulse Parameters on the Damage Cumulative Damage Law
4.3.1. The Effect of the Pulse Frequency on Damage Evolution

Figure 18 displays the relationship between cumulative damage and the number
of cycles at different frequencies. The cumulative damage increased gradually as the
cycles increased, while the single damage decreased. This is because rock destruction is
more challenging in the beginning stage. As the destruction increased, the strength of the
modeled material weakened. During the intermediate stage, the destruction accumulated
faster and slowed due to the previous cycles. As the number of cycles increased, destroying
the model became more difficult. The damage accumulation during the middle stage
increased as the number of cycles increased, slowing the damage. Although a higher
frequency increased the impact, it reduced the dynamic pore pressure stability. The optimal
frequency was 1 Hz, while four cycles were required for the damage to reach 1.
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4.3.2. The Influence of Ground Stress on Damage Evolution

Figure 19 shows the relationship between the cycle number and cumulative damage
at different ground stresses. At the same level, the cumulative damage increased with the
number of cycles, but the increase rate slowed. The cumulative damage increased faster
for larger ground stress differences, while fewer cycles were required for the damage to
reach 1.

4.3.3. The Influence of Elastic Modulus Formation on Damage Evolution

Figure 20 shows the relationship between the cycle number and cumulative damage
for strata with different elasticity moduli. The cumulative damage increased with the
number of cycles, while single damage decreased at different elastic moduli. A smaller
modulus of elasticity reduced the damage faster after each cycle, while fewer cycles were
required for the cumulative damage to reach 1. This was because a smaller modulus of
elasticity reduces the model strength, promoting damage occurrence.
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4.3.4. The Effect of the Maximum Stress on Damage Evolution

Figure 21 shows the relationship between the number of cycles and cumulative damage
at different maximum stresses. The cumulative damage increased with the number of
cycles, while the single-damage variable decreased. Lower maximum stress resulted in
a small starting single-damage variable, while higher stress increased the cumulative
damage variable faster. Fewer cycles were required for the cumulative damage to reach
1 due to the higher principal stress and pore pressure at the same impulse load and
stratigraphic conditions.
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5. Experimental Research and Field Optimization

The key factors affecting initiation pressure are pulse frequency, stress amplitude,
and elastic modulus. Three groups of comparative experiments were conducted to study
the effect of different pulse parameters, applying 18 MPa, 15 MPa, and 25 MPa of three-
directional geopathic stress.

The experiment used 300 cubic mm cement blocks as fracturing specimens, cured at
room temperature for 15 d. The ratios for preparing the dense rock specimens were silicate
cement:quartz sand:water (3:3:2), silicate cement:quartz sand:water (1:3:1), and silicate
cement:quartz sand:water (1:3:2).

The experimental loading system (Figure 22) consisted of a triaxial servo loading
system, a servo pump pressure control system, an acoustic emission spatial positioning
monitoring system, and a control and monitoring system. The specimen was placed in
the loading cavity, and three-way pressure was applied to simulate stratum stress. The
loading process used variable frequency loading technology, starting pressure quickly via a
hydraulic station and accurately pressuring the specimen via a control panel. A pulse signal
generator was connected to the power control system, allowing the pump to be injected
with different waveforms and frequencies to simulate water injection into the formation.
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Figure 22. A schematic diagram of the true triaxial core injection experiment system.

The experiment was conducted using conventional hydraulic fracturing technology.
The injection pressure curves and fracture morphology are shown in Figure 23. The
specimen was fractured at a starting pressure of 20 MPa, which eventually produced
only one horizontal fracture. The specimen was dissected, presenting a crack in the
horizontal direction.

The experiment tested the influence law of pulse frequencies on three specimens at
15 MPa amplitudes. Figure 24 shows the injection pressure curves, and Figure 25 presents
the experimental results.

As shown in Figure 24, at a 1 Hz pulse frequency, the specimen fractured after seven
cycles while requiring eight cycles at 0.5 Hz and 2 Hz. Pulse cycling reduced the fracture
initiation pressure and complex fractures compared to conventional hydraulic fracturing.

The influence law on three specimens was verified using a 1 Hz pulse frequency at
15 MPa, 16 MPa, and 17 MPa pulse amplitudes. Figure 26 shows the injection pressure curves.
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Figure 26. The injection pressure curves for the different pulse amplitudes: (a) 15 MPa. (b) 16 MPa. 
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As shown in Figure 26, seven, six, and five cycles were required for specimen rupture 
at pulse amplitudes of 15 MPa, 16 MPa, and 17 MPa, respectively. Therefore, larger pulse 
amplitudes required fewer cycles. 

Three specimens were examined at the same pulse frequency and amplitude to verify 
the influence law of varying elasticity moduli. The injection pressure curves are shown in 
Figure 27. 

Figure 24. The injection pressure curves at different frequencies: (a) 0.5 Hz. (b) 1 Hz. (c) 2 Hz.
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As shown in Figure 26, seven, six, and five cycles were required for specimen rupture 
at pulse amplitudes of 15 MPa, 16 MPa, and 17 MPa, respectively. Therefore, larger pulse 
amplitudes required fewer cycles. 

Three specimens were examined at the same pulse frequency and amplitude to verify 
the influence law of varying elasticity moduli. The injection pressure curves are shown in 
Figure 27. 

Figure 25. The experimental results of pulse cycle hydraulic fracturing.

As shown in Figure 26, seven, six, and five cycles were required for specimen rupture
at pulse amplitudes of 15 MPa, 16 MPa, and 17 MPa, respectively. Therefore, larger pulse
amplitudes required fewer cycles.

Three specimens were examined at the same pulse frequency and amplitude to verify
the influence law of varying elasticity moduli. The injection pressure curves are shown in
Figure 27.
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Figure 26. The injection pressure curves for the different pulse amplitudes: (a) 15 MPa. (b) 16 MPa. 
(c) 17 MPa. 

As shown in Figure 26, seven, six, and five cycles were required for specimen rupture 
at pulse amplitudes of 15 MPa, 16 MPa, and 17 MPa, respectively. Therefore, larger pulse 
amplitudes required fewer cycles. 

Three specimens were examined at the same pulse frequency and amplitude to verify 
the influence law of varying elasticity moduli. The injection pressure curves are shown in 
Figure 27. 

Figure 26. The injection pressure curves for the different pulse amplitudes: (a) 15 MPa. (b) 16 MPa.
(c) 17 MPa.
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Figure 27 shows that larger specimens with higher elasticity moduli required more 
cycles for rupture. Numerical simulations were conducted using a model similar to the 
experimental specimen and dynamic material parameters, producing a 21 MPa rupture 
pressure during conventional hydraulic fracturing and a 15.8 MPa minimum rupture 
value during pulse cycling. The simulation results showed a 5% error between the 
simulation and experimental results, confirming the accuracy of the simulation. 
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Longdong area [37], showing characteristic parameters in each section. 
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calculated at different pulse frequencies and amplitudes, and relationship curves between 
the damage and cycle number were determined. Comparisons and analyses were 
conducted in static conditions, while the well parameters were optimized and designed 
for field use. 
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depending on the pulse frequency. At 1 Hz, the model showed the least cycles required, 
at 4, compared to other frequencies. As shown in Figure 28b, the minimum damage 
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pulse amplitude increased. The amplitude was reduced by 24.4% compared to the static 
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Figure 27. The injection pressure curves for the different stratigraphic elasticity moduli: (a) 18 GPa.
(b) 20 GPa. (c) 22 GPa.

Figure 27 shows that larger specimens with higher elasticity moduli required more
cycles for rupture. Numerical simulations were conducted using a model similar to the
experimental specimen and dynamic material parameters, producing a 21 MPa rupture
pressure during conventional hydraulic fracturing and a 15.8 MPa minimum rupture value
during pulse cycling. The simulation results showed a 5% error between the simulation
and experimental results, confirming the accuracy of the simulation.

Table 3 lists the references for long seven-dense reservoirs in the Changqing Longdong
area [37], showing characteristic parameters in each section.

Table 3. The parameters of dense reservoirs in the long seven.

Parameters Value

Maximum horizontal principal stress 43.29 MPa
Minimum horizontal principal stress 33.62 MPa

Pore pressure 21.81 MPa
Modulus of elasticity 30 GPa

Poisson’s ratio 0.24
Permeability 0.066× 10−3 µm2

Porosity 8.09%
Rupture pressure 45.6 MPa

Pulse-cycle hydraulic fracturing reduced the fracture pressure compared to conven-
tional hydraulic fracturing. It required the least number of cycles at 1 Hz and was more
efficient at higher pulse amplitudes. The fracture initiation pressures were calculated at
different pulse frequencies and amplitudes, and relationship curves between the damage
and cycle number were determined. Comparisons and analyses were conducted in static
conditions, while the well parameters were optimized and designed for field use.
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Figure 28a displays the damage curves versus the cycle number at different frequencies,
with the number of cycles required for the damage to reach 1 varying depending on the
pulse frequency. At 1 Hz, the model showed the least cycles required, at 4, compared to
other frequencies. As shown in Figure 28b, the minimum damage amplitude of the model
under impulse cycling was 34 MPa. The number of cycles required for the damage to reach
1 varied with the impulse amplitude, which decreased as the pulse amplitude increased.
The amplitude was reduced by 24.4% compared to the static 45 MPa.
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Pulse cycle hydraulic fracturing effectively reduced the fracturing pressure in practical
situations. The least number of cycles required for fracturing in tight reservoirs occurred at a
1 Hz pulse frequency. The mining efficiency increased with the pulse amplitude. Therefore,
pulse fracturing at a 1 Hz frequency and higher pulse amplitude was recommended to
improve the efficiency.

6. Conclusions

(1) This study combines the statistical damage model and viscoelastic model, es-
tablishes the dynamic damage ontology model of dense rock according to the D-P cri-
terion, considers the hydrodynamic continuity equation, establishes the mathematical
model of pulsed hydraulic fracturing fluid–solid coupling, adopts the secondary develop-
ment function of the subroutine, establishes a numerical simulation of cumulative pulsed
hydraulic fracturing, and analyzes the fatigue damage mechanism under pulsed cyclic
hydraulic pressure.

(2) The impact of different pulse parameters on the damage is analyzed, showing that
the effect of the sinusoidal wave is 4–20% better than the triangular wave. Pulsed fluid
pressure causes dynamic damage in the rock body around the borehole. The influence of
frequency on rock damage increases with frequency; however, excessive frequency can
cause instability in the dynamic pore pressure and limit the amount of damage that can
be done. Therefore, more severe rock body damage is initially evident at a higher pulse
frequency, followed by a decline. The optimal frequency is determined as 1 Hz. The rock
body is gradually damaged as the number of pulse cycles increases. Compared with static
hydraulic fracturing at the optimal frequency, the fracture pressure can be reduced by 26%
at most.

(3) Similarity theory and the mechanical characteristics of the rock in tight reservoirs
are used to create material specimens. The true triaxial hydraulic fracturing experimental
system is used to perform the pulse cycle hydraulic fracturing experiments. The pulse
cycle’s fracture initiation pressure is lower than that of traditional hydraulic fracturing
under the same circumstances. A reduced elastic modulus and a larger pulse amplitude
mean that fewer cycles are needed to fracture. Furthermore, the pulse hydraulic fracturing
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parameters of the on-site wells are optimized. The fracture pressure is reduced by 24%
compared with that of the on-site wells, which is 45 MPa, after three cycles at a 1 Hz
frequency and a 34 MPa pulse amplitude. The rupture pressure is reduced by 24%, verifying
the accuracy of the numerical simulation method.
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