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Abstract
Controllable shock wave (CWS) parameters such as amplitude, operating area and number of operations are easy to control 
and have received extensive attention as a potential new technology for reservoir permeability enhancement. Based on the 
continuous-discontinuous element method (CDEM) and considering the coupling mechanism of reservoir deformation, 
failure, pore seepage and fracture flow, a multiphysical field coupling model of reservoir permeability enhancement under 
CWS is proposed. Under the fluid–solid coupling condition, the formation and development dynamic process of reservoir 
fractures are obtained, and the change of reservoir permeability is also obtained. The compression fracture zone, tensile 
fracture zone and undamaged zone are formed around the wellbore. After repeated impact, the number of fractures is more 
sensitive to tectonic stress, the fracture aperture is more sensitive to reservoir strength. Different from hydraulic fracturing, 
a large number of fractures in different directions will appear around the main fracture after repeated impact, forming a 
complex fracture network similar to spider web, which may be beneficial to improve reservoir permeability. The permeability 
of reservoirs with different tectonic stresses and strengths increases nonlinearly and monotonicly with repeated impacts. 
Based on CDEM, the change of reservoir permeability with tectonic stress, strength and impact times is obtained, which is 
a nonlinear monotonic three-dimensional relationship. Based on that relationship, the parameters of CWS can be controlled 
to predict the change of reservoir permeability, such as peak pressure, duration, impact times, etc. Therefore, it can optimize 
the reservoir fracturing scheme and improve the reservoir fracturing efficiency, which has considerable practical significance 
in engineering.

Keywords  Controllable shock wave · continuous-discontinuous element method · Coupling model · Fracture · Reservoir 
permeability

Abbreviations
CDEM	� Continuous-discontinuous element method
CRI	� Cuttings reinjection
CWS	� Controllable shock wave
DDM	� Displacement discontinuity method
FEM	� Finite element method
ILSA	� Implicit level set algorithm
PWRI	� Produced water reinjection
XFEM	� Extended finite element method

Latin letters
an	� Nodal acceleration (ms−2)
Bi	� Strain matrix in Gaussian point i (-)

[C]	� Damping matrix (-)
E	� Young's modulus (GPa)
F	� Force (N)
Ji	� Jacobi determinant in Gaussian point i (-)
MT	� Total mass of water injection (kg)
[M]	� Mass matrix (-)
[K]	� Stiffness matrix (-)
T	� Impact times (-)
un	� Nodal displacement (m)
vn	� Nodal velocity (ms−1)
w	� Fracture aperture (m)
wi	� Integral coefficient in Gaussian point i (-)

Greek letters
α	� Biot coefficient (-)
σi	� Stress in Gaussian point i (Pa)
σini	� Tectonic stress (MPa)
ɛi	� Strain in Gaussian point i (-)
κ	� Permeability ratio (m2)
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κ0	� Initial permeability ratio (m2)
κF	� Permeability of fracture seepage (m2Pa−1 s−1)
μ	� Fluid dynamic viscosity (Pa·s)
φ	� Porosity %
φ0	� Initial porosity %
Φ	� Fracture degree %

Introduction

Fracturing technology is an important technology in petro-
leum engineering and plays a critical role in many applica-
tions within the oil and natural gas industry. The process 
can be generally considered as the intentional (or uninten-
tional) initiation and propagation of a fracture due to the 
pressurization of fluid that flows within the fracture (Shi 
et al. 2023). Examples of applications include (a) the stimu-
lation of rock formations with poor or damaged permeability 
to increase conductivity between the reservoir and the pro-
ducing wells, (b) improvement of produced water reinjec-
tion (PWRI) where water is injected to replace produced 
fluids and maintain reservoir pressure or provide enhanced 
oil recovery, (c) cuttings reinjection (CRI) where a slurry of 
drill cuttings is injected into a formation to mitigate the cost 
and risk of surface disposal, (d) in situ stress measurement 
by balancing the fracturing fluid pressure in a hydraulically 
opened fracture with the geostatic stresses, and (e) wellbore 
integrity analysis of drilling operations to avoid propagat-
ing near-wellbore fractures that could result in drilling fluid 
losses to the formation and an inability to effectively clean 
the wellbore. Hydraulic fracturing and deflagration fractur-
ing are commonly used in engineering. Hydraulic fracturing 
has improved energy production significantly in past dec-
ades (Chen et al. 2022). Offshore hydraulic fracturing may 
be limited by objective conditions, such as small offshore 
platform space and thin reservoir near water, which leads 
to challenges in reservoir stimulation (Azad et al. 2022). 
Parvizi et al. (2017) proposed a practical workflow for off-
shore hydraulic fracturing modeling, focusing on the North 
Sea and extending it to offshore oil fields in the Persian Gulf. 
Deflagration fracturing is a reservoir stimulation technology 
that has been applied in energy production in recent years 
(Wu et al. 2018a; Yu et al. 2022). Gong et al. (2022) has 
developed a new stimulation technology, which is based on 
deflagration fracturing of radial wells and uses explosives 
to increase reservoir production. Deflagration fracturing has 
a good stimulation effect, but it involves explosives or solid 
propellant (solid rocket fuel), which has potential safety haz-
ards. Therefore, offshore oil platforms need a new reservoir 
reconstruction technology with high efficiency, safety and 
low cost. CSW fracturing is a new technology developed in 
this field in recent years (Wu et al. 2018b; Qin et al. 2021; 
Wang et al. 2021). The CSW adopts an electric explosion of 

metal wire, which can produce a strong shock wave propa-
gating outward in water. Unlike explosives and hydraulic 
fracturing, explosives produce supersonic shock waves in a 
very short time, while hydraulic fracturing produces pres-
sure pulses in a long time. The time of shock wave of CSW 
is between explosive and hydraulic fracturing. The ampli-
tude, impulse, action area and operation times of the CSW 
are easy to control, which can realize single point multiple 
impact or multipoint continuous impact on the reservoir. 
In recent years, CSW fracturing technology has been suc-
cessfully applied to improve the permeability of coal seams, 
and the application of CWS in offshore reservoirs has been 
explored (Qin et al. 2021). Based on the experiment, CWS 
can effectively change the internal structure of rock, and then 
change the compressive strength and tensile strength of the 
reservoir (Zhang et al. 2016; Yang et al. 2020).

Due to the limitations of experiment and monitoring, the 
mechanism of rock fracture caused by CWS has not been 
fully understood. Therefore, numerical methods are used to 
simulate the dynamic process of rock fracture and analyze 
the rock fracture mechanism, which has also received exten-
sive attention. For the evaluation of fracturing technology 
to increase reservoir permeability since the 1980s, many 
simplified hydraulic fracturing formulas have been used in 
the oil and natural gas industry for the rapid design, analy-
sis and prediction of fracture size, treating pressures, and 
flows. These methods rely on strong simplified assumptions 
so that some problems can be solved in reality. Their reli-
ability and accuracy are restricted to unrealistic scenarios 
that apply intrinsic simplistic assumptions, i.e., situations 
where some of the coupling between the many different pro-
cesses involved can be neglected and with strong symmetry 
in confinement stresses and geology. The accurate modeling 
of the fracturing process under realistic geologies, wellbore 
configurations, confining stress states, and operational con-
ditions calls for a more advanced, multiphysics numerical 
method that incorporates the complex coupling between the 
injected fluid, the pore fluid, the rock deformation, and the 
fracture configuration. As a result, more accurate numeri-
cal methods have been used to simulate fracturing problems 
since the 2000s. Typical examples of fluid–solid coupled 
seepage numerical methods based on continuum mechanics 
include the displacement discontinuity method (DDM) (Pei-
rce et al. 2001), finite element method (FEM) (Lecampion 
et al. 2018; Ma et al. 2021; Shen et al. 2022), extended finite 
element method (XFEM) (Li et al. 2018; Maulianda et al. 
2020; Zhang et al. 2020; Esfandiari et al. 2023) and implicit 
level set algorithm (ILSA) (Dontsov et al. 2017). For the 
finite element method, the mesh must be in accordance with 
the boundary of the cracks, which will require constant 
remeshing to trace the crack propagation. The mapping of 
physical information between the old and new meshes after 
remeshing will lead to a decrease in computational accuracy. 
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Although the XFEM can avoid remeshing, it requires a very 
fine mesh in the solution domain, which consumes con-
siderable computing time when the crack path is unknown 
in advance. As a result, it is difficult to simulate the com-
plex propagation and intersection of multiple cracks using 
XFEM.

CSW fracturing has received extensive attention as a 
potential new technology for reservoir permeability enhance-
ment. Under the action of shock waves, the rock fracturing 
process is very complex, and it is a dynamic process involv-
ing the multiphysics coupling of solid deformation, failure, 
pore seepage and fracture flow. At present, the research 
focuses on theoretical analysis and experimental measure-
ment, and the mechanism of rock fracturing under the cou-
pling of multiple physical fields still needs further research. 
Therefore, there is a significant necessity to understand the 
coupling behavior of geomechanics and fluid flow under 
shock waves to optimize extraction conditions and enhance 
reservoir permeability. Based on the CDEM, the coupling 
mechanism of deformation, failure, pore seepage, and frac-
ture flow is considered, and a multiphysical field coupling 
model for reservoir permeability enhancement under CWS 
is proposed and validated. Under the fluid–solid coupling 
condition, the formation and development dynamic process 
of reservoir fractures are obtained, and the change of reser-
voir permeability is also obtained. Different from hydraulic 
fracturing, a large number of fractures in different directions 
will appear around the main fracture after repeated impact, 
forming a complex fracture network similar to spider web, 
which may be beneficial to improve reservoir permeability.

Coupled numerical model of CSW fracturing

The computational modeling of CSW fracturing of rock is 
a challenging endeavor. The difficulty originates primarily 
from the strong nonlinear coupling between the govern-
ing equations, as the process involves at least the interac-
tion between four different phenomena: (i) the flow of the 
fracturing fluid within the fracture, (ii) the flow of the pore 
fluid and seepage of fracturing fluid within the pores, (iii) 
the deformation of a porous medium induced by both the 
hydraulic pressurization of the fracture and the compression/
expansion and transport of pore fluid within the pores, and 
(iv) fracture propagation, which is an inherently irrevers-
ible and singular process. Additionally, fracture propagation 
typically occurs in heterogeneous formations consisting of 
multiple layers of different rock types subjected to in situ 
confining stresses with nonuniform magnitudes and orienta-
tions. Therefore, it is very important to consider the coupling 
model of reservoir deformation, fracture, pore seepage and 
fracture flow to evaluate the fracturing effect of CSW.

Rock deformation and failure models

The rock deformation and failure model are based on the con-
tinuous-discontinuous element method. CDEM is an explicit 
numerical analysis method based on the Lagrange equation, 
which is mainly used to simulate the progressive failure pro-
cess of materials, and has been widely used in recent years 
(Yue et al. 2021; Zhu et al. 2021; Feng et al. 2022; Li et al. 
2022; Wang et al. 2022). The calculation domain of CDEM 
usually includes continuous blocks and discrete blocks, which 
are used as the calculation domain of finite element method 
and discrete element method, respectively. The blocks are 
composed of one or more continuous elements, which are used 
to describe the continuous properties of materials, such as elas-
ticity and plasticity. The common boundary between blocks 
is the interface, which is used to describe the discontinuous 
properties of materials such as fracture, slip and collision.

The governing equations can be expressed as a system of 
equilibrium equations in the following matrix form:

where [M], [C], and [K] are the mass matrix, damping 
matrix, and stiffness matrix, respectively, u represents the 
element displacement vector, and F is the external force vec-
tor, including the solid force and fluid pressure.

The main steps to calculate the node force by the strain 
matrix with the incremental method are written as

where Bi, Δɛi, Δσi, wi, Ji are the strain matrix, incremental 
strain, incremental stress, integral coefficient, and Jacobi 
determinant in Gaussian point i, respectively; n and n-1 rep-
resent the current and previous moments in Gaussian point 
i, respectively; D, Δue, Fe are the elastic matrix, incremen-
tal displacement vector and node force vector of element, 
respectively; N is the total number of Gaussian points.

Euler’s forward difference method is used for explicit itera-
tive solution, and the nodal velocity and nodal acceleration 
of the elements can be calculated through the time-stepping 
scheme as follows:
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where un is nodal displacement of the elements, vn is nodal 
velocity of the elements, an is nodal velocity of the elements.

The interaction between these discrete blocks can be 
transformed into virtual spring forces. The forces at the 
contact interface of two blocks in the local coordinate can 
be expressed as:

where F, K, and Δu are the incremental force, stiffness, and 
relative displacement of the virtual spring, respectively, 
and nt and s represent the normal and tangential directions, 
respectively.

When a given failure criterion of the virtual springs is 
reached, the connected interface between the blocks is trans-
formed into a discontinuous fracture surface. In this paper, 
the tensile strength is governed by the maximum tensile 
stress criterion, and the shear strength is described by the 
Mohr‒Coulomb model.

Pore seepage and fracture flow models

For pore seepage, the reservoir rock deformation caused by 
pressure causes considerable changes in porosity and per-
meability. The porosity and permeability models of pore 
seepage considering the reservoir rock deformation can be 
expressed as (Cheng et al. 2022),

where φ0 and κ0 are the initial porosity and the initial perme-
ability, respectively; α is the Biot coefficient; and �′ is the 
effective mean stress.

For fracture flow, the permeability models can be 
expressed as

where κF is the permeability of fracture seepage; w is the 
fracture aperture, which is related to the node displacement 
after rock fracture; and μ is the fluid dynamic viscosity.

Model validation

In order to simulate hydraulic fracturing, this paper pro-
poses a three-dimensional hydraulic fracturing model based 
on CDEM, which includes not only the fracture seepage of 
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fluid flow in joints or fractures but also the pore seepage in 
the rock mass and the coupling between them. This model 
can also simulate the whole process of cracks from initiation 
and propagation to intersection driven by fluid. Through the 
relationship between fluid flow, medium saturation and fluid 
pressure, the coupling of pore seepage and fracture flow is 
realized. Through the effective stress principle, the coupling 
of solid deformation and pore seepage is realized. Through 
the relationship between fluid pressure, solid displacement 
and fracture aperture, the coupling of solid deformation and 
fracture flow is realized. Furthermore, by comparison with 
previous research results, the accuracy of the pore seepage 
and fracture flow models is verified (Yang et al. 2018; Zhu 
et al. 2021). Through the analytical solution of the Mandel-
Cryer effect, the coupling model of solid deformation and 
pore seepage is verified (Cheng et al. 2016; Zhu et al. 2021). 
The effectiveness of the coupling model in calculating geo-
metric shapes such as fracture aperture, fracture direction 
and distribution is verified by previous hydraulic fracturing 
research results (Tan et al. 2017; Dontsov et al. 2018; Zhu 
et al. 2021).

Improving reservoir permeability by CSW 
fracturing

Physical and mechanical parameters of CSW

Based on the experimental data (Zhang et al. 2016; Yang 
et al. 2020), the initial energy of the electric explosion sys-
tem is 30 kJ, and the charging voltage is 24 kV. The peak 
pressure of the shock wave is greater than 100 MPa under 
water, and the period of the shock wave is approximately 
500 ms. The pressure of typical CWS changes with time 
is shown in Fig. 1. Considering the relationship between 
the wave velocity in the rock and the size of the calculation 
domain, the time interval of the CSW is greater than 300 ms, 
and the pressure of CWS with 10 impacts changes with time 
is shown in Fig. 2.

Geometry for the CWS fracturing model

Wells in offshore oil fields usually adopt a combination of 
parameters, such as a perforation diameter of 10–40 mm, 
hole density of 10–40 holes/m, and phase angles of 45°, 
60°, 90°, 120°, 135°, and 180° (Prasad Singh et al. 2019). 
When the perforation diameter is approximately 10 mm, the 
productivity is much lower than other perforation diameters, 
while when the perforation diameter is greater than 20 mm, 
the productivity increase is not obvious. In addition, when 
the perforation phase is 45° or 90°, the productivity is higher 
than that in other perforation phases. According to the opti-
mized geometric parameters of offshore oil wells, the well 
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radius is 122.24 mm, the casing wall thickness is 11.99 mm, 
the perforation radius is 10 mm, and the perforation phase is 
90°, as shown in Fig. 3. The rock radius of CWS fracturing 
is set to 1 m. In this paper, the fracture propagation along the 
perforation direction is mainly considered. After the sensi-
tivity test of the mesh size, the minimum size of the mesh 
is set to 1 mm.

Material properties

In this paper, the physical and mechanical parameters of 
rock mainly refer to the Bohai Reservoir (Yang et al. 2020). 
The uniaxial compressive strength is 7.6 MPa to 56.1 MPa, 
The uniaxial tensile strength of reservoirs is 1.78 MPa to 
3.22 MPa. For low-permeability reservoirs, the average 

density of the conglomerate rocks is 2640 kg/m3, the effec-
tive porosity is obtained from 6 to 20%, with an average of 
12.4%, and the permeability is obtained from 0.8 mD to 50 
mD, with an average of 12.5 mD. The detailed reservoir 
properties used in the simulation are listed in Table 1.

Three rocks of varying strength are selected. Based on 
the Mohr–Coulomb model, the mechanical parameters of 
the three rocks are shown in Table 2.

Initial conditions, boundary conditions and loads

In the calculation of CSW fracturing to improve reservoir 
permeability, the solid–fluid coupling effect is very obvi-
ous. The initial conditions and boundary conditions are set 
as follows.

Solid Field: The initial displacement is 0, and the initial 
stress refers to the tectonic stress. The inner wall of the cas-
ing is a normal displacement boundary condition, and the 
displacement value is 0. The outer surface of the rock is a 
normal pressure boundary condition, the pressure value is 
related to the tectonic stress, and a nonreflection boundary 
is set for the shock wave.

Fluid field: the initial flow velocities of pore seepage and 
fracture flow are both 0, and the initial flow field pressure 
refers to the tectonic stress. The perforation is the boundary 
condition of the flow pressure, and the pressure value refers 
to the time evolution of the CSW pressure for 10 shocks, as 
shown in Fig. 2. The outer surface of the rock is the bound-
ary condition of flow pressure, and the pressure value is 
related to the tectonic stress.
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Fig. 2   Pressure of CWS with 10 impacts change with time

Fig. 3   Cylindrical domain with a horizontal, circular-shaped, CSW 
driven fracture
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Discussions

Effect of tectonic stress

The tectonic stress has a great influence on the formation 
and development of fractures. Under the tectonic stress 
conditions of 1 MPa, 3 MPa and 5 MPa, the influence 
of tectonic stress on reservoir permeability after repeated 
impact is analyzed. When the tectonic stress is 1 MPa and 
5 MPa, the maximum principal stress of Rock1 after the 
10th impact is shown in Fig. 4. The stress wave of CWS 
is transmitted to the reservoir along the perforation. At 
the same time, the propagation distance of the stress wave 

is similar in different tectonic stress reservoirs, and the 
maximum principal stress is also similar. For the range of 
tensile stress caused by repeated impact, reservoirs with 
low tectonic stress are much larger than reservoirs with 
high tectonic stress. The area near the wellbore is com-
pressed by the CSW stress wave, and compressive frac-
tures appear in the reservoir. Along the formation of the 
fracture, the pressure will transfer rapidly with the fracture 
flow. Under the effect of fluid pressure, tensile stress will 
be generated in the front of the fracture. When the tensile 
stress is greater than the tensile strength of reservoir, the 
tensile fractures appear far away from the wellbore in the 
reservoir. With the increase of the number and length of 

Table 1   Physical and 
mechanical parameters of the 
low permeability reservoir

Parameters Value Parameters Value

Rock density 2640 kg/m3 Initial water density 998.2 kg/m3

Elastic modulus 5–37 GPa Water viscosity 1.01 × 10–3 Pa·s
Poisson's ratio 0.2–0.3 Bulk modulus of water 2.19 × 109 Pa
Cohesive force 2–30 MPa Reservoir porosity 6%–20%
Interior friction angle 30°–45° Reservoir permeability 12.5mD
Compression strength 7.6–56.1 MPa Biot coefficient 0.4–0.8
Tensile strength 1–3.22 MPa Initial water saturation 0.95
Initial tectonic stress 1–5 MPa

Table 2   Rock mechanical 
parameters of the reservoir

Elastic modu-
lus/GPa

Poisson’s ratio Cohesive 
force/MPa

Friction 
angle/°

Tensile 
strength/MPa

Compression 
strength/MPa

Rock1 9.13 0.25 5.01 30 1.78 26.86
Rock2 22.71 0.23 8.72 37 2.51 37.65
Rock3 36.29 0.22 12.42 43 3.22 48.44

Fig. 4   Maximum principal stress of Rock1 under different tectonic stresses. a 1 MPa tectonic stress. b 5 MPa tectonic stress



1661Journal of Petroleum Exploration and Production Technology (2023) 13:1655–1667	

1 3

fractures, the transmission range of fluid pressure along 
the fracture flow is larger, and the range of tensile stress 
is larger.

To quantitatively analyze the number of fractures in reser-
voir under different tectonic stresses, the fracture degree (Φ) 
of the reservoir is defined as the ratio of the number of crack 
grids and the total number of grids. After the 10th impact, 
the fracture degree of different reservoirs under different 
tectonic stresses (σini) is shown in Table 3.

The relationship between fracture degree and tectonic 
stress after the 10th impact is shown in Fig. 5. The fracture 
degree decreases nonlinearly with the tectonic stress. When 
the tectonic stress is low (< 3 MPa), the fracture degree of 
reservoirs changes more obviously. When the tectonic stress 
increases to 3 times, the fracture degree of the three reser-
voirs decrease to approximately 2.3 times. When the tectonic 
stress increases to 5 times, the fracture degree of the three 
reservoirs decrease to approximately 3.4 times. The fracture 
degree does not change in equal proportion with the tectonic 
stress, and the change rate is 0.77–0.68.

The total mass (MT) of injected water in three reservoirs 
under different tectonic stresses are analyzed, which is the 
mass per unit depth. After the 10th impact, the total mass of 
injected water in reservoirs under different tectonic stress is 
shown in Table 4.

The relationship between total mass and tectonic stresses 
after the 10th impact is shown in Fig. 6. The total mass 
of injected water decreases nonlinearly with the tectonic 
stress. The total mass of injected water in Rock 1 is sig-
nificantly greater than that in Rock 2 and Rock 3. When the 
tectonic stress increases to 3 times, the total mass of injected 
water in the reservoir is reduced by 1.32–1.12 times. When 
the tectonic stress increases to 5 times, the total mass of 
injected water in the reservoir is reduced by 1.56–1.21 times. 
The total mass of injected water does not change in equal 
proportion with the tectonic stress, and the change rate is 
0.44–0.24.

Effect of Young’s modulus

The rock Young’s modulus and Poisson's ratio describe 
the rock deformation response, which considers significant 
mechanical properties and can be used to predict the geo-
mechanical behavior during reservoir deformation. Based 
on the different strengths of Rock1, Rock2, and Rock3, the 
influence of Young's modulus on reservoir permeability after 
repeated impact is analyzed. After the 10th impact, the frac-
ture degree of different reservoirs under different Young's 
modulus (E) is shown in Table 5.

The relationship between fracture degree and Young's 
modulus after the 10th impact is shown in Fig.  7. The 

Table 3   Fracture degree under different tectonic stresses

σini/MPa Φ/% (Rock1) Φ/% (Rock2) Φ/% (Rock3)

1 12.95 8.05 5.88
3 5.89 3.30 2.53
5 3.95 2.32 1.73

Fig. 5   Fracture degree under different tectonic stresses

Table 4   Total mass of water injection under different tectonic stresses

σini/MPa MT/kg (Rock1) MT/kg (Rock2) MT/kg (Rock3)

1 0.86 0.54 0.46
3 0.65 0.45 0.41
5 0.55 0.42 0.39

Fig. 6   Total mass of water injection under different tectonic stresses



1662	 Journal of Petroleum Exploration and Production Technology (2023) 13:1655–1667

1 3

fracture degree of the reservoirs decreases nonlinearly with 
the Young's modulus. When the Young's modulus is low, the 
fracture degree of different reservoirs changes more obvi-
ously. When the Young's modulus increases to 2.49 times, 
the fracture degree with different tectonic stresses decreases 
to approximately 1.7 times. When the Young's modu-
lus increases to 3.97 times, the fracture degree decreases 
to approximately 2.3 times. The fracture degree does not 
change in equal proportion with the Young's modulus, and 
the change rate is 0.68–0.58. Compared with Fig. 5, the 
effect of tectonic stress on the fracture degree is higher than 
that of Young's modulus, that is, tectonic stress has greater 
influence on the number of cracks.

The total mass of injected water in three reservoirs under 
different Young's modulus is analyzed, which is the mass per 
unit depth. After the 10th impact, the injected water in dif-
ferent reservoirs under different Young's modulus are shown 
in Table 6.

The relationship between total mass and Young's modulus 
after the 10th impact is shown in Fig. 8. The total mass of 
injected water decreases nonlinearly with the Young's modu-
lus. When the Young's modulus increases to 2.49 times, the 
total mass of injected water is reduced by 1.6–1.31 times. 
When the Young's modulus increases to 3.97 times, the 
total mass of injected water is reduced by 1.85–1.42 times. 

When the Young's modulus is low, the total mass of injected 
water changes more obviously. The total mass of injected 
water does not change in equal proportion with the Young's 
modulus, and the change rate is 0.64–0.36. Compared with 
Fig. 6, the effect of Young's modulus on the total mass of 
injected water is higher than that of tectonic stress. It can be 
inferred that Young's modulus has an effect on the space of 
the reservoir after fracturing, that is, it has a great effect on 
the fracture aperture. Therefore, the number of fractures is 
more sensitive to tectonic stress, and the fracture aperture is 
more sensitive to Young's modulus of elasticity. The num-
ber of fractures and the fracture aperture jointly affect the 
permeability of the reservoir. When the reservoir strength 
and tectonic stress are relatively low, the permeability of the 
reservoir is easier to increase.

Effect of repeated impact

CWS is the power source of reservoir fracturing, and the 
number of shocks can effectively change the permeability 
of the reservoir. Under repeated impact, the influence of 
impact times on reservoir permeability is analyzed. When 
the tectonic stress is 1 MPa, the maximum principal stress 
of Rock1 during the 2th, 4th, 6th and 8th impact are shown 

Table 5   Fracture degree under different Young’s modulus

E/GPa Φ/% (σini = 1 MPa) Φ/% (σini = 3 MPa) Φ/% 
(σini = 5 MPa)

9.13 12.95 5.89 3.95
22.71 8.05 3.30 2.32
36.29 5.88 2.53 1.73

Fig. 7   Fracture degree under different Young's modulus

Table 6   Total mass of water injection under different Young's modu-
lus

σini/MPa MT/kg 
(σini = 1 MPa)

MT/kg 
(σini = 3 MPa)

MT/kg 
(σini = 5 MPa)

9.13 0.86 0.65 0.55
22.71 0.54 0.45 0.42
36.29 0.46 0.41 0.39

Fig. 8   Total mass of water injection under different Young's modulus
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in Fig. 9. The stress wave of CWS is transmitted to the res-
ervoir along the perforation. With the increase of impact 
times, the number and length of reservoir fractures gradu-
ally increase. The maximum length of fractures is 0.45 m, 
0.55 m, 0.65 m and 0.75 m respectively, which almost lin-
early increases with the impact times. Along the increase 
in the number and length of fractures, the range of tensile 
stress at the front of the fracture also gradually increases. 
The reservoir around the wellbore forms three zones, which 
can be regarded as the compression zone, tension zone and 
undamaged zone from near to far. When the repeated impact 
is less, the main fracture along the perforation direction is 
formed. When repeated impact increases, the main fracture 
length increases, and a large number of fractures in differ-
ent directions will appear around the main fracture, forming 
a complex fracture network. The repeated impact of CWS 
can make the existing fractures longer and wider and can 

also make the new fractures more widely distributed so that 
the fractures show a more obvious spider-web structure, 
which may be beneficial to the improvement of reservoir 
permeability.

The low (1 MPa) and high (5 MPa) tectonic stresses 
are selected to analyze the fracture degree after multiple 
impacts. The fracture degree of different reservoirs after 1th 
impact is shown in Table 7, the fracture degree of different 
reservoirs after 10th impact is shown in Table 8.

The relationship between fracture degree and impact 
times (T) is shown in Fig. 10. When the tectonic stress is 
low (Fig. 10a), the fracture degree of the three reservoirs 
increases with repeated impact, showing an obvious step 
shape. For different reservoirs, the fracture degree increases 
to 1.7 times in almost all reservoirs after 10th impact. When 
the tectonic stress is high (Fig. 10b), the fracture degree 
of different reservoirs increases differently under repeated 

Fig. 9   Maximum principal stress of Rock1 under repeated impact. a 2th impact. b 4th impact. c 6th impact. d 8th impact
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impact, and Rock1 is greater than Rock2 and Rock3. For the 
three reservoirs, the fracture degree increases by approxi-
mately 1.7, 1.4 and 1.4 times, respectively. Under differ-
ent tectonic stresses, the trend of repeated shock to improve 
the fracture degree is similar, which indicates that multiple 
shock waves can effectively increase the number of fractures.

The total mass of water injection in reservoirs after 1th 
impact is shown in Table 9, the total mass of water injection 
in reservoirs after 10th impact is shown in Table 10.

The relationship between the total mass of water injection 
and repeated impact is shown in Fig. 11. When the tectonic 
stress is low (Fig. 11a), the total mass of water injection in 
the three reservoirs increases with repeated impact, showing 
an obvious step shape. After the 10th impact, the total mass 
of water injection in three reservoirs increased by 2.1 times, 
1.5 times and 1.3 times respectively. When the tectonic 
stress is high (Fig. 11b), the total mass of water injection in 
reservoirs increases differently under repeated impact, and 
Rock1 is greater than Rock2 and Rock3.For the three reser-
voirs, the total mass of water injection increases by approxi-
mately 1.4, 1.1 and 1.1 times, respectively. Under different 
tectonic stresses, the trend of repeated shock to improve the 
total mass of water injection is similar, which indicates that 
multiple shock waves can effectively increase fracture aper-
ture. In addition, when the tectonic stress is large, the total 
mass of water injection is close to linear with the number 

of shocks, but the increment is not obvious, which may be 
related to the initial energy of the shock wave. The initial 
energy of CWS can be controlled efficiently, and improving 
the initial energy can also improve the mass of water injec-
tion, thus improving the permeability of the reservoir.

Through the relationship between water injection time 
and water injection flow, it can be found that the reservoir 
permeability has been improved. Under different tectonic 

Table 7   Fracture degree under 
1 MPa tectonic stress

Φ/% (1th 
impact)

Φ/% 
(10th 
impact)

Rock1 7.18 12.95
Rock2 5.07 8.05
Rock3 3.38 5.88

Table 8   Fracture degree under 
5 MPa tectonic stress

Φ/% (1th 
impact)

Φ/% 
(10th 
impact)

Rock1 2.27 3.95
Rock2 1.66 2.32
Rock3 1.26 1.73

Fig. 10   Fracture degree under different repeated impact. a 1 MPa tectonic stress. b 5 MPa tectonic stress

Table 9   Total mass of water 
injection under 1 MPa tectonic 
stress

MT/
kg (1th 
impact)

MT/kg 
(10th 
impact)

Rock1 0.41 0.86
Rock2 0.37 0.54
Rock3 0.36 0.46

Table 10   Total mass of water 
injection under 5 MPa tectonic 
stress

MT/
kg (1th 
impact)

MT/kg 
(10th 
impact)

Rock1 0.39 0.55
Rock2 0.37 0.42
Rock3 0.36 0.39



1665Journal of Petroleum Exploration and Production Technology (2023) 13:1655–1667	

1 3

stress and different reservoir strength, the value of reservoir 
permeability is significantly different. Therefore, it is not of 
general significance to only discuss the value of permeability 
under repeated impact. Compared with the first impact, the 
increase rate of reservoir permeability after repeated impact 
is analyzed, as shown in Fig. 12. For reservoirs with low 
tectonic stress and strength, repeated impact significantly 
improves the reservoir permeability, but for reservoirs with 
high tectonic stress and strength, the permeability enhance-
ment is not obvious. The permeability of reservoirs with 
different tectonic stresses and strengths increases nonlinearly 
and monotonicly with repeated impact. This nonlinear and 
monotonic three-dimensional relationship has considerable 

practical significance in engineering. For reservoirs with dif-
ferent tectonic stress and strength in engineering practice, 
the change of reservoir permeability can be predicted by 
controlling the parameters of CWS (peak pressure, dura-
tion, impact times, etc.) through the above three-dimensional 
relationship. Therefore, the reservoir fracturing scheme can 
be optimized, and the reservoir fracturing efficiency can be 
improved.

Conclusions

Based on the continuous-discontinuous element method 
(CDEM), the coupling mechanism of deformation, failure, 
pore seepage, and fracture flow is considered, and a mul-
tiphysical field coupling model for reservoir permeability 
enhancement under controllable shock wave (CWS) is pro-
posed. The dynamic process of formation and development 
of reservoir fractures is obtained under fluid–solid cou-
pling conditions, and the change of reservoir permeability 
is obtained under the action of multiple factors. The main 
conclusions were the following:

1.	 The stress wave generated by CWS is transmitted to 
the reservoir along the perforation. Under repeated 
impact, fractures are generated near the wellbore by 
compression, and more fractures are generated in front 
of existing fractures by tension. After repeated impact, 
the length of the main fracture increases, and a large 
number of fractures in different directions will appear 
around the main fracture, forming a complex fracture 
network, which is different from traditional hydraulic 
fracturing. The repeated impact of CWS can make the 
existing fractures longer and wider, and also make the 
new fractures more widely distributed, so that the frac-

Fig. 11   Total mass of water injection under different repeated impact. a 1 MPa tectonic stress. b 5 MPa tectonic stress

Fig. 12   Relationship between repeated impact, reservoir strength and 
permeability multiple under different tectonic stresses
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tures show a more obvious spider web structure, which 
may be beneficial to improve the reservoir permeability.

2.	 After repeated impact, the number of fractures affected 
by tectonic stress is 1.13 times greater than that of res-
ervoir strength, the number of fractures is more sensi-
tive to tectonic stress. The total mass of injected water 
affected by reservoir strength is 1.5 times greater than 
that of tectonic stress, the fracture aperture is more sen-
sitive to reservoir strength.

3.	 The permeability of reservoirs with different tectonic 
stresses and strengths increases nonlinearly and mono-
tonicly with repeated impacts. The coupling model 
based on CDEM can efficiently obtain that complex 
three-dimensional relationship. Through that relation-
ship, for reservoirs with different tectonic stress and 
strength, CWS parameters can be controlled to pre-
dict the change of reservoir permeability, such as peak 
pressure, duration, impact times, etc. Therefore, that 
method can optimize the reservoir fracturing scheme 
and improve the reservoir fracturing efficiency, which 
has considerable practical significance.
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