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ABSTRACT: Low permeability is a key geological factor
constraining the development of shale gas, and reservoir
modification to improve its permeability is a prerequisite.
Controlled shock wave fracturing can induce the formation of

complex fractures in reservoirs and is expected to become

an

important means of reservoir modification. However, the
mechanism of controlled shock wave fracturing in shale and the
geological engineering control factors are unclear. Therefore, this

article reveals the mechanism and

effect of shock wave

modification through small-scale experiments and large-scale
numerical simulations. Results show that as the impact number
increases, a significant increase in large fractures and fracture connectivity within the shale samples is observed, while the correlation
between the geometric parameters of the fractures and the number of impacts is weak. High-energy input in the model will cause a
larger range of damage to the rock, accompanied by a smaller attenuation index, indicating that the speed of energy attenuation plays
a decisive role in rock damage. The influence of crustal stress is greater than the speed of energy attenuation, and higher crustal stress
will inhibit the formation of fractures. A moderate increase in the number of controllable shock waves is beneficial for the fracturing
effect; however, further increasing the loading number of controllable shock waves will weaken the strengthening effect of the

fracturing effect.

1. INTRODUCTION

Currently, the primary energy source worldwide relies mainly
on fossil energy, especially in China, where fossil energy
accounts for only about 15% of primary energy consump-
tion.' > In the future economic and industrial development,
fossil energy will continue to play a crucial role.*"* Shale gas is
an important unconventional natural gas, with China’s shale
gas reserves reaching nearly 30 trillion cubic meters, ranking
first in the world and being very abundant.”~"" However, the
low porosity and permeability of China’s shale gas reservoirs
have led to significant development challenges, becoming a key
constraint on increasing shale gas production in the
country.lz’13 Therefore, a certain degree of reservoir
stimulation is necessary to promote the high-yield and efficient
development of shale gas."*™"”

Reservoir stimulation can be roughly divided into chemical
transformation and physical transformation.”””** Chemical
transformation refers to the use of injected solutions to react
with the reservoir to increase its permeability.”*** This process
is limited by the mineral composition of the reservoir when it
is applied on-site. On the other hand, physical stimulation
involves applying pressure to induce damage and fractures in
the reservoir, thereby increasing its permeability.”® This
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pressure can be either static or dynamic.27’28 For instance,
hydraulic fracturing, as a representative of static methods,”
applies high-pressure water flow to the reservoir to create large
fractures along the maximum principal stress direction,”*™>
gathering oil and gas within a hundred-meter range.’’
Hydraulic fracturing creates large and singular fractures,
which can enhance the permeability of the reservoir,**® yet
it remains unfavorable for extensive permeation of gas.””**
Additionally, hydraulic fracturing is associated with long
construction periods, high resource consumption, and environ-
mental pollution.”’40 For a long time, measures such as high-
energy gas fracturing and deep hole presplitting blasting have
been taken to increase reservoir permeability through dynamic
shock wave methods,*'~** which can promote the generation
of more small fractures and are more conducive to the large-
scale migration of reservoir fluids. However, these methods
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Figure 1. Physical diagram (a) and schematic diagram (b) of the split Hopkinson pressure bar device. (Photograph courtesy of Wen Wang.

Copyright 2024.)

Table 1. Physical and Mechanical Parameters of Shale

density (kg m®) compressive strength (MPa)

elasticity modulus (GPa)

Poisson’s ratio P-wave velocity (m s™")
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(a) Controllable shock wave waveform(210MPa)
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Figure 2. Controllable shock wave and numerical simulation input waveform comparison chart.

have been applied in fields such as coalbed methane
7A4B17%% and uranium mine permeability enhance-
ment,” yet they involve intense shock fracturing, which can
easily cause wellbore breakage and collapse™ and are difficult
to implement repeatedly.

Controllable shock wave technology has the advantages of
controllable shock waves, repeatability, and simple instrument
and equipment operation compared to hydraulic fracturing,
high-energy gas fracturing, and blasting-induced fractur-
ing.*’ 7% Zhang et al. have developed an implosion permeation
technology based on high-power pulse technology and metal
wire electrical explosion,”’ which transforms electrical and

extraction

chemical energy into the mechanical energy of shock waves. By
utilizing the repetitive operation of a pulse power source,
controllable and repetitive strong shock waves are generated
within a certain area. The single amplitude and impulse of the
repetitive shock wave technology are controlled to be below
the damage threshold of the wellbore, and the repeated effects
can enhance the transformation effect on the reservoir. This
method has been verified by other scholars in recent years.”>**
Furthermore, corresponding equipment development was
carried out, and engineering application of this technology
was promoted. For example, the controllable shockwave
stimulation technology has been applied in removing blockages
and increasing production in oil well reservoirs, and gas
extraction of coal mines,>*> indicating that the effect of
increasing permeability within a range of tens of meters is
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significant. However, Previous research has rarely focused on
the field of enhancing shale gas production through controlled
shock waves, and studies remain superficial. In particular, there
is a lack of in-depth research on the fracturing mechanisms and
effects of shale under repeated impacts, which has limited the
promotion of this technology in the development of shale gas.

Based on this, the study conducts research on the
mechanism of shale gas reservoir stimulation under the
repeated action of a controllable shock wave (CSV), using
small-scale laboratory experiments and medium-scale numer-
ical simulations. It aims to elucidate the expansion and
distribution patterns of shale fractures at the microlevel and
reveal the impact mechanism of the number of repetitions on
the transformation effectiveness of shale. This research will
provide theoretical and technical support for the modification
and enhanced development of shale gas reservoirs.

2. EXPERIMENTAL AND NUMERICAL SIMULATION
THEORY

2.1. Shock Wave-Induced Fracturing Experiment. The
dynamic impact experiment is performed on the split
Hopkinson pressure bar device (SHPB) (Figure 1), which is
composed of five subsystems, i.e., the drive subsystem, the bar
subsystem, the energy absorption subsystem, and the signal
acquisition and data processing subsystems. The length of the
bullet, incident bar, and transmission bar of the device is 300,
3000, and 2000 mm, respectively, and the diameter of them is

https://doi.org/10.1021/acsomega.3c09992
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50 mm. They are made of 40Cr alloy steel, with a density of
7810 kg/m’ a longitudinal wave velocity of 5410 m/s, an
elastic modulus of 210 GPa, and Poisson’s ratio of 0.23. The
driving gas pressure in this work was maintained at 16 psi. The
direct loading of impact load will produce a rectangular wave in
the bar and cause an obvious dispersion effect in the process of
signal propagation. A rubber sheet is used to better realize
constant strain rate loading. An appropriate amount of
Vaseline was used on the end face of the sample to reduce
the friction between the sample and the bars. The physical and
mechanical parameters of shale are shown in Table 1.

2.2. Determination of Load Curve of Controllable
Shock Wave. The measured load curve of the controllable
shock wave is shown in Figure 2a. At the moment of
detonation, the load of the shock wave rapidly reaches a peak
value (210 MPa), and then, the pressure of the shock wave
decreases, showing a certain fluctuating trend. Since the
amplitude of the shock wave pressure driven by the metal wire
and energetic materials is related to the amount of energetic
materials, there is no relevant theoretical research to calculate
the time-history curve of the pulsed controllable shock wave.
This study intends to use the pulse function (eq 1) combined
with the experimentally obtained shock wave pressure to
determine the shock wave load curve input during numerical
simulation.

B =Pl — e e))

where P, represents the pressure value acting on the bore
wall at time ¢; P, represents the amplitude pressure on the bore
wall; @ and f are the constants; for the convenience of
representing the rising and falling stages, o and 3 are expressed
using egs 2 and 3:

t. = ! ln(ﬁ)
p—a \a (2)

1
= e M — g (3)

where ¢, is the rise time, which is the time required for the
shock wave to rise to the amplitude pressure. Based on the
measured shock wave load curve (amplitude pressure of about
210 MPa, rise time of about 50 us), the load-time-history curve
substituting for the shock wave can be calculated, as shown in
Figure 2b.

2.3. Determination of Constitutive Model. This study
uses finite difference method (FDM) software for simulation
analysis. The constitutive model adopts the Hoek—Brown
strength criterion, which is a recognized criterion for
describing the nonlinear failure of rock. The expression is as
follows:

a
%
o, =05+ oylm,— +s
1

%

(4)

where 6, and o5 are the maximum and minimum principal
stresses; 0, is the uniaxial compressive strength of the rock; m,
is a decreased value of the material constant m;, which can be
expressed as:

GSI — 100)
2227 2

m, = €X]
b p(28—14D

©)

where s and @ are material constants of the rock:

(GSI— 100)
s=exp| ——————

9 —3D (6)

1, _Gsi/is -20/3
a=05+ —(e —e
5l ) ?)

where GSI is the geological strength index, with a range of 5 to
100 (larger values indicate more intact rock); D is the
disturbance factor of the rock mass after being impacted, which
is related to the stress state of the rock and has a range of 0 to
1.

2.4. Damage Characterization. Deep-seated rock for-
mations are generally heterogeneous and strong, with
numerous microscopic pores and fractures.’® Under intense
external forces, rocks often fail from pre-existing fractures,
leading to the development of new fractures, expansion, and
continuous propagation of both old and new fractures until
they eventually coalesce. Throughout this complex process, the
various properties of the rock are significantly reduced, a
phenomenon termed rock damage. Damage variables quantify
the degree of internal degradation and mechanical properties
of the structure, serving as the premise and foundation for
studying the process and evolution mechanism of rock damage.
The definition of rock damage variables can be broadly
categorized into two types: microscopic definition, which
primarily focuses on the volume, equivalent area, number, and
length of internal microfractures within the rock, and
macroscopic definition, which mainly involves defining damage
variables from the perspective of rock’s elastic modulus,
acoustic wave velocity, and unit volume dissipation energy.
The methods commonly used to define rock damage include
the elastic modulus method, acoustic wave velocity method,
unit volume energy dissipation method, crack density method,
and strength loss method.

Based on the numerical simulation method used in this
study, the software can identify the dissipation of total energy
and plastic energy during the dynamic analysis phase.
Therefore, a damage variable D is defined to characterize the
rock’s failure, as shown in the following:

We

D=1- ()

where D is the damage factor, with a range from 0 (completely
damaged) to 1 (undamaged); W is the input total energy; Wp
is the energy dissipated by the shock wave as it performs plastic
work in the rock.

2.5. Establishment of the Physical Model. According to
the on-site test conditions, the actual size of the specimen is 2
X 2 X 1 m, with an outer diameter of the steel casing of 139.7
mm and an inner diameter of 112 mm. The steel casing is
embedded 75 cm into the cast block with a perforation
segment length of 34 cm, and the center of the perforation
segment is located 50 cm inside the block. The perforation
arrangement density is 16 holes/m, with 6 holes evenly
distributed, at a phase angle of 60°, with each hole spaced 6.67
cm apart.

Based on the actual conditions, steel casing is added to the
borehole using shell structural units, with the following specific
parameters: inner diameter of 11.2 cm, outer diameter of
13.997 cm, density of 7850 kg/m’ elastic modulus and
Poisson’s ratio of 200 GPa and 0.25, respectively, and a
thickness of 1.4 cm.

https://doi.org/10.1021/acsomega.3c09992
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The numerical model is established, as shown in Figure 3 .
To accelerate the calculation speed while ensuring accuracy,

steel sleeve
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(a) three dimensional view (b) side view

Figure 3. Establishment of physical models.

cylindrical and column shell meshes are used near the center of
the borehole, and a radial mesh is used at the model edges,
with a total of 162,560 elements. During static calculations,
stress boundaries are applied around the perimeter, and the
bottom is fixed. During dynamic calculations, viscous
boundaries are applied around the perimeter to absorb
excessive reflected waves. (In Figure 3a, the red part at the
bottom represents the fixed boundary, and the black arrows
around it represent the stress boundary. Gray represents
viscous boundary conditions.)

2.6. Layout of Monitoring Points. To facilitate the
acquisition of the peak stress of the shock wave, stress
monitoring points are uniformly distributed at different
positions in the model (Figure 4), with radii R, = 0.12 m,

Monitoring points

Figure 4. Stress monitoring point layout diagram.

R, =04 m, Ry =0.7 m, and R, = 1.0 m. The coordinates of the
monitoring points are listed in Table 2. Therefore, there are 12
monitoring points evenly distributed within the model.

Table 2. Placement of Monitoring Points

radius from center coordinate

R, (0.12,0.3, (0, 0.3, (-0.12, 0.3, (0, 0.3,
0) 0.12) 0) —0.12)

R, (035,03, (035,03, (=035, 03, (—0.35,0.3,
02) -02) 02) -02)

R, (035,03, (03503, (=035, 03, (—0.35, 0.3,
0.6) —0.6) 0.6) —0.6)

R, (1,030 (0,03,1) (-1,030) (0,03, —1)

3. ANALYSIS AND DISCUSSION

3.1. Distribution Characteristics of Shale Fractures
after Repeated Impacts. To visually demonstrate the
process of shock wave-induced fracturing of shale and achieve
three-dimensional visualization of fracture distribution, this
study drilled 3 cylindrical shale samples with a diameter of 25
mm and a length of S0 mm. The samples were subjected to
shock fracturing experiments at S psi for 3, 6, and 9 times. After
the experiments, micro-CT scans were conducted, and the
fractures were reconstructed in three dimensions by using
Avizo software, as shown in Figure 5. It can be seen that the
number of shock impacts significantly changed the morphology
of the damaged fractures. Under 3 shock impacts, a single
continuous large fracture along the bedding was produced.
Under 6 shock impacts, multiple continuous and non-
continuous fractures along the bedding were generated.
Under 9 shock impacts, branching fractures intersecting the
bedding fractures were produced, playing a role in connecting
the bedding fractures.

The fracture parameters of samples with different numbers
of shock impacts are shown in Table 3. Different numbers of
shock impacts changed the length, aperture, surface area, and
volume of the fractures. Increasing the number of shock
impacts can increase the length and aperture of the fractures,
but the relationship is not strictly linear. Under the action of
impact loads, rock generates damaged fractures, leading to an
increase in rock discontinuity. This structure affects the
propagation of stress waves, and despite the increasing number
of impacts, damage fractures do not continue to develop. On
the contrary, the increase in the number of impacts leads to
energy accumulation near the load application end, causing the
rock structure to become more fragmented and generating
more microcracks and porosity. This is also the key reason for
the increase in the surface area of pore and fracture structures.
However, the volume of the fractures does not show a strictly
increasing relationship with the number of shock impacts as it
is also related to other geometric parameters. In conclusion,
increasing the number of shock impacts is beneficial for
generating more pore and fracture structures, but since the
permeability of shale is affected by multiple factors, the specific
impact of the number of shock impacts on the flow
characteristics still needs further study.

3.2. Mechanism of CSV-Induced Cracking in Large-
Scale Models. During the controllable shock wave trans-
formation process in shale gas reservoirs, the thickness and
burial depth of the reservoir vary,’”*® and the effects of the
casing and repeated shock wave action make it difficult to
predict and evaluate the actual reservoir transformation
effect.””® Therefore, this article focuses on analyzing the
following influencing factors: (1) the vertical length of CSV
loading, (2) casing, (3) in situ stress, and (4) the number of
CSV loadings.

3.2.1. Influence of Vertical Length of CSV Loading on the
Fracturing Effect. In this case, no steel casing is installed in the
model borehole. The vertical length of the CSV loading
represents different input energies, causing differential
reservoir fracturing effects (Figures 6 and 7). Figure 6 shows
the load applied over the entire borehole, with a length of 60
cm, and Figure 7 shows the load applied according to the
actual length (10 cm) of the emission window of CSV.

The different colors in the figure represent different degrees
of damage, with the blue area indicating severe damage, the

https://doi.org/10.1021/acsomega.3c09992
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Figure S. Three-dimensional reconstruction of fractures in samples under different numbers of shock impacts. Sample (a), 3 impacts; sample (b), 6

impacts; and sample (c), 9 impacts.

Table 3. Statistical Table of Damage Frack Parameters (Mean Values)

sample number length (ym) aperture (yum) surface area (um?) volume (10% ym?)
Sample (a) 238.706 120.71$ 0.853 2.53
Sample (b) 410.873 166.701 2.970 1.59
Sample (c) 360.494 150.349 96.902 3.01
140 green area indicating minor damage, and the red area
1307 representing undamaged regions. It is evident that the greater
1204 the vertical length of the CSV loading, the larger the extent of
1104 damage. The volume of the damaged area in Figure 6 is
1004 approximately 4—5 times that in Figure 7. Therefore,
©090 increasing the vertical length of the CSV loading can effectively
%0_80_ expand the reservoir transformation range, which is very
Z0704 beneficial for enhancing the overall permeability of the shale
Zo60 835
5050_ The range of rock damage is related to the dissipation of
' energy. To specifically analyze the relationship between the
040 range of damage and energy dissipation, an exponential
030 function is used to represent the rate of energy decay:
0.20
0.10 P= Pdr»_“ (9)
oo 2o NOTime(i)OfmA..;s'oo 6o 1 where P is the stress at different positions from the borehole

Figure 6. Damage cloud diagram of applied load on the whole blast
hole.
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Figure 7. Damage cloud diagram of load applied in the launch
window.
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wall, P, is the incident shock wave intensity, r is the relative
distance, r = R/Ry, R is the distance from a point to the center
of the borehole, R is the radius of the borehole, and « is the
decay exponent. A larger decay exponent indicates a faster
energy decay.

The distribution pattern of the peak shock wave pressure at
different distances is shown in Figure 8. Based on eq 9 and the
peak pressure obtained from the model, a fitted formula for
shock wave attenuation under the condition of the entire
borehole applying load is obtained as P = 2.1¢87 *% (Figure
8a), where the decay exponent is 0.66; and a fitted formula for
shock wave attenuation under the condition of load applied at
the emission window position is obtained as P = 2.1¢87 '
(Figure 8b), where the decay exponent is 1.2.

This reveals the mechanism of how the vertical length of the
CSV loading affects reservoir fracturing. As the vertical length
of the CSV loading increases, the attenuation index of the
shock wave decreases, allowing it to propagate further and
cover a larger area. This is the fundamental reason for the
significant differences in the damaged area.

3.2.2. Influence of Steel Casing and Crustal Stress on the
Fracturing Effect. In this case, the steel casing is installed in
the model borehole, and the different stresses (S and 10 MPa)
are applied around the model to simulate the influence of
crustal stress, the damage cloud charts are shown in Figures 9

https://doi.org/10.1021/acsomega.3c09992
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and 10, and the pressure distribution at different monitoring

points is shown in Figure 11.
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Figure 10. Damage cloud diagram under 10 MPa stress condition.
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First, the steel casing significantly impedes the propagation
of shock waves, as evidenced by (1) a significant reduction in
the damaged area of the rock sample, approximately 20—30%
compared to the situation without steel casing and (2) a
significant increase in the shock wave attenuation index,
approximately 3—S times higher than without steel casing. This
indicates that after the controlled release of shock wave energy,
most of it is used to damage the steel casing, with only a small
portion used to fracture the reservoir. The inhibitory effect of
the steel casing on the shock wave energy is quite significant.

Then, at the 10 MPa stress condition, the peak stress of the
shock wave monitoring point should be slightly higher than
that under the 5 MPa stress condition. This is because the
mechanical strength of the rock increases under high-stress
conditions,”"** which is advantageous for the propagation of
shock waves. According to the fitting attenuation formula in eq
9, the attenuation index of shock waves at 10 MPa stress
conditions is 2.91 (Figure 11b), while the attenuation curve of
shock waves at S MPa stress conditions is 3.11 (Figure 11a).
This indicates that under high-stress conditions, the energy
attenuation rate of shock waves is slower than under low-stress
conditions. Although high-stress conditions are conducive to
the propagation of shock waves, they have a stronger inhibitory
effect on the expansion of damaged fractures. Therefore, the
controllable impact of shock waves on reservoir damage and
fracturing under high-stress conditions is relatively weaker.

Therefore, considering the dual adverse effects of casing and
in situ stress, the possible means to maintain a good reservoir
stimulation effect is to carry out multiple repeated hydraulic
fracturing,

3.2.3. Influence of Number of CSV Loadings on the
Fracturing Effect. In this case, the conditions of applying the
shock wave once, twice, and three times are considered. The
corresponding distribution of plastic zone and damage zone is
shown in Figures 12 and 13.

According to Figures 12 and 13, after the first shock wave,
no damage zone was found at the model boundary. Based on
the stress monitoring results, the shock wave had propagated
to the boundary at this point, but the peak pressure had
decayed to 11.9 MPa, which is less than the compressive
strength of the rock. This can only disturb the rock but has not
yet reached the point of fracturing the rock. After the second
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Figure 12. Plastic zone of the sample under different impact times.
(a) CSV applied once. (b) CSV applied twice. (c) CSV applied three
times.

(a) applying CSV once
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Figure 13. Damage area of sample under different impact times: (a)
applying CSV once; (b) applying CSV twice; and (c) applying CSV
three times.

shock, the peak pressure at the boundary was 3.58 MPa, which
is smaller than the peak pressure from the first shock but
damage appeared at the model boundary, indicating that the
cumulative damage of the rock played a determining role. After
the third shock, the peak pressure at the boundary continued
to decrease to 2.6 MPa, and the damage zone continued to
expand along the existing fractures. Under multiple shock
impacts, due to fatigue damage, the damaged area gradually
increased, but no new cracks were formed under repeated
shock impacts, only continuing to expand along existing
fractures.

Table 4 shows the peak pressures at different distances from
the borehole under the action of controlled shock waves three
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times, and the attenuation index of the shock waves at different
numbers of impacts is calculated according to eq 9. During the
first shock, the integrity and strength of the rock are both
undamaged, and the shock wave propagates rapidly in the rock,
with an attenuation index of 2.9. During the second shock, due
to the damage caused by the first shock wave, fractures existed
in the rock, and the presence of air due to the rock’s
noncompactness caused the shock wave to decay rapidly in the
air. Therefore, at this time the shock wave energy decayed
rapidly, with an attenuation index of 3.8. The attenuation index
of the third shock wave was 3.82, which was not much different
from the second shock, indicating that although cracks were
generated at this time, there were fewer fractures compared to
the first two shocks.

In summary, the repeated impacts of shock waves have a
positive effect on damage to the rock and help in the expansion
of cracks. The main reason for the effect of repeated impacts
on the expansion of rock cracks is the cumulative damage of
the rock. According to the law of energy attenuation, with an
increase in the number of impacts, the shock wave decays more
rapidly; thus, the effect of crack expansion in the rock gradually
weakens with an increase in the number of impacts.

4. CONCLUSIONS

This study is based on controllable shock wave technology to
study the crack propagation law of shale under controllable and
repeatable shock wave action and combines numerical
simulation to explore the attenuation mechanism of shock
wave ability under various factors, filling the gap of CSV in the
field of shale gas production. The main conclusions are as
follows:

(1) As the impact number increases, a significant increase in
the number of large fractures within the shale samples is
observed. At higher numbers of shock impacts, more
vertical branching fractures can be generated, promoting
fracture connectivity. However, the correlation between
the geometric parameters of the fractures and the
number of shock impacts is not high.

(2) High-energy input in the model will cause a larger range

of damage to the rock, accompanied by a smaller

attenuation index, indicating slower energy attenuation,
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Table 4. Energy Attenuation Rules of Different Times of Impact

distance from center of blast hole/m impacted once/MPa

0.056 2.10 x 10%
0.08 5.37 x 107
0.1 4.67 x 10Y7
0.14 3.92 x 107
0.2 243 x 107
0.4 1.56 x 10”7
0.6 1.30 x 10Y7
0.8 1.19 x 10%
attenuation formula P =2.1e87 %
attenuation index 2.9

impacted 2 times/MPa impacted 3 times/MPa

2.10 x 10% 2.10 x 10%
4.07 x 10% 4.10 x 10"
3.19 x 10Y 3.14 x 10Y
2.58 x 10Y 2.44 x 10Y
1.32 x 10Y 1.30 x 10Y
8.30 x 10% 8.42 X 10%
4.46 x 10% 4.60 x 10%
3.58 x 10% 2.60 x 10%
P =2.1e87 3% P = 2.1¢87 382
3.8 3.82

which shows that the speed of energy attenuation plays a
decisive role in rock damage.

(3) Under the same energy input, increasing crustal stress
can slow the attenuation of the shock wave. However, at
this point, the influence of crustal stress is greater than
the speed of energy attenuation, and higher crustal stress
will inhibit the formation of fractures.

(4) Under multiple shock impacts, the speed of energy
attenuation has a less significant impact on the fractures,
and the cumulative fatigue effect of multiple impacts
contributes to the expansion of fractures. The
incremental expansion of rock fractures gradually
weakens with an increasing number of shock impacts.
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