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Abstract

Shale oil and gas reservoirs, as well as compact oil and gas reservoirs, are important oil exploration resources. However,
their tight lithology and extremely low permeability and porosity hinder extraction. Production stimulation measures,
such as reservoir fracturing transformation, are needed to increase production by low-permeability oil and gas reservoirs.
This study explored a new type of fracturing technology, namely, pulsed-plasma rock fracturing, to increase rock
fracturing efficiency and recovery. First, a model of stress distribution on the sidewalls of open holes was established.
Then, a fracturing experiment was conducted on polymethyl methacrylate (PMMA). Morphological features were
analyzed on the basis of the visual characteristics of PMMA, and the influential factors of fracture breakdown were
summarized. Meanwhile, the stress-changing rule was analyzed by simulating pulsed-plasma shock-wave rock fracturing
with LS-DYNA. Results show that pulsed-plasma fracturing can generate valid cracks with actiniform and wave-form
features. High discharge voltages and loads on rocks associate with long crack lengths. In the simulation, applies load
strengths form 9 MPa to 30 MPa, and the crack lengths increase from 16 mm to 67.5 mm. At the same time, the width
and number of fractures show an increasing trend, and radioactivity and multi-branched cracks inside the rocks become
increasingly complex. This study provides a practical and reliable reference for the technology of pulsed-plasma rock

fracturing.
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1. Introduction

The world has invested massive amounts of manpower and
material resources in technologies for increasing oil
production. Fracturing is one of the important means for
increasing oil production. However, the formation of
effective fractures in hard rock formations has always
troubled scholars in China and other countries. Pulsed-
plasma fracturing technology is one of the latest fracturing
technologies with the greatest potential developed in recent
years. As early as 1905, Swedbery found that high-voltage
discharge in water can generate pulsed-plasma shock waves.
This phenomenon was called “electrohydraulic effect” by
succeeding scholars. In the subsequent dozens of years,
scholars from Russia, Australia, France, China, the U.S.A,
and Ukraine devoted themselves to studies on relevant
technologies[1-5]. This technology was introduced in China
to deblock oil layers. Related studies and applications have
been performed in Zhongyuan Oilfield[6], Karamay
Oilfield[7], Qiaokou Oilfield[8], and Henan Oilfield[9]. First,
pulsed-plasma shock waves induce cracks in a reservoir, and
internal fluid resonates. Second, the high-temperature
plasma beam dissolves waxes and asphaltenes. On the basis
of this effect, the blocking oil layer can be dredged with the
efficiency of 90%. Given that pulsed-plasma shock waves
can crack reservoirs, scholars all over the world have applied
this technology in rock breaking and fracturing. Pulsed-
plasma fracturing technology has attracted the attention of a
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large number of scholars given its natural advantage over the
present fracturing technology, which often pollutes
reservoirs and wastes water resources. Scholars have mainly
studied plasma-generating mechanisms, performed shock-
wave numerical simulation, developed experimental devices,
and optimized the factors that influence fracturing effects
[10-14].

In this study, laboratory experiments were conducted to
study further the law of crack initiation with pulsed-plasma
rock fracturing technology. A model of stress distribution on
the sidewalls of open holes was established by using LS-
DYNA to simulate the process of pulsed-plasma shock-wave
rock fracturing. Meanwhile, by visualizing the
characteristics of polymethyl methacrylate (PMMA), a
fracturing experiment was carried out to analyze and observe
the morphological features and macro features of cracks to
summarize the influential factors of crack initiation.

2. State of the art

Scholars have performed numerous works on pulsed-plasma
fracturing technology. South Korean scholars Rim et al.[15]
developed a rotating arc gap-switch that is driven by a self-
induced magnetic field with the voltage of 3—11 kV and the
peak current of 400 kA. They adopted a copper—tungsten
electrode to improve switching performance. Experiments
have shown that intense electromagnetic radiation occurs
and the electric circuit exhibits sharp changes in current and
voltage during plasma generation. Decun et al.[16] imposed
anti-interference measures for laboratory equipment to solve
these problems. Their discharge system was powered by
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single-phase 50 Hz, 220 V AC power supply to avoid the
conduction coupling interference caused by the grid supply.
Their experimental instrument adopted a piezoresistive
pressure sensor to avoid electromagnetic interference. Sun et
al.[17] conducted follow-up studies. They developed pulsed
power with the power input of 220 V and 2 kW, maximum
stored energy of 40 kJ, rated high DC voltage of 20 kV, and
maximum discharge current of 70 kA. They utilized optical
fiber to isolate and transmit high-voltage signals between the
high-voltage unit and the control system. Scholars have not
only developed devices but also crushed rocks to verify the
feasibility of this device. For example, Bing from Dalian
University of Technology developed a large-scale high-
pressure liquid-phase discharge device with the length of Sm
and the maximum discharge voltage of 30 kV to test impulse
shock-wave pressure in water and fitted the calculation
formula of the shock-wave peak pressure [18.19].
Kuznetsova et al. [20] from the Institute of High-Tech
Physics of Tomsk Polytechnic University in Russia
conducted experiments on concrete blocks with dimensions
of 620 mm x 580 mm x 1000 mm and 700 mm x 450 mm x
300 mm. The high-voltage pulse device they developed has
a voltage of 15-20 kV and the specific energy of 60 kJ/cm3
and exhibits energy accumulation in the discharge channel
of up to 2.5 x 103 MPa. Khomeriki et al.[21] studied the
directed fracture of rocks under impulse load. Madhavan et
al.[22] performed one-dimensional and two-dimensional
hydrodynamic simulations to study the action of shock
waves on rocks in water. Chen and Maurel[23] established a
simplified model of shock wave propagation in water under
liquid-phase discharge to study the propagation law of
pulsed-plasma shock waves in water and within surrounding
rocks. French scholars Deroy and Claverie[24.25]
experimentally studied the formation of plasma and the
propagation of pulsed-plasma shock waves. By using optical
and imaging diagnostic methods, they observed shock wave
propagation and bubble formation and estimated the energy
absorbed in water during discharge. Yi et al.[26] discussed
the influences of optimal gaps between electrodes and
plasma channel length on the intensity of pulsed-plasma
shock waves. The most intense pulsed-plasma shock wave
can be produced with the optimal electrode gap. The plasma
channel length adjustment (PCLR) method can effectively
improve the efficiency of energy transfer and reduce the
requirements for capacitors and switches. In addition, the
PCLR method has been applied to demonstrate that pulsed-
plasma shock waves can improve permeability effectively.
Given that this experiment was carried out in an
environment without confining pressure, future experiments
applied the triaxial condition. Mao [27] studied the
possibility of multiple cracking and predicted the size of
cracks through a triaxial pressure simulation experiment.
Meanwhile, pulse attenuation has been explained by using a
dynamic fracture model. Multiple cracks with ideal lengths
and widths are induced when the pressure amplitude
generated by the pulsed-pressure wave reaches 50 MPa.
Experiments have shown that liquid-phase high-voltage
pulsed-discharge cracking technology can be used not only
for compact reservoirs but also for oriented cracking.
Rongyao et al.[28] conducted three-dimensional topographic
analysis on cracks generated by simulated rock cracking
with the maximum storage energy of the same pulse power
supply of 40 kJ/20 kV. The cracks exhibit surface roughness
values of 0.430-1.075 mm and certain conductivity. An
electrical impulse fracturing device with a hydrostatic
pressure of up to 30 MPa has been established to simulate
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ambient pressure at the depth of 3000 m in deep wells. A
plasma impact fracturing experiment at different hydrostatic
pressures has also been conducted. This experiment showed
that numerous short cracks are present, and crack turning is
common. Annular cracks are found in local areas[29].The
groups of Yan[30],Usov[31]and Inoue[32]also conducted
relevant experimental studies on this problem.

The above-mentioned studies discussed hydroelectric
crushing mechanisms, experimental equipment, occurrence
process, and action results. However, research systems
established on the basis of theory for experimentation and
simulation remains scant. The impossibility of observing the
development of cracks inside test objects and understanding
the trajectory of pulsed-plasma shock waves when rocks are
cracked by plasma remains the major problem in
experimental research. In this study, PMMA was used as an
experimental object to observe the propagation path of
pulsed-plasma shock waves in an ideal state.

The rest of the study is organized as follows. Section III
describes how the model of stress distribution at the
sidewalls of open holes was established, how the plasma
fracturing experimental equipment was built independently,
how the PMMA visualization experiment was carried out,
and how the numerical model was constructed by using LS-
DYNA. As described in Section IV, pulsed-plasma
fracturing was analyzed, the difference between pulsed-
plasma fracturing and hydraulic fracturing was compared,
and the results of the numerical model were analyzed and
discussed. The summary and relevant conclusions of this
study are given in the last section.

3. Methodology

3.1 Model of stress distribution on the sidewalls of open
holes and shock-wave pressure at fracture

Analyzing the instaneous stress conditions of rock rupture
on the sidewalls of open holes reveals that when the
permeability of the formation is low, the rock is subjected
mainly to ground stress, fluid column pressure inside a
wellbore, and the pressure of plasma-generating shock
waves. The fluid column pressure of the rock, the pressure
of the plasma-generating shock waves, and the ground stress
are studied, and the final field distribution of the stress on
the surrounding rock sidewall is obtained via the
superposition principle. The stress conditions of the well
sidewall include radial stress ( o, ), vertical stress ( o, ), and

circumferential stress ( o,). The pressure stress is positive,

and the pulling stress is negative. The distribution of the
stress field surrounding the well sidewall is shown in Fig. 1.

Ou

Fig. 1. Distribution of the stress field surrounding the well sidewall
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Stress of fluid column pressure p, on the well sidewall:

G, =Py

{0—0 = _pw

Stress of the shock wave p, generated by plasma on the

o)

well sidewall:

U/‘ = pm

{O'a =—Pn

Stress of the maximum horizontal main stress o, on the

2

well sidewall:

3)

0, =0y —20,c0820

Stress of the minimum horizontal main stress o, on the
well sidewall:
o,=0,+20,c0s20 4)

Stress of the overlaying strata pressure o, on the well
sidewall:
o, =0, —2v(o, —0,)cos20 %)
where v is Poisson’s ratio and is dimensionless.

In accordance with the superposition principle, under the
joint actions of fluid column pressure, shock-wave pressure,

and ground stress, the distribution of formation stress on the
well sidewall is as follows:

0, =p,+p, (©)
0,=-p,—P,+0,—20,c0820+0,+20,c0s26 @)
o, =0, —-2v(o, —0,)cos20 ®)

The rock breaks because the circumferential stress acting
on the rock is larger than the extension strength of rock, that
is:

o, =-S5, ©))

Where S, is the extension strength of the rock in MPa.

As can be seen from Equation (7), when the shock-wave
pressure p, increases, the circumferential stress o,
decreases. When o, is negative, that is, the circumferential

stress on the rock is converted into extension stress, the rock
breaks if the extension stress is sufficient to overcome the
extension strength when o, is the minimum and 0 is 0° or

180°.

0,=30,-p,—P,—0y—ap, (10)

where p s pore pressure in MPa, and

«ais the dimensionless effective stress coefficient.
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Substituting Equation (10) into Equation (9) reveals that
when the rock breaks, the pressure of the shock wave is p, .

Pn=30,—0,—p,—ap,+S, (11

As can be seen from Equation (11), the extent of the
rock-fracturing pressure is related to the rock extension
strength, maximum horizontal principle stress, minimum
horizontal principle stress, and pore pressure. Small
differences between three times the minimum horizontal
principle stress and the maximum principle stress indicate
that the shock-wave pressure required by rock fracturing is
low. Large pore pressure or fluid column pressure indicates
that rock fracturing requires a low shock-wave pressure.
Without applying confining pressure, the fracturing pressure
of the rock is approximately equal to the extension strength
of the rock.

3.2 Experimental device and method for the pulsed-
plasma fracturing of PMMA
(1) Experimental equipment

A pulsed-plasma fracturing experimental device through
which plasma fracturing can occur simultaneously at
different angles of a rock and in multiple holes is built in this
study. The experimental device has two modules for
charging, energy storage, and plasma generation. It includes
a charging source, a discharge switch, a capacitor, a high-
voltage protection inductor, a protective freewheeling diode,
a discharge electrode set, and a pressure sensor. The
connections of the pulsed-plasma fracturing experimental
device are shown in Fig. 2.
(2) Experimental method

PMMA was visualized to summarize the fracturing law
and observe cracks visually. First, six 100 mm x 100 mm
PMMA blocks were selected. A hole with the diameter of 30
mm and the depth of 60 mm was drilled into the middle of
the upper surface of the PMMA, which was filled with water.
Then, the electrode set was placed in the hole and sealed for
the experiment. The schematic of the experimental device is
shown in Fig. 3. Plasma fracturing experiments were carried
out on 5 pieces of PMMA at 3, 4, 5, 6, and 7 kV to observe
fracture morphology. The last piece of PMMA was
hydraulically fractured at 8 MPa with a displacement of 30
ml/min to compare the differences between the morphology
of cracks induced by hydraulic fracturing and plasma
fracturing.

3.3 Establishment of the numerical model of pulsed-
plasma rock fracturing

A shock wave generated by a plasma pulse was simulated by
applying a time-varying pulse load in the fluid domain to
study further the mechanism of pulsed-plasma rock
fracturing. In this experiment, the Euler algorithm was
adopted in the fluid domain, and the Lagrangian algorithm
was adopted in the rock specimen. The nonlinear coupling
effect of the shock wave and the rock mass domain was
realized by using the multi-material fluid—solid coupling
algorithm. The failure control algorithm was stress control
failure, that is, failure occurred when the tensile stress
exceeded the tensile strength of the rock. The physical
model was specified as a homogeneous rock with the
dimensions of 150 mm x 150 mm x 150 mm. The middle of
the rock contained a hole with the diameter of 50 mm and
the depth of 60 mm. The fracturing experiment was
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conducted on the model by using falling triangular pulse

loads of 9, 12, 15, 20, and 30 MPa.
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Fig. 3. Schematic of the experimental device
4. Result analysis and discussion
4.1 Results and analysis of the PMMA visualization

experiment
PMMA was used to simulate the fracturing condition of

open holes. The experimental results are shown in Fig. 4. Fig.

(a) presents the result of cracking PMMA at 3 kV. The
experimental samples show that a circular crack appears at
the bottom of the well. The lengths of cracks extending
toward the surroundings are basically the same. The
maximum length of cracks is 12 mm. Numerous sites on the
well sidewall are deformed. Fig. (b) depicts the results of
cracking PMMA at 4 kV. The experimental samples show
that two main cracks and multiple secondary cracks appear
at the bottom and on the sidewalls of the wells. The
maximum length of the crack at the bottom is 15 mm, the
maximum length of the crack on the sidewall is 10 mm, and
the number of microcracks exceeds 4. Fig. (c)-1 and (c)-2
provide the results of fracturing at 5 kV. Penetrating cracks
have appeared in the samples and include 5 main cracks,
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which show symmetrical “A” and “Y” shapes. These cracks
extend outward radically. Fig. (d)-1 and (d)-2 are the results
of fracturing at 6 kV. Penetrating cracks are present in the
samples, with the main cracks and the secondary cracks
increasing continuously. Fig. (e)-1 and (e)-2 are the results
of fracturing at 7 kV. The samples show “Y”” and “A”-shaped
net fracture, and although the number of the main cracks
varies slightly from the number of cracks observed under 5
and 6 kV fracturing, the total amount of the cracks increases
sharply. The number of secondary cracks between the two
main cracks has increased greatly, and the cracks exhibit a
radial shape as a whole. The properties of the cracks of each
group of PMMA are summarized in Table 1. The basic law
of sample cracking is analyzed by plotting the curve of the
relationship between the discharge voltage and the total
number of cracks as shown in Fig. 5. The analysis in Table 1,
Fig. 4, and Fig. 5 shows that the total number of cracks in
PMMA increases continuously with the increase in
discharge voltage. High voltage is associated with complex
fracture morphology.



Fig. 4. Experimental PMMA fracturing results for each group
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Table. 1. Summary of the fracture characteristics of PMMA

(e)-2

Group Voltage | Number of | Number of | Max. length of horizontal | Max. length of vertical | Crack morphology
(kV) main cracks microcracks cracks (mm) cracks (mm)

1 3 1 — 12 — Wave form

2 4 2 >11 17 15 Wave form, microcracks

3 5 5 >31 Penetrating Penetrating Wave form, “Y” and “A”
cracks, microcracks

4 6 6 >40 Penetrating Penetrating Wave form, “A” cracks,
increased with microcracks

5 7 4 >76 Penetrating Penetrating Wave form, “Y” and “A”
cracks, abundant
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Fig. 5. Curve of the relationship between discharge voltage and the
total cracks in PMMA

Cracks caused by hydraulic fracturing and plasma
fracturing were compared by subjecting PMMA to hydraulic
fracturing. The experimental results are shown in Fig. 6,
which clearly shows that cracks induced by hydraulic
fracturing are flat and that the surfaces of the cracks induced
by plasma fracturing crack are undulating. Given that plasma
fracturing can be considered as fracturing wherein a plasma
discharge channel is used as the point vibration source to
generate spherical shock waves, the cracks generated after
plasma cracking are more difficult to close than those caused
by hydraulic fracturing. Cracks induced by hydraulic
fracturing are difficult to steer without applying triaxial
pressure, and cracks caused by pulsed-plasma fracturing are
complicated. As can be seen from Fig. 4, as the input energy
increases, the cracks elongate, their shapes become
increasingly complicated, and their number increases.
Therefore, cracks caused by pulsed-plasma fracturing are
more complicated than those caused by hydraulic fracturing.

Fig. 6. Comparison between hydraulic fracturing cracks and plasma fracturing cracks

4.2 Analysis and discussion of the numerical simulation
results

The model was subjected to a fracturing experiment by using
falling triangular pulse loads of 9, 12, 15, 20, and 30 MPa.
The pressure cloud diagram and crack extension of the
specimen under external load are shown in Fig. 7. The
figures from Fig. 7 (a) to Fig. 7 (e) show the conditions
under 9, 12, 15, 20, and 30 MPa. The time of 200 us was
selected. The statistical data of crack length and width are
summarized in Table 2, which shows that tensile failure
occurs first and shear failure occurs under the load of 30
MPa. As depicted in Fig. 7 and Table 2, the width and
maximum length of the cracks increase with the increase in
load because high effective stress quickly exceeds the tensile
strength of the rock, and the rock at the loading surface is
broken instantaneously such that the shock wave spreads far.
In addition, near the free surface, stress waves are reflected
and converted into tensile waves, resulting in the well-
known surface spallation phenomenon.

A measuring point was selected on the loading and free
surfaces, and a comparison chart of the stress time-travel
curves of the same measuring points under multiple
simulations was plotted as presented in Figs. 8 and 9. These
figures show that effective stress reaches the peak value
rapidly and then drops quickly with a shock-wave feature.
The drop is followed by a slow rise and then a descent
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because the shock wave undergoes reflex on the free surface.
The severe oscillation of the curve is the manifestation of
insufficient stress. As the simulated applied load increases,
the maximum peak and the reflex on the free surface
increase. In Fig. 8, the arrow of the peak value of 30 MPa
indicates the post isosurface mode at the moment. This
arrow shows that the pulsed plasma extends outwards in the
form of a spherical wave. The arrow of the peak value of 30
MPa in Fig. 9 is the grid point mode at that moment, from
which the diffusion path of the energy can be inferred.

(a) (b)

Pressure

(c)

Pressure
1
i
1
@ (e)



Zhaoxuan Li, Tie Yan, Zhaokai Hou, Wenfeng Sun and Yang Shao/
Journal of Engineering Science and Technology Review 13 (4) (2020) 232 - 239

Fig. 7. Pressure cloud and crack expansion of the specimen as a
Table. 2. Statistics of fracture length and width in the numerical simulation of rock fracturing

function of external load

Intensity of Max. length Max. width | Number of cracks with | Number of cracks with | Number of cracks with
Sample No. applied load of cracks of cracks the observed length of the observed length of | the observed length of
(MPa) (mm) (mm) approximately 30 mm approximately 20 mm approximately 10 mm
1 9 16 1.2 0 0 8
2 12 20 1.5 0 1 18
3 15 26 2.0 0 4 8
4 20 29 2.1 0 8 14
5 30 67.5 4.0 4 15 25
or 0p s 750 fracturing pressure of the rock is approximately equal to the
“E2F > 122 1 tensile strength of the rock.
2p 2t — 20y 1% (2) The basic fracturing law of pulsed-plasma fracturing
o 3 - 1% can be obtained intuitively by conducting a fracturing
st sk ] 1: experiment on PMMA. The number and the complexity of
6 q1

[}
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T
T

\N R
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Fig. 8. Comparison of time travel curve of the multigroup simulations
of stress at the same measurement points (loading surface)
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Fig. 9. Comparison of multigroup simulations at the same measurement
points (free surface)

5. Conclusion

This study analyzed the mechanism of pulsed-plasma rock
fracturing by combining tests and numerical simulation to
explore and reveal the characteristics and mechanism of
pulsed-plasma rock fracturing. The following conclusions
were drawn:

(1) The model of stress distribution on the sidewalls of
open holes during plasma fracturing suggests that rock
fracturing pressure in pulse-plasma rock fracturing is related
to the rock tensile strength, maximum horizontal principle
stress, minimum horizontal principle stress, and pore
pressure. Under the absence of confining pressure, the

cracks continue to increase with the increase in voltage. The
comparative experiment with hydrofracturing shows that
cracks formed by plasma fracturing exhibit a radial pattern
with a large fracture density and wave-form characteristic.

(3) Numerical simulation reveals that the number, length,
and width of rock cracks increase with the increase in
applied load, and energy diverges in radiating spherical
waves. Although the basic law of the crack initiation of
pulsed-plasma rock fracturing has been obtained
experimentally, study on this topic remains insufficient and
presents a large gap. Data collection by experimental devices
can be improved further, and the attenuation of shock-wave
pressure after rock fracturing must be clarified. Subsequent
studies on the characteristics of crack steering and the
expansion pattern of the radial and axial combination of
cracks are required.

This study combined laboratory experiments with theory
to understand the crack propagation law of pulsed-plasma
rock fracturing clearly. A visual experiment was performed
to observe visually and describe the characteristics of
fracture development. This experiment has a certain
reference value for follow-up studies on pulsed-plasma rock
fracturing. In contrast to rocks, PMMA is homogeneous.
Although cracks in PMMA can be used to describe the
shock wave propagation path well, they are idealized. Thus,
PMMA is different from heterogeneous rocks, and how to
compensate for this deficiency is the direction of future
research.
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