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Abstract In rock engineering, high-voltage pulse 
technology has attracted attention because it offers 
environmental protection, controllable energy, and 
repeatable discharge. It is necessary to study the 
fracture behavior of rock under high-voltage pulse 
discharge (HVPD) for the parametric design of rock 
breaking thereby. HVPD experiments were con-
ducted in red sandstone samples with the plasma 
channel spacing ranging from 26 to 66 mm at inter-
vals of 10 mm. The stress wave generated by HVPD 
was obtained from the current waveform measured 
by Rogowski coils. In combination with numerical 
simulations, the distribution characteristics, propa-
gation process, and formation mechanism of frac-
tures were analyzed. The results showed that after 
two applications of HVPD at different positions, the 
sample was both broken down and two plasma chan-
nels and radial fractures centered around them were 
formed within. The stress wave decays exponentially 
with the increase of the distance from the plasma 
channel. When the spacing between plasma channels 
is less than or equal to 46 mm, fracture coalescence 
occurs between the two plasma channels; thereafter, 

the fractures formed by the second HVPD face resist-
ance to propagation towards the fracture area formed 
by the first HVPD. In addition, numerical simulation 
results indicate that the second HVPD will generate 
significant tensile stress in the middle region of the 
two plasma channels, leading to near-horizontal frac-
ture coalescence. When the spacing between plasma 
channels increases to 56 mm and 66 mm, the ten-
sile stress induced by the second HVPD in the mid-
dle region of the sample is small, and it is difficult to 
form fracture coalescence between the two channels.

Article Highlights 

• HVPD experiments with different plasma channel 
spacings were conducted on sandstone.

• The stress wave generated by HVPD in sandstone 
was obtained.

• The propagation process of fractures in sandstone 
induced by HVPD was analyzed.

Keywords High-voltage pulse discharge · Fracture 
behaviour · Plasma channel · Fracture coalescence

1 Introduction

Fracturing rock is an indispensable process in min-
ing, oil and gas extraction, tunnelling, and other 
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engineering scenarios. The commonly used explo-
sive blasting and mechanical methods both have some 
shortcomings. Blasting induces intense vibration, 
generates toxic gas, causes ejection of debris, and so 
on (Nateghi 2012; Ghasemi et al. 2013; Bhagat et al. 
2021). When the mechanical method represented by 
TBM encounters hard rock, the tool suffers wear and 
its efficiency is significantly reduced (Hamidi et  al. 
2010; Barzegari et  al. 2021). Therefore, new rock 
fracturing techniques are constantly emerging, such 
as the use of: high-pressure water jetting (Ge et  al. 
2023), ultrasound (Wang et  al. 2022), microwave 
(Pressacco et al. 2022), laser (Erfan et al. 2017), high 
voltage pulse (Walsh and Vogler 2020), etc. The high-
voltage pulse technique has the advantages of envi-
ronmental protection, precise adjustment of energy, 
and efficient treatment of hard rock, which is receiv-
ing increasing attention (Andres 2010; Li et al. 2020; 
Zhu et al. 2020; Ezzat et al. 2022; Liu et al. 2023).

The basis of rock fracturing by HVPD is pulse 
power technology. Pulse power technology refers 
to the compression of the primary electrical energy 
of lower power  (10−1 MW) and converting it into 
higher power  (103 MW) energy through energy stor-
age capacitors and other components for storage, 
ultimately releasing and acting on the load in an 
extremely short time. There are two main methods 
of rock fracturing caused by HVPD: electrohydrau-
lic disintegration and electrical pulse disintegration 
(Li et al. 2020; Walsh and Vogler 2020; Zhang et al. 
2020). In the former, the positive and negative elec-
trodes are placed in the liquid environment, and after 
discharge, the liquid is broken down to produce shock 
waves. The shock waves propagate in the liquid and 
acts on the rock, causing it to break. That is to say, the 
electrohydraulic disintegration utilizes the compres-
sion effect of shock waves. In the latter, the electrodes 
directly contact the rock, and under the action of dis-
charge, a rapidly expanding plasma channel is formed 
inside the rock, causing the rock to break under the 
tensile action of the shock wave. Therefore, the shock 
wave generated by high-voltage pulse discharge 
(HVPD) is an important cause of rock fracture.

The microscopic or macroscopic fracturing behav-
ior of rock under external loading is the focus of 
attention. Fractures usually undergo a process of 
initiation, propagation, and coalescence (Kong et  al. 
2022; Zhang et  al. 2024). At present, scholars have 
studied the fracture behavior of rock under the action 

of HVPD from different perspectives. Cho et  al. 
(2016) studied the differences of fracture modes by 
conducting HVPD experiments on circular samples 
of seven rock types. Zhang et al. (2022) analyzed the 
spatial distribution characteristics of pore-fracture 
structure of hard coal samples after being breakdown 
by HVPD. Bao et al. (2021) found that the discharge 
voltage can significantly affect the fracturing effect 
of coal-rock mass. Zhu et al. (2020) conducted elec-
tric pulse drilling experiments and found that the 
rock fracture morphology is related to the formation 
path of plasma channels. Zhang et al. (2023) discov-
ered the fracture process of rock under the action 
of HVPD by using high-speed camera. The above 
achievements provide valuable references to under-
stand the fracture characteristics and mechanisms of 
rocks under the action of HVPD; however, few of 
these studies involve the fracturing process prevailing 
in different fracture zones and the corresponding frac-
ture coalescence.

In engineering practice, it is often necessary to 
discharge energy at different positions inside the 
rock to form a larger range of fracture zones. Refer-
ring to explosive rock breaking, the spacing between 
blast holes is a key factor affecting the fragmenta-
tion of the rock. When the spacing between two blast 
holes changes, the rock fragmentation effect will also 
change accordingly (Li et al. 2017; Drover et al. 2018; 
Yuan et  al. 2019). Therefore, different plasma chan-
nels and fracture zones around them will be formed 
inside the rock under the action of HVPD at differ-
ent positions. The variation of the spacing between 
plasma channels will lead to differences in the frac-
turing effect, making it necessary to study the effect 
of the spacing between plasma channels on the frac-
turing behavior; at time of writing, there is a lack of 
relevant research.

Herein, HVPD experiments with different plasma 
channel spacings were conducted on red sandstone 
samples, and the shape and distribution characteris-
tics of the fractures were obtained by an image pro-
cessing method. The coalescence behavior of the 
fractures between plasma channels was analyzed. 
Thereafter, the shock wave formed by the HVPD 
was calculated through the current waveform, and 
the dynamic fracture process was simulated by using 
the finite element modelling. Based on the numerical 
results, the fracture mechanisms at different plasma 
channel spacings were investigated.
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2  HVPD experiment

2.1  Sample and electrodes

The relatively homogeneous red sandstone was 
selected as the experimental materials. All samples 
measuring 250 mm × 250 mm × 150 mm were cut 
from the same intact block of red sandstone. The 
basic physical and mechanical parameters of red 
sandstone are shown in Table  1. Four circular holes 
(H1 to H4) with a diameter of 6 mm and a depth of 
110 mm were prefabricated on the sample to place 
the electrodes (Fig.  1a). As shown in Fig.  1b, the 
electrode is made of copper with good conductivity, 
and the diameter of the electrode is 4 mm and the 
length is 200 mm. The electrode is provided with a 
needle-shaped for forming a discharge plasma chan-
nel within the rock. To prevent creep, the electrodes 
were wrapped with transparent PTFE tube and milky 
white PTFE tube with good insulation except at the 
tip.

2.2  Equipment and experimental process

As shown in Fig. 2, the HVPD experimental system 
is mainly composed of a high-voltage power supply, 
a MCF140-1 pulse capacitor, a pneumatic trigger 
switch, a grounding protection switch, and an oscillo-
scope. The capacitance of the system is 0.994 μF and 
the maximum output voltage is 120 kV. The oscil-
loscope is used to record the current waveform col-
lected by the Rogowski coil during HVPD.

The high-voltage pulse discharge experiment was 
conducted in air. The arrangement of the electrodes 
in the sample is shown in Fig.  3, and two times of 
HVPD experiment were carried out in each sample. 
During the experiment, the tips of the two electrodes 
were at the same height and in full contact with the 
hole wall. As shown in Fig. 3b, in hole H1, the elec-
trode tip points towards the positive x-axis, while in 
hole H2, the electrode tip is aligned with the negative 
x-axis. The discharge voltage U is 70 kV, the spacing 

K between the discharge hole axes is 46 mm, and the 
discharge depth H is 80 mm. The above three param-
eters are consistent in all experiments. To study the 
influence of the plasma channel spacing L on the rock 
fracturing effect, five groups of samples with differ-
ent plasma channel spacings of 26, 36, 46, 56, and 66 
mm were designed. These five samples were num-
bered L26, L36, L46, L56, and L66 mm. It should 
be noted that the actual plasma channel was mostly 
curved, which was simplified as a cylinder for the 
convenience of description.

The two times of HVPD in each sample were con-
ducted separately, and the detailed steps are as fol-
lows: (1) Two electrodes are inserted into the holes 
H1 and H2 respectively, and then connected to the 
positive and negative electrodes of the HVPD sys-
tem. (2) The high-voltage power supply is started to 
charge the MCF140-1 pulse capacitor to store elec-
trical energy. After the charging is completed, the 
trigger switch is pressed, and the pulse capacitor 
releases energy, thereby completing a rock fracturing 
experiment. (3) The grounding switch is pressed to 
eliminate the residual current in the system. (4) The 
electrode is inserted into the other two holes H3 and 
H4, and Steps (1) to (3) are repeated to complete the 
second rock fracturing experiment. For convenience 

Table 1  The basic physico-
mechanical parameters of 
the sample

Density/
kg  m−3

Compressive 
strength/MPa

Tensile 
strength/MPa

Elastic 
modulus/
GPa

Poisson’s 
ratio

Wave 
velocity/m  s−1

2042 74.56 6.02 13.83 0.2119 2249

(a) Sample  (b) Copper electrodes

Milky white 
PTFE tube

Transparent 
PTFE tube

Tip of the 
electrode

Fig. 1  Sample and electrodes
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Fig. 2  The HVPD experi-
mental system

Rock sample

High-voltage power supply

Grounding protection switch
MCF140-1 pulse capacitor

Pneumatic trigger switch

Oscilloscope

Fig. 3  Experimental 
scheme of rock fracturing 
by HVPD

(a) The arrangement of electrodes in the sample (b) I-

III-IIIII-II
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Tip of the 
electrode

Electrode
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H
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z

Plasma channel

PC2PC1
Plasma channel

Spacing of plasma 
channels

PC2PC1
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of description, the plasma channel formed by the first 
HVPD is referred to as plasma channel 1 (PC1), and 
the plasma channel formed by the second HVPD is 
referred to as plasma channel 2 (PC2).

3  Experimental results

To study the internal fractures, the sample after 
HVPD was sectioned and dyed according to the 
method in the literature (Hamdi et al. 2011; Banadaki 
and Mohanty 2012). The cutting position is the III-III 
section shown in Fig.  3d. Subsequently, the stained 
images were binarized the better to show the mor-
phology of the fractures more clearly.

Figure 4 shows the staining results of fractures in 
the sample after two times of HVPD under conditions 
of different plasma channel spacings. Figure 5 shows 
the corresponding binarization results. As shown 
in Figs. 4 and 5, the fractures on the left are caused 

by the first HVPD, while the fractures on the right 
are induced by the second HVPD. Under the action 
of HVPD, radial fractures centered around plasma 
channels are formed in the sample. In addition, on 
the profiles of samples L26, L36, and L46, the two 
fracture zones are connected together. However, two 
independent fracture zones are formed inside samples 
L55 and L56 due to the large spacing between PC1 
and PC2.

4  Numerical simulation

The HVPD method was used to induce the fracture 
inside the sample. Due to the non-transparent proper-
ties of rock materials, the fracture process of samples 
could not be observed by high-speed camera or other 
test methods. The further to explain the experimental 
results, the LS-DYNA program was used to simulate 
the dynamic fracture behavior of the sample.

Fig. 4  Staining patterns of fractures in samples with different plasma channel spacings
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4.1  Establishment of finite element model

4.1.1  Geometric model and mesh

To optimize computational efficiency, a half-scale 
model with dimensions of 125 mm × 250 mm × 150 
mm was established (Fig.  6a). The model includes 
two holes and two plasma channels. The length of 
the plasma channel is 20 mm, which is half the dis-
tance between the discharge points of the two elec-
trodes. As shown in Fig. 6b, hexahedral elements are 
selected for mesh division. The grid around the holes 
and plasma channels has been densified, with a mini-
mum grid size of approximately 1 mm. The constraint 

in the Y-direction is imposed on the symmetry plane 
of the model, and the stress wave is imposed on the 
hole wall of the plasma channels.

4.1.2  Material model

The Riedel Heirmaier Thoma (RHT) model was 
selected here to simulate fracture behavior under 
the action of stress waves generated by HVPD. This 
model introduces the influence of the third invariant of 
the deviatoric stress tensor on the failure surface, and 
can comprehensively reflect phenomena such as ten-
sile and compressive damage, strain rate effects, etc. of 
the material (Hallquist 2006). According to previous 

Fig. 5  Binary patterns of 
fractures in samples with 
different plasma channel 
spacings

(a) Geometric model (b) Grid

H1

PC1 PC2

H3

250mm

Plane of symmetry

Fig. 6  Geometric model and meshing
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literature, it has been successfully applied to study the 
damage and fracture behavior of rock materials under 
dynamic loads such as explosion and impact (Jayasin-
ghe et al. 2019; Li et al. 2023). The main parameters 
of the rock sample are shown in Table 2.

4.1.3  Stress waves

In the process of rock fracturing by HVPD, the cur-
rent is injected into the rock through the positive 
electrode, and then enters the negative electrode after 
passing through the rock, forming a complete current 
loop (Burkin et al. 2009; Kang et al. 2023). Based on 
the Kirchhoff loop equation, the following equivalent 
discharge loop model equation can be established:

(1)

i(t) × Ktd × ltd ×
(∫ t

0
i(t)2dt

)−1∕2

+
1

C
× ∫ t

0
i(t)dt − U

0

+

[

R
1
+
(

R
0
− R

1

)

× e
−t∕QR

]

× i(t) + L ×
di(t)

dt
= 0

where i is the current, R0 is the initial resistance of 
the circuit, R1 denotes the limiting minimum resist-
ance, QR is the time constant of the resistance drop, 
L represents the inductance, Ktd is the resistivity, 
Ltd is the length of the plasma channel, and C is the 
capacitance.

The resistance Rtd (t) of the plasma channel is 
expressed in the form of current integration as follows:

The energy Wtd injected into the plasma channel is 
calculated as follows:

In the process of rock fracturing by HVPD, part of 
the energy injected into the plasma channel is used to 
heat the plasma channel, and the other part is adopted 
to expand the plasma channel to form a shock wave 
(Burkin et al. 2009; Kang et al. 2023):

(2)Rtd(t) =
Ktd × ltd

√

∫ t

0
i2(t)dt

(3)Wtd(t) = ∫
t

0

i2(t) × Rtd(t)dt

Table 2  Parameters of the RHT model

Parameter Value Parameter Value

Mass density RO (kg/m3) 2042 Porosity exponent NP 3.0
Initial porosity ALPHA 1.06 Reference compressive strain rate EOC 3.0E − 8
Crush pressure PEL (MPa) 24.8 Reference tensile strain rate EOT 3.0E − 9
Compaction pressure PCO (GPa) 6.0 Break compressive strain rate EC 3.0E22
Hugoniot polynomial coefficient  A1 (GPa) 8.0014 Break tensile strain rate ET 3.0E22
Hugoniot polynomial coefficient  A2 (GPa) 13.4424 Compressive strain rate dependence exponent BETAC 0.016427
Hugoniot polynomial coefficient  A3 (GPa) 8.2159 Tensile strain rate dependence exponent BETAT 0.02116
Parameter for polynomial EOS  B0 1.22 Volumetric plastic strain fraction in tension PTF 0.001
Parameter for polynomial EOS  B1 1.22 Compressive yield surface parameter GC* 0.53
Parameter for polynomial EOS  T1 8.0014 Tensile yield surface parameter GT* 0.7
Parameter for polynomial EOS  T2 0.0 Erosion plastic strain EPSF 2.0
Elastic shear modulus SHEAR (GPa) 5.706 Shear modulus reduction factor XI 0.5
Compressive strength FC (MPa) 74.56 Damage parameter D1 0.04
Relative tensile strength FT* 0.0808 Damage parameter D2 1.0
Relative shear strength FS* 0.15 Minimum damaged residual strain EPM 0.01
Failure surface parameter A 1.6 Residual surface parameter AF 1.6
Failure surface parameter N 0.61 Residual surface parameter AN 0.61
Lode angle dependence factor  Q0 0.6805 Gruneisen gamma GAMMA 0.0
Lode angle dependence factor B 0.0105
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where P is the stress wave; Vtd stands for the plasma 
channel volume; γ is the isentropic index.

The stress wave P generated by the expansion of the 
plasma channel is represented as follows:

The plasma channel can usually be simplified as a 
cylinder, therefore, the expression for Vtd is as follows:

where rtd is the radius of the plasma channel.
Vtd can be solved using the Euler method:

where α and β are the impact coefficients; ρ0 is the 
density.

The current monitored by the Rogowski coil sen-
sor during the experiment is shown in Fig. 7. The cur-
rent increases rapidly from 0 to a peak value of 19.8 
kA and then decays to 0 in an oscillating manner. 
According to formulae 1 to 7, the stress wave used 
in the numerical simulation described herein can be 
obtained (Fig.  8). It can be seen that the amplitude 
of the stress wave is 201.97 MPa. During the experi-
ment, the second HVPD was applied after the first 
HVPD was completed and the residual current was 
eliminated, and the time interval between the two 
HVPDs was long. To give consideration to the calcu-
lation efficiency, the time interval between the stress 
waves being applied to the walls of PC1 and PC2 is 
set to 200 μs by trial calculation.

(4)
dWtd

dt
=

P × dVtd

dt
+

1

� − 1

d(PVtd)

dt

(5)P(t) =
� − 1

Vtd × �
Wtd

(6)Vtd = �r2
td
(t)ltd

(7)

dVtd

dt
=

⎛

⎜

⎜

⎝

√

7�
1∕14

3
√

�
0

⎞

⎟

⎟

⎠

×

⎡

⎢

⎢

⎣

�

Wtd

Vtd

×
� − 1

�
+ �

�
3∕7

− �
3∕7

⎤

⎥

⎥

⎦

×

�
�

Vtd

�ltd
× 2�ltd

�

4.2  Numerical simulation results

4.2.1  Attenuation of stress waves

To study the attenuation of the stress wave of 
HVPD, the sample L26 is taken as an example. 
Seven points (A-G) at the bottom left of PC1 were 
selected. The first monitoring point A on the lower 
left was located at a distance of 2.5 mm from the 
wall of PC1, and the remaining six monitoring 

Fig. 7  Time history curve: current

Fig. 8  Time history curve: the shock wave
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points were spaced at equal intervals of 2.8 mm 
(Fig.  9). The pressure time history curves of these 
monitoring points were extracted to obtain the peak 
values. Figure  10 shows the variations of the peak 
pressure with distance. The peak values correspond-
ing to seven points are 58.9, 12.9, 8.3, 6.7, 5.7, 5.1 
and 4.6 MPa, respectively. In other words, the peak 
value of the stress wave formed by the HVPD shows 
a non-linear decreasing trend with increasing dis-
tance. According to the simulation results, a nega-
tive exponential function is used to fit the attenua-
tion of stress waves, with a fitting variance of 0.996.

4.2.2  Dynamic fracturing process

In agreement with the previous experiments, numeri-
cal simulations were conducted to represent different 

plasma channel spacings. The morphology of the 
fracture network around the PC1 is similar under dif-
ferent plasma channel spacings, therefore, only the 
fracture propagation process corresponding to PC2 
is shown (Fig. 11a–e). As shown in Fig. 11a that, at 
210 μs, radial fractures develop around the PC2 in the 
sample L26; at 215 μs, the fractures formed by two 
HVPDs are connected; after that, it is difficult for the 
radial fractures to continue to expand to the left. In 
Fig. 11b, at 210 μs, radial fractures at the periphery of 
PC2 in sample L36 propagates outward; at 215 μs, the 
fractures tend to propagate to the left; in addition, a 
nearly horizontal fracture appears near PC2 and prop-
agates to the left; At 220 μs, the fractures in the two 
fracture zones are connected, and the connection time 
is delayed compared with that of sample L26; at 230 
μs, the fractures propagating to the left side tend to 
stop developing, and the length of the remaining frac-
tures is further increased. As illustrated in Fig.  11c, 
at 215 μs, a horizontal fracture propagating to the left 
side begins to appear near the PC2. This is similar to 
sample L36; at 230 μs, the fracture zones formed by 
two HVPDs are connected together. As the distance 
between the two plasma channels further increases, 
eight main fractures appear around the PC2 in sam-
ples L56 and L66 and continue to expand outward. 
However, no fractures propagating in the horizontal 
direction occurred in these two samples (Fig. 11d, e).

The aforementioned results show that the plasma 
channel spacing significantly affects the fracture 
propagation process under the second HVPD. With 
the increase of the spacing between plasma channels, 
the fracture coalescence becomes more difficult. In 
addition, due to the influence of the first HVPD, when 
the spacing between plasma channels is less than or 
equal to 46 mm, the fracture formed by the second 
HVPD is difficult to continue to expand to the left 
after the two fracture zones are connected.

4.2.3  Comparison of numerical simulation 
and experimental results

Figure  12 shows a comparison between experimen-
tal and numerical simulation results. The fractures 
obtained by numerical simulation are radial, and the 
morphology of the fracture network is consistent with 
the experimental results. In addition, the fracture coa-
lescence behavior at different channel spacings also 
matches the experiment. When the spacing between 

A
BC

D
E

F
G

PC1 PC2

Fig. 9  Location of monitoring points

Fig. 10  Attenuation of stress wave of HVPD with distance
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(a) L26

(b) L36
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1cm
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(c) L46

(d) L56

(e) L66

1cm

200μs

1cm

210μs
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1cm

200μs
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210μs

1cm

215μs
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220μs
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230μs

Fig. 11  The fracture process of samples induced by HVPD at different plasma channel spacings
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plasma channels is less than or equal to 46 mm, the 
fracture zones formed by two HVPDs are connected. 
As the spacing between plasma channels increases, 
the two fracture zones are mutually independent. 
From the numerical simulation results, the fracture 
morphology of the two independent fracture zones 
is quasi-symmetrical, while the experimental results 
are not completely symmetrical. In general, the 
numerical simulation results are in good agreement 
with the experimental results, but slightly different. 
This difference is mainly attributed to the following 
reasons: one of the reasons is the influence of load. 
In the simulation, the stress wave is directly used to 
load the sample, however, in the process of electrical 
breakdown of the rock, it will also be affected by high 
temperature, even if the range of influence of high 
temperatures is limited. Another reason is the differ-
ence in the shape of the plasma channel, because the 
real plasma channel formed inside the rock is actu-
ally curved and its interface is not ideally circular due 
to the influence of the internal microstructure of the 
rock; however, the plasma channel in the numerical 
simulation is simplified to an ideal cylinder.

5  Discussion

In the process of rock fracturing by HVPD, the 
pulse voltage is first applied to the high and low-
voltage electrodes. Then, a dendritic discharge leader 
is formed inside the rock near the high-voltage 

electrode, and its trunk extends continuously to reach 
the low-voltage electrode, thus forming a plasma 
channel through the two electrodes (Li et  al. 2020; 
Zhang et  al. 2020). That is to say, a complete dis-
charge circuit is generated. Thereafter, the capacitor 
discharges its stored electrical energy. A portion of 
the total electrical energy is converted to resistive loss 
energy in the circuit, and another portion is released 
into the plasma channel. The energy injected into 
the plasma channel is converted into plasma channel 
heating energy and plasma channel expansion energy 
to form a shock wave (Burkin et al. 2009). The shock 
wave generated by high-voltage pulse discharge will 
form a tangential tensile stress when it propagates 
outward from the plasma channel. This tangential ten-
sile stress exceeds the tensile limit of red sandstone. 
Therefore, several radial fractures are produced in 
the sample under the action of tangential tensile load 
(Fig. 11).

The further to elucidate the formation mechanism 
of fractures between channels, the target points were 
selected near the middle of the two channels and the 
pressure time history curves were extracted (Fig. 12). 
Figure 13 shows the time-history curve of pressure of 
the target points at different plasma channel spacings. 
It can be seen that under the first HVPD, the stress 
wave of these target points is mainly compressive, 
and the peak value of the stress wave decreases with 
the increase in the spacing between plasma channels. 
After the first HVPD, a radial fracture zone with PC1 
at its center is formed (Fig.  11), which will lead to 

(a) L26 (b) L36 (c) L46 (d) L56 (e) L66
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Fig. 12  Comparison between simulation results and experimental results
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the change of the stress state at the target point under 
the second HVPD. As shown in Fig.  13, after 200 
μs, under the action of the second HVPD, the tar-
get points of specimens L26, L36, and L46 have a 
larger tensile peak value, and the rock is more prone 
to fracture under the action of tensile load. On the 
other hand, the tensile peak values at the target points 
of samples L56 and L66 are smaller. This is due to 
the fact that with the increase in the spacing between 
plasma channels, the influence of the fracture zone 
formed by the first HVPD on the second HVPD is 
weakened. Besides, the target points are relatively far 
from the center of the plasma channel. It can be seen 
from the simulation results in Fig.  10 that the pres-
sure peak demonstrates a feature of rapid decay with 
increasing distance. Therefore, the pressure peaks in 
Fig. 13 are much lower than those in Fig. 8.

6  Conclusion

The fracture morphology and coalescence behavior 
of red sandstone samples with different plasma chan-
nel spacings were studied by HVPD experiments. In 
addition, the attenuation law of stress wave was ana-
lyzed by numerical simulations, the dynamic fracture 
process of the sample was reproduced, and the mech-
anism of fracture coalescence was revealed. The main 
conclusions are as follows:

1. Under the action of two times of HVPD, two 
radial fracture zones centered on plasma channels 

were formed inside the red sandstone. The spac-
ing between plasma channels affects the propaga-
tion of fractures. When the spacing is small, the 
fracture of the first HVPD prevents the radial 
fracture of the second HVPD from propagating to 
the left. When the spacing is greater than 46 mm, 
the two fracture regions are quasi-independent of 
each other.

2. Based on the monitored current waveform and 
combined with theoretical analysis, the time-his-
tory curve of stress wave of HVPD was plotted. 
The results show that the stress wave of HVPD 
attenuates exponentially with the increase of dis-
tance in the red sandstone sample.

3. The spacing between plasma channels affects the 
fracture coalescence behavior. Under the condi-
tion of small distance, a nearly horizontal fracture 
appears in the middle of the two plasma channels. 
The second HVPD can form a large tensile load 
in the middle of the two plasma channels, which 
leads to the formation of horizontal through frac-
tures. As the spacing increases, it becomes diffi-
cult to form fracture coalescence between plasma 
channels.
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