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Abstract
High-voltage electric pulse (HVEP) is an innovative low-energy and high-efficiency technique.
However, the underlying physics of the electrical breakdown within the rock, and the coupling
mechanism between the various physical fields involved in HVEP still need to be further
understood. In this study, we establish a 2D numerical model of multi-physical field coupling of the
electrical breakdown of porous rock with randomly distributed pores to investigate the effect of pore
characteristics (porosity, pore media composition) on the partial electrical breakdown of rock (i.e.
the generation of a plasma channel inside the rock). Our findings indicate that the generation of a
plasma channel is directionally selective and extends in the direction of a weak electrical breakdown
intensity. As the porosity of the rock increases, so does the intensity of the electric field in the
‘electrical damage’ region—the greater the porosity, the greater the effectiveness of rock-breaking.
As the fraction of pore fluid (Swater/Sair) gradually declines, the generation time of the plasma
channel decreases, and the efficacy of rock-breaking by HVEP increases. In addition, in this study,
we conducted an indoor experiment utilizing an electric pulse drill to break down the rock in order
to recreate the growth mode of the plasma channel in the rock. Moreover, the experimental results
are consistent with the simulation results. In addition, the development of this type of partial
electrical breakdown is confirmed to be related to electrode polarity and pore characteristics via the
experiment of the symmetrical needle-needle electrode arrangement, which further demonstrates the
mechanism of partial electrical breakdown. This research is significant for comprehending the
process of electric impulse rock-breaking and gives theoretical guidance and technological support
for advancing electric impulse drilling technology.

Keywords: high-voltage electric pulse, pore characteristics, electrical breakdown, porous rock,
plasma channel, electrical breakdown test

(Some figures may appear in colour only in the online journal)

1. Introduction

The efficiency of drilling and rock-breaking determines the
economics of project operation from deep geo-energy

resources (e.g. geothermal, oil and gas) because drilling
expenses account for the bulk of total project expenditures
[1, 2]. In addition, the expense of drilling operations increases
exponentially as the drilling depth increases [3–5]. High-
voltage electric pulse (HVEP) drilling technology stands out
due to its advantages, which include high rock-breaking
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efficiency, good wellbore quality, green environmental pro-
tection, directional rock-breaking and easy control of the
rock-breaking process, as well as the fact that its drilling cost
is not limited by drilling depth. It is considered to be a new
green rock-breaking technology with enormous growth
potential [6–9]. At present, HVEP drilling technology is a
new rock-breaking technique that is almost ready for indus-
trialization [10–12], and its viability has been proved by
researchers from numerous nations [13, 14]. However, the
complex characteristics of rock strata encountered in the
process of electric pulse rock-breaking, particularly the
influence of rock pore characteristics on the mechanism of
electric pulse rock-breaking, are insufficiently understood.
The mechanism of rock-breaking by coupling multiple phy-
sical fields involved is difficult to describe precisely, which
limits the industrial application of HVEP technology to
some degree.

HVEP drilling technology can be divided into two cate-
gories based on its rock-breaking mechanism: hydraulic electric
rock-breaking and electric pulse rock-breaking [15–19].
Hydroelectric rock-breaking occurs when the rise time of the
pulse voltage is long or the insulating quality of the liquid
insulating medium is weak. Since the electrode immersed in the
liquid media does not directly make contact with the rock
surface, its discharge channel will be produced directly in the
liquid medium. The shock-wave stress produced when the
liquid medium is electrically broken will break the rock
[20–23]. In comparison, electric pulse rock-breaking generally
penetrates the rock when its voltage rise time delay is shorter
than 500 ns, and the electrode is in direct contact with the rock.
At this point, the rock’s breaking strength is less than that of the
liquid medium. The rock is preferentially broken down by
electricity, generating a plasma channel within its interior. Due
to the shock-wave force generated when the plasma channel
sprouts, the rock fractures [24–27].

Rock is a complex porous medium in which pores belong
to the mechanical fracture of the rock. These pores are the
outcome of the strain caused by stress concentration on faults,
heterogeneity, and physical discontinuities [28, 29], which can
exist in various sizes, from large plates to microscopic particles.
Porosity, which refers to the ratio of pore space to total volume,
is one of the fundamental physical properties of rocks [30, 31].
The existence of pores in the rock modifies the rock’s electric
field during HVEP drilling, and the electric field strength is
greatest at the intersection of pores and rock matrix. Conse-
quently, the electric vein breaks the rock preferentially along the
border of the pores [32, 33]. In the phenomenon known as
‘partial discharge breakdown’, an electrical breakdown occurs
in a single rock pore, resulting in considerable pore pressure and
rock fracture [34, 35]. In recent decades, several scholars have
explored how the existence of natural or unnatural pores or
cracks in rock impacts the partial electrical breakdown of the
rock during the electric pulse rock-breaking approach [36, 37].
Granite and concrete that have been treated with bubbles cannot
be broken down, whereas granite and concrete that have not
been treated can be broken down. Experiments demonstrate that
when a porous rock is subjected to a high-voltage electric field,
the pore cavity will rupture, and the current will transfer and

conduct to the gas cavity, resulting in the development of
multiple amounts of plasma heat and high-pressure pulse
waves. The pulse pressure will cause the formation of cracks
and rock fragmentation. The rock’s porosity significantly affects
the intensity of the breakdown field. The breakdown field
intensity reduces as the porosity increases [38–45]. In addition,
it contains a variety of fluid media, because the pore space
within the rock is enclosed. Under the same pulse voltage, a dry
granite sample will be broken down by electricity more easily
than a water-saturated granite sample. Furthermore, the dry rock
sample will have a more obvious broken effect [46].

To investigate the effect of pore characteristics on the
electric pulse rock-breaking process, this paper focuses on the
distribution of numerous pores in the rock, the change in
porosity and the effect of fluid medium distribution ratio in
the pores. First, we briefly introduce the process of electric
pulse drilling and the principle of electrical breakdown. Next,
we construct a rock model with a random distribution of
numerous pores and a 2D numerical model of multi-physical
field coupling electrical breakdown of porous rocks. We
mainly study the effect of pore characteristics (porosity, pore
fluid and proportion of pore-fluid distribution) on the partial
electrical breakdown of rocks (plasma formation in rocks).
Finally, is this study, we also conducted an indoor experiment
of electric pulse drilling to break through rock, reproduced the
growth mode of the plasma channel within the rock, and then
conducted the needle-needle electrode electrical breakdown
experiment to investigate the distinction between the high-
voltage electrode and the low-voltage electrode in the process
of electric pulse drilling through rock. Consistent with the
conclusions of the simulation tests, the results of the two
electrical breakdown investigations verify the process by
which an electric pulse shatters rock.

2. HVEP drilling technology

HVEP drilling is a non-contact drilling technology that uti-
lizes high-voltage electric pulses to fracture rock without
causing mechanical wear. Electrical breakdown of rock is a
complicated process, and rock-breaking by electric pulses can
be divided into two modes: electric pulse rock-breaking and
hydroelectric rock-breaking. Electrical breakdown in rock
occurs when the rise time of the electric pulse is less than
500 ns, and the breakdown field strength decreases from water
to rock to air [12].

Currently, the plasma channel is generated inside the
rock, and the resultant stress wave immediately acts on the
surrounding rock, resulting in a rapid rate of rock-breaking.
While this demonstrates that the HEVP drilling method is
highly effective, its practical application is hindered by
standard drilling settings. Particularly difficult is the fact that
the electrodes that give the HVEP must be in direct contact
with the rock surface, as depicted in figure 1. The HEVP
rock-breaking process consists primarily of three stages: stage
I is plasma generation, stage II is initial plasma channel
construction and stage III is rock-breaking. Initially, electric
pulses inject electrical energy into rock. In stage I, the electric
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field intensity of the HVEP-affected area will induce a dist-
ortion effect, and a small amount of plasma will be produced.
In stage II, the pores in the rock will undergo electrical
breakdown due to the continuous action of the HVEP, the
plasma channel will generate progressively through the pores
alongside the production of cracks in the rock, and a plasma
channel will eventually be generated. In stage III, the HVEP-
generated current will continue to inject into the plasma
channel. Meanwhile, it will generate tremendous heat and a
high-intensity force in the vicinity of the channel. Eventually,
penetrating pores will form, causing the rock to be fractured
from the inside, and the insulating drilling fluid will remove
the shattered rock to prevent repeated breakage, thereby
achieving HVEP rock-breaking. In HVEP drilling, there is an
exponential power relationship between breakdown voltage
and electrode spacing, and the system’s energy efficiency is
proportional to the electrode spacing. The porosity of the rock
has a significant impact on the intensity of the electrical
breakdown field.

3. 2D electrical breakdown model of porous rock

3.1. Establishment of porous rock model

The HVEP drilling process encounters a formation that con-
tains a range of spatial pores. These microscopic pores serve
as reservoir space and seepage channels in reservoir rocks.
Furthermore, the presence of a significant number of pores
influences the macroscopic mechanical state of rock and plays
a crucial role in influencing rock failure. The pores may hold
a range of substances, including air, natural gas and water.
Therefore, this paper proposes a 2D electrical breakdown
model of porous rock, coupling the electric field, temperature
field, flow field and stress field, to examine the effect of the
porosity and the medium composition in pores on the rock
fragmentation behavior induced by HVEP. In the rock model,
various pores are randomly distributed and are filled with
media (air, natural gas and water). The peculiarity of the

electrical breakdown model provided in this research is that it
considers the random distribution of pores in the rock, the
geometry of pores, the porosity value and the distribution
ratio of pore fluids when analyzing the electrical breakdown
phenomenon of rock.

As indicated in figure 2, a numerical simulation model of
the partial breakdown of the current rock field in porous, and
thus non-conductive material presents. During the partial
electrical breakdown induced by the plasma channel, we
select a tiny square with an area of 30 mm × 30 mm in the
lower left section of figure 2. Multiple pores with randomly
generated shapes, sizes and positions are positioned in the
micro-element body’s center; the pores are elliptical. The
random distribution of pores in the micro-body corresponds
more accurately to the complex distribution of pores in the
rock. In addition, the shortest semi-axis of the smallest pore
measures 0.1 mm, while the shortest semi-axis of the largest
pore measures 0.3 mm; the smallest long semi-axis of the pore
measures 0.3 mm, while the longest semi-axis of the most
extensive pore measures 0.6 mm.

Figure 1. Schematic diagram of the rock-breaking stage of the HVEP drilling process.

Figure 2. Schematic diagram of numerical the simulation model for
partial breakdown of multi-pore rock current field.
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As shown in table 1, rock models with porosities of 2%,
3%, 4% and 5% were constructed to investigate the impact of
porosity on partial electrical breakdown.

These randomly generated pores contain either air or
water. To characterize the volume fraction of the particular
fluid i in porous rocks, the notion of saturation Si, which is
defined as follows, must be applied:

S
V

V
, 1i

i

p
= ( )

where Vi is the total volume of a certain fluid i, in mm3, and
Vp represents the total volume of pores in porous rocks, in
mm3.

The definition of saturation is fluid volume divided by
pore volume, with fraction or percentage as its unit. In this
study, a 2D electrical breakdown model of porous rock is
developed to represent the fluid volume i by its area Ai and the
pore volume Ap. In the 2D electrical breakdown model, the
formula for pore-fluid saturation Si′ is given as,

S
A

A
. 2i

i

p

¢ = ( )

Two saturation concepts characterize porous rock models
containing water and air/natural gas, with the sum of the two
types of pore-fluid saturation equation (1),

S S 1. 3water air+ = ( )

Table 2 presents seven distinct schemes of fluid propor-
tion in pores to investigate the influence of medium types in
pores on the electrical breakdown of rock.

3.2. Establishment of electrical breakdown model

3.2.1. Governing equations of current field. The process of
electrical breakdown can be considered quasi-static, and the
electric field iterations in the rock domain and the liquid
media domain are governed by Maxwell’s equation:

t
J E

D
, 4s= +

¶
¶

( )

D E, 50 re e= ( )

t
J, 6

qr¶

¶
=  · ( )

E , 7j= - ( )

where D is the electric displacement vector; J is the current
density vector; E is the electric field strength vector; σ is the
electrical conductivity, S m−1; t is the time, s; ε0 is the
vacuum permittivity, its value is 8.854×10−12 F m−1; εr is
the relative permittivity of the medium (rock, electrode and

insulating liquid); j is the electric potential, V; ρq is the space
charge density, C m–3.

3.2.2. Governing equations of electrical breakdown field. In
the process of electrical breakdown, the electrical property of
rock lies between resistance and ideal conductor. When the
electric field strength within the rock is less than its internal
breakdown intensity, it is characterized as resistance in this
paper; when a plasma channel is formed in the rock, it is a
conductor. In this instance, the rock state transition is
represented by the state quantity Dr, between 0 and 1. When
Dr=0, the rock is regular rock (electrical resistance). When
Dr=1, the rock has completed its metamorphosis into a
plasma state. In addition, the state variable Dp of the porous
medium is introduced, which affects the electrical breakdown
field in a similar way to the rock domain state variable Dr. There
is a threshold field intensity Ec throughout the electrical
breakdown process. Only when the electric field strength within
the rock exceeds this threshold can the rock be split apart. Due
to the duration of the breakdown process, a hysteresis effect can
be observed on the time scale of the breakdown process.

This study concludes that a particular electrical break-
down process must satisfy the following conditions: (1) the
partial electric field in the rock exceeds its partial electric field
intensity |Ec|; (2) the time of the electric field intensity vector
exceeding its local electric field intensity |Ec| reaches a
specific limit 0, in which the boundary time indicates that the
energy accumulation in the rock interior during the electrical
breakdown process has reached a specific limit (such as phase
transition, charge transfer and accumulation). Consequently,
in conjunction with the proposed state variable Dr, the control
equation (8) for the electrical breakdown field in this study is,

D

t
F E E D

d

d

1
sgn 1 , 8e

0
c e

t
= - <[ (∣ ∣ ∣ ∣)] ( ) ( )

where |E| is the electric field strength, V m–1; |Ec| is the
partial electric field intensity, V m–1, which is the quantity
related to the rock properties (such as internal pore structure,
mineral types, components, etc) and it is a function related to
the spatial distribution of the rock and is the permeability of
the rock. τ0 is the hysteresis time in seconds; the initial value
of Dr, which represents the state change of rock after electrical
breakdown, is 0; F and sgn are, respectively, logical and

Table 1. Four different porosities of rock.

Scheme code Porosity of rock

A 2%
B 3%
C 4%
D 5%

Table 2. Composition scheme of medium in pores.

Scheme code Types of media Swater/Sair

1 One medium ∞
2 0
3 Two media 4:1
4 Two media 3:2
5 Two media 1:1
6 Two media 2:3
7 Two media 1:4
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symbolic functions,

F a
a

a
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b
b
b

b
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>
=
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where a and b are the respective independent variables (input
parameters) of the logical function F and the symbolic
function sgn.

Various mineral components should have different values
for the threshold breakdown field intensity Ec. When a plasma
channel is generated in an electrostatic field, the electric field
energy comprises two forms of energy: electrostatic energy
and electric-mechanical energy [47]. We can express electro-
static energy density we as,

w D E
1

2
, 11e = · ( )

where we is the electrostatic energy density, J m–3; |E| is the
electric field strength vector, V m–1; |D| is the electric
displacement vector, C m–2.

The electric-mechanical energy density wm in the plasma
channel can be expressed as,

w
1

2
, 12m ms g= ( )

where wm is the electric-mechanical energy density, J m–3; σm
is the Maxwell stress, which can be expressed as
σm=ε0εr|E|

2/2; γ is the strain, the relationship between it
and the stress is γ=σm/Et, and Et is the elastic modulus.

Then, the total energy density wem of the electric field is,

w
E

E E
8 2
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The start of the plasma channel requires an applied
electric field to overcome the volume energy wf equivalent to
the rock’s surface energy. Therefore, when wem is exactly
equal to wf, the electric field strength is equal to the threshold
breakdown field strength Ec at which a partial electrical
breakdown can occur:

E

E
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where wf is the volume energy density threshold, J m–3.
The formula for calculating the threshold breakdown

field strength Ec is as follows:

E E E w E
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According to the electrical breakdown experiments of
Boev et al [38, 39] and Andres [20, 21], the relationship
between the breakdown time delay τ0 and (nominal) electrical
breakdown strength is approximately exponential. In this
paper, with the help of their experimental results, the

relationship between the breakdown time delay and (nominal)
electrical breakdown strength is characterized by the
exponential linear combination, namely,

A B Be e , 16E C E C
0 1 2m 1 m 2t = + +- - ( )/ /

where Em is the nominal intensity, V m–1; A, B1, B2, C1 and
C2 are constants fitted from experimental data. The nominal
breakdown intensity Em is a nominal and measurable
macroscopic quantity, which is roughly the potential
difference Δj between the high-voltage electrode and the
grounding electrode and electrode spacing Ls, i.e.,

E
L L

, 17m
s

d

s

j j
=

D
= ( )

whereΔj is the potential difference between the high-voltage
electrode and the grounding electrode, V; jd is the potential
of the high-voltage electrode, V; Ls is the electrode
spacing, m.

The values of other parameters in the electrical break-
down model are σmax=4×107 S m−1, εmax=206, in
formula (16). The parameter values of rock and water area
are shown in table 3.

3.2.3. Electrical breakdown strength of pore fluids. When the
HVEP rock-breaking feature is enabled, the rock will undergo
partial electrical breakdown, and the pores within the rock
will also undergo electrical breakdown. The partial electric
field strength operating on the pores is greater than the electric
field intensity of the internal medium, which is the basis for
the electrical breakdown of the pores. It is essential to first
determine the degree of electrical breakdown in the pores of
the medium, when developing the 2D model of electrical
breakdown.

3.2.3.1. Electrical breakdown strength of air. The electrical
breakdown strength of air can be obtained by Paschen’s law
[48]:

V P d
BP d

AP d

d P

,

ln ln ln 1
1

,

10 m, 2.5 MPa . 18

a p p
p p

p p
sec

p p

g
m

=
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> <

⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

( )
( )

( ) ( )

We can calculate the breakdown voltage Va of any gas (e.g.
air), given the pore pressure Pp and micro-pore size dp.
A=9 Pam−1 and B=256.5 Pam−1 are the first and second
constants of the Paschen curve, respectively, in equation (18).

Table 3. Values of parameters of rock and water in formula (16).

Parameter Rock field Water field

A 6.674×10−8 7.84861×10−8

B1 6.60795×10−5 2.13147×10−6

B2 0.72623 1.40643×10−6

C1 (V m–1) 1.6598×106 1.35996×106

C2 (V m–1) 325167.72199 7.56997×106
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These constants are specific to air and have been determined
through pertinent experiments [49]. At the same time, the
secondary ionization coefficient γsec has been experimentally
found and ranges from 0.01–0.05 for the dielectric boundary (e.g.
rock grains) and electrical conductor boundaries, respectively
[49]. However, Paschen’s law is a semi-empirical formulation,
and for pores smaller than 10μm, the electrical breakdown
criteria deviate from Paschen’s law, limiting our model to micro-
pore sizes more than 10 μm (i.e. dp>10μm) [50, 51].

In this paper, we use the dielectric strength Ea of air instead
of the breakdown voltage. Incorporating the applied voltage and
the gap distance (pore size) into a single parameter simplifies
the problem analysis. Therefore, to calculate the electrical
breakdown strength of air, we divide both sides of the classic
Paschen’s law by the pore size dp to obtain,

E P d
BP

AP d

d P

,

ln ln ln 1
1

,

10 m, 2.5 MPa . 19

a p p
p

p p
sec

p p

g
m

=

- +

> <

⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥

( )
( )

( ) ( )

3.2.3.2. Electrical breakdown strength of water. The
electrical breakdown strength of water can be obtained by
Martin’s empirical formula [43]:

E
K

t S

E
K
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K
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

where Ew+ and Ew− are the breakdown field strengths of
water (MV cm–1) and related to the electrode polarity; S refers
to the area of the pore when the medium in the pore is water
(cm2); tb is defined as the time when the voltage is more than
63% of the maximum voltage. Therefore, the electrical
breakdown strength of water may be calculated by
equation (20).

3.2.4. 2D electrical breakdown model of porous rock. In
HVEP rock-breaking drilling, the electrode bit structure
significantly affects the rock-breaking efficiency and energy
conversion efficiency. Typically, the electrode arrangement of
a drilling bit is coaxial or at an angle to the axis. Regardless of
how the electrodes are organized, the rock-breaking unit
consists of a ‘high-voltage electrode—rock domain—ground

electrode’ in a ‘needle-needle’ side-by-side configuration. The
two electrodes are positioned symmetrically and surrounded
by two insulating sleeves in direct contact with the rock
surface. When the discharge voltage reaches 120 kV, this
apparatus is part of the electric pulse rock-breaking
mechanism mentioned previously.

The distribution of shape, size and placement of the pores
within the rock’s interior is arbitrary. In addition, both
electrodes are situated on the same side of the rock. The length
of the electrode and the distances between the two electrodes
are 10 and 20mm, whereas the width and depth of the rock are
30 and 30mm, respectively. In addition, an insulating material
is wrapped around the electrode to prevent electrical leakage
from the electrode’s non-end. The material characteristics of the
electrode, water and insulating sleeve are detailed in table 4.

4. Numerical investigations and analysis of HVEP
drilling technology

4.1. Plasma channel generation process and channel
conductivity distribution

Figure 3 displays the formation process of the plasma channel
when the pore medium of model A is entirely air. Dr and Dp

represent the rock state variable and the pore state variable,
respectively. The plasma channel in the rock does not gen-
erate directly from the end of the electrode but instead begins
to sprout near the end of the electrode. During a period of
0–700 ns, the electric field intensity will be altered where
there are pores, initiating ‘electrical damage’ within the rock
and generating plasma channels. The generation of plasma
channels has directional features; hence, ‘electrical damage’ is
more likely to appear in the direction of the pores within the
rock. Subsequently, between 900–1500 ns, the electric field
intensity is relatively weak at many pores, where ‘electrical
damage’ expands and penetrates to generate the initial plasma
channel architecture. Ultimately, the energy in the circuit is
injected into the rock through the plasma channel, which
exacerbates the damage to the rock and ultimately generates
the electrical breakdown channel.

Figure 4 portrays the rock’s electrical conductivity dis-
tribution under conditions of 2%, 3%, 4% and 5% porosities,
respectively. When the pore media is air, the plasma channel
shape can be observed via the electrical conductivity distribu-
tion diagram in figure 4. Typically, plasma channels form in the
direction of pores and sprout towards the pores in the rock. The
formation path of the channels will pass through the pores

Table 4. Electrode, water and insulating sleeve material properties.

Material
Relative

permittivity
Electrical conductivity

(S m−1)
Specific heat capacity

(J kg−1 K−1)
Density
(kg m−3)

Thermal conductivity
(W m−1 K−1)

Water 80 0.00125 4180 1000 0.59
Electrode 1 5.7×107 385 8960 400
Insulating sleeve 4 0 1700 1150 0.26
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because the medium within the pores is air, and the electrical
breakdown strength of air is less than that of rock. Therefore,
the channels will preferentially extend towards the pores.

4.2. The influence of porosity on partial electrical breakdown

Figure 5 plots the breakdown time and partial electric field
strength as a function of porosities. In the simulation, four

rock models with varying porosities are established: A, B, C
and D; the porosities of these four models grow sequentially.
To limit the error caused by the random distribution of pores,
four rock models with the same porosity were each devel-
oped, for a total of sixteen rock models. Then, the electric
pulse simulation test was conducted, and the simulation
results were averaged to obtain the electric pulse simulation
results of rock with varying porosity, as depicted in figure 5,

Figure 3. Generation process of plasma channel inside the rock.
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to examine the effect of porosity on partial electrical break-
down within the rock.

Figure 5(a) presents that as the porosity gradually increa-
ses, the time of electrical breakdown inside the rock gradually
lowers, indicating that the rock is more susceptible to electrical
breakdown as the porosity increases. In conjunction with the
fact that the plasma channel generation described in section 4.1
has a particular ‘direction’ and the ‘electrical damage’ of the
rock is also more likely to sprout along the pore direction within
the rock, the above analysis indicates that porosity is a sig-
nificant factor in the HVEP rock-breaking process.

Figure 5(b) demonstrates that while the porosity gradu-
ally increases, the partial electric field intensity in the rock
model will grow proportionally. Hence, the rock-breaking
effect of the HVEP is gradually strengthened, making it
relatively simple to perform HVEP rock breakdown. How-
ever, as the porosity reaches a specific threshold, the
increasing electric field intensity within the rock gradually
becomes steady. Consequently, in the actual application of
HVEP rock-breaking, the discharge voltage cannot be
increased above a specific value, thus conserving energy and
achieving maximum efficiency to a certain extent.

4.3. The influence of the proportion of pore fluid on partial
electrical breakdown

Figure 6 shows the relationship between the rock’s internal
state variable (Dr) and different pore-fluid distribution ratios
for rock with a 2% porosity. Using the quantified state vari-
able Dr, we can quantitatively assess the rock pores under an
electric pulse. Initially, the state variables of the rock are area-
integrated, with the computation results treated as the
equivalent failure area Srock of the rock domain, i.e. the rock
domain’s failure zone:

S D Sd , 21rock rò= ( )

where Srock is the equivalent failure area of the rock domain
(m2); Dr is the state variable of the rock.

According to table 2 in section 3.1, the proportion of
fluid in the pores (Swater/Sair) is split into seven categories. In
this section, rock model A is utilized, the elliptical porosity is
2%, and for each pore-fluid ratio, four rocks with the same
porosity were formed; a total of 28 rock models were
developed. As illustrated in figure 6, the corresponding failure
area and breakdown time of the ‘electrical damage’ area
inside the rock were averaged after comparing and analyzing
the simulation results of all rock models.

Figure 6 indicates, for a constant porosity, that as the
amount of pore fluid decreases, the duration of electrical
breakdown within the rock (the time when the plasma channel
is completely generated) also decreases accordingly. It reveals
that when the medium in the pore contains air, it is easier to
have an electrical breakdown, and the more air there is, the
easier it is to generate plasma channels. With a change in the
amount of fluid in the interior pores of the rock, the com-
parable failure area of the ‘electrical damage’ zone will also
alter considerably. The rock equivalent failure region is the
most miniature, and the electric pulse’s rock-breaking effect is
weakest when the pore media is saturated with water. As the
percentage of pore fluid steadily decreases, the equivalent
failure area of the rock increases, demonstrating that when the
pore medium includes air, the electric pulse can fracture the
rock more efficiently.

Figure 7 reveals the route of the plasma channel formed
in the rock at various pore-fluid ratios (Swater/Sair). After the
rock model generates plasma channels under the influence of
HVEP, the electrical conductivity within the rock will change
dramatically. Hence, the generation path of the plasma
channels can be indirectly represented by the electrical con-
ductivity of each point within the rock model.

As shown in figure 7, the generation path of the plasma
channel within the rock will change as the percentage of fluid
varies. When the fraction of fluid in the pores Swater/Sair
continuously decreases to zero, the conductivity surrounding
the channel path and the area of the channel route both
increase, indicating an increase in the rock-breaking area and
an improvement in the rock-breaking effect. Conversely,
when the fluid ratio in the pores Swater/Sair is infinite, the area
of the plasma channel route is the smallest, and there is a
minor impact on rock-breaking.

When the only medium in the pores is air, the pores are
electrically broken down, and the plasma channel path travels
through the pores because the electrical breakdown intensity of
air is less than that of rock. However, when the only medium in
the pores is water, the pores are not damaged, and the plasma
channel path follows the surface of the holes. Therefore, rather
than having a fixed generation direction in the ‘electrical
damage’ region of the rock, the development of plasma chan-
nels has a ‘direction’ skewed towards regions where the elec-
trical breakdown strength is weaker in the extension direction.

Figure 4. Conductivity distribution in the plasma channel inside
rocks with different porosities.
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5. HVEP breakdown experiment

Figure 8 displays the experimental setup consisting of an
output electrode, four-stage boost device and DC boost power
source. Its purpose is to research rock disintegration utilizing
HVEP. The DC boost power supply, which also changes
commercial frequency AC power supply to DC power supply,
performs the initial boost. A four-stage boost structure pro-
tects the circuit during the following boost of the circuit and
the breakdown of the rock sample. The boost voltage is
composed of four capacitors and a number of inductors, and
the protection circuit is composed of four air-gap switches
and several inductors. Using the output electrode, the
instantaneous high-voltage pulse voltage loaded on both ends
of the rock sample is discharged. Red and gray sandstones
that have been processed into a round cake shape measuring
100 mm in diameter and 10 mm in height are used in the
HVEP rock breakdown experiments.

5.1. Evaluation of electrical breakdown test outcomes for an
electric pulse drill

The electrode bit used to break the rock sample in experi-
ments can be seen in figure 9. The experiment’s fixed output
voltage and frequency are 80 kV and 2.5 Hz, respectively.
Rock cracking at the HVEP is accompanied by the production
of an electric arc and a dull sound. The rock-breaking effect
reached the experimental expectation, which is consistent
with the outcomes of porous rock’s 2D electrical breakdown
simulation test. First, the surface of the rock sample develops
cracks. Next, under the continuous action of the electric pulse,
the HVEP drill bit continues the rock-breaking operation.
Finally, the rock sample appears to be completely broken and
cracked. Figure 10 clearly shows the HVEP rock-breaking
experiment’s methodology and outcomes.

Figure 11 exhibits the plasma channel path generated in
gray and red sandstone, respectively, due to HVEP rock-
breaking. The rock sample has clear break paths, which

Figure 6. Breakdown time and equivalent failure area inside the rock with different pore-fluid ratios (Swater/Sair) of rock model samples.

Figure 5. Breakdown time and partial electric field strength of rock with different porosities in the HVEP rock-breaking process.
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correspond to the plasma channel path. The plasma channel
generated in the rock is compatible with the simulation-
derived damage path of the rock. Due to the tremendous
energy (heat) in the channel, the rock along the course of the
plasma channel has a distinct color variation from the sur-
rounding rock. In addition, there are ablative markings sur-
rounding the electrode because, after the construction of the
channel, electric energy will continue to be injected to raise

the temperature, producing partial thermal damage to the
rocks next to the electrode.

5.2. Evaluation of the needle-needle electrode electrical
breakdown experiment findings

To study the difference between the high-voltage and low-
voltage electrodes that did not penetrate the fracture pit during

Figure 7. Path diagram of the plasma channel in the rock with different pore-fluid ratios (Swater/Sair).

Figure 8. Experimental setup and its simplified circuit structure.
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the HVEP rock-breaking process, the needle-needle electro-
des were symmetrically arranged to conduct the electrical
breakdown experiment, as shown in figure 12.

Because the fracture crater shape is presented near the
high-voltage electrode and the grounding electrode, the
findings indicate that the plasma channel sprouts from the end
of the double electrodes (high-voltage electrode and
grounding electrode) during the electric pulse discharge. This
corresponds to the results of the electrical breakdown in the
rock occurrence process depicted in figure 3 in section 4.1.

Rock samples devoid of penetrating fracture morphology
were scanned with CT and x-ray to observe internal fracture
features and the generation of plasma channels. During the
experiment, a 3D reconstruction image x-ray microscope was
utilized (MICROXCT-400). Figures 13 and 14 depict the CT
pictures and 3D imaging results of fracture features of red and

gray sandstone, respectively. Figures 13(a) and (b) represent,
respectively, the positive pole and negative pole fracture
craters of rock samples. Figure 13(c) reveals the CT scanning
slices of rock samples, in which the portions with deeper gray
levels represent pores, the portions with lighter gray levels
represent argillaceous components in the rock, and the spots
with lighter gray levels represent mineral particles within the
rock. Figure 13(d) represents the CT scanning slices of rock
samples, in which the portions with lighter gray levels
represent mineral particles within the rock; the blue portion of
the rock sample model displays the 3D imaging results of the
internal fracture properties of the rock sample and the plasma
channel shape.

Without piercing the broken shape, a plasma channel (or
fissure) for charged particles to travel is generated in the rock.
This is because, as discharge times rise, the limit of single

Figure 9. Structure diagram of HVEP drill.

Figure 10. Process diagram of HVEP rock-breaking.
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pulse crushing is achieved at a certain point, and a plasma
channel forms in the rock that completely penetrates the ends
of the high-voltage and grounding electrodes. For the same
kind of rock, the narrower the electrode spacing is, the easier
it is to form plasma channels through the ends of high-voltage
and grounding electrodes for the same end voltage load.
When the broken shape is not penetrated, however, the bro-
ken degree of the crater on the positive electrode side is more
significant than that on the grounding electrode side. This
reveals that the development type of partial electrical break-
down is related to electrode polarity, which further proves the
process of partial electrical breakdown.

Comparing figures 13 and 14, it is evident that the
electrode end crushing degree (size of fracture crater) of gray
sandstone is more extensive than that of red sandstone in
rocks that do not penetrate the fracture crater. The rock’s
porosity may cause this phenomenon; the more significant the
porosity, the greater the amount of conductive ions in
the pores. Moreover, when the end voltage fluctuates often,
the likelihood of partial discharge and electrolysis at the end
of the rock increases proportionally.

To verify the hypothesis described above, the porosity of
the two rocks was evaluated by immersing them in tap water.
First, we determine the porosities of the two sandstones by
comparing the quality of the samples before and after water

immersion. The formula for calculating measured porosity is,

p
M

M
100% 22

1

R

w

r
r

=
D

´ ´ ( )

where p is the measured porosity, %, ΔM is the quality of rock
samples before and after immersion is poor, kg; ρw is the
density of tap water; here we take ρw as 1000 kgm−3; ρR is the
rock density, the density of red sandstone is 2086.7 kgm−3,
while the density of gray sandstone is 2239.9 kg m−3.

The measured porosities of red and gray sandstone are
8.49% and 12.07%, respectively. It is demonstrated that gray
sandstone is more porous than red sandstone. Consequently,
the larger the porosity of the gray sandstone, the greater the
number of conductive ions present within its pores. Frequent
modifications to the end voltage increase the probability of
partial discharge and electrolysis at the rock’s end. The degree
of fragmentation (size of fracture crater) of the electrode end
of the limestone is significantly greater than that of the
electrode end of the red sandstone in the rock under the
penetrating crushing shape, which is consistent with the
conclusion reached in section 4.2. The greater the porosity,
the greater the rock-breaking effect of electric pulse, and the
easier it is to achieve the rock-breaking by the electric pulse.

6. Expectation

Specifically, the electrical breakdown numerical simulation
model presented in this paper has the potential for development
and improvement in the following areas: (1) the medium types
in pores discussed in this paper are water and air/gas; oil should
be considered when simulating the actual situation; (2) the
influence of porosity and the proportion of pore fluid in the
plasma channel is discussed, and other characteristics of pores
inside a rock can be analyzed, such as pore shape, pore pres-
sure, pore connectivity and pore multi-medium content; (3) the
model can be used to study rock characteristic parameters (such
as density, elastic modulus and Poisson’s ratio), electrical
parameters (internal impedance parameters of pulse transmitter,
input power parameters, formation dielectric constant, drilling
fluid and rock under the action of high-voltage pulses),

Figure 11. Schematic diagram of the HVEP plasma channel path in the experimental rock model.

Figure 12. Schematic diagram of the electrical breakdown experi-
ment with a needle-needle electrode symmetrically arranged.
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conductivity, peak pulse voltage and pulse frequency, among
others; (4) for this kind of rock crushing, the current is relatively
high, so the magnetic field cannot be ignored under actual
working conditions. The mechanical strength of rock should
also be considered in this model, which is more appropriate to
the actual situation. In forthcoming investigations, the factors
mentioned above and the enhancement of the electrical break-
down model will be discussed.

7. Conclusion

To investigate the effect of pore characteristics on rock
fragmentation by electric pulse, a numerical simulation
model of electrical breakdown is developed by combining
the four domains of circuit field, current field, breakdown
field and solid mechanics. The possible conclusions are as
follows:

(1) The electric field intensity will be distorted where there
are pores in the rock, and the electrical breakdown
channel will sprout from where the electric field strength
is weak in the rock; the generation of a plasma channel
has a specific ‘directivity’. Electrical breakdown is more
likely to occur as the internal porosity of the rock
increases; as the internal porosity gradually increases, so
does the electric field intensity in the ‘electrical damage’
area of the rock. The electric pulse’s rock-breaking action
will gradually strengthen as the porosity increases. The
larger the porosity, the easier it is to perform the electric
pulse rock-breaking.

(2) When the porosity of the rock model is fixed, the time
required for the whole generation of the plasma channel
under the action of an electric pulse falls gradually as the
proportion of pore fluid drops; the corresponding failure
area of the ‘electrical damage’ region inside the rock
increases gradually as the proportion of pore fluid

Figure 13. 3D imaging results of CT scanning and fracture characteristics of red sandstone.
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declines, which may more effectively promote the
electric pulse rock-breaking for air. When the medium
within the pores is merely air, the plasma channel route
expands across the pores. However, when the medium in
the pores is merely water, the plasma channel route
extends along the surface of the pores.

(3) The plasma channel inside the rock is recreated by the
laboratory experiment of HVEP, the rock along the course
of the plasma channel has a distinct color difference from
the surrounding rock because of the high energy (heat) in the
channel, and the findings of the electrical breakdown
experiment are consistent with the simulation test outcomes.

(4) The electrical breakdown tests with symmetrically
positioned needle electrodes confirm that the plasma
channel emerges from the ends of two electrodes (high-
voltage electrode and grounding electrode) during the
electric pulse discharge process. It is apparent that a high-
voltage electrode has a larger fracture crater than a low-

voltage electrode. The higher the porosity of the rock, the
greater the possibility of partial discharge and electrolysis
at its end, which further supports the theory that a partial
electric shock is responsible for shattering rock.
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