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High-voltage electrical pulse (HVEP) rock-breaking technology is extensively utilized due to its ad-
vantages of high energy density, controllable fragmentation zones, and tunable energy output. However,
the intricate pore structures within rock masses can significantly affect their electrical and mechanical
properties, thereby influencing HVEP performance. To elucidate the mechanisms by which pore
structure influences rock-breaking outcomes, this study integrates the finite difference method (FDM)
and stochastic propagation model to simulate the electrical breakdown paths. Furthermore, the nu-
merical simulations of HVEP-induced rock fragmentation are conducted using the discrete element
method (DEM) based on thermo-mechanical coupling theory. The results demonstrate that the pore
structure strongly impacts both the complexity of the breakdown path and the resulting fragmentation
efficiency. In non-porous rocks, breakdown paths are primarily governed by rock heterogeneity,
resulting in a complex branching structure. In contrast, in porous rocks, breakdown paths are guided by
pore spaces, which reduces path complexity. Notably, under constant porosity, pore diameter exerts a
nonlinear influence on path complexity. Smaller pore diameters, which correspond to a higher pore
density, significantly enhance path complexity. Conversely, as pore diameter increases and the number
of pores decreases, path complexity exhibits a ‘rebound’ as the governing mechanism shifts back to
inherent rock heterogeneity. Moreover, the pore structure induces stress concentration, promoting
fracture initiation and propagation, which enhances rock-breaking performance. Although rocks with
small pores exhibit higher breakdown-path complexity, their fragmentation efficiency is lower than that
of large-pore rocks. This finding highlights the dominant role of pore-induced stress field alterations.
This study provides valuable theoretical guidance for the application of HVEP rock-breaking technology
in porous rock fragmentation.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

As the global economy continues to expand, the consumption
of coal, oil, natural gas, and other resources is experiencing rapid
growth. Consequently, shallow resources are being depleted, and
deep resource extraction is becoming the “new normal” (Cong
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et al,, 2026; Qiao et al., 2013). As the depth of resource extrac-
tion increases, the in-situ stress on the rock strata gradually rises,
and the strength and elastic modulus of the rock show consistent
growth (Li et al., 2024; Xie et al., 2022). These challenging condi-
tions impose significant limitations on traditional rock-breaking
technologies, characterized by accelerated tool wear, diminished
operational efficiency, and escalating costs (Fu et al, 2022;
Hassanpour, 2018; Zhou et al., 2021). Thus, rock-breaking tech-
nology has become a bottleneck hindering deep resource extrac-
tion. There is an urgent necessity to develop innovative, cost-
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effective, and highly efficient rock-breaking technologies to over-
come these barriers.

In recent years, significant advancements in rock-breaking
technologies, including water jets, microwaves, and lasers, have
provided innovative methodologies for deep rock-breaking appli-
cations (Wang et al., 2026; Wei et al., 2026). Water jet technology
utilizes high-pressure pumps to accelerate liquid water through
specialized nozzles, generating high-velocity jets with substantial
kinetic energy. However, as in-situ stress and rock strength in-
crease with depth, its breaking efficiency is significantly reduced.
This necessitates a sharp escalation in pump pressure, which im-
poses more stringent requirements on the sealing integrity and
operational safety of the equipment (Liu et al., 2015). Concurrently,
microwave and laser-based rock-breaking technologies, which
utilize thermal stress mechanisms, have demonstrated notable
progress. Microwave-assisted breaking exploits the differential
energy absorption of various mineral components, inducing
localized thermal stresses that trigger rock failure (Sun et al.,
2025). Similarly, laser rock-breaking technology focuses high-
energy laser emissions on the rock surface to induce localized
melting and vaporization (Yang et al., 2025). Nevertheless, these
thermal-effect-based technologies require localized or volumetric
treatment, leading to high specific energy consumption that hin-
ders large-scale engineering deployment (Zheng and He, 2021).
Given the inherent limitations of these technologies, which are
challenging to address in the short term, high-voltage electrical
pulse (HVEP) technology has attracted growing research interest
(Jin et al., 2026; Liu et al., 2025).

HVEP rock-breaking technology offers distinct advantages,
including controllable energy release (Biela et al., 2009), high en-
ergy density (Li et al., 2018b; Zhang et al., 2023a), selective frag-
mentation (Schiegg et al., 2015), and environmental sustainability
(Kang et al., 2022). Consequently, it represents a promising solu-
tion to the technical bottlenecks in deep-resource extraction.
HVEP technology utilizes a high-voltage charging power supply to
compress and convert lower power (x10~' MW) primary electrical
energy into higher power (x10> MW) energy for storage, which is
subsequently discharged into the rock (Burkin et al., 2009). The
resulting intense electric field polarizes the rock, fostering the
formation of plasma channels consisting of electrons and ions.
Once these channels establish a conductive path between the
electrodes, substantial electrical energy is injected. This process
enables an accumulation of 10-100 J/cm within a nanosecond-to-
microsecond timeframe, with instantaneous temperatures reach-
ing up to 10% K (Feng et al., 2024). The rapid elevation in temper-
ature within the plasma channel induces its abrupt expansion,
generating intense shock waves that lead to the dynamic frac-
turing of the rock.

During HVEP-induced rock fragmentation in deep formations,
the abundant pore structures within the rock mass play a crucial
role in influencing fracture behavior (Fu et al., 2024; Lin et al,,
2022). Consequently, elucidating the mechanisms by which
porosity affects rock fragmentation efficiency is essential for
optimizing HVEP performance in field applications. Previous
research on HVEP-induced fracturing of porous rocks has primarily
focused on two dimensions. The first aspect involves the modeling
of breakdown paths. Researchers have employed fractal theoret-
ical models (Pietronero and Wiesmann, 1984) and electro-thermo-
mechanical coupling simulations to predict the influence of pore
structures on plasma channel propagation. For instance, Liu et al.
(2023b) developed a numerical model integrating electric, cur-
rent, and breakdown fields with solid mechanics, revealing that
plasma channels preferentially propagate toward pores. Similarly,
Zhu et al. (2020, 2021, 2024) conducted electrical breakdown ex-
periments and simulations to elucidate the localized breakdown
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mechanisms, demonstrating that mineral composition and pore
distribution significantly affect breakdown paths. The second
research direction examines the macroscopic fragmentation
characteristics of porous rocks under plasma-induced shock
waves. Lisitsyn et al. (1999) found that unsaturated rocks exhibited
superior fragmentation performance compared to saturated ones,
confirming that gas-filled cavities facilitate electric field intensi-
fication and promote breakdown near the electrodes. Zhang et al.
(2012) conducted HVEP rock-breaking experiments on five rock
types, finding that the average breakdown electric field strength
correlates positively with porosity. Liu et al. (2023b) further con-
structed a random-porosity rock model and simulated the electro-
discharge process using a multiphysics coupling framework,
finding that increased porosity amplifies local electric field in-
tensity in “electrical damage” regions, thereby enhancing frag-
mentation. Additionally, Vogler et al. (2020) demonstrated that
increased pore fluid salinity enhances pore-scale electrical con-
ductivity, intensifies localized Joule heating and thermal expan-
sion stresses, and consequently reduces the rock breakdown
voltage while promoting fracture initiation.

Although several studies have reported that pore structures
influence breakdown paths and rock failure, the coupled mecha-
nisms by which these effects jointly govern the overall fragmen-
tation process remain insufficiently investigated. To address this
gap, the present study constructs a heterogeneous porous rock
model based on Voronoi tessellation and couples the FDM with a
stochastic propagation model to simulate the electric field distri-
bution and plasma channel evolution. The effects of pore structure
and mineral heterogeneity on plasma propagation are investigated
from an electro-physical perspective. Furthermore, a DEM incor-
porating thermo-mechanical coupling is employed to simulate
HVEP-induced rock fracturing, thereby elucidating stress evolu-
tion and damage mechanisms in porous rocks. The findings are
expected to provide theoretical insights and practical guidance for
the field application of HVEP rock-breaking technology.

2. Numerical simulation method of rock breaking by HVEP

Based on the characteristics of the three stages of HVEP-induced
rock breaking, a feasible numerical simulation framework is estab-
lished, as illustrated in Fig. 1. This framework consists of three main
stages: model construction, breakdown path simulation, and
thermo-mechanical coupling rock-breaking simulation. The process

based on Voronoi polygons
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Fig. 1. Numerical simulation framework for rock breaking by HVEP.
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begins with the development of a heterogeneous rock model using
Voronoi polygons, followed by mesh generation and material prop-
erty assignment. The breakdown path is then simulated by calcu-
lating the electric field using the FDM and identifying breakdown
nodes through a stochastic propagation model. Iterative calculations
are performed until the breakdown is fully developed. The resulting
breakdown path is subsequently superimposed onto the DEM of the
rock. Finally, temperature loads are applied to rock particles along
the breakdown path to perform thermo-mechanical coupling sim-
ulations, enabling analysis of HVEP-induced rock damage.

2.1. Breakdown path propagation simulation

2.1.1. Modeling of rock inhomogeneities

Rocks are composed of crystal grains, including mineral phases,
microcrystalline materials, and amorphous phases. Crystals with
distinct dielectric properties exhibit different electrical responses
during breakdown. Furthermore, the size, morphology, and cemen-
tation of crystal particles directly influence the macroscopic me-
chanical properties. Therefore, the heterogeneous distribution of
crystals must be considered when constructing heterogeneous rock
models.

The Thiessen polygon (Voronoi tessellation) can produce complex
geometrical shapes similar to the microstructure of natural rocks.
Therefore, it serves as an effective approach for constructing het-
erogeneous rock models. The Thiessen polygon is generated by
initially assigning seed points and then dividing the spatial region
into multiple regions based on these seed points. Any point in each
region is closer to its corresponding seed point than to any other seed
point. By controlling the distribution and density of seed points,
Thiessen polygons can be constructed at different scales. To simulate
the naturally random arrangement of mineral grains in rock and
avoid the anisotropic bias that may be introduced by manually
specifying crystal orientations, this study generates crystal seed
points following a uniform Poisson distribution (Abdelaziz et al.,
2018; Gulbin and Evangulova, 2003). These Thiessen polygons are
assigned to represent mineral crystals such as quartz, feldspar, and
mica at a certain scale. The rock model is further subdivided into grid
nodes, with each node assigned a corresponding dielectric constant
to construct a heterogeneous rock model. In addition, circular pores
can be randomly generated based on a specified radius range and
porosity. Fig. 2 illustrates a heterogeneous rock model with varying
dielectric constants developed by this method.

2.1.2. FDM for solving electric field distribution
The theory of dielectric breakdown in solids posits that, under a
strong electric field, rocks undergo continuous polarization,

. Feldspar O Quartz O Pore

. Mica

Height, mm

Width, mm
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resulting in the formation of breakdown paths. Understanding the
evolution of the electric field during breakdown path propagation
is essential for elucidating the underlying mechanism. Since the
pulse duration (on the order of microseconds) is much longer than
the electromagnetic wave propagation time (on the order of
nanoseconds), the electrical breakdown process can be regarded as
a quasi-static process (Nagel, 2011; Noskov et al., 1995). For HVEP,
low-frequency voltages are generally adopted, and the dielectric
constant remains constant during the process (Zhao et al., 2024).
In addition, electronic and ionic polarization are assumed to
respond instantaneously to variations in the electric field. Under
these assumptions, the electric field inside the rock is governed by
Poisson’s equation:

V- [e(r) V()] = —‘%?

(1)

where ¢(r) is the relative permittivity, ¢(r) is the potential field, ey
is the vacuum permittivity, and p(r) is the space charge density
function.

Due to the complex dielectric properties of rocks, the electrical
breakdown process is highly nonlinear, rendering the analytical
solution of Poisson’s equation difficult to obtain. Discretizing
Poisson’s equation using the FDM and solving it iteratively at each
grid node is an effective approach for obtaining a numerical so-
lution (Nagel, 2014). Fig. 3 presents a schematic of the finite dif-
ference grid employed to solve Poisson’s equation. The finite
difference formulation of Poisson’s equation is given in Eq. (2).
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Fig. 3. The finite difference mesh used for solving Poisson’s equation.

Fig. 2. A heterogeneous model of rock based on Thiessen polygons. (a) Mineral crystal and pore distribution, (b) grid node.
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where (I, m) represents the nodes around the current node (i,j), ¢;;
and ¢, represents the potentials of the current node and the
surrounding nodes, ¢;; and ¢, represents the relative dielectric
constants of the current node and the surrounding nodes, p;;
represents the bulk charge density of the current node, and Ah
represents the distance between the current node and the sur-
rounding nodes.

From Eq. (2), the electric potential at the central node is
determined by the potentials and dielectric constants of the four
surrounding nodes. The electric potentials at the grid nodes are
updated iteratively using Eq. (2) together with the specified
boundary conditions. The iteration process terminates when the
change in potential between successive updates is less than a
predefined tolerance, as specified in Eq. (3). To ensure both accu-
racy and convergence, the convergence threshold is set to 1% of the
minimum grid spacing (0.02 mm), corresponding to 1 x 10~4 kV.

(3)

bij= (2)

e= ’min(gbij—qs’ij)‘ <er

where e is the node potential change before and after update, ¢; j is
the node potential matrix before update, ¢; j is the node potential
matrix after update, and e; is the convergence threshold.

2.1.3. Stochastic propagation models

The propagation of breakdown paths is governed by the inter-
action between electrostatic field effects and stochastic effects
(Pietronero and Wiesmann, 1984). When simulating the break-
down path, it is essential to account for both effects simulta-
neously. The following describes the simulation workflow for
breakdown path propagation.

2.1.3.1. Rock inhomogeneity modeling. A set of random seed points
is initially generated within a rectangular domain. This domain is
then partitioned into a fixed number of Thiessen polygons based
on these seed points. Each polygon is randomly assigned to min-
eral phases such as feldspar, quartz, and mica according to a pre-
defined ratio. The region is subsequently meshed, and the
dielectric constants corresponding to each mineral phase are
assigned accordingly. Additionally, circular voids may be randomly
introduced within the domain, with their dielectric constants set
to that of air to represent the rock’s pore structure.

2.1.3.2. Boundary conditions. The upper boundary of the rock is
designated as a positively charged plate with a voltage of ¢, kV,
while the lower boundary is set as a grounded plate with a voltage
of 0 kV. The FDM is applied, iterating multiple times to compute
the potential matrix. The method iteratively solves the potential
field until convergence is reached. To eliminate lateral edge effects
and ensure no lateral electric flux, Neumann boundary conditions
are applied to the lateral boundaries, as expressed in Eq. (4). This
treatment eliminates the influence of lateral dimensions on the
simulation results.

V| eV

o =2 =o
Xy oX

x=W

(4)
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2.1.3.3. Breakdown node selection. As illustrated in Fig. 4, unbro-
ken nodes adjacent to the breakdown path may become subse-
quent breakdown nodes and are defined as potential breakdown
nodes. The breakdown probability of these nodes is related to the
local potential energy. The potential energy of each potential
breakdown node is calculated and normalized by the total po-
tential energy of all candidate nodes. The resulting normalized
value represents the breakdown probability of each node, as
expressed in Eq. (5). A cumulative probability distribution is then
constructed from these probabilities, and the next breakdown
node is determined by generating a random number between
0 and 1 and identifying the corresponding probability interval.

n
1 E2
(igr(icj') (i'J’))

n
1 2
Do jyer (Zsr(i’d’)E(i’J’))

(5)

Piij-i )=

where (i,j) point indicates the node that has been penetrated, (7', j')
points indicate the node to be penetrated, P(;;_; ;) indicates the
probability of penetration of the node to be penetrated (7.j"), & j
indicates the dielectric constant of the node to be penetrated, Eq
indicates the electric field of the node to be penetrated, and I'
indicates the set of nodes to be penetrated.

2.1.3.4. Breakdown path propagation. The propagation of the
breakdown path is accompanied by electrical energy release,
resulting in a voltage drop. Consequently, after identifying a new
breakdown node, its potential is updated according to the modi-
fied boundary conditions. The voltage update equation is given in
Eq. (6). The FDM is then iteratively applied to update the potential
distribution and determine the subsequent breakdown node. This
process continues until the breakdown path reaches the boundary.

¢n=cp — EqAR (6)

where ¢, is the new breakdown node potential, kV; ¢, is the po-
tential of the previous breakdown node, kV; E; is the reduction in
electric field strength, kV/mm.

2.2. Electric pulse rock breaking thermo-mechanical coupling
model

A thermo-mechanically coupled numerical simulation based

on the DEM was employed to investigate thermal
¢—0—0 @& 0 @ 000
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L!) Potential breakdown nodes . Breakdown nodes

Fig. 4. Breakdown nodes and potential breakdown nodes.
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expansion-induced fracturing along the breakdown paths. Within
the DEM framework, the rock is discretized into an assembly of
microparticles, with particle interactions governed by contact
constitutive laws. The parallel bond model (PBM) introduces
bonding elements at particle contacts, enabling the transmission
of normal and shear forces as well as bending and torsional mo-
ments across bonded interfaces (Potyondy and Cundall, 2004).
This model has been widely applied in simulations of rock
behavior under static and dynamic loading conditions (Li et al.,
2018b; Zhang et al., 2023b). In this study, the PBM was adopted
to construct the rock model. Bond breakage occurs when the
maximum normal or shear stress at particle contacts exceeds the
corresponding bond strength, thereby initiating microcrack for-
mation and subsequent propagation. The quantitative evaluation
of these maximum stresses is given in Eqgs. (7) and (8).

T |M|s

O’max:K+¥R (7)
T |Mi|s

Tmaxiz-f—% (8)

HVEP rock breaking involves thermo-mechanical coupling,
where a high-energy-density current flowing through the plasma
channel rapidly heats the breakdown path, leading to thermal
expansion of rock particles. The thermo-mechanical model ac-
counts for temperature-dependent variations in particle radius
and normal contact force, as defined in Egs. (9) and (10). Notably,
the effect of shock waves generated by the rapid expansion of the
plasma channel is significantly greater than that of thermal con-
duction within the rock (Kang et al., 2022; Liu et al., 2024; Zhao
et al., 2025). Therefore, the thermo-mechanical coupling model
in this study is primarily used to simulate the process of shock
wave generation resulting from the plasma channel expansion.

AR =aRAT (9)

AFy = —knA(@LAT) (10)
where AR is the change in particle radius; « is the coefficient of
thermal expansion; R is the particle radius; AT is the change in

temperature; AF, is the change in particle normal contact force; k,
is the contact surface normal stiffness; A is the contact area; @ is
the contact coefficient of thermal expansion; and L is the contact
length.

The heterogeneous rock model is constructed using the DEM, as
illustrated in Fig. 5. Initially, rock particles are generated within a
predefined domain. Subsequently, the pre-established heteroge-
neous rock model is superimposed onto these particles, which are
then classified according to their respective mineral compositions.
Appropriate contact parameters are then assigned to both intra-
crystalline and inter-crystalline contacts. Finally, a temperature
load is applied along the breakdown path to simulate the thermo-
mechanical coupling effect during HVEP rock breaking.

2.3. Setting of rock electrical property parameters and fine
mechanical parameters

To optimize computational efficiency and enhance processing
speed, the FDM model for electrical breakdown path calculation
was defined with a domain size of 10 mm x 5 mm with a grid
resolution of 0.02 mm, resulting in a total of 125,000 grid points.
The relative permittivity of quartz, feldspar, mica, and pores was
set to 6.0, 12.0, 10.0, and 1.0, respectively (Liu et al., 2023c).
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The fine-scale mechanical parameters governing particle in-
teractions are critical for determining the macroscopic mechanical
behavior and damage characteristics of the rock. These parameters
must be calibrated before performing numerical simulations of
HVEP rock breaking. However, the quantitative relationship be-
tween fine-scale parameters and macroscopic rock properties re-
mains unclear. Consequently, a trial-and-error approach is
commonly adopted for parameter calibration, using the macro-
scopic mechanical properties of rock specimens as reference
benchmarks (Ji and Karlovsek, 2022). The calibration model size
was set to 25 mm x 50 mm, consisting of 28,016 particles. The
calibration process was guided by the mechanical strength hier-
archy of the primary mineral constituents of granite
(quartz > feldspar > mica).

Fig. 6(a) compares the uniaxial compressive stress-strain
curves obtained from laboratory tests and three numerical simu-
lations. Fig. 6(b) presents the associated damage patterns. Both
experimental and numerical specimens exhibit shear failure sur-
faces, with localized disintegration observed at the specimen tops.
Under identical mesoscopic parameters but varying random grain
distributions, the simulated peak compressive strengths were
157.6 MPa, 158.7 MPa, and 160.1 MPa, while the elastic moduli
were 20.58 GPa, 20.86 GPa, and 20.30 GPa. These values are in good
agreement with the experimental peak compressive strength of
159.6 MPa and elastic modulus of 20.82 GPa. These results indicate
that the GBM approach produces reproducible macroscopic me-
chanical responses and that the randomly generated microstruc-
tures are representative of real rock behavior.

The calibrated fine-scale parameters were then applied in
subsequent simulations, and their values are summarized in
Table 1. Notably, at the onset of uniaxial compression, the simu-
lated particles possess stable, pre-established contacts and bonds
(Zhang et al., 2022). This configuration omits the initial nonlinear
compaction stage, resulting in a linear elastic response at the early
stage of loading. This is permissible in PFC simulations (Quan et al.,
2023).

To investigate the influence of pore structure on HVEP rock
breaking, microscopic pores are introduced by deleting particles.
Although the mechanical properties of the rock matrix particles
are preserved, this process inevitably reduces the bulk mechanical
strength of the specimen. Despite this inherent effect, the research
findings provide meaningful insights into the behavior of porous
rocks.

Beyond mechanical parameters, fine-scale thermodynamic
parameters must also be defined. According to previous studies
(Ahrens, 1995; Yang et al., 2018), the thermal expansion co-
efficients of feldspar, quartz, and mica were set to 8.7 x 107,
243 x 1075 and 3.0 x 107® °C~!, respectively. The specific heat
capacities were assigned as 892 ]J/(kg-K), 710 J/(kg-K), and 760 ]/
(kg-K), respectively.

2.4. Experimental verification of HVEP rock breaking

2.4.1. Mesh independence verification

To assess the sensitivity of the electric field solution to spatial
discretization, a systematic mesh-independence analysis was
conducted. Six mesh configurations were examined, ranging from
a coarse grid of 100 x 50 to a fine grid of 600 x 300, corresponding
to 5,000 to 180,000 total grid points. For each configuration, the
electric field was solved under identical boundary conditions,
material parameters, and iterative tolerance criteria.

Table 2 summarizes the variations in key physical quantities
under different mesh resolutions. When the mesh is refined to
500 x 250, the relative deviation in average electric field intensity
is 0.07%, and the relative deviation in total electrostatic energy is
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Fig. 5. Heterogeneous rock model. (a) Rock breakdown path, (b) DEM of heterogeneous rock.
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Fig. 6. Calibration results of experimental and numerical simulations. (a) Stress-strain curves from experimental and numerical simulations, (b) damage patterns from exper-
imental and numerical simulations.

Table 1

Calibrated fine mechanical parameters of rock mineral crystals and crystal boundaries.

Parameter type Micro-properties of the minerals Feldspar Quartz Mica Grain boundaries
Electrical parameters Permittivity 12.0 6.00 10.0
Mechanical parameters Minimum particle radius, mm 0.016 0.016 0.016
Ratio of maximum to minimum particle radius 1.66 1.66 1.66
Porosity 0.08 0.08 0.08
Parallel bond modulus, GPa 14.18 15.70 11.72 2.00
Parallel bond normal to shear stiffness ratio 1.15 1.32 1.50 2.90
Parallel bond tensile strength, MPa 77.44 97.28 64.00 27.00
Parallel bond cohesion, MPa 116.10 145.92 96.00 40.50
Parallel bond friction angle, ° 14.00 12.00 16.00 5.00
Thermodynamic parameters Coefficient of thermal expansion, °C~! 8.7 x 107 243 x 1076 3.0x10°°
Specific heat, J/(kg-K) 892 710 760

Table 2

The performance of key physical quantities under different mesh resolutions.

Mesh size Number of Average step Average electric Relative error, % Total energy Relative error, %
mesh elements length, mm field, kV/mm

100x50 5,000 0.1000 9.847 - 88,423 -

200x100 20,000 0.0500 9.914 0.68 89,619 134

300x150 45,000 0.0333 9.937 0.23 89,988 0.41

400%200 80,000 0.0250 9.950 0.13 90,213 0.25

500x250 125,000 0.0200 9.957 0.07 90,234 0.02

600x300 180,000 0.0167 9.962 0.05 90,250 0.017
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0.02%. Both values are significantly below the commonly accepted
numerical tolerance threshold of 2%. Further refinement to 600 x
300 yields negligible improvement while substantially increasing
computational cost. Considering the trade-off between solution
accuracy and computational efficiency, the 500 x 250 mesh was
selected as the optimal mesh resolution for the present study.

2.4.2. Experimental and numerical simulation verification

Huang and Shi (2019) conducted HVEP rock-breaking experi-
ments using cylindrical cement-based grout specimens with a
height of 20 mm and a diameter of 20 mm under a voltage of
180 kV at room temperature without external loading. The
experimental results are shown in Fig. 7(a). The image of the rock
fragments after HVEP is binarized, where the black regions
represent breakdown paths formed under high-temperature con-
ditions. To evaluate the accuracy of the proposed numerical model
for HVEP rock breaking, a simulation was performed using the
described method, and the results are shown in Fig. 7(b). Both the
experimental and numerical results indicate that the breakdown
path propagates from the upper to the lower rock surface, with
branching occurring along the path. The numerical simulation
results are in good agreement with the experimental observations,
thereby validating the accuracy and reliability of the proposed
model.

3. Numerical simulation scheme and results
3.1. Numerical simulation scheme

The rocks in the formation exhibit abundant pore structures.
On the one hand, the gas within the pores has significantly
different dielectric properties from the surrounding rock, which
affects the propagation behavior of the breakdown path. The
breakdown path serves as a channel for energy transmission, and
the shock wave generated by its expansion can influence the rock
damage process. On the other hand, pore structures alter the
mechanical properties of the rock, resulting in a breakage behavior
that differs significantly from that of dense rock.

Therefore, to elucidate the influence of pore structure on HVEP
rock breaking, numerical simulations were performed on porous
rocks. A control group without pores was included to represent
dense rocks under HVEP, as shown in Table 3. Additionally, nu-
merical simulations were conducted on rocks with identical
porosity but varying pore diameters to investigate the effect of
pore size on HVEP rock breaking, as shown in Table 4. Since the
porosity and pore size of deep rocks vary substantially with li-
thology, common sedimentary and volcanic rocks typically exhibit

Height, mm
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porosities of 0.02-0.28 and pore diameters ranging from micro-
meter to millimeter scales (Bloch et al., 2002; Surma and Geraud,
2003). Based on these findings (Liu et al., 2023b), a representative
porosity of 0.1 and a pore diameter range of 0.2-0.7 mm are
adopted in this study.

The breakdown path is governed by the competition between
deterministic electrostatic field effects and stochastic perturba-
tions (Pietronero and Wiesmann, 1984). This stochasticity arises
from electric field fluctuations near the front of the breakdown
path. To mitigate stochastic effects, the Monte Carlo method was
used to perform multiple simulations. The fractal dimension (D)
was quantified using the box-counting method, in which square
grids of size (r) are superimposed on the breakdown path, and the
number of occupied boxes (N) is counted. The fractal dimension is
then calculated as:

N(r) ~ 1P (11)

Fig. 8 illustrates the evolution of the running mean and 95%
confidence interval (CI) of the fractal dimension for both porous
and non-porous conditions. The results indicate that the mean
stabilizes and the CI width approaches an asymptotic value after
approximately 200 repetitions, confirming statistical convergence.
To enhance statistical robustness and reduce bias arising from
stochasticity, the number of repetitions for each simulation con-
dition was therefore set to 200. Although the resulting 95% CI re-
mains relatively large due to the random distribution of mineral
crystals and pores, as well as the intrinsic stochasticity of break-
down propagation, this behavior is physically reasonable.

3.2. Effect of pore structure on electrical breakdown paths

3.2.1. Mechanism of pore structure on breakdown paths

The electric field strength is a critical determinant of break-
down path propagation. Fig. 9 illustrates the breakdown paths and
the initial electric field distributions for both porous and non-
porous rocks. Fig. 9(a) and (b) show that the breakdown paths
exhibit intricate branching structures, with the paths preferen-
tially advancing toward regions of low dielectric constant crystals
or pore boundaries.

This phenomenon can be attributed to Maxwell-Wagner
interfacial polarization and local field enhancement at dielectric
discontinuities. As illustrated in the charge density cloud maps
(Fig. 9(c) and (d)), the strong externally applied electric field in-
duces significant electric dipole polarization in both the rock
minerals and the pore air, forming bound charge accumulation
zones at their interfaces (Joll et al., 2024). In regions with high
dielectric permittivity, the polarization-induced bound charges

Dielectric distribution and discharge path

Width, mm

Fig. 7. HVEP rock-breaking effect comparison between experiment and simulation. (a) Experimental results of HVEP (Huang and Shi, 2019), (b) simulation results of breakdown

path.
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Table 3
Numerical simulation scheme for the effect of pore on HVEP rock breaking.

Petroleum Science 23 (2026) 5853-5869

Serial number Voltage, kV Pore condition Pore diameter, mm Repetition frequency
1 100 Without pores None 200
2 100 Containing pores 0.2-0.6 200

Table 4

Numerical simulation scheme for the effect of pore diameter on HVEP rock breaking.

Serial number Voltage, kV Pore area ratio Pore diameter, mm Repetition frequency
1 100 0.1 0.2-0.3 200
2 100 0.1 0.3-0.4 200
3 100 0.1 0.4-0.5 200
4 100 0.1 0.5-0.6 200
5 100 0.1 0.6-0.7 200
Convergence of running mean with 95% confidence interval the Eayg of porous rocks is higher than that of non-porous rocks.
Furthermore, the E., of porous rocks is 0.519, exceeding that of
1.34 1 non-porous rocks. In conjunction with the initial electric field
132 ] distribution (Fig. 9), these results indicate that pores cause a sig-
° nificant accumulation of interface charges at their boundaries,
3 1301 leading to electric field distortion. This distortion significantly
% enhances the intensity and spatial variation of the electric field
2 %] inside the rock. However, the presence of pores reduces the
1.26 4 Running mean (with pore) ComPIEXity of the breakdown path
95% CI (with pore)
Running mean (without pore)
1.24 1 95% CI (without pore)

75 100 125 150 175 200

Sample size, N

Fig. 8. Variation law of running mean of fractal dimension of breakdown paths.

partially neutralize the internal electric field, yielding a shielding
effect. In contrast, regions with low dielectric permittivity exhibit
weaker polarization, resulting in local electric field enhancement.
Therefore, strong electric field gradients develop at boundaries
between regions with contrasting dielectric properties, leading to
pronounced field distortion (Fig. 9(e) and (f)). Since regions with
intensified electric fields possess higher electrical energy, elec-
trical breakdown preferentially occurs along crystal boundaries
and pore boundaries, ultimately forming a complex branching
morphology.

Although the breakdown paths in porous and non-porous rocks
share similar characteristics, they also exhibit distinct differences.
As shown in Fig. 9, the breakdown paths in porous rocks exhibit
fewer branches than those in non-porous rocks. Fig. 10 illustrates
the average fractal dimensions derived from 200 numerical sim-
ulations. The fractal dimension of the breakdown paths is 1.194 in
porous rocks and 1.206 in non-porous rocks, suggesting that the
presence of pores reduces breakdown-path complexity. The elec-
tric field strength primarily governs breakdown path propagation.
Consequently, key parameters—including the maximum value
(Emax), mean electric field strength (Eayg), standard deviation (Esq),
and coefficient of variation (E.,)—were computed, and the results
are presented in Table 5. Emax and Eayg characterize the electric
field strength, whereas Esq and E., quantify its variability. Ecy
represents a relative measure of variability, defined as the ratio of
the standard deviation to the mean electric field strength. These
parameters reflect the overall characteristics of the electric field
and elucidate the influence of pores on breakdown path dynamics.

As shown in Table 5, the Eqhax of the porous rocks is 198.92 kV/
mm, approximately 2.48 times that of non-porous rocks. Similarly,
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3.2.2. Influence of pore diameter on breakdown path

Fig. 11 shows the effect of different pore diameters on break-
down paths. As the pore diameter decreases, the pore density
within the rock increases. This variation significantly influences
the electric field distribution and the morphology of the break-
down paths.

Fig. 12 illustrates the variation in the mean fractal dimension of
breakdown paths across different pore diameter ranges. Results
from 200 simulations indicate that the fractal dimension de-
creases initially and then increases as the pore diameter increases.
Specifically, when the pore diameter is 0.2-0.3 mm, the average
fractal dimension is 1.1992. As the pore diameter increases to
0.5-0.6 mm, the fractal dimension decreases to 1.1895. However,
further increasing the pore diameter to 0.6-0.7 mm leads to an
increase in the fractal dimension to 1.1950. These findings suggest
that pore diameter influences the complexity of breakdown paths
under constant porosity conditions.

Fig. 13(a) and (b) show the influence of pore diameter on the
electric field strength within the rock. As the pore diameter de-
creases from 0.6-0.7 mm to 0.2-0.3 mm, the Ep,ax increases from
161.70 kV/mm to 245.73 kV/mm, and the Egyg rises from 20.87 kV/
mm to 20.95 kV/mm. These results indicate a negative correlation
between pore diameter and both Epax and Eayg. Fig. 13(c) and (d)
show the variation of Esq and E., with pore diameter. When the
pore diameter is 0.2-0.3 mm, E, is 0.536. As the pore diameter
increases to 0.6-0.7 mm, E., decreases to 0.5054. As the pore
diameter increases, the fractal dimension of the breakdown path
exhibits a trend of initially decreasing and then increasing,
whereas the electric field strength and its dispersion decrease
monotonically. This asynchronous trend between the fractal
dimension and the electric field characteristics (i.e., strength and
dispersion) suggests that a threshold may exist during the increase
in pore diameter. When this threshold is exceeded, the dominant
mechanism influencing the breakdown path propagation un-
dergoes a transition. Specifically, below this threshold, an increase
in pore diameter reduces the electric field strength and dispersion,
leading to a simplification of the breakdown path and a
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Fig. 9. Breakdown paths, initial charge density distribution, and electric field distribution. (a) Breakdown paths in non-porous rocks, (b) breakdown paths in porous rocks, (c)
charge density in non-porous rocks, (d) charge density in porous rocks, (e) initial electric field strength distribution in non-porous rocks, (f) initial electric field strength dis-
tribution in porous rocks.
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Fig. 10. Fractal dimensions of breakdown paths in porous and non-porous rocks.

subsequent decrease in its fractal dimension. However, once the
pore diameter increases beyond this threshold, the electric field
dispersion is further weakened. At this point, the guiding effect of
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pores themselves on the breakdown path may no longer be the
dominant factor.

Overall, variations in pore diameter and number significantly
influence the morphology of breakdown paths and the electric
field distribution within the rock. Rocks with smaller pore di-
ameters exhibit greater electric field dispersion and more complex
breakdown paths. As the pore diameter increases, these charac-
teristics undergo stage-wise changes.

3.3. Effect of pore structure on rock fragmentation

3.3.1. Mechanism of pore structure on rock fragmentation

Fig. 14 shows the rock-breaking process of non-porous rock
under HVEP. The formation of a breakdown path establishes an
electrical circuit between the electrodes, through which a sub-
stantial amount of electrical energy is delivered into the rock
interior. This leads to a significant temperature rise in particles
along the breakdown path. A temperature load of 8,000 K is
applied to the particles within this path. At a loading time of 1 ps,
numerous cracks initiate and propagate along the breakdown
path, indicating the formation of a stress concentration zone. This
phenomenon is attributed to the temperature gradient between
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Table 5

Parameters of electric field strength inside porous and non-porous rocks.
Electric field strength parameters Emax, KV/mm Eavg, KV/mm Esq, kV/mm Eey
Porous rock 198.92 2091 10.86 0.519
Non-porous rock 79.89 20.47 7.50 0.366

(a)

Dielectric distribution and discharge path

Height, mm

Width, mm

(b)

Dielectric distribution and discharge path

Height, mm

Width, mm

Fig. 11. Rocks with different pore diameters. (a) Rocks with pore diameters of 0.2-0.3 mm, (b) rocks with pore diameters of 0.6-0.7 mm.
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Fig. 12. Fractal dimension of breakdown path under different pore diameter
conditions.

the particles in the breakdown path and the surrounding rock,
which promotes thermal expansion of the heated particles. As the
temperature increases, the rock particles expand and generate
shock waves, resulting in the rapid initiation and propagation of
fractures along the breakdown path.

When the loading time ranges from 1 to 10 us, a complex network
of cracks forms near the breakdown path, and a highly fragmented
region, referred to as the crushed zone, develops. Additionally, radial
cracks form inside the rock. The formation of the crushed zone is
mainly associated with the continuous input of electrical energy and
the rapid thermal expansion of particles along the breakdown path.
The boundaries of the crushed zone extend under stresses generated
by thermal expansion. The formation of radial cracks indicates the
presence of tensile stress during stress transfer. Due to the low
bonding strength between mineral crystals, the cracks propagate
along inter-crystalline boundaries.

When the loading time ranges from 10 to 20 ps, only a limited
number of new cracks develop within the rock, suggesting that
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most of the injected electrical energy has been dissipated. Addi-
tionally, the crushed zone formed along the breakdown path ob-
structs further transmission of energy into the rock interior.

Fig. 15 shows the evolution of the fracture field in porous rocks
under HVEP. The damage processes of porous and non-porous
rocks are generally similar, including fracture initiation, rapid
fracture propagation, and energy dissipation stages. However,
notable differences emerge in their damage characteristics. Spe-
cifically, radial cracks in porous rocks tend to connect to nearby
pores during propagation. This behavior arises from local stress
concentration zones that form around pores as compressive stress
builds, making pore boundaries preferential paths for radial crack
propagation.

To further assess the fragmentation effect, rock fragments from
both porous and non-porous rocks were counted after loading, and
their equivalent diameters were calculated using Eq. (12).

Te= Vf/n:

where T, is the equivalent radius of the fragment, mm; V; is the
area of the fragment, mm?.

The cumulative distribution curve of equivalent fragment size
is shown in Fig. 16. Based on the equivalent-diameter distribution,
the post-fracture fragments can be classified into three size
ranges: 0.016-0.8 mm (small fragments), 0.8-2.2 mm (medium
fragments), and 2.2-2.63 mm (large fragments). Small fragments
are mainly generated within the crushed zone, medium fragments
are primarily formed in the radial crack zone, and large fragments
are mainly associated with axial cleavage of the specimen.

Small and medium fragments are mainly produced by the
direct crushing effect of HVEP. The volume fraction of small frag-
ments is similar in porous and non-porous rocks, indicating that
the crushed zone is only weakly influenced by the presence of
pores. This is because the stress generated near the breakdown
path significantly exceeds the rock strength, resulting in a similar
crushing effect in this region.

However, the volume fraction of medium fragments is higher in
porous rocks than in non-porous rocks. In addition, the medium
fragments in porous rocks are mainly concentrated in the
1.0-1.14 mm range, which is larger than those in non-porous rocks.

(12)
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Fig. 13. Intensity of electric field in rock. (a) Maximum electric field intensity, (b) average electric field intensity, (c) standard deviation of electric field intensity, (d) coefficient of

variation of electric field intensity.

This difference arises because stress concentration zones formed
around pore boundaries promote crack initiation and propagation
toward pores, thereby facilitating the interconnection of fractures
and the formation of medium fragments.

3.3.2. Influence of pore diameter on rock fragmentation
characteristics

Based on the findings in Section 3.3.1, rock fragmentation under
HVEP exhibits three representative damage features: the crushed
zone formed along the breakdown channel, the radial crack zone,
and the macroscopic fragments generated by axial fracturing. The
crushed zone and the radial crack zone result directly from elec-
trical energy input and therefore reflect the crushing performance
of HVEP rock breaking. On this basis, a quantitative evaluation
system based on fragment-size distribution was established to
assess the crushing effect and energy-utilization efficiency
through statistical analysis of fragment volume and equivalent
diameter in crushed zones and radial crack zones.

It should be noted that, unlike the absolute size-based classi-
fication adopted in Section 3.3.1 (small, medium, and large frag-
ments), the evaluation system in this section uses a percentile-
based classification for fragments in the crushed zone and radial
crack zone. Specifically, all fragments in these two zones were
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classified into three groups: coarse fragments (V > V75, 75th
percentile), medium fragments (V25 <V < V75), and fine fragments
(V < V35, 25th percentile).

§$=0.75: + 0.25¢ + 0.1S, (13)
where S is the total score, Sc, Sf, and Sy are the coarse-fragment
score, fine-fragment score, and uniformity score, respectively.
The coarse-fragment score was directly defined as its volume
percentage:

Sc =Ve/Viotal x 100% (14)
where V. is the total volume of coarse fragments, and V,;,; is the
total volume of all analyzed fragments. A higher proportion of
coarse fragments indicates lower energy consumption per unit
volume of fragmented rock.

The fine-fragment score is calculated as follows:
Sf:100%—Vf/Vtotal x 100% (15)
where V¢ is the total volume of fine fragments. This indicator re-
flects energy-utilization efficiency by penalizing excessive fine
fragmentation.
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20 ps

Fig. 14. Evolution of fracture field of non-porous rock under HVEP.

10 ps

20 s

Fig. 15. Fracture field evolution of porous rock under HVEP.

The uniformity score is calculated based on the deviation of the
actual fragment-size distribution from the target distribution (80%
coarse fragments, 15% medium fragments, and 5% fine fragments
by volume):

Su=100% - |Pi—Py| /2 (16)
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where P; is the volume percentage of fragments in class i in
the actual distribution, Py; is the corresponding ideal fraction
in the target distribution, and i denotes the coarse-, medium-,
and fine-fragment classes. This index reflects the uniformity
and controllability of the particle size distribution of the
fragments.
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Fig. 16. Distribution of rock fragment sizes. (a) Cumulative volume-fraction curves for fragments with different equivalent diameters, (b) fragment-size distribution of porous

rocks, (c) fragment-size distribution of non-porous rocks.

Fig. 17 shows that the rock-breaking performance under HVEP
varies with pore diameter. The proportion of coarse fragments
increases as pore diameter increases. Specifically, when the pore
diameter is 0.2-0.3 mm, the average rock-breaking score is 29.50.
When the pore diameter increases to 0.6-0.7 mm, the average
score increases to 44.05. These results indicate that, under con-
stant porosity, increasing pore diameter promotes the formation of
coarse fragments under HVEP.

With constant porosity, smaller pore diameters result in a
greater number of pores near the breakdown path. The shock wave
generated along the breakdown path induces crack formation and
interconnection between the pores, leading to the development of
numerous cracks and small fragments along the path. These cracks
and fragments cause the stress wave to gradually dissipate due to
reflection and refraction during propagation. Therefore, for small
pore diameters, the crushing characteristics are dominated by
small fragments. As pore diameter increases, the number of pores
decreases, and the proportion of coarse fragments formed by inter-
pore crack linkage gradually increases.

However, as shown in Fig. 17(f), the increase in the crushing
effect score gradually slows as the pore diameter increases. When
the pore diameter reaches 0.6-0.7 mm, the crushing effect score
becomes similar to that at 0.5-0.6 mm. This indicates that under
constant porosity, larger pore sizes lead to better crushing effects.
However, once the pore diameter exceeds a certain threshold,
further improvement in the crushing effect becomes limited.

4. Mechanism analysis and engineering application

4.1. Mechanism analysis of electric pulse rock breaking in porous
rocks

This study numerically investigates breakdown paths and rock
damage characteristics for three rock conditions: porous rocks,
non-porous rocks, and rocks with varying pore diameters. The
results indicate that although the presence of pores reduces the
complexity of HVEP breakdown paths, it substantially enhances
the overall fragmentation efficiency of the rock. This finding

T T T T
0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7

Pore diameter, mm

T
0.2-0.3

Fig. 17. Effect of rock damage by HVEP for rocks with different pore diameters. (a) 0.2-0.3 mm diameter, (b) 0.3-0.4 mm diameter, (c) 0.4-0.5 mm diameter, (d) 0.5-0.6 mm
diameter, (e) 0.6-0.7 mm diameter, (f) scoring of the rock damage effect under the condition of different pore diameters.
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suggests that, during HVEP-induced breakdown in porous rocks,
the effects of pore structure on the breakdown path (i.e., the
energy-injection channel) and on the rock mechanical response
(i.e.,, energy absorption and damage) are distinct but inter-
connected. The following sections discuss the mechanisms by
which pores influence breakdown paths, the stress concentration
effects associated with pores, and the coupling between these two
effects.

4.1.1. Control mechanism of pore structure on breakdown paths

In non-porous rocks, dielectric heterogeneity is primarily
localized at mineral grain boundaries, resulting in a relatively
uniform electric-field distribution. In the absence of pronounced
electric-field gradients, multiple potential microscopic breakdown
initiation sites compete randomly (Pietronero and Wiesmann,
1984). Consequently, breakdown-path propagation lacks a clear
preferential direction and develops into a highly tortuous and
branched morphology. Under these conditions, the geometry of
the breakdown path is governed by the intrinsic mineralogical
heterogeneity of the rock.

The introduction of pore structures fundamentally alters this
dominant mechanism. The large contrast in relative permittivity
between the gas within a pore and the surrounding rock matrix
produces significant electric-field distortion and local field inten-
sification at pore boundaries (Liu et al., 2023a). These localized
high-field regions act as preferential breakdown channels that
guide and constrain the breakdown propagation, thereby reducing
its degrees of freedom. Finite-element studies have similarly
shown that pore structures amplify field intensity and direct
breakdown trajectories (Liu et al., 2023b). Thus, breakdown paths
tend to propagate along these high-field zones, reducing tortuosity
and branching. In this regime, pore geometry supersedes mineral
heterogeneity as the primary determinant of breakdown-path
trajectories. A schematic illustrating the pore-induced modula-
tion of breakdown paths is provided in Fig. 18.

For a fixed porosity, the relationship between pore diameter
and path complexity is nonlinear. Small pore diameters imply a
larger number of pores, increasing the spatial discreteness of the
electric-field distribution; this heightened spatial variability pro-
motes branching and detours, yielding more complex paths. As the
pore diameter increases, the number of pores decreases, and the
field distribution becomes more homogeneous, leading to simpler
breakdown paths. However, when the pore diameter exceeds a
critical threshold (e.g., 0.6-0.7 mm in present models), the reduced
pore count weakens the overall capacity of pores to regulate the
electric field, and control reverts to mineral heterogeneity, causing
path complexity to increase again. The influence of pore diameter
on path complexity under constant porosity is illustrated in Fig. 19.

(a)

(b)
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4.1.2. Mechanisms of pore structure on damage effects

More complex breakdown paths generally correspond to a
wider spatial distribution of initial energy deposition. Neverthe-
less, our results show that porous rocks exhibit simplified break-
down paths while achieving enhanced fragmentation efficiency.
These observations indicate that the final damage state of the rock
depends not only on the spatial distribution of energy deposition,
as reflected by the breakdown-path morphology, but also on the
dynamic mechanical response of the rock.

The principal mechanism is stress concentration at pore in-
terfaces. Kang et al. (2022) reported that the pressure waves
generated during HVEP are analogous in waveform to blast-
induced shock waves; consequently, the dynamic process
induced by electrical breakdown may be regarded as explosion-
like dynamic loading. Lan et al. (2024) showed that stress-wave
reflection at free interfaces (i.e., pore boundaries) can induce
substantial tensile stresses. Given that the tensile strength of
rock is typically much lower than its compressive strength,
pores become sites of high tensile stress. Fig. 20 presents contact
force chains at 3 ps, delineating the internal force-transmission
paths in the particulate medium, where blue and red denote
compressive and tensile forces, respectively. Our numerical re-
sults are consistent with previous findings (Lan et al., 2024),
showing that pronounced stress concentrations and tensile
stresses occur near the breakdown paths and in regions adjacent
to pores. Cracks therefore preferentially nucleate around pores
and propagate by linking neighboring pores, eventually pro-
ducing coarse fragments. Consequently, compared with non-
porous rocks, porous rocks subjected to HVEP exhibit superior
fragmentation performance.

We further consider the effect of pore diameter on fragmen-
tation under constant porosity. Song et al. (2024) found that, under
explosive loading, the spatial extent of stress-concentrated regions
increases with pore diameter. Fig. 21 shows the force-chain pat-
terns for rocks with pore diameters of 0.5-0.6 mm. Compared with
smaller pores, larger pores induce broader tensile-stress zones, in
agreement with the findings of Song et al. (2024). Moreover, Li
et al. (2018a) demonstrated that pores may exert a crack-
arresting effect governed by inter-pore spacing, whereby
reduced pore spacing enhances crack arrest. Li et al. (2021) further
suggested that, compared with pore diameter, pore spacing exerts
a more pronounced influence on rock fragmentation. Our simu-
lations indicate that, at fixed porosity, increasing pore diameter
increases the proportion of large fragments after failure. This
outcome arises from two competing effects. On the one hand,
larger pores expand the regions of stress concentration. On the
other hand, smaller pore diameters produce a more densely
distributed pore network, which enhances the crack-arresting ef-
fect. As pore diameter increases, inter-pore spacing also increases,

Fig. 18. Effect of pores on breakdown path.
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Fig. 19. Effect of pore diameter on breakdown path.
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Fig. 21. Internal force chain diagram for rocks with 0.6-0.7 mm pores.
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and the crack-arresting effect weakens, thereby facilitating crack
coalescence between pores and the formation of larger fragments.
However, when pore diameter increases further and the number of
pores declines substantially, the increasing inter-pore spacing in-
hibits crack propagation and coalescence between pores, thereby
limiting the formation of very large fragments. Accordingly, the
improvement in fragmentation effectiveness with increasing pore
diameter exhibits a diminishing trend.

4.1.3. Analysis of the effect of breakdown path and pore coupling
on rock damage

In summary, breakdown-path complexity determines the
initial spatial distribution of energy deposition, whereas the pore
structure governs the resulting dynamic stress state and energy-
dissipation modes that drive fragmentation. The interaction be-
tween these two mechanisms yields distinct damage outcomes.
Our simulations show that rocks with many small pores produce
more complex breakdown paths than rocks with large pores, yet
their fragmentation efficiency is lower than that of rocks with
large pores. This observation indicates that pore-induced
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modifications to the dynamic stress field dominate the fragmen-
tation outcome and may exert a greater influence than the
morphology of the breakdown path itself.

4.2. Recommendations for engineering applications

HVEP rock-breaking technology, characterized by controllable
energy input and low energy consumption, offers an effective so-
lution for deep rock fragmentation. This study analyzes the influ-
ence of pore structure on rock fragmentation under HVEP and
provides practical recommendations for field applications.

In tunnel excavation and mining, the fragmentation behavior of
porous rocks under HVEP can be exploited to improve drilling
efficiency. Numerical results indicate that pores promote the for-
mation of large fragments while reducing the generation of fine
particles. In contrast, conventional methods such as drilling and
blasting or mechanical cutting offer limited control over fragment
size and often generate excessive dust. HVEP allows discharge
parameters to be optimized according to porosity and pore-size
distribution, thereby improving energy utilization and reducing
dust pollution.

Pore diameter and inter-pore spacing play crucial roles in
fragmentation efficiency. Larger pores facilitate crack initiation,
whereas excessively dense pore distributions may hinder crack
propagation. Engineering designs can therefore introduce or
modify pore structures to enhance rock-breaking performance,
particularly in hard-rock tunneling. Compared with laser-based
thermal rock breaking, which relies on melting and consumes
more energy, HVEP achieves higher efficiency and better
controllability.

In fractured or porous formations, HVEP can guide breakdown
paths to form interconnected fracture networks, thereby
enhancing resource recovery in geothermal or shale gas extraction.
It can also be applied for targeted weakening in high-stress zones
to alleviate stress concentration and improve rock-mass stability.
Overall, HVEP demonstrates strong adaptability and controllability
in deep resource extraction under complex geological conditions.

4.3. Limitations and outlook

In this study, certain simplifications were made in the model
construction to focus on the intrinsic influence of pore geometry
on electrical breakdown and rock fragmentation under HVEP. The
current numerical model does not consider the electrical proper-
ties of pore fluids or their effects on the mechanical response of the
rock. In fact, the dielectric characteristics of pore fluids can alter
the electric-field distribution and breakdown path and may
further influence stress-wave propagation and energy dissipation,
thereby changing the fracture pattern of the rock. Therefore, the
present simulation results primarily reflect the role of pore ge-
ometry under idealized conditions.
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Future studies will aim to develop a more comprehensive
electro-thermal-fluid-mechanical coupling model. By incorpo-
rating fluid-flow governing equations into the discrete-element
framework, the proposed model will systematically investigate
how pore fluids with different dielectric properties (e.g., water and
drilling fluids) influence the HVEP-induced rock fragmentation
mechanism. Such research is expected to elucidate the key phys-
ical processes underlying fluid-electric-mechanical coupling and
provide theoretical guidance for the development of efficient rock-
breaking technologies under complex geological conditions.

5. Conclusions

This study developed a numerical framework that integrates
the FDM, a stochastic propagation model, and a thermo-
mechanical DEM to elucidate the governing effects of pore struc-
ture on rock-breaking mechanisms under HVEP. The major find-
ings are summarized as follows.

(1) Pore structures significantly modulate breakdown-path
complexity. In dense rocks, path propagation is predomi-
nantly influenced by mineral heterogeneity, yielding highly
branched patterns. In contrast, in porous rocks, electric-field
enhancement at pore boundaries guides path propagation
and reduces branching complexity.

(2) Under constant porosity, breakdown-path complexity ex-
hibits a nonlinear decrease-increase trend with increasing
pore diameter. This behavior results from the competitive
transition between pore-dominated and heterogeneity-
dominated propagation mechanisms.

(3) Pores act as free interfaces that induce localized stress
concentrations during plasma channel expansion, making
pore boundaries preferential crack-initiation sites. This
mechanism significantly promotes crack initiation and
propagation, thereby improving fragmentation efficiency.

(4) The modification of the stress field induced by pores exerts a
greater influence on fragmentation efficiency than the
breakdown-path morphology itself. Although smaller pores
generate more complex breakdown paths, larger pores (e.g.,
0.6-0.7 mm) lead to wider stress concentration zones and
enhance fragmentation. However, when the pore diameter
increases from 0.5-0.6 mm to 0.6-0.7 mm, the improvement
becomes marginal, indicating that further increasing the
pore diameter beyond approximately 0.6 mm provides only
limited additional improvement under the conditions of this
study.

These results advance the theoretical understanding of HVEP
rock breaking in porous media and provide a practical basis for
optimizing discharge parameters according to pore characteristics
to improve rock-breaking efficiency and energy utilization.
Nevertheless, the present model does not incorporate the elec-
trical and dynamic effects of pore fluids, which may affect the
accuracy of electric-field and stress-wave predictions. Future work
will focus on developing a fully coupled electro-
—thermal-hydro-mechanical (E-T-H-M) model to investigate the
role of pore fluids with different dielectric properties, thereby
further enhancing the engineering applicability and robustness of
the proposed framework.
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